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Abstract: The influence of the front facet reflectivity on the spectral linewidth of high power DFB
(distributed feedback) diode lasers emitting at 780 nm has been investigated theoretically and
experimentally. Characterization of lasers at various front facet reflections showed substantial
reduction of the linewidth. This behavior is in reasonable agreement with simulation results.
A minimum linewidth of 8 kHz was achieved at an output power of 85 mW with the laser featuring
a front facet reflectivity of 30%. The device with a front facet reflectivity of 5% reached the same
linewidth value at an output power of 290 mW.
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1. Introduction

Narrow-linewidth lasers emitting in the range of 780 nm are suitable sources for atomic
spectroscopy, atomic clocks, and Doppler laser cooling, particularly in space missions [1-4].
There are several approaches to generate narrow-linewidth laser emission in this wavelength region.
In Reference [5], a laser output power of 11 W with sub 10 kHz linewidth at 780 nm had been achieved
by using a second harmonic generation setup consisting of a fiber laser and a periodically-poled lithium
niobate (PPLN) crystal. A Ti:Sapphire tunable laser is able to generate 8 W in the 750-810 nm region
with a kHz linewidth [6]. An external wavelength stabilized ridge waveguide diode laser utilizing
a volume holographic Bragg grating produced a maximum output power of 380 mW with 18 kHz
linewidth (FWHM) [7]. However, there is a demand for miniaturized 780 nm laser systems at high
output power with narrow spectral linewidth, which cannot be fulfilled by the previously mentioned
systems in terms of compactness and power consumption. Semiconductor-based distributed feedback
(DFB) lasers with excellent spectral purity, high energy-conversion efficiency, high reliability, and large
frequency modulation bandwidth are attractive candidates for this demand. Some previous studies on
the performance of the lasers [8-10] had shown very promising results for application in quantum
optics. Therefore, further development of this diode laser type needs to be done. The aim of this work
was to look for the ultimate limits (regarding high optical output power and narrow spectral linewidth)
that can be reached with a single-section DFB laser without external stabilization.

The influences of laser cavity and the coupling coefficient on the DFB diode laser linewidth have
been carefully analyzed in previous studies [8]. A high power DFB diode laser with a linewidth of
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11 kHz was reported in Reference [9]. However, in this paper only the aspect of internal laser structure
optimization was discussed. The behavior of the spectral linewidth under a variation of the facet
reflectivity has not been extensively investigated so far. An increased facet reflectivity impacts the
linewidth of a DFB laser in several ways (compare Equation (1) in Reference [8]). First, it leads to a
decrease of the threshold gain, the rate of spontaneous emission, and Petermann’s K factor which
results in a decreased linewidth. Additionally, the effective a-factor changes but not in a definite
manner. Second, compared to a vanishing facet reflectivity, the impact of the phase of the grating at the
facet has to be considered, which results in varying linewidths for otherwise identical devices. Third,
the difference of the threshold gains of the longitudinal modes decreases which results in a decreased
side-mode suppression ratio and, therefore an increased linewidth or in dynamically unstable behavior.

Therefore, it is worthwhile to study how the spectral linewidth of DFB diode lasers varies with
the facet reflectivity, especially in the high power operation regime. Theoretical analyses of the relation
between the spectral linewidth of DFB diode lasers and facet reflectivity have been presented in
References [11-13]. However, these reports do not address a stable single-longitudinal-mode operation
of DFB diode lasers. More detailed results were published in References [14]. This work analyzes
DEFB diode lasers operating at 1300 nm with an output power of a few mW. Theoretically, the results
show that higher facet reflectivity leads to narrower spectral linewidth, but at the same time provides
a smaller yield of the single-longitudinal-mode operation. The experimental characterization of DFB
diode lasers showed that the spectral linewidth takes on its minimum value at a front facet reflectivity
of about 5% (with the rear facet as cleaved). An investigation of DFB diode lasers operating at 1500 nm
is presented in References [15]. In this paper, the linewidth increased by a factor of 1.6 when the front
facet reflectivity was reduced from a value of 32% (for the uncoated facet) to about 5%. This result is
not in agreement with the findings of References [14]. Therefore, further studies on the influence of the
facet reflectivity on the spectral linewidth are required.

In this paper, we will present the new results of a spectral linewidth study with high power DFB
diode lasers emitting in the 780 nm region. Theoretical simulations of external differential efficiency
and linewidth power product vs. front facet reflectivity have been conducted. Furthermore, DFB
diode lasers with the front facet reflectivity varying from R < 0.01% to 30% have been characterized
experimentally. The laser linewidths were derived from measurements of the frequency noise power
spectral density (PSD). Linewidth-power dependence of DFB diode lasers will be presented.

2. Laser Fabrication and Experimental Setup

All DFB diode lasers studied in this letter stem from the same wafer grown in two steps by the
low pressure metal organic vapor phase epitaxy (MOVPE) [16]. In the first step the n-Alg 53Gag 47As
cladding, 250 nm thick n-Aly50Gags0As waveguide, tensile-strained 14 nm GaAsg7g5P0 115 active
quantum well (QW), 250 nm p-Alg50Gags0As waveguide, and the first part (550 nm) of the
p-Alys53Gaga7As cladding were grown on the n-GaAs substrate. An InGaP/GaAsP/InGaP
(90 nm/20 nm/20 nm) layer sequence completed the first growth. A second order grating was
formed in this layer sequence by holographic photolithography and wet-chemical etching of the upper
GaAsP and InGaP layers (duty cycle of the 2n order grating equals 0.25). After surface cleaning,
in the second step the remainder of the p-Alps53Gag47As cladding and a p-GaAs contact layer were
grown. A ridge waveguide (RW) with a 2.2 um wide ridge was implemented to provide lateral
optical confinement.

The cavity lengths of the DFB diode lasers were 3 mm. In order to quantitatively investigate
the effect of the front facet reflectivity of 780 nm DFB diode lasers, in the high output power regime,
the DFB diode lasers were prepared with front facet reflections of R < 0.01%, R = 5%, R = 10%,
and R = 30%, respectively. First, the facets of the lasers have been made unreactive using ZnSe layers,
which was described in [17]. Afterward, thin films of Al,Os with appropriate thicknesses were used to
coat the laser facets for reflections of less than 30%. An additional TiO; layer has been employed to
obtain a reflectivity of 30%. Commercially available software [18] has been used to calculate the various
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layer thicknesses. White-light reflectometry has been employed to determine the layer thicknesses
actually achieved. The rear facets of the lasers were coated to obtain a reflection of approximately 95%
using S5i0; /TapOs quarter-wave stacks. All lasers were soldered with AuSn on 250 pm thick CuW
submounts, which were then soldered on so-called C-mounts with PbSn.

In order to determine the laser linewidth, we carried out a self-delayed heterodyne measurement
with each laser. The output beam of the DFB diode laser was collimated and guided through a
Faraday isolator (Qioptiq DLI, Feldkirchen, Germany, 60 dB) to suppress parasitic optical feedback.
Subsequently, the laser beam was injected into an interferometer n which, one arm carried a
2 km (physical length) fiber delay and an acousto-optic modulator (Intra-Action ATM-804DA2B)
to frequency-shift the radiation by 78 MHz. The beat note signal was detected with a fast photodetector
(New Focus 1554-B) with a 3-dB bandwidth of 12 GHz and was recorded with an RF-spectrum analyzer
(FSW 26 by Rohde & Schwarz GmbH & Co. KG, Munich, Germany). For each of the measurements
presented here, a data set of 100 ms was recorded with an IQ bandwidth of 150 MHz. A detailed
description of the subsequent determination of the frequency noise PSD can be found in References [19].
Lastly, the laser’s intrinsic linewidth was derived from the level of the white noise of the frequency
noise PSD by multiplication with 7t/2.

3. Results and Discussion

Figure 1 shows the effect of front facet coating on the power-current (PI) characteristics at a mount
temperature of 25 °C. Lasers with front facet coatings of R < 0.01% and R = 5% show linearly increasing
output power from threshold current up to 500 mA. The higher reflectivity lasers, R = 10% and 30%,
have nonlinear PI characteristics. Furthermore, the linear slope efficiency of the lasers decreases
from 0.66 W/A (R < 0.01%) to 0.63 W/A (R = 5%), 0.58 W/A (R = 10%) and 0.37 W/A (R = 30%)
because of the reduced transmission at the front facets. The output power at 500 mA ranges from
138 mW (R = 30%) to 290 mW (R < 0.01%). At high power operation, DFB diode lasers with front facet
reflectivity above 5% show significant instabilities in the PI characteristics, which are most prominently
emphasized by several kinks. This behavior is most clearly observed for the device with R = 30%
above an injection current of 300 mA.
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Figure 1. Power-current characteristics of 3 mm long 780 nm DFB (distributed feedback) diode lasers
having different front facet reflections between R < 0.01% (black), 5% (green), 10% (red), and 30% (blue).

As theoretically shown, DFB lasers can exhibit different types of dynamical instabilities like
pitchfork bifurcation [20], bistability [20] and self-pulsations [21,22]. All of these instabilities
are triggered by the dependence of the carrier density, the refractive index and the gain on the
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photon density via stimulated recombination, which results in longitudinal spatial hole burning and
non-uniform index and gain profiles in order for, another longitudinal mode to reach the threshold.
Moreover, the higher the front facet reflectivity, the smaller the difference of the threshold gain of
adjacent modes that favors instabilities [23]. This can result in nonlinear power-current characteristics
as well as broadened optical spectra, which was observed experimentally.

In Figure 2, we present spectral mappings of the DFB diode lasers with various front facet
reflections at 25 °C. The laser with R < 0.01% shows single-mode operation from 40 mA to 420 mA
injection current. Except for one mode hop, the laser with 5% front facet reflectivity operates in a
single-mode in the range from 40 mA to 500 mA. The kinks in the power-current characteristics that
can be observed for lasers with higher front facet reflections are related to regions of broad optical
spectra visible in Figure 2¢,d, which indicates a dynamically unstable behavior. The wavelength shift
vs. the injection current is very similar for all devices with values of AA/Al in the range between
1.1 pm/mA and 1.6 pm/mA.
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Figure 2. Spectral mappings of 780 nm DFB diode lasers with different front facet reflections: R < 0.01%
(@), R =5% (b), R = 10% (c), and R = 30% (d).

From the optical spectra we identified the regions of single-mode operation for the investigation of
the linewidth. Figure 3 shows the frequency noise PSD of the self-delayed heterodyne beat note signal
for each of the lasers when operated at an output power of 85 mW. At this output power, the intrinsic
linewidth decreases from 28 kHz to 20 kHz, 14 kHz, and 8 kHz when the front facet reflection increases.
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Figure 3. Frequency noise PSD (power spectral density) of the laser beat note signal in a self-delayed
heterodyne setup at 85 mW output power for lasers with various front facet reflection: R < 0.01% (red
solid); R = 5% (blue dashed); R = 10% (pink dot-dashed); and R = 30% (green short dashed).

The intrinsic linewidths of all lasers were investigated along with the injection current within
their single-mode operation ranges. Figure 4 shows the linewidths of the DFB diode lasers vs. output
power, which was calculated from the P-I characteristics (Figure 1). The device with R < 0.01% shows
a linewidth reduction from 128 kHz at 20 mW to a value of 25 kHz at 98 mW (factor of 5.1 for a power
ratio of 4.9). In the same power region, the device with R = 5% has a linewidth of 63 kHz at 24 mW
and 19 kHz at 97 mW (linewidth reduction by a factor of 3.3 for a power ratio of 4.0). The linewidth
of the laser with 10% front facet reflectivity reduces from 49 kHz at 22 mW to 14 kHz at 83 mW.
This corresponds to a linewidth reduction ratio of 3.4 for a power ratio of 3.7. In the range from 38 mW
to 72 mW, the laser with 10% front facet reflectivity shows a multi-mode operation (corresponding to
injection currents from 110 mA to 170 mA, see Figure 2c). For this reason, the spectral linewidth of the
device was not evaluated in this range. The laser with 30% reflectivity was investigated from 24 mW
to 86 mW output power and exhibited linewidths of 27 kHz and 8 kHz, respectively. The linewidth
reduction factor in this case is 3.4 (power ratio 3.6). By fitting the results with a 1/P dependence,
we get the linewidth power products 2274 Hz-W (for R < 0.01%), 1574 Hz-W (for R = 5%), 1014 Hz-W
(for R = 10%), and 659 Hz-W (for R = 30%).

As can be seen in the inset of Figure 4, the lasers with R = 5% and R = 10% reach the same
linewidth at their highest single-mode operation injection currents. The device with R = 5% reaches
the linewidth of 8 kHz at an output power of 290 mW and the other one at an output power of 215 mW.
With increasing power, the linewidth of the laser with R < 0.01% continues to reduce to 17 kHz at
240 mW output power.

To explain the influence of the front facet reflection on the electro-optical properties as well as
the spectral linewidth, we calculated the external differential efficiency and the linewidth power
product of the lasers according to References [24,25]. The calculation was performed in three steps.
First the carrier-density dependent part of the complex dielectric function and the rate of spontaneous
emission of the GaAsP QW was calculated as a function of carrier density and wavelength using
an 8 x 8 kp band model as described in References [26] and the results are stored in a look-up table.
The imaginary part of the dielectric function gives the optical gain. The ratio of the derivatives of the
real and imaginary parts of the dielectric function with respect to the carrier density is the linewidth
enhancement factor [24]. In the second step the complex waveguide equation and a lateral diffusion
equation were solved for the given applied voltage, power and wavelength, using the look-up table
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created in the first step. The results such as injection current, effective index, modal gain and functions
needed to calculate the spectral linewidth are stored in a table. Lastly, the electro-optical characteristics
as well as the spectral linewidth are calculated by solving the coupled wave equations using the

look-up table generated in the second step [25]. In this way, both lateral and longitudinal spatial hole
burning have been taken into account.

b

® R<0.01% |
B R=5%

od

100

a
o
1

/

Linewidth Ay [kHz]

25 0 eqqes
20 - .....
THEE R >
] 10“““‘m o
Ty T,
100 200 290
LIRS L LB AR R REEEEEE IESAE TR ERIRIE] I AL LU
20 30 40 50 60 70 80 90 100
Output power P [mW]

Figure 4. Dependence of the intrinsic linewidth on the output power for the DFB diode lasers with
various front facet reflections: R < 0.01% (black solid circle), R = 5% (blue solid square), R = 10%
(red solid triangle), and R = 30% (orange open circle). The solid lines show the result of fitting a 1/P
dependence to the data. Inset: Linewidth vs. output power in the high power regime.

The parameters used in the simulation have been largely taken from Reference [27]. A summary
of the most important parameters is given in Table 1. The reflection coefficient of the rear facet was set
to 95%. The front facet reflections were 0.0001%, 5%, 10%, and 30%. The simulation scheme sketched
above includes the dependence of effective linewidth enhancement, population inversion and the
Petermann K factors on the reflections at the front facet and the phases of the grating at the rear and
front facets. To compare with the experimental results the grating (or facet) phases have been varied
between 0 and 27. The minimum and maximum values of the external differential efficiency and

the spectral linewidth due to a spontaneous emission noise at an output power of 50 mW have been
determined [28].

Table 1. Summary of important parameters used in the simulation. QW: quantum well.

Parameter Unit Value
thickness QW nm 14
confinement factor QW 0.018
hole mobility QW cm?/Vs 170
effective phase index 3.3
effective group index 3.9
ridge width pum 22
effective index step 5x 1073
total series resistance of p-doped layers and p-contact Qcm? 7 x 107°
spreading resistance of p-doped layers (@) 1.6 x 10*
coupling coefficient cm™! 2

internal optical losses cm ! 5
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Figure 5 presents the minimum and maximum simulation values of the external differential
efficiency ngj¢ of the 780 nm DFB diode lasers. The experimental results of nq;¢ calculated from the
power-current characteristics in Figure 1 (0.41, 0.40, 0.36, and 0.23) lie almost within the area of the
simulation results, which shows that the coupling coefficient and the internal losses have been properly
chosen. The external differential efficiency determined experimentally at the lowest facet reflectivity
(corresponding to the highest out coupling losses) is smaller than predicted by the theory. A possible
reason is the accumulation of carriers outside the active region not contributing to stimulated emission.
This effect not taken into account in the simulation reduces the external differential efficiency.
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Figure 5. External differential efficiency of 780 nm DFB diode laser at 50 mW output power vs. front
facet reflectivity: Minimum simulation values (pink solid triangle), maximum simulation values (blue
solid circle), and experimental values (red solid square).

The experimental and the calculated minimum and maximum linewidth power products of
the 780 nm DFB diode lasers are shown in Figure 6. The tendency of the experimental linewidth
power products agrees with the theoretical prediction. The measured linewidth power product for the
lowest front facet coating laser lies between the minimum and maximum simulated values. However,
the theory predicts a much steeper drop of the linewidth with an increasing front facet reflection than
experimentally observed. We should mention that in the theory we neglected other contributions
to the intrinsic linewidth such as those due to fluctuations of the carrier density and of the profile
shape of the photon density which should not strongly depend on the feedback strength. However,
there is one contribution that rises with a decreasing side-mode suppression ratio due to an increased
facet reflectivity, which is the impact of non-vanishing side modes on the linewidth of the main mode
that could result in linewidth rebroadening [29]. We assume that this effect could be the cause of the
increased deviation between simulated and measured linewidth.

As the simulations reveal, the decrease of the intrinsic spectral linewidth by the increase of the
front facet reflection is caused by a reduction of the spontaneous emission rate due to the reduction of
the threshold gain (partially compensated by an increase of the population inversion factor), a decrease
of the Petermann K factor due to the increase of the resonator quality [11,12], an increase of the number
of photons in the cavity, and a slight decrease of the effective linewidth enhancement factor [25].
The influence of an increasing front facet reflectivity on the linewidth is quite similar to an increasing
coupling strength (KL) which was studied experimentally in Reference [8,30].
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Figure 6. Linewidth power product of 780 nm DFB diode laser vs. front facet reflectivity: Minimum
simulation values (pink solid triangle), maximum simulation values (blue solid circle), and experimental
values (red solid square).

4. Conclusions

Within this paper, the influence of the front facet reflection on the electro-optical and linewidth
properties of 780 nm DFB diode lasers has been investigated. The external differential efficiency is
reduced from 0.41 to 0.23 when the AR coating varied from R < 0.01% to 30%. The linewidth power
products are 2274 Hz-W, 1574 Hz-W, 1014 Hz-W, and 659 Hz-W for lasers with increasing reflection
coefficient. A best intrinsic linewidth of 8 kHz was achieved for R = 5% at 290 mW, R = 10% at 215 mW,
and R = 30% at 85 mW output power. Based on our knowledge this is the best performance reported
so far for a solitary high power DFB diode laser in the 780-nm region. Furthermore, the findings of our
analysis are beneficial for future optimization of semiconductor lasers aimed at applications which
require both: narrow spectral linewidth and high optical output power.
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