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Abstract: We report a sampled grating distributed Bragg reflector 
(SGDBR) laser with two different gratings which mode-lock independently 
at respective pulse repetition frequencies of 640 and 700 GHz. The device 
operates in distinct regimes depending on the bias conditions, with stable 
pulse trains observed at 640 GHz, 700 GHz, the mean repetition frequency 
of 666 GHz, and the sum frequency of 1.34 THz (due to nonlinear mixing). 
Performance is consistent and highly reproducible with exceptional stability 
observed over wide ranges of drive bias conditions. Furthermore, a 
monolithically integrated semiconductor optical amplifier is used to amplify 
the pulse trains, providing an average output power of 46 mW at 666 GHz. 

©2014 Optical Society of America 

OCIS codes: (140.4050) Mode-locked lasers; (230.1480) Bragg reflectors; (250.5980) 
Semiconductor optical amplifiers; (190.4223) Nonlinear wave mixing; (320.7090) Ultrafast 
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1. Introduction 

Ultrafast mode-locked laser (MLL) diodes offer exciting opportunities in future telecoms 
systems, high speed data processing and miniaturized THz signal generators because they are 
compact, robust, cheap to manufacture, and can be integrated with other semiconductor 
elements such as semiconductor optical amplifiers (SOAs). For a laser diode (LD) with a 
typical cavity length between 0.5 and 1 mm, the corresponding mode-locking (ML) frequency 
is around 80 to 170 GHz [1]. One of the distinct ways of achieving higher ML frequencies is 
to introduce harmonic mode-locking (HML) techniques. A HML laser produces an optical 
pulse train at an integer multiple of the fundamental round-trip frequency of the device, which 
can be achieved using sub-harmonic optical injection [2], colliding pulse ML (CPM) [3], or 
compound-cavity ML (CCM) methods [4, 5]. Frequencies of up to 1.5 THz have been 
achieved with the use of CCM effects in distributed Bragg reflector (DBR) lasers [4], albeit 
operating over a narrow range of bias conditions and with limited reproducibility. The most 
extensive demonstration of HML used purpose-built AlGaAs/GaAs CCM Fabry-Perot (FP) 
lasers incorporating an intra-cavity reflector (ICR), where repetition frequencies up to 2.1 
THz were demonstrated at 850 nm [5]. However, despite this record-high frequency 
achievement, the reported laser cannot benefit from the use of erbium-doped fiber amplifiers 
(EDFAs) for subsequent amplification. For both CPM and CCM based lasers, the cavity 
cleaving accuracy is critical for adequate HML to occur. In the case of the CCM laser 
described in [5], the accuracy of the positioning of the ICR within the cavity was decisive in 
determining the ML frequency, and the fabrication processes required to create a high quality 
deep etched ICR are relatively complicated and challenging. These tight tolerances arise from 
the fact that the FP cavities are used both as frequency filters, generating a comb of equally 
spaced longitudinal resonances, and as the spatial cavities around which the pulses circulate. 
For the CCM laser [5], this means that the length of the long cavity must be an exact integer 
multiple, with a very tight tolerance, of that of the short cavity. If there is a small mismatch in 
the cavity lengths, periodic modulation signatures can be seen in the pulse stream, and 
furthermore when there is a larger mismatch ML may not occur at all, especially in lasers 
operating at 1.5 μm. 

In this paper we describe a sampled-grating DBR (SGDBR) MLL integrated with a SOA. 
The front and rear DBR sections each act as optical filters to independently mode-lock the 
laser at different sub-THz frequencies (640 GHz and 700 GHz, respectively) and hence 
generate optical signals modulated at their respective ML frequencies. When the optical 
modes are broadened, a pulse train at the mean value of the rear and front SGDBR 
frequencies is produced, whilst nonlinear mixing, primarily in the SA, gain and SOA sections, 
results in a pulse train at the sum of the mixed frequencies, i.e. 1.34 THz. 

All of these frequency mixing features can be well controlled by adjusting the bias 
conditions, and the devices offer far superior reproducibility and a operate over a wider range 
of bias conditions than all other reported mode-locked THz LDs [4, 5]. This exceptional 
performance compared to FP MMLs is fundamentally due to the precise selection of modal 
frequencies which are accurately determined in absolute frequency and frequency spacing by 
the front and rear SGDBR sections. Furthermore, pulses are reflected into the main cavity 
from along the distributed length of the grating; provided the grating is sufficiently long, the 
laser is able to self adjust so that the spectral resonances of each of the SGDBRs align with a 
subset of the resonant frequencies of the main cavity. This mechanism does not depend on 
cleaving and is therefore more robust in manufacture. Additionally, in contrast to the complex 
fabrication processes used for conventional DBR lasers, those based on side-wall gratings 
offer advantages such as simpler regrowth-free fabrication and increased design flexibility. 
The DBR can be simultaneously lithographically patterned and etched along with the ridge 
waveguide, reducing the number of fabrication steps. The regrowth-free approach enables Al-
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containing epitaxial layers to be used, as there is no exposure of surfaces containing Al, 
which can oxidize and cause problems during epitaxial regrowth [6]. The results presented in 
this article suggest that our device could be used as a compact, stable, solid-state practical 
laser source for generating THz radiation using a photoconductive antenna [7] or nonlinear 
optical crystal [8]. 

2. Device structure and fabrication 

The epitaxial structure is the same as that described in [9]. An optical microscope photo of the 
top view (p-side) of the fabricated device along with its dimensions is shown in Fig. 1(a). The 
device has a total cavity length of 3592 μm of which the gain section is 1580 μm, the SA 
section is 30 μm, the front SGDBR section is 492 μm, and the rear SGDBR is 810 μm long. 
The ridge waveguide width (w) is 2.5 μm. The curved SOA is 600 μm long with a curvature 
radius of 3455 μm, and a tilt of 10° at the output facet, forming an SOA segment used to 
boost the output power on-chip. Electrical isolation between the electrodes was obtained by 
wet-etching slots 20 μm wide and 250 nm deep in the contact layer. The relatively short 
length SA section is used to facilitate adequate short-pulse generation from self-colliding 
propagating pulses. 

The SGDBR sections use a side-wall grating as shown schematically in Fig. 1(b), where 
Z0 represents the burst period of the grating. The ML frequency is then given by Fr = 
c/(2ngZ0), where c is the velocity of light in free space, ng is the group index. Z0 for the rear 
and front SGDBR is 67.5 μm and 61.5 μm, respectively. The rear and front SGDBRs were 
designed to spectrally select longitudinal modes with the precise mode spacings required to 
generate signals at Fr = 0.64 THz and 0.7 THz, respectively. Z1 represents the length of the 
grating burst, which is 10 μm long and of first-order with a 50% duty cycle and formed by 
etching 0.6 μm deep recesses (d) into the sidewalls of the waveguide for both the front and 
rear SGDBRs [inset in Fig. 1(b)]. Λ represents the grating period and is 244 nm for a 1.55 μm 
Bragg wavelength. This operating wavelength was intentionally red-shifted from the 
photoluminescence (PL) wavelength of the quantum-well (QW) active layer at 1.53 μm in 
order to reduce the absorption loss in the SGDBR sections and enable them to work 
effectively as reflectors, even with the section unbiased or floating. The coupling coefficient 
of an unsampled grating, ĸ0, was measured to be approximately 80 cm−1. Ns represents the 
number of sample periods, and the SGDBR length (Lsg) is equal to Ns × Z0. The values of Ns 
for the front and rear SGDBR sections were 8 and 12 respectively, and were chosen to 
increase the reflectivity of the rear SGDBR relative to that of the front SGDBR in order to 
increase the output power of the signal emitted from the SOA side of the laser. 

 

Fig. 1. (a) Optical microscope picture of the device, (b) schematic of the side-wall SGDBR and 
the inset shows the SEM picture of the side-wall grating burst of first-order with a 50% duty 
cycle and 0.6 μm depth recesses. 

A schematic of the SGDBR MLL is shown in Fig. 2(a). The effective length of the main 
cavity (LEff-cav) is 1770 µm, which includes the SA and gain section cavities (Lcav = 1670 µm) 
and the effective lengths of the front and rear SGDBR sections. The gain section was pumped 
in order to provide sufficient material gain. A high reverse bias was applied to the SA section 
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to give an ideal mode locking SA with a fast recovery rate. The front and rear SGDBRs acted 
as mirrors with power reflectances of Rfront-SGDBR and Rrear-SGDBR, respectively. The effective 
lengths of the front and rear SGDBRs were much shorter than the 1770 µm effective cavity, 
at 40 µm and 60 µm, respectively, i.e., half of their grating length of LFg and LRg , which is 
equal to Ns × Z1 [10]. The net modal gain Gnet is defined by the following equation: 

 
1 1

ln
2net

Eff cav rear SGDBR front SGDBR

G g
L R R

α
− − −

   = Γ − +  ⋅    
 (1) 

Where Γ is the optical confinement factor of the multi-quantum well (5%), g is the material 
gain per well, gΓ is the modal gain, α is the internal loss (15/cm). The values of gΓ  and 
α (15/cm) were derived using the Hakki-Paoli method from the amplified spontaneous 
emission (ASE) spectrum emitted from a FP laser fabricated in the same wafer [11]. The 
calculated power reflection spectra of the rear and front SGDBRs, modeled using the transfer 
matrix method (TMM) [12] and taking into account the linear propagation loss with the DBR 
section unbiased (α = 15/cm), are shown in Fig. 2(b). The central peak wavelength (λpeak) is at 
1550 nm and the separations between reflectivity peaks are 5.1 nm and 5.6 nm for the rear 
and front SGDBR sections, respectively. The peak spacings correspond to the respective 
grating frequencies using: (λpeak)

2/(2ngZ0), ng = 3.4889. The total transmission (T) from the 
SOA output facet, which is calculated from the overall transfer matrix of Ttot = MSOA × MFront-

SGDBR × MGain × MSA × MRear-SGDBR, is shown in Fig. 2(c). Here we assume the modal gain 
gΓ is 30/cm in the gain and SOA sections and the modal absorption loss is 400/cm in SA 

section (with a 2.9 V reverse voltage applied) and the internal loss α = 15/cm in the SGDBR 
sections. The reflections at both the rear-SGDBR and facets are considered negligible due to 
the end facet of the rear-SGDBR being significantly distant from the main effective cavity, 
and the reflectivity of the angled facet at the output of the SOA is < 0.1%. There are small 
features within the main peaks with a mode spacing of 0.190 nm which corresponds to the 
fundamental spacing of the main effective cavity length of 1770 µm, as shown in the inset of 
diagram of Fig. 2(a). This confirms the total output transmission consists of the product of the 
rear and front SGDBR reflectivities along with an overlaid modulation from the main cavity, 
which agrees well with the experimental results. Figure 2(d) shows the computed net gain 
spectrum of the ML-SGDBR LD according to Eq. (1). The gain shows periodical peaks with 
the periodicity determined by the reflection peaks of the rear (black) and front (red) SGDBRs. 
The rear SGDBR reflection peaks reside within the front SGDBR peaks, and the modes are 
reduced in amplitude which concurs with our measurement data (presented in Section 3). Due 
to the limited gain bandwidth, only the longitudinal modes, which are located in the part of 
the spectrum where the net gain is positive, will contribute to lasing and participate in ML. 
For simplicity, we did not take into account thermal effects when the gain and SOA sections 
were heavily pumped; this leads to a red-shift in wavelength as seen in our experimental 
results. 

The device fabrication processes are similar to those described in [13], i.e. negative tone 
Hydrogen Silsequioxane (HSQ) was used both as an e-beam lithography resist and as a hard 
mask during reactive ion etching (RIE). HSQ was also used as the material for planarizing the 
1.92 μm high ridge waveguide and SGDBR slots prior to depositing the metal contacts. The 
inset of Fig. 1(b) shows a scanning electron microscope (SEM) image of the side-wall 
grating, with excellent visibility of the mask transfer of the grating into the upper cladding 
layers. A good sidewall verticality of the etched region and little RIE lag at the foot of the 
gratings are plainly visible. As a final step, the sample was cleaved into individual laser bars 
with both facets left uncoated. The devices were mounted epitaxial layer-up on a copper heat 
sink which was affixed to a temperature controlled Peltier cooler. The heat sink temperature 
was maintained at 20 °C and the devices were tested under CW biasing conditions. 
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Fig. 2. (a) schematic of the experimental SGDBR MLL showing the effective length of the 
main cavity, rear and front SGDBR sections, (b) calculated power reflectivity of the rear and 
front SGDBRs, (c) calculated total transmission from the SOA output facet, the enlarged inset 
shows the internal fundamental mode spacing of 0.19 nm of the main cavity with an effective 
length of 1770 µm, (d) computed net gain of the ML-SGDBR LD which shows the wavelength 
peaks corresponding to reflections from the rear (black text) and front (red text) SGDBR 
segments. 

3. Device performance 

Figure 3(a) shows light-current (L-I) curves measured from the rear SGDBR output facet at 
different applied VSA values (from 0 V to −3 V in steps of −0.5 V). The gain, front SGDBR, 
and SOA sections were left floating. The threshold current (Ith) was 50 mA at VSA = 0 V. The 
change in the slope efficiency as the value of |VSA| was increased was almost imperceptible 
due to the position of the SA section at the rear SGDBR output facet, and thus having little 
effect on the output intensity. The maximum average output power was 8.65 mW for all 
investigated VSA values at IRear-SGDBR = 300 mA. Figure 3(b) shows the output power (P) 
measured from the facet on the SOA side as a function of IGain at different applied ISOA values 
(from 0 to 350 mA in a step of 50 mA) with VSA at −3.0 V, the front SGDBR current (IFront-

SGDBR) at 0 mA, and the rear SGDBR section left floating. For a fixed ISOA, increasing IGain 
would, as expected, increase the output power from the SOA side facet. Ith was 80 mA. 

Keeping IGain fixed while increasing ISOA would also increase the output power as result of 
amplification in the SOA. When ISOA was 350 mA, the SOA output reached saturation and 
further increases of the ISOA caused a reduction of the output power due to heating. Compared 
with the results in Fig. 3(a), the SA absorption has an obvious effect on the output power 
from the SOA side facet, i.e. when increasing the value of applied |VSA|, Ith increased and the 
slope efficiency reduced, thus the output power from the SOA side was smaller as a result. 
The maximum output powers when ISOA = 350 mA, IGain = 300 mA for the cases of VSA = 0 V, 
−2.0 V, and −3.0 V were 56 mW, 52 mW, 49 mW, respectively. Kinks were observed on 
some of the L–I curves, which are typical for a DBR laser and are caused by thermal detuning 
between the gain, SGDBR, and SOA sections, and are directly associated with the observed 
mode-hopping behavior [14]. 
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Fig. 3. (a) Output power from rear SGDBR side versus IRear-SGDBR for different VSA (from 0 V to 
−3 V in −0.5 V steps), the gain, front SGDBR, and SOA sections were floating. (b) Output 
power vs IGain for different ISOA values (from 0 mA to 350 mA in 50 mA steps) for VSA = −3.0 V 
with IFront-SGDBR = 0 mA, and rear SGDBR section floating. 

3.1 Performance measured from rear SGDBR side with SOA sections floating 

Firstly, we investigated the rear SGDBR characteristics by applying bias to this section and to 
the SA while the gain, front SGDBR, and SOA sections were left floating. In this scenario, 
ML operation at around 640 GHz pulse repetition frequency was realized over a large range 
of bias conditions (the current applied to the rear SGDBR section, IRear-SGDBR, was varied from 
240 mA to 300 mA, and VSA from 0 V to −3.0 V). 

Figure 4(a) shows the 2D optical spectral map over the range of IRear-SGDBR from 0 mA to 
300 mA with VSA = −2.9 V and all other sections left floating. The spectra were measured 
with a resolution bandwidth (RBW) of 0.06 nm. From 30 mA up to the threshold current (50 
mA), the rear SGDBR worked as a filter with equidistant peaks separated by 5.09 nm 
between the channels, consistent with the simulated results for the rear SGDBR shown in Fig. 
2(b). From immediately above threshold up to 206 mA, the device behaved as an isolated 
distributed feedback (DFB) laser with a side-mode suppression ratio (SMSR) > 20 dB. This is 
due to the rest of the unbiased cavity absorbing the signal, limiting the reflections back to the 
forward biased rear SGDBR, and thus the majority of the light signal does not reach the SA 
for saturation to occur. When the gain current was > 240 mA, additional modes appeared in 
the optical spectrum (red lines in the Fig. 4(a)); the floating gain section, front SGDBR and 
even the SOA sections were sufficiently pumped by the rear SGDBR laser light to become 
almost transparent; therefore more light was reflected from the front SGDBR back to the rear 
SGDBR, reaching the SA and inducing the ML effect. Due to the reflection from the front 
SGDBR, even without an applied bias the presence of its mode spacing signature (yellow, i.e. 
low amplitude lines) was apparent close to the rear SGDBR modes (red, i.e. high amplitude 
lines) as evident in Fig. 4(a). For example, the optical spectrum at IRear-SGDBR = 272 mA shows 
the longitudinal mode spacing of the rear SGDBR is around 0.48 nm or 58.2 GHz. The 
spacing of the main peak wavelengths of adjacent channels is non-equidistant, showing 
deviations of ± 2.5%. This is due to additional reflections from the front SGDBR, but all the 
peaks are present at precisely every 11th mode of the fundamental round-trip mode of the rear 
SGDBR, showing the mode spacing of the rear SGDBR is at a common “prime multiplier”. 
This is called partial HML, and in the time domain there would be several pulses with 
different amplitudes within the rear SGDBR cavity round-trip. The measured autocorrelation 
(AC) trace of the pulse train at IRear-SGDBR = 272 mA is shown in Fig. 4(b), in which several 
pulses with different periods and amplitudes can be seen. The partial ML pulse average 
period is centred on 1.56 ps, corresponding to a partial ML pulse repetition frequency centred 
around 640 GHz. 

Secondly, we investigated the device characteristics when the gain section was pumped 
and the front and rear SGDBR injection currents at 0 mA, with a reverse bias was applied to 
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the SA section and the SOA section left floating. In this scenario, the front and rear SGDBRs 
each acted as a passive filter with longitudinal mode spacings of 640 GHz and 700 GHz, 
respectively. Figure 4(c) shows the 2D optical spectral map over the range of IGain from 0 mA 
to 300 mA and IRear-SGDBR = IFront-SGDBR = 0 mA with VSA = −2.2 V and the SOA section left 
floating. Applying a bias between the threshold current of 80 mA and 300 mA produced some 
lower level peaks between the main peaks which were defined by the front SGDBR with its 
mode spacing of 700 GHz. These lower level peaks arose from reflections from both the rear 
and front SGDBRs, and are consistent with the simulation results presented in Fig. 2(c) and 
Fig. 2(d). Figure 4(d) shows the measured AC traces at VSA = −2.2V, IRear-SGDBR = IFront-SGDBR 
= 0 mA, IGain = 280 mA with the SOA section floating. The average pulse period is 1.4 ps, 
corresponding to a ML pulse repetition frequency around 700 GHz. There are clear additional 
frequency modulations observable in the AC traces, which correspond to the fundamental 
(around 24.3 GHz) and the second harmonic (around 48.6 GHz) round-tip frequencies of the 
1770 µm long main effective cavity. The fundamental and second harmonic ML traces were 
observed in our experiments. This is discussed further in Section 3.2. 

 

Fig. 4. Device performance measured from the rear SGDBR side output facet with                            
VSA = −2.9V and the gain, front SGDBR, and SOA sections floating: (a) 2D optical spectral 
map from the rear SGDBR side as a function of rear SGDBR current where the additional 
reflection peaks from the from SGDBR can be clearly seen, (b) corresponding autocorrelation 
traces with an average period of 1.56 ps at IRear-SGDBR = 272 mA. Device performance measured 
from the rear SGDBR side output facet with VSA = −2.2V, IRear-SGDBR = IFront-SGDBR = 0 mA and 
SOA section floating: (c) 2D optical spectral map from the rear SGDBR side as a function of 
gain current where low intensity reflection peaks between the main peaks can be clearly seen; 
(d) corresponding autocorrelation traces with an average period of 1.4 ps at IGain = 280 mA. 

3.2 Performance measured from SOA side with rear SGDBR floating and IFront-SGDBR = 0 mA 

Similarly to the second scenario in Section 3.1, in this case the gain and SOA sections were 
forward biased, while the rear SGDBR was left floating, IFront-SGDBR = 0 mA, and a reverse 
bias was applied to the SA section. As expected, the rear and front SGDBRs acted as passive 
filters with longitudinal mode spacings of 640 GHz and 700 GHz respectively, producing 
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pulse trains at both repetition frequencies simultaneously. Due to the contribution of signals 
generated in the rear and front SGDBR sections and the nonlinearities primarily in the SA, 
gain and SOA sections, the device produced much more interesting results, such as ML 
behaviour at frequencies equal to the sum, or the mean of the designed frequencies of the rear 
and front SGDBRs, depending on the applied drive conditions. 

To explain these phenomena, firstly, nonlinear mixing, due to nonlinearities primarily in 
the gain, SOA, and SA section with relatively high VSA values, can be described by the 
following equation: 

 ( ) ( )
( ) ( ) ( ) cos(2 ) cos(2 )

0.5 cos 2 ( ) cos 2 ( )

f r f f r r

f r f r f r

s t f t f t A f t A f t

A A f f t f f t

π π

π π

= × =

 = + + − 
 (2) 

where s(t) is the signal from the SOA side facet, ff (t) and fr (t) are the front and rear SGDBR 
ML signals respectively (for simplicity, here we assume they comprised only one frequency 
component, i.e. sinusoidal signals with frequencies 700 GHz (ff) and 640 GHz (fr), 
respectively), and Af and Ar are their corresponding signal amplitudes. Due to these 
modulation effects in the SOA section, the generation of 1.34 THz (i.e. the sum of 700 GHz 

 

Fig. 5. Device performance measured from the SOA side output facet with IFront-SGDBR = 0 mA 
and the rear SGDBR floating: (a) 2D optical spectra from the SOA side as a function of SOA 
current when VSA = −2.9 V and IGain = 260 mA, (b) simulated FFT spectrum from Eq. (2), (c) 
optical spectrum with inset showing the fundamental mode spacing of the 1770 µm long main 
cavity (0.18 nm), and (d) corresponding measured and simulated autocorrelation pulse train 
with VSA = −2.9V, IGain = 260 mA, and ISOA = 80 mA. 

and 640 GHz) will also occur, as well as a beat tone at 60 GHz. In practice mixing could be 
observed over a wide range of bias currents, with the gain and SOA sections pumped, the SA 
section reverse biased, the front and rear SGDBR weakly positively biased (< 40 mA) or left 
floating. Observing the output from the SOA output facet, signals at 1.34 THz were observed 
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with applied VSA values between −3 V and −2.2 V, IGain between 200 mA and 260 mA, and 
the SOA bias, ISOA between 0 and 250 mA. These effects are depicted in Fig. 5. A 2-D optical 
spectral map as a function of the SOA current with VSA = −2.9 V and IGain = 260 mA is 
depicted in Fig. 5(a). As shown, the lasing lines were very stable with little red shifting 
(heating effects) as ISOA was increased from 0 mA to 360 mA. 

The mode spacing was defined by the rear and front SGDBR sections, respectively. Since 
the mode spacing of the two gratings is comparable, it is very hard to distinguish them on the 
optical spectral map. Figure 5(b) shows the simulated fast Fourier transform (FFT) spectrum 
derived from Eq. (2). Due to nonlinear mixing between the original 640 GHz and 700 GHz 
frequencies taking place in the SA and gain sections, we should observe both the sum 
frequency, 1.34 THz, and the difference frequency, 60 GHz, according to wave mixing rules. 
The main plot of Fig. 5(c) shows the optical spectrum at VSA = −2.9 V, IGain = 260 mA and 
ISOA = 80 mA and the inset shows the fundamental longitudinal mode interval of 0.18 nm or 
24.3 GHz of the 1770 µm long main effective cavity is present, close to the simulated value 
of 0.19 nm in Fig. 2(c). A mode spacing of 5.6 nm is clearly observed and is determined by 
the front SGDBR corresponding to 700 GHz. The optical spectral peaks defined by the rear 
SGDBR were not very apparent due to the relatively lower reflectivity, and its further 
distance away from the measurement facet. However, from the lower level peaks between the 
main peaks, and by comparison with the simulation of transmission from the SOA side shown 
in Fig. 2(c) and the net gain for the SGDBR MLL shown in Fig. 2(d), we can conclude that 
the measured optical spectrum was the product of the reflections from both the front and rear 
SGDBR sections. The black solid line in Fig. 5(d) shows the measured AC trace of the pulse 
train from the device operating with VSA = −2.9 V, IGain = 260 mA, and ISOA = 80 mA. The 
average period of the pulse train was 0.75 ps, which corresponds to an Fr of 1.34 THz, i.e., 
the sum frequency. 

The expected beat frequency at 60 GHz was not distinctly observable in the measured 
autocorrelation trace, which may be due to frequency filtering by the rear SGDBR                       
(Δλbw ≤110 GHz) [10] removing the two modes of the 60 GHz signal adjacent to the main 
spectral lines. However, a modulation frequency at ~24.3 GHz was apparent over the entire 
autocorrelation trace. This is related to the fundamental round-trip frequency corresponding to 
the 1770 µm cavity length as shown at Fig. 2(a). A simulated AC trace of a pulse train with a 
1.34 THz repetition frequency and strong modulation at 24.3 GHz has been overlaid in Fig. 
5(d). As clearly shown, the additional 24.3 GHz modulated signal results in a DC offset in the 
AC trace, agreeing well with experimental observations. We have also modelled the effects of 
other frequency components that might be present in the pulse train (e.g. 60 GHz). Other 
frequencies, such as the second (48.6 GHz) and higher harmonics of the fundamental round-
trip frequency of the main cavity could be clearly observed under some drive conditions, 
(akin to the behavior observed and mentioned in the second scenario of Section 3.1). 
However within the tolerances of this experiment, the presence of just a single additional 
modulation at 24.3 GHz offers a reasonable fit to the measured results. The DC component as 
well as the 24.3 GHz envelope modulation could be easily removed using readily available 
filtering techniques, thus leaving a pure 1.34 THz repetition rate pulse train for use in 
practical applications. 

It is worth noting that besides the simple and practical case with IFront-SGDBR = 0 mA and 
the rear SGDBR floating, the device was fully characterized over all operable positive bias 
currents (0~40 mA) applied to both the front and rear SGDBR sections, and similar 
phenomena were observed, with the exception of the modulation frequency, (i.e., the 
fundamental round-trip frequency of the laser cavity length) which decreased as ISGDBR was 
increased. This frequency reduction with increasing ISGDBR is due to the increase in the 
effective cavity length caused by the lower absorption loss in the SGDBR sections [10]. Due 
to the 20 nm redshift of the lasing wavelength compared to the PL wavelength, the saturation 
absorption effect in the SGDBR section does not seriously affect the ML characteristics of the 
device, and this is confirmed by our device characterisation results. Moreover, the lasing 
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peak, λpeak, and mode spacing were determined precisely by Λ and Z0, respectively. The 
temperature tuning coefficient of λpeak was< 0.06 nm/K over the range 20°C - 70°C and the 
mode spacing was essentially independent of temperature. Stable ML over a wide range of 
drive parameters is a key feature of these lasers. 

It is also worth noting that as |VSA| was decreased below 2.2 V and with IGain > 295 mA 
and ISOA ≥ 250 mA, the optical spectra of the modes defined by the rear and front SGDBRs 
widened due to self-phase modulation (SPM) in the gain section [15], and the spectra of the 
2-3 adjacent modes from the front and rear DBRs overlapped. This allowed ML to take place 
at the mean frequency defined by the modal interaction between the rear and front SGDBRs 
as illustrated in the inset of Fig. 6(a). The main plot in Fig. 6(a) shows the 2D optical spectral 
map from SOA side as a function of IGain when VSA = −2.1 V, ISOA = 250 mA. Figure 6(b) 
shows the optical spectrum at IGain = 300 mA. The central wavelength was 1563 nm with a 
channel spacing of 5.43 nm and 3 dB bandwidth of 5.27 nm. The spacing of the peak 
wavelength of the adjacent channels corresponds to a ML repetition frequency of 666 GHz. 
Figure 6(c) shows the measured AC trace at VSA = −2.1 V, IGain = 300 mA and ISOA = 250 mA. 
The average period of the measured emitted pulse train was 1.50 ps, corresponding to Fr = 
666 GHz (i.e., close to the mean value of 640 GHz and 700 GHz). Modulation associated 
with the fundamental and second harmonic round-trip frequencies of the main cavity is also 
apparent. 

 

Fig. 6. Device performance measured from the SOA side output facet with VSA = −2.1V, ISOA = 
250 mA, IFront-SGDBR = 0 mA, and rear SGDBR section were floating: (a) 2D optical spectral 
map from SOA side as a function of gain current where the lasing modes can be clearly seen as 
high intensity regions, (inset: SPM effects producing the mean frequency defined by the modal 
interaction between the rear and front SGDBRs), (b) optical spectrum, (c) corresponding 
autocorrelation traces and (d) an isolated AC pulse fitted in red by a sech2 pulse shape with a 
FWHM of 0.78 ps and corresponding deconvolved pulse length 0.51 ps measured at VSA = 
−2.1V, IGain = 300 mA, ISOA = 250 mA. 
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The AC width of an isolated pulse was 0.78 ps, which deconvolves to a pulse width of 
0.51 ps, assuming a sech2 pulse shape [Fig. 6(d)]. The time-bandwidth product (TBP) of the 
pulse is equal to 0.33. The average output power was ~46 mW with a corresponding peak 
power of 120 mW. 

It should be pointed out that during the characterisation measurements, the AC clearly 
displayed the presence of THz oscillations, which remained stable throughout the 
measurement procedures with most of the background noise filtered out using appropriate 
sample averaging. Due to the high repetition frequency of the pulse trains, it is not possible to 
perform a direct measurement of the radio frequency (RF) characteristics. However, we were 
able to infer these characteristics by using the well-known coherent heterodyne technique to 
measure the optical linewidth of individual modes when the laser was mode-locked. When the 
laser was operated in the 666 GHz and 1.34 THz ML regimes, the RF signal was stable with a 
linewidth of about 2.0 MHz; on the contrary, when the laser was operating in the incomplete 
ML or no-ML regime, the RF signal was relatively unstable (i.e. large signal drift) with a 
linewidth of about 10 MHz. This reduction of a factor of 5 in linewidth provides strong 
evidence that, in the ML regime, the laser modes are indeed phase-locked [13, 16]. 

4. Conclusion 

In conclusion, we have demonstrated a novel 1.55 μm range AlGaInAs/InP side-wall SGDBR 
laser with dual DBR gratings, which is monolithically integrated with an SOA. The devices 
were fabricated using simple first-order sidewall grating technologies, which have the 
advantage of eliminating crystal regrowth and allow the AlGaInAs quaternary structure to be 
used in the QW active section. The grating structure also relaxes the fabrication tolerances of 
the laser, offering considerable advantages over the deep-etched HML method using coupled 
FP cavities previously reported in [5], and because it is a surface grating, eliminates the need 
for complex regrowth fabrication steps normally associated with DBR lasers. 

A single device can generate mode-locked optical pulse trains at pulse repetition 
frequencies of 640 GHz, 700 GHz, 666 GHz, and 1.34 THz. The sampled gratings within the 
rear and front DBR sections provide high finesse optical frequency filtering, creating comb 
lines separated in frequency by the desired mode-locked frequencies, i.e. 640 GHz, and 700 
GHz respectively. By varying the drive conditions, ML operation at the mean frequency of 
666 GHz and nonlinear sum frequency (1.34 THz) mixing were observed; further 
comprehensive modelling studies are underway to provide more detailed insights into these 
phenomena. Our experimental results show the nonlinearities arise primarily in the gain, 
SOA, and SA sections with relatively high VSA values. Due to the combination of strong 
filtering and saturable absorption, the device strongly favours operation in the mode-locked 
regime, and stable ML is observed over a wide range of bias parameters in terms of drive 
currents and bias to the gain, SOA and SA sections. These SGDBR lasers are the first to 
demonstrate ML at pulse repetition rates >1 THz in a device with an operating wavelength of 
1.5 μm. Compared with other reported devices, our laser uses a simple and reproducible 
fabrication technology and exhibits highly controllable and robust mode-locked operation. 
These laser diodes are expected to open up many opportunities for future compact THz 
applications. 
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