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Abstract: Robust and tolerant single-transverse-mode photonic crystal
GalnAs vertical-cavity surface-emitting lasers are fabricated and
investigated. Triangular lattice patterns of rectangular air holes of various
etch-depths are introduced in the top mirror. The stable single-transverse-
mode operation is observed with a large margin of alowance in the etch
depth (t = 2.5 £ 0.6 um). This stable mode selection mechanism is explained
by the mode competition between the two lowest photonic crystal guided
modes that are influenced by both the index guiding effect and the etch-
depth dependent modal losses.
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1. Introduction

Mode-controlled long-wavelength vertical-cavity surface-emitting lasers (VCSELS) are dearly
sought after for high-speed local-area networks and metropolitan-area networks applications.
These VCSELs have been known as the strong candidate of the low cost source that can
extend the reach of current 850-nm based data communication links to the longer distance
necessary for the metro/access market. There have been strong on-going efforts for long-
wavelength VCSELs based on InGaAsP/InP material systems.  Together with these
approaches, various GaAs-based systems such as GalnNAS/GaAs quantum well (QW) [1,2],
GaAsSh/GaAs QW [3], and GalnAs/GaAs quantum dots [4,5] have also been employed for
long-wavelength (1300 — 1500 nm) VCSELs. Moreover, experimentally, highly-strained
GalnAs/GaAs QW lasers [6] have reached the wavelength >1,200 nm. In fact, 1200-nm
VCSELSs have the possibility of transmitting data at 10 Gb/s over 10 km [7]. In other words,
highly-strained GalnAs/GaAs VCSELs armed with the single-transverse mode should be a
good candidate for medium- to long-reach applications.

Previoudly, the dependable single transverse mode operation has been demonstrated from
850-nm photonic-crystal vertical-cavity surface-emitting lasers (PC-VCSELS) [8]. These PC-
VCSELs are similar to standard VCSELs except that they have photonic crystal patterns
defined by air-holes drilled about half-way into the top mirror region [8-10]. Although the
selection of the single transverse mode was obtained with relative ease, the detailed mode
selection mechanisms are not yet understood.

In this letter, the origin of transverse mode selection mechanisms of PC-VCSELs is
studied. As we vary the air-hole depths, the stable single transverse mode operation is
observed over a wide range of etch depth. The experimental data and the influence of the
effective wave-guiding and the etched top DBR are discussed to understand the physics of the
transverse mode selection.

2. Design and fabrication

The highly-strained GalnAs/GaAs VCSEL wafer was grown by MOCVD. The bottom n-type
distributed Bragg reflector (DBR) consisted of 355 pairs of
GaAs(80.5nm)/AlgsGag ,As(91.4nm) on GaAs substrate. The top p-type DBR consisted of 22
pairs of GaAs/AlpgGay2As. A 30-nm-thick AlggsGagooAS layer for oxidation was introduced
in the upper mirror. The active region consisted of 8-nm-thick Gag gl No32AS 3QWSs that were
compressively strained and 25-nm-thick GaAs barriers. GaAs spacer layers surrounded this
region to form a A-cavity. The thickness of QWSs is larger than the critical thickness of QWs
[11]. However, a high-quality material is achievable by suppression of the transition to the
three-dimensional growth [12]. The fabrication process of the PC-VCSEL is similar to that of
the conventional VCSEL. The 60-um-wide mesa was formed by chemical assisted ion beam
etching (CAIBE) and the 30-nm-thick Al gsGaggAS layer was oxidized, air-holes were etched
by CAIBE, and finally both electrodes were coated. Fig. 1 gives the top view of a fabricated
PC-VCSEL. The lattice constant of the triangular photonic crystal pattern was fixed a 5 um.
Several sizes of rectangular air-holes (3.5x2 pm?, 3.5x2.2 um?, 3.5x2.4 um?) and samples of
various etch depths (5, 8, 15, 18, >22 pairs of GaAgAlgsGag,As layers) were prepared.
These values were chosen based on a previous work for single transverse mode operation [9].
VCSELs without air-holes were also prepared as a reference sample. For current limiting, an
oxide aperture of diameter 16 um was formed by wet oxidation techniques. The oxide
aperture had nearly the same diameter as the inner circle of the top electrode that was large
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enough to decouple the unwanted index guiding contribution from the current limiting oxide
aperture.

Fig. 1. Top view of the fabricated PC-VCSEL with rectangular air-holes.
3. Experimental results

In general, characteristic behaviors of the PC-VCSELs were found not to depend sensitively
on the size of photonic crystal air-holes. Consequently, we focused our atention to the effect
of the etch depth by choosing a photonic crystal pattern with an air-hole size of 3.5x2.4 pm?
and alattice constant of 5 um for subseguent analyses.

Output spectra and near-field CCD mode patterns at-threshold and above-threshold were
measured and shown in Fig. 2 and Fig. 3. The reference VCSEL without air-holes operated in
multi-modes over the entire current range, as is commonly expected from a typical 16-um
VCSEL, asshownin Fig. 2(a).

Shallow-etch samples (5-, 8-pairs of GaAgAlysGay,As etched layers) operated in the
single transverse mode only near the threshold. However, with dlightly higher current, many
higher-order transverse modes showed up as shown in Figs. 2(b), (c). Interestingly, the spot
diameter (10um) under the multi-mode operation was much larger than that (3.8um) under the
single mode operation. In our experiment, the spot diameter is defined at 1/e points of the
transverse mode profile that is obtained from the Fourier transformation of the measured far
field profile. Under the multi-mode operation regime, the shallow-etch sample showed the
mode size comparable to that of the reference VCSEL as shown in Fig. 3, implying the
insufficient index guiding introduced by the shallow-etched air-holes.

On the other hand, all the mid-etch samples (12-, 15, 18-pair GaAg/AlysGay,As etched
layers) operated in the single and fundamental transverse mode over the entire operating
current range, as shown in Figs. 2(d) - (f). Numerically, these etch depths lie between 1.9 um
and 3.1 um, which promises a generous fabrication tolerance on the etch depth. The measured
mode size of the fundamental mode decreased dlightly with the etch depth. The actual mode
diameters were 3.78, 3.74, and 3.63 um for 12-, 15, and 18-pair mid-etch samples,
respectively. The mode diameters of 12-pair mid-etch sample were measured at various
currents, also, which were 3.78, 3.42, and 3.07 um at 4, 8, and 12mA, respectively. In
general, the state of polarization was determined by the orientation of the rectangular air-
holes, as shown in Fig. 4, consistent with that in Ref. [9]. It is encouraging to report that the
most (95%) of the PC-VCSELs with rectangular air-holes operated in the single polarization,
single-transverse mode with the polarization suppression ratio of > 30 dB. Threshold currents
(~=3 mA) of the shallow-etch samples were dlightly lower than those (~4 mA) of the mid-etch
samples, as shown in Fig. 5.

For the deep-etch samples (etched deeper than 22 pairs, 4.3 um), only a few of them
operate as lasers with very small output power. Since the top DBR had a total of 22 pairs of
GaAg/AlygGagAs layers, the air-holes were drilled deeper than the active region.
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Fig. 2. Spectra of the rectangular air-hole PC-VCSELs with different air-hole depths of (a) 0, (b) 5, (¢) 8,
(d) 12, (e) 15, (f) 18, and (g) > 22 pairs, at just above- and above-threshold currents.
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Fig. 3. Near-field CCD mode patterns. (a) Reference VCSEL. (b) Shallow-etch sample (8-pairs of
GaAs/AlpsGag2ASs etched layers, 12 mA). (¢) Mid-etch sample (12 mA). In the CCD images, the circle
indicates the inner boundary of the top el ectrode and the rectangles show positions of the air-holes.
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Fig. 4. Polarization resolved L-I curves of (&) vertically-oriented, and (b) horizontally-oriented air-hole
PC-VCSELs.
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Fig. 5. (8 L-I curves of the PC-VCSELs with different air hole depths. (b) L-I curves of the near
threshold currents.

Therefore, the surface recombination became non-negligible and was responsible for the poor
performance as alaser. However, it is interesting to note that the threshold current (~2.5 mA)
was even smaller than that of the shallow etch samples. Moreover, the deep-etch laser
functions in the multi-modes in the entire operating range and it never finds itself in the
fundamental single mode as shown in Fig. 2(g).

4. Analysis

The gtable single transverse mode operation observed from various the mid-etch samples
implies a very large fabrication tolerance of this PC-VCSELs. To understand this
encouraging issue, one needs to study the general mode selection mechanisms for PC-
VCSELs.

As afirst step, we computed the photonic-crystal-guided (PC-guided) modes by the plane
wave expansion method employing the simplified photonic crystal structure. An air-hole
photonic crystal waveguide structure of high refractive index 3.25 was used as a model
structure as shown in Fig. 6(a). Two perfect mirrors were placed a the top and bottom
boundaries for simplicity. Through the analyses, we found the existence of atotal of three PC-
guided transverse modes in the model PC structure as shown in Figs. 6(b) — (d). Thisfinding
suggests the possibility of a maximum of three PC-guided transverse modes in the partly-
drilled real PC-VCSEL structure. Note that this situation is different from the endless-single-
mode holey fiber where only one transverse mode is alowed [13], possibly because of the
high refractive index of the host material and large air-hole size. The size of the computational
super-cell was 5A x 34/3 A where A isthe air-hole pitch.

To experimentally verify the existence of the higher order PC-guided modes, we tried to
measure the spectral separation of the two right-most peaks. In fact, in the typical above-
threshold spectrum, the very faint 2™-order PC-guided peak was hardly visible in the shadow
of the strong single peak representing the lasing of the fundamental (1%-order) PC-guided
mode. However, near the threshold where the mode competition was not as strong, those weak
non-lasing nearby peaks became visible and the spectral separation could actualy be
measured. The measured spectral separation of the two right-most modes lies between 4.3 -
6.7 A as shown in Fig. 7. Here, each dot denotes the mean value of the spectral mode
separation measured from four PC-VCSELSs of the same etch depth. It is encouraging to
observe that the measured spectral separation ( ~ 6.7 A ) of the deep-etch sample approached
that ( 10 A ) computed from the plane wave expansion method with the fully-drilled model
structure. For the mid-etch samples, this photonic crystal index guiding effect corresponded
to the effective index difference (An) of 0.003 ~ 0.004 between the core and cladding regions.
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The peak corresponding to the third transverse PC-guided mode was invisible even near the
threshold, which is attributed partly to the large mode size that overlaps much more with the
absorptive region of the quantum wells.

Air-hole

@

0.25 0.65 1.05 1.45 1.85 2.25

(b) (© (d

Fig. 6. (a) The waveguide structure used to calculate the mode profiles. n. = 3.25. (b) Fundamental (1%-
order) PC-guided mode. (c) 2"-order PC-guided mode. (d) 3"-order PC-guided mode.

Now we tried to explain the mode competition and selection mechanisms that are strongly
correlated with the modal gain and loss. For the PC-VCSELSs with identical current injection
scheme with different etch depths, the material gain profiles could be assumed to be the same.
Under this circumstance, the modal loss would become the dominant factor for the mode
selection. To estimate the modal loss for the PC-guided modes, information on the size and
the shape of the mode and the etch-depth dependent mirror loss is needed. The measured
values of the mode size were dlightly larger than those obtained from the computation by 2.2 ~
6.0 % depending on the air-hole depths. As mentioned previously, the mode size of PC-
VCSELSs decreased with the etch depth. This monotonic decrease of the mode size could be
explained as a consequence of the monotonic increase of the index guiding effect with the
etch depth. This difference between the experiment and the computation could be attributed
to the finite depth of the air-hole in the real PC-VCSELSs as compared to the completely
penetrated structure employed in the model. For simplicity, we assumed and used the
computed mode profile, which is then scaled by the experimentally measured mode size for
our future analyses.
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Fig. 8. Modal losses of the 1%-order and 2™-order PC-guided mode versus air-holes depth.

For the PC-VCSEL with spatially non-uniform top mirror, the modal loss depends strongly
on the size and the shape of the mode. For example, the large high-order modes would have
more overlap with the air-hole region where the reflectivity is low and the optical lossis large.
For the shallow-etch samples, the small fundamental mode won the competition in the
beginning. However, with higher current injection providing slightly increased material gain,
the higher-order modes could also reach the lasing condition when the reflectivity modulation
was hot strong enough. The situation became different for the mid-etch samples. In this case,
because of the moderated etch depth, the reflectivity of the top DBR became strongly
degraded. The small difference in the mode size and shape between the two lowest modes
resulted in the non-negligible modal loss difference. As mentioned previously, the size of the
fundamental mode decreased with the etch depth. This was also the case for the 2™-order PC-
guided modes. At the same time, the reflectivity of the top mirror decreased strongly with the
etch depth of the top DBR. With thisin mind, we computed the net modal loss difference as a
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function of the air-hole depth using the measured mode size as summarized in Fig. 8. The
modal loss was calculated using the Eqg. (1).

2
[ es O[E) (1-R(r)) ar
Modal Loss = == . 1)
[ e € [EM)[ o
section
Where £, E, and R are the permittivity, the electrical field amplitude of each mode, and
the position-dependent reflectivity of the etched DBR mirror, respectively.

For the mid-etch samples, the modal loss difference was large enough for the effective
mode selection. These devices operated in a fundamenta transverse mode over the entire
operating current range as observed. Interestingly, the loss difference did not increase
monotonically with the air-hole etch depth and showed maximum when the etch depth was 15
pairs. Therefore, the optimal air-hole depth for the single transverse mode operation was
likely to be around 15 pairs. In general, the deep-etch samples were very unstable and it was
not easy to obtain reliable data. However, the threshold current tended to be slightly smaller
than the mid-etch samples, indicating reduced modal losses. In the near threshold current
regime, both the PC-guided mode and the oxide-guided modes participated in the competition.
As current increased, the modal characteristics became complicated and sometime those
modes other than PC-guided mode were a so observed.

5. Conclusion and summary

We have controlled the transverse mode by etching depth tuning in 1120-nm highly-strained
GalnAg/GaAs rectangular air-hole PC-VCSELs. The single-polarization, single-transverse-
mode operation over the entire operating current range was obtained over a wide range of the
etch depth of 12- ~ 18-pairs. Through a comparison based on the measurement and the
simulation, we argued the existence of a maximum of three possible PC-guided modes in the
long wavelength end of the emission spectra. The shallow-etch samples did not maintain the
single transverse mode because of the insufficient index-guiding effect and insufficient modal
loss difference. In comparison, for the mid-etch samples, the size of the PC-guided mode
decreased with the depth of the etched air-hole, stemming from the etch-depth-dependent
index guiding effect. The sufficient modal loss difference between the two lowest PC-guided
modes was large enough to support the single transverse mode operation over the entire
operating current range. The wide range of the air-hole depth for the single transverse mode
operation enables easy mode control, and makes PC-VCSELs easily manufacturable single
mode light sources.
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