














current of 1.03 mA (3.8/y). Taking this fact into account, we can expect 10 Gb/s operation
with the bias current less than 1 mA. We extracted the damping factor by fitting the results of
the small-signal frequency response. The relationship between the damping factor y and
squared relaxation oscillation frequency £ is given by the following equation:

y=K-f1+7 @)

where K is the K-factor and y is the damping offset. Figure 5 shows plots of damping factor
versus squared relaxation oscillation frequency. The K-factor and offset yo are 0.24 ns and 5.6
ns~!, obtained from the slope and intercept of the linear fitting line. The maximum bandwidth
is given by
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From this equation, the available maximum intrinsic bandwidth is calculated to be 37 GHz.
As shown in Fig. 2(a), the light output was saturated at the bias current of around 1 mA, and
increment of bandwidth also saturated. Namely, the bandwidth of this device was limited by
light output saturation caused by thermal heating.
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Fig. 4. Small-signal frequency response of membrane DFB laser.
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Fig. 5. Plots of damping factor versus squared relaxation oscillation frequency.
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Fig. 6. Relaxation oscillation frequency and -3 dB bandwidth frequency as a function of
square root of the bias current obtained from small signal frequency response.

Figure 6 shows the relaxation oscillation frequency f; and —3 dB bandwidth f34s as a
function of the square root of the bias current. The slope of relaxation oscillation frequency
and -3 dB bandwidth are 9.9 GHz/mA'? and 14.8 GHz/mA'?, respectively. The slope of f;
well agrees with results of RIN spectrum measurements. Previously reported membrane type
DFB laser showed a modulation efficiency of 7.7 GHz/mA'!? with a threshold current of 900
pA, and 25 Gb/s direct modulation was demonstrated [25]. Although we didn’t demonstrate
high-speed large-signal direct modulation, we successfully achieved lower threshold current
of 270 pA and obtained the modulation efficiency of 9.9 GHz/mA!?, which is a record high
among those of previously reported DFB lasers to the best of our knowledge. Since the active
region volume ¥, of our membrane DFB laser was 1.7 um? (cavity length = 80 um, stripe
width = 0.7 pm, five 6-nm thick quantum wells) which was 0.65 times of that in Ref [25].
(2.6 um?; cavity length = 73 pm, stripe width = 1 um, six quantum wells), we think the
reason for higher modulation efficiency of our device can be attributed to the smaller volume
of the active region because the modulation efficiency is proportional to inverse of square
rooted active region volume 1/(V,)"2. By dividing the modulation efficiency of 7.7
GHz/mA'? in Ref [25]. by (0.65)"2, the modulation efficiency of 9.6 GHz/mA'? is obtained.
This value well agrees with our result of 9.9 GHz/mA'2. We expect that the higher
modulation efficiency is possible by reducing the active region volume if low threshold
current density operation is maintained by strongly index-coupled structure. The modulation
efficiency of conventional semiconductor cladding DFB lasers was reported to be 2.3
GHz/mA "2 [26] and 4.8 GHz/mA'? [27] for GalnAsP-based MQW DFB laser (cavity length
= 150 pm) and AlGalnAs-based MQW DFB laser (cavity length = 100 um), respectively.
Comparing with these values, our membrane DFB laser showed 2—4 times higher modulation
efficiency. Since the membrane structure offers about three times higher optical confinement
factor of active region than conventional laser structure [12], it leads to high modulation
efficiency property of the membrane laser. The roll-off property from the linear plot occurring
at (I - In)""> = 0.5 mA ' is due to the second lasing mode, as shown in Fig. 2(b). The decrease
in the slope efficiency is caused by gain saturation. We believe that 10 G/s operation can be
achieved by this membrane DFB laser with less than 1 mA bias current.

5. Conclusion

In conclusion, we performed direct modulation measurements of membrane DFB laser
bonded on a Si substrate. The device exhibited a low-threshold current operation of 270 pA
and an external differential quantum efficiency of 12% from the front facet. Small-signal
modulation measurements indicated that a high modulation efficiency of 9.9 GHz/mA'? was
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obtained. These results demonstrate the benefits of using a membrane structure. Thus,
membrane DFB lasers are capable of high-speed and low-power consumption operation as the
light source of on-chip optical interconnection applications.
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