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Experimental results of the combination of transverse mode selection and active mode-locking with anti-reflection-coated broad
area lasers (BALs) are presented. The BALs are subject to feedback from a free-space external Fourier-optical 4𝑓-setup with a
reflective spatial frequency filter in the Fourier-plane for transverse mode selection. Driving the BALs with a high frequency
modulated pump current above threshold active longitudinalmode-locking is achieved. Pulse durations as low as 88 ps are obtained,
while theGaussian-like fundamental or a higher order transversemode up tomode number 5 is selected on purpose. Pulse duration
and shape are nearly independent of the selected transverse mode.

1. Introduction

Semiconductor lasers are widely used in many of today’s
photonic applications, due to their advantages like reliability,
small size, the opportunity for electrical pumping, and an
excellent efficiency. However, catastrophic optical mirror
damage (COMD) of the edge-emitting laser facets limits
the output power of laser diodes. The use of wide active
stripes in so-called broad-area lasers (BALs) circumvents this
restriction. BALs with an emitter width of 50𝜇m up to 1mm
[1] are available. The large size of the active region and the
high power lead to strong nonlinear optical coupling of the
amplifiedwave and the activematerial and result in an uncon-
trolled temporally unstable emission of more than one trans-
verse mode. The emission of BALs can be controlled by, for
example, using a grating integrated in the semiconductor chip
[2–4] or by external cavities [5–10]. The latter also influence
the longitudinal mode emission and the stability of the laser.
On the other hand feedback from external cavities can also
destabilize the emission of laser diodes [11–15] leading to self-
pulsation.

Semiconductor lasers are advantageous for the generation
of short optical pulses due to the large gain bandwidth of

30–45 nm. Mode-locking is the most common method
applied to generate short pulses in semiconductor lasers.
Two mode-locking techniques can be distinguished, that is,
active and passivemode-locking [16]. In activemode-locking
intracavity amplitude or phase modulators are used to force
coupling of the longitudinal cavity modes. The advantage of
active over passive mode-locking is a higher reproducibility
of pulses with respect to pulse height and width [16]. Pulse
widths in the picosecond range are reported by many groups
investigating active or passive mode-locking of external
cavity narrow stripe laser diodes [17–20]. However the power
of available narrow stripe diodes is limited by COMD as
mentioned above. Higher pulse powers can be extracted from
mode-locked BALs, even though high frequency modulation
is difficult due to the large capacitance. Passively mode-
locked BALs can emit pulses with duration of 15 ps [21],
without any attention to transverse mode emission of the
BAL. The generation of 13 ps pulses by injection of an initial
short optical pulse into a BAL is shown in [22]. Even mode
locking of transversal modes in BALs is investigated leading
to spatially alternating emission with a repetition rate of
around 3.4GHz [23].
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In this paper we present experimental results of active
mode-locking of BAL (anti-reflection- (AR-) coated on one
facet) being subject to feedback from a free-space external
Fourier-optical 4f -cavity with a reflective spatial frequency
filter in the Fourier-plane for transverse mode selection (i.e.,
2f plus the way back after reflection from a reflective spatial
filter). Active mode-locking with a repetition rate of about
1 GHz is achieved through the modulation of the laser pump
current for a ≈150mm long external cavity.

2. Experimental Work

The experiments are performed using a BAL highly AR-
coated on the front facet (that one directed towards the
external cavity) with a residual reflectivity of 𝑅

2
< 8 ⋅ 10−5 in

the 4𝑓-set-up depicted in Figure 1. The laser has an emission
wavelength of 𝜆 = 800 nm. The external cavity consists of a
biconvex lens L

1
, with a focus length of𝑓

1
= 75mm.The front

facet and a plane mirror M are placed in the front and in the
rear focal plane of the lens L

1
, respectively. A slit SL movable

in the 𝑥-direction in front of the mirror forms the spatial fre-
quency filter for transversemode selection. To favour the fun-
damental transversemode (mode number 0) the slit has to be
centered around the optical axis.The slit width 𝑠 of the spatial
frequency filter is set to 𝑠 = 970 𝜇m, to select a single trans-
verse mode [10]. Active mode-locking is achieved by driving
the BAL with a sinusoidal radio frequency (RF) signal from
a high power signal generator (Rohde & Schwarz, SMGL). A
bias tee (Picosecond Pulse Labs, 5580) is inserted to combine
the RF current modulation and the laser dc pump current.

The emitted modulated BAL intensity is measured at the
rear facet with an ultrafast photodiode (Hama-matsu G4176
used together with a bias tee Picosecond Pulse Labs 5541A)
connected to a 50GHz sampling oscilloscope (Tektronix,
CSA 803A). The spatial filter is aligned onto the optical axis
for fundamental transverse mode selection. Shifting the filter
a distance 𝑑 perpendicularly away from the optical axis a
certain (higher) transverse mode can be selected [10].

3. Experimental Results of
Simultaneous Mode-Locking and
Transverse Mode Selection

Active mode-locking is achieved by pump current modu-
lation here. The maximum power of the RF generator is
36 dBm, corresponding to a maximum ac pump current of
𝐼ac,max = 0.57 ⋅ 𝐼th nominal. The power reaching the BAL is
about 20% lower due to an electrical impedance mismatch
between the BAL and the RF generator. Therefore, only 𝐼ac =
80% ⋅ 𝐼ac,max = 0.46 ⋅ 𝐼th is applicable. To achieve pulsed pump
currents of at least ≈2⋅𝐼th, the dc part of the pump current has
to be significantly higher than 𝐼th, in order not to fall below
𝐼th in any part of the pump cycle.

Pulse width and intensity are strongly depending on the
ratio of the dc and the ac part of the pump current. Consid-
ering the fixed ac part 𝐼ac = 80% ⋅ 𝐼ac,max = 0.46 ⋅ 𝐼th this
means a variation of the dc part only.Thus Figure 2 shows the
measured pulse widths in dependence of the dc pump cur-
rent. The minimum pulse width is obtained at a dc pump
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Figure 1: Top view of the reflective 4𝑓-setup (2𝑓 plus 2𝑓 after
reflection) with a spatial frequency filter (slit in front of a mirror);
BAL with an emission wavelength of 𝜆 = 800 nm, SL: slit, 𝑠:
adjustable slit width, L

1
: lens, 𝑙

1
= 2100 𝜇m: length of BAL, 𝑙

2
:

external cavity length, 𝑙
𝑔
= 𝑙
1
+ 𝑙
2
: total length, 𝐷: emitter width,

and 𝑅
1
, 𝑅
2
, and 𝑅

3
: reflectivities of the rear facet, the front facet, and

the mirror M, respectively.

current of 𝐼dc ≈ 1.48 ⋅𝐼th (giving aminimum current of 𝐼min ≈
1.02 ⋅ 𝐼th during the pump cycle). And the dependence of the
pulse intensity on the dc pump current is given in Figure 3.
The maximum pulse intensity is also achieved at the same dc
pump current of 𝐼dc ≈ 1.48 ⋅ 𝐼th. At higher dc parts the pulse
intensity saturates, while the pulse duration is increasing.The
result can be understood in view of the sinusoidal ac pump
current part; that is, for the optimum of 𝐼dc ≈ 1.48 ⋅ 𝐼th (@
𝐼ac = 0.46 ⋅ 𝐼th) the pump current never gets below threshold
(even in the negative half cycle of the sinusoidal modulation).
At higher dc current parts the solitary laser diode takes over
and the influence of the external resonator decreases. This
way the mode-locking gets gradually weaker, resulting in an
increase of the pulse width.

Choosing the optimum dc pump current of 𝐼dc =
820mA ≈ 1.48 ⋅ 𝐼th (𝐼th is always considered in the case with
feedback from the external cavity) the temporal sequence of
emerging mode-locked pulses is investigated. The results are
given in Figure 4. The duration of the pulses (full width at
half maximum, FWHM) is 88 ps. The time interval between
two subsequent pulses comes to 1004 ps, corresponding to an
appliedmodulation frequency of 996MHz due to an external
cavity length slightly larger than 150mm. The red line in
Figure 4 shows a sech2 fit to the measured data. These sech2-
shaped pulses are obtained, while the BAL is operating on the
Gaussian-like fundamental transverse mode.

The power-spectrum of the BAL in the continuous wave
(cw) mode and in a mode-locked state is measured with a
high resolution fiber-optic spectrometer (Avantes, AvaSpec-
3648). The results of two measurements are illustrated in
Figure 5.

The bandwidth of the longitudinal mode distribution
above threshold (thick black line) of the BAL in a mode-
locked state is about 0.05 nm, whereas it is 0.78 nm with cw
operation (thin red line). The average power at the rear facet
for cw operation is measured to be 620mWby a power meter
(Melles Griot, 13PDC).

Shifting the spatial frequency filter unit away from the
optical axis (in 𝑥-direction, see Figure 1) causes an increase of
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Figure 2: Measured pulse width at different dc pump currents and
a fixed ac pump current of 𝐼ac = 0.46 ⋅ 𝐼th.The BAL is running on the
fundamental transverse mode.
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Figure 3: Measured pulse intensity at different dc pump currents
and a fixed ac pump current of 𝐼ac ≈ 0.46 ⋅ 𝐼th.
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Figure 4: Temporal sequence of mode-locked pulses (black line),
while the BAL is running on the fundamental transverse mode.
Pulses with an FWHM of as low as 88 ps emerge. The interval of
1004 ps correlates to a modulation frequency of 996MHz. A sech2
fit to the measured data is also given (red line).
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Figure 5: Measured power spectra of the BAL operating cw (thin
red line) or in the mode-locked state (thick black line). The spatial
frequency filter is aligned onto the optical axis for selection of the
fundamental transverse mode here.
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Figure 6: CCD camera images of the near-field intensity patterns
(right) and line scans of these patterns at different filter positions 𝑑.
The Gaussian-like fundamental mode number 0 (𝑚 = 0) and higher
order transversemodes up tomode number𝑚 = 5 can be selectively
excited.

the number of intensity maxima in the near-field distribution
emitted by the BAL, as it is obvious from the results in Figure
6.Thefigure showsCCDcamera images (right) and line scans
of the near-field intensity patterns. Higher order transverse
modes up to𝑚 = 5 can be selectively excited with increasing
distance 𝑑 of the center of the spatial frequency filter from the
optical axis, while the laser is in the mode-locked state (now
𝐼dc = 1.57 ⋅ 𝐼th and 𝐼ac = 0.46 ⋅ 𝐼th).
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Figure 7: Measured temporal pulse shapes for different distances 𝑑
of the filter slit to the optical axis.The shape of the pulses, theirwidth,
and their intensity are nearly independent of the slit displacement
and the transverse mode number.
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Figure 8: Measured pulse width (FWHM)—using a different BAL
sample as compared to the case of Figure 4—for different distances
𝑑 of the spatial frequency filter slit to the optical axis. The pulse
duration increases nearly linearly by about 3.2%with each increment
of the transverse mode number𝑚.

The displacement 𝑑 of the spatial filter away from the
optical axis, necessary to excite a certain transverse mode, is
determined by

𝑑 =
𝑚 + 1

2

𝜆𝑓
1

𝐷
, (1)

where the mode with transverse mode number 𝑚 (𝑚 =
0, 1, 2, 3, . . .) has𝑚+1 intensity maxima in the near-field and
𝐷 = 100 𝜇m is the emitter width.

Due to the asymmetric filtering (i.e., the slit can only be
placed on one side of the optical axis at any moment) the
intensity patterns of each transverse mode are also asymmet-
ric [10]. Figure 7 shows the measured temporal pulse shapes

at different distances𝑑of the slit from the optical axis—that is,
a different selected order𝑚 of the transversemode.Obviously
the sech2-like pulse shape remains unchanged. But the pulse
width increases linearly by only about 3.2% with each order
(increment 1) of the transverse mode, as illustrated in Figure
8, whichwas extracted from experimentswith a different BAL
sample, giving pulse widths of ≈120 ps.

4. Conclusions

Radio frequency (RF)modulation at about 1GHzof the pump
current of a broad-area laser (BAL) with an external 4𝑓
cavity (acting as a spatial frequency filter unit) causes active
mode-locking with a pulse width of as low as 88 ps. The
selection of a higher order transverse mode has no influence
on the temporal sech2-like shape and only a weak influence
on the width and intensity of the mode-locked pulses. Pulse
duration increases linearly by only 3.2% with each increment
of the number of the selected transversemodes.This indicates
that coherent-optical transverse mode selection has only
a negligible effect on longitudinal mode-locking. Hence,
transverse mode selection and active longitudinal mode-
locking of BALs are possible simultaneously.
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