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ABSTRACT

Increased differential gain is typically realized through strain, quantum confinement, or p-type doping in the active
region. These methods have been applied to quantum dots or dashes to raise the differential gain with limited
success because the optical gain of these low dimensional systems saturates at modest values. Instead larger
differential gain can be accessed at wavelengths blue-shifted from the gain peak and close to optical transparency
using the threshold shift induced by optical injection. Using these approaches, greater than 50X improvement in the
differential gain has been achieved in an injection-locked QDash FP laser compared to its free-running value.

Keywords: Semiconductor lasers, quantum dots, optical injection, differential gain, linewidth enhancement factor.

1. INTRODUCTION

The 3-dB modulation bandwidth and linewidth enhancement factor (LEF) of a semiconductor laser both directly
benefit from an increased differential optical gain, which is typically improved through the use of strain', quantum
confinement’, or p-type doping’ in the active region of the device. All of these methods have been applied to
quantum dot or dash materials to raise the differential gain, but unfortunately these low-dimensional systems have
relatively small optical gain. The result is that the laser cavity has to be relatively low-loss, which might make the
LEF smaller, but comes at the expense of the modulation bandwidth since the photon lifetime is longer. The
challenge is to access the large differential gain available in a quantum dot at a low optical gain value without
sacrificing the photon lifetime. Strong optical injection is a possible method to accomplish this goal because it is
capable of shifting the laser threshold close to optical transparency. Also, larger differential gains are found at
wavelengths blue-shifted from the gain peak. Using this approach and strong injection, more than 50X improvement
in the differential gain is shown in an injection-locked QDash Fabry-Perot laser compared to its free-running value.
Furthermore, the injection-locked system’s 3-dB bandwidth enhancement, flat modulation response profile, and
extremely low LEF are investigated using a set of analytical equations derived for the zero-detuning, zero-LEF case.
From an applications perspective, the combination of an enhanced bandwidth and a very low a-factor is promising
for improving transmitter modules for future long-haul and high-speed optical fiber links.

Quantum nanostructure-based lasers have been predicted to have superior dynamic properties compared to
Quantum-Well (QW) or bulk lasers making them attractive candidates for many applications such as high-speed
sources in optical communication systems®™ > °. And tunable photonic oscillators for low phase noise clocks for
precession time applications [xxx, xxx]. All of these properties have been experimentally verified on actual
quantum-dot (QD) or quantum-dash (QDash) laser devices; including ultra-low transparency current density7, and
low temperature dependence of threshold current density®. In addition to the advantages mentioned above,
nanostructure lasers have also been touted to exhibit an increased gain and differential gain’ as well as a reduced
linewidth enhancement factor'® (a-factor), which in theory make them even more suitable for implementation in
ultrafast and chirp-free transmitter modules. In reality, it is well known that the latter properties are not necessarily
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accessible at the same time in nanostructure gain media. In another word, achieving a simultaneous high 3-dB
modulation bandwidth (f;,5) and chirp-free operation in conventional directly modulated lasers, if theoretically
proven to be possible, practically is very challenging.

The modulation bandwidth of nanostructure lasers on one hand is inherently limited by several factors such as
phonon bottleneck associated with relatively slow carrier relaxation time'', the inhomogeneous gain broadening'?
and hot carrier effects””. For instance, the inhomogeneous broadening associated with nanostructure size dispersion
is ultimately limited by growth technology and it causes both the optical gain and differential gain to reduce in the
active region. In addition, strong gain saturation in QD gain media at higher current injections can significantly
hinder the maximum achievable f;;3 in such devices. As a result, f3;3 of conventional separate confinement
heterostructure (SCH) QD lasers is limited to only 5-8 GHz'* .

On the other hand, the ultra-low a-factor benefit intrinsic to nanostructure gain media is no longer available at high
current densities where the large bandwidths are accessible. Although below-threshold measurements on QDs'®
have reported a-factors, both negative and less than 1, on the contrary, the above-threshold values are found to be
much larger as a result of carrier density being unclamped at threshold which is due to the inhomogeneous gain
broadening in dots. In addition, at higher current densities, a-factor becomes more power dependent due to strong
gain saturation and carrier filling in both lasing and non-lasing QD states'™® .

In this work, we experimentally demonstrate and theoretically analyze that both f3;5 and the above-threshold a-
factor can be simultaneously improved by accessing large differential gain values available in the nanostructure gain
media. To date, several methods, including p-type doping of gain region, have been applied to both QD or QDash
materials to access larger differential gain values®” *', but unfortunately increased gain compression and thermal
broadening effects due to high absorption counteract this benefit. In addition, these low-dimensional systems have
relatively small optical gain. The result is that the laser cavity has to be relatively low-loss, which might make the
the differential gain larger and the o-factor smaller, but comes at the expense of the bandwidth since the photon
lifetime is longer. The challenge here is to access the large differential gain available in a quantum dot gain medium
at a low optical gain value without sacrificing the photon lifetime. Strong optical injection is a possible method to
accomplish this goal because it is capable of shifting the laser threshold close to optical transparency® *. Also as
predicted by theory, larger differential gains are found at wavelengths blue-shifted from the gain peak®*. This paper
examines the effect of these approaches on a quantum dot gain medium, specifically a quantum dash one which is
essentially an elongated dot structure.

2. RESULTS and DISCUSSION

Here, we study the manipulation of the slave laser’s differential gain and the resulting a-factor in a QDash Fabry-
Perot (FP) laser with optical injection using two different approaches. First, using the amplified spontaneous
emission (ASE) technique®, the QDash net modal gain profile is separately measured as a function of wavelength
and current density. Knowing such a dependence is critical in identifying the optimum free-running operating point
at which the a-factor can be manipulated to its lowest possible values under optical injection. Then, using the ratio
of the frequency modulation (FM) to the amplitude modulation (AM) indices technique®, the above threshold a-
factor is directly measured under injection-locking at zero-detuning as the injected power is varied. Second,
measured experimental modulation response data is used to extract the relevant operating parameters of the coupled
system including the threshold gain shift and a-factor, as it is further described in Supplementory Information. The
FM/AM measured a-factor values are then compared with the extracted values and the results are correlated with the
threshold gain shift caused by optical injection at zero-detuning. Emphasis on the zero-detuning case is mainly based
on two reasons. First, the zero-detuning case simplifies the theoretical model describing the behavior of the coupled
system under modulation, making it easier to simulate and extract the operating parameters of the locked system
from measured response data. Second, this case demonstrates a relatively flat modulation response compared to
other detuning conditions making it most suitable for broadband applications. From an implementation perspective,
the master and slave lasers can be referenced to the same wavelength locker, facilitating implementation in a
compact butterfly package suitable for high-speed applications in optical fiber links.

Figure 1 illustrates the epitaxial layer structure and atomic force microscope (AFM) image of the InAs QDash
laser device under the investigation. The laser material was grown by molecular-beam epitaxy (MBE) on an n'-InP



(001) substrate. The active region (shown in Fig. 1) is a dash-in-a-well (DWELL) consisting of five stacks of InAs
quantum dashes embedded in compressively-strained Aly,0Gag 6IngesAs quantum wells. Each quantum well is
separated by 30-nm wide undoped, tensile-strained Aly,3GagsIngsoAs spacers on both sides of the DWELL active
region. Lattice-matched Alj30Gay slngsoAs waveguide layers of 105 nm are added on each side of the active region.
The 1.5-um thick AllnAs p-cladding layer is beryllium (Be) step-doped to reduce the free-carrier losses. The n-
cladding layer is 500-nm thick AllnAs. The laser structure is capped with a 100-nm thick p"-InGaAs layer. Four-
micron wide ridge waveguide FP laser bars were fabricated using standard processing techniques and cleaved into
500-um long cavity lengths. The nominal emission wavelength of the laser is around 1567 nm, the threshold current
was measured to be 54 mA (Jy, ~ 2700 A/cm?) with a slope efficiency of 0.2 W/A at room temperature. The data for
the net modal gain as a function of wavelength for various injected current densities are shown in Figure 2,
indicating the QDash nominal gain peak at 1565nm at room temperature. When the slave laser is injection-locked,
since the injected light by the master laser is at a fixed wavelength and increasing injection strength shifts the
slave’s threshold condition to lower pump values, the a-factor is expected to progressively decrease with
injection as operation is more and more on the blue side of the gain peak. In addition, the a-factors at all
wavelengths generally decrease with a lower threshold condition in dashes because of lower carrier
population in the excited states!’. The QDash a-factor is then measured under injection-locking at 1550nm
and 1535nm for zero-detuning cases as the injected power is varied. The injection-locking experimental
setup for measuring the a-factor using the FM/AM technique is shown in Figure 3.

p- InGaAs (100 nm)
p- AllnAs (1.5 um)
Al 30Ga 13In, ;,As (105 nm)

Al G2 5,In 5y As (15 nm)

DWELL

Al 55Ga 5,In 5y As (15 nm)
Al 30Ga, 13Ing 5,As (105 nm)
n*- AllnAs (500 nm)

n- InP substrate

Figure 1: The epitaxial structure of the InAs quantum dash laser structure with a typical AFM trace on
the right.

The injection-locking experimental setup for measuring a-factor using the FM/AM technique and the modulation
response is shown in Fig. 3. The experimental setup relies on the use of a tunable master laser, an optical circulator,
a polarization controller, a band-pass filter and an erbium-doped fiber amplifier (EDFA). For this study, the slave
laser was DC biased slightly above threshold at 60 mA and directly modulated. The modulated signal was provided
via the internal RF source in the network analyzer where it was also mixed with the DC current through the
integrated bias-tee. An 18 GHz RF signal amplifier was provided at RF port 1 of the modulation setup to adjust the
RF power as needed. To prevent the second harmonic generation by the RF source a 20 GHz low-pass filter was
used after the amplifier. The output power of the slave laser is carefully coupled into a single-mode polarization
maintaining (PM) lensed fiber using the piezoelectric stage controller. The anti-reflection (AR) coated PM lensed
fiber is connected to port 1 of a 3-port PM circulator. The optical circulator serves as the core of the injection-locked
setup such that it provides the desired propagation path for the optical signal and blocks undesired light from
coupling into the slave and master lasers. Depending on the operating wavelength of the slave laser under test, the
tunable master laser’s wavelength was adjusted appropriately. The master laser used for this experiment was a
tunable external cavity laser with a single-mode PM fiber pigtail connected to port 2 of the circulator. The tunable
laser operates at wavelength range from 1530 nm to 1580 nm with a 10 pm tuning resolution. The injection-locking



setup used in this study is capable of maximum amplified optical power of 9.3 dB, which was limited by overall 5
dB loss resulting from the polarization controller, band-pass filter and fiber connectors. In all of the injection-
locking cases, the external power ratio, R,,, (master to slave optical power ratio at external slave facet), was varied
between -3.8 dB to 9.3 dB using a C or L-band optical amplifier. At port 2, the master laser was connected to the
amplifier capable of outputting a maximum power of 100 mW to boost the optical signal from the master laser at a
desired wavelength. The amplifier noise is reduced by using a band-pass filter. After the band-pass filter, a free-
space polarization controller is used to ensure that the injection field polarization was controlled from the master
laser. Port 3 of the circulator was connected to the high-speed detector through which the relative modulation
response (|S,|*) was measured using the network analyzer. The 50/50 beam splitter at port 3 of the circulator is used
to measure the modulation response of the injection-locked laser while simultaneously monitoring the frequency
detuning between the master and slave lasers. The high-resolution spectrometer (HRS) is used to determine the
frequency offset between the master and slave lasers (i.e. zero-detuning), as well as to identify stably-locked
conditions.

The FM/AM modulation method relies on the high-frequency small-signal modulation of the carrier density of the
laser obtained by modulation of the bias current. Since the gain and refractive index are both carrier density
dependent, modulation of carrier density will generate amplitude and frequency modulation in the output signal.
From the small-signal modulation analysis, the ratio of the FM/AM modulation indices provides a direct
measurement of the above threshold a-factor for modulation frequencies well above the slave laser’s relaxation
frequency?. Using this method, the AM index, was modified through the ratio of the ac and dc components of the
detected modulated signal using an electrical spectrum analyzer (ESA) and a 50 Q terminator connected to a high-
speed photo-detector. While the external power ratio was varied, the AM index was kept constant at 6% for all
injection-locking case by adjusting the RF power output from the amplifier. The FM index, was obtained by
measuring the ratio between amplitudes of the nearest sidebands to the peak frequency using a high-resolution
spectrometer.

For comparison and to confirm the accuracy of the measured a-factor values, the experimental modulation response
data at each zero-detuning case is used to extract the relevant operating parameters of the system including the a-
factor and the corresponding threshold gain shift.
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Figure 2: The measured net modal gain curves as a function of wavelength and current density.
Several wavelengths are identified with arrows at which injection locking at the nearest Fabry-Perot
mode was undertaken.
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Figure 3: The optical injection setup showing the various pieces of diagnostic equipment. HRS stands
for high resolution spectrometer. ESA is an electrical spectrum analyzer.

The modulation response of an injection-locked coupled system is described by the following equations®”:
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where w,, Y5 ¥, and y, are the free-running relaxation frequency, free-running damping rate, inverse differential
carrier lifetime and inverse RC parasitic roll-off, respectively, and are known parameters of the slave laser. The non-
linear gain has been implicitly incorporated into the model through the free-running relaxation oscillation and
damping rate’’. Parameter 7, denotes the maximum injection strength controlled by the experiment and calculated
using the coupling efficiency, 7., the external power ratio, R, cavity length, L, and front facet reflectance, r, of the
FP slave laser. The external power ratio, Rpz is the slave field enhancement factor that takes into account the
deviation of the steady-state field magnitude compared to its free-running value at high injection ratios®’. The
frequency detuning is defined as Aw =wyye -Wmasier- The steady-state phase offset between the master and slave
under the zero-detuning case is given by ¢ = -tan™' (), reducing Z and y, the threshold gain shift to:

- 2
z="L 1+’ o

y,=——do
R, " R N1 +a?

When using these equations to curve-fit measured response data, the number of fitting parameters is reduced using
the known free-running terms and by applying proper constraints on 7y, Rrr and y,. The a-factor parameter is
directly extracted using a fitting-algorithm®’. The initial guess value for the field enhancement factor Rzz can be
calculated in the fitting function by solving a quadratic expression arising from the steady-state slave field
expression and the simplified expression for y, at zero-detuning; RFE4-[(1/yp)(2;70/ (1+)+1] Reg- (yv /0”210
/(1+c)™). Using the measured FM/AM values, the a-factor is allowed to fluctuate between a reasonable positive
and negative range during the least-squares-fitting process. Both the a-factor and yy, are directly extracted using the
modulation response function presented above.
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Figure 4: Modulation characteristics and operating parameters of injection-locked QDash laser as a function of external
injection ratio, Rex. a, ¢; RF modulation responses of injection-locked QDash FP laser, and b, d; variation of zero-detuning a-
factor and threshold gain shift and as a function of external injection ratio respectively at 1550nm and 1535nm FP locked modes.
The error analysis for extracted values of a-factor and threshold gain shift shown in Figures b, and d, are calculated based on a one
standard deviation confidence interval.

Figures 4a, and 4c show the zero-detuning response data near the gain peak at 1550nm and at a further blue-
shifted wavelength of 1535nm for various values of the external master-to-slave power ratio, Rew, ranging
from -3.8dB to 9.3dB at the slave arm. A maximum f34z of 13.3GHz, and 16.3GHz were measured for 1550nm,
and 1535nm respectively. Note that the near-flat response for 1535nm at Re.:=9.3dB locking case Figures 4a,
and 4c show the zero-detuning response data near the gain peak at 1550nm and at further blue-shifted
wavelength of 1535nm for various values of the external master-to-slave power ratio, Rex, ranging from
-3.8dB to 9.3dB at the slave arm. A maximum f345 of 13.3GHz, and 16.3GHz were measured for 1550nm, and
1535nm respectively. Note that the near-flat response for 1535nm at R..=9.3dB corresponds to a 4x
improvement compared to the free-running case. To the best of our knowledge this response data is the first
of its kind that has ever been observed in such devices. The measured values of the a-factor as a function of
Rexe using the FM/AM technique are shown in Figures 4b and 4d. For comparison, the curve-fits of the
responses shown in Figures 4a and 4c, also give the values for a-factor and the corresponding threshold gain
shifts at both injection-locked cases. The extracted a-factor values for both cases are in an excellent
agreement with the FM/AM measured values. Also these results indicate significant threshold gain shifts with
increased Rex: for both locking cases, which explains, in part, the lower a-factor values at lower wavelengths



from the gain peak. From the curve-fitting results an a-factor of 0.01 (or 0.0 within the curve-fitting error
range) was extracted for the zero-detuning case at 1535 nm and Rex=9.3dB. The largest threshold gain shift
for the zero-detuning case at 1535nm is 24.6cm 1, which is about 68% of the maximum possible value. The
highest threshold gain shift obtained for this case is equivalent to a reduced threshold current density of
1458A/cm? and the achievement of a differential gain of 6 x 10-1* cm2 represents a greater than 50X increase
in differential gain from its free-running value.

3. CONCLUSIONS

We have demonstrated that the use of strong optical injection in nanostructure lasers allows for
manipulation of the a-factor to near-zero values through the enhancement of the differential gain from its
free-running value. This novel finding verifies greater than 50x improvement in the differential gain in an
injection-locked QDash FP laser compared to its free-running value as a result of strong optical injection at
wavelengths blue-shifted from gain peak and operation near optical transparency. The unique broadband
responses, along with their associated ultra-low a-factors observed in this work indicate that the optically-
coupled nanostructure laser system has the potential to be optimized as an integrated high-speed photonic
transmitter to be used in future long-haul and high performance optical fiber links.
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