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Abstract—A dual-wavelength mode-locked semiconductor 

vertical-external-cavity-surface-emitting laser (VECSEL) is 

demonstrated. A SESAM allows for simultaneous mode-locking of 

pulses centered at two center wavelengths with variable frequency 

spacing. The difference-frequency control is achieved with an 

intracavity etalon. Changing the finesse of the etalon enables the 

adjustment of the pulse duration between 6 ps and 35 ps. The 

emitted two-color pulses are modulated by a beat frequency in the 

terahertz range. Self-starting mode-locking with 0.8 W average 

output power is demonstrated.  

 
Index Terms— Semiconductor lasers; Mode-locked lasers; 

Vertical cavity surface emitting lasers; terahertz 

I. INTRODUCTION 

VER the last years, semiconductor vertical-external-

cavity-surface-emitting lasers (VECSELs) have been 

studied with increasing interest. VECSELs combine multiple 

advantages like high output power levels [1], clean beam 

quality [2], and emission wavelength flexibility due to the 

quantum-well gain media. Recently, VECSELs with an average 

output power exceeding 100 W in continuous wave (CW) 

operation were demonstrated [1] as well as mode-locked 

operation with high peak power levels and pulse durations in 

the femtosecond regime [3-5]. Also, applications such as 

frequency combs seem to be promising [6]. Recently, we have 

shown that kinetic-hole burning in the quantum-well gain 

medium and the resulting intra-subband scattering of the 

carriers into the burned holes [7] allows for operating 

VECSELs in a two-color emission mode where two 

wavelengths oscillate simultaneously within the laser cavity 

[8]. This regime is of particular interest for difference frequency 

generation applications e.g. to obtain terahertz (THz) waves. 

Here, the difference frequency between the two lasing 

wavelengths, which can be adjusted between several 10’s of 

GHz to a few THz [8], can be converted into the THz range by 

the use of photoconductive antennas or nonlinear crystals.  
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However, for an efficient conversion, high peak intensities of 

the infrared beat note are favorable which are difficult to obtain 

in CW operation unless an intracavity scheme is employed [9]. 

One approach to increase the infrared intensity is to operate 

the laser source in a q-switched or mode-locked regime. So far, 

solid-state lasers have been demonstrated which simultaneously 

lase on two wavelengths while being either q-switched [10] or 

mode-locked [11-14]. These solid-state laser cavities are 

typically more complex than the ones of semiconductor lasers 

and the unique transitions of the crystal gain media usually 

restrict the range over which the frequency difference can be 

adjusted.  

In this letter we demonstrate a dual-wavelength mode-locked 

semiconductor VECSEL which emits ps-long pulses with a beat 

note in the THz range. This pulsed operation of the two-color 

emission is possible because the intra-subband scattering of the 

carriers occurs on timescales of tens of femtoseconds [15] 

which is short compared to the ps-duration of the pulse. The 

passive mode-locking is obtained by a semiconductor saturable 

absorber mirror (SESAM) within the cavity. To adjust the 

emission spectrum of the VECSEL, etalons are employed. By 

choosing different etalon thicknesses, the difference frequency 

between the emitted wavelengths can be tuned. An adjustment 

of the etalon’s finesses allows for controlling the spectral 

bandwidth of each lasing wavelength and thus, the pulse 

duration.  

II. EXPERIMENTAL SETUP 

The VECSEL gain chip employed in the experiments was 

grown by metalorganic vapour phase epitaxy and consists of a 

resonant periodic gain structure with ten GaInAs QWs 

surrounded by GaPAs barriers, an InGaP window layer and a 

highly reflective AlGaAs-GaAs Bragg mirror. The 

semiconductor structure was optimized for an emission 

wavelength of 1010 nm and the device was anti-reflective 

coated to reduce the gain-narrowing effect of the micro-cavity. 

For heat removal, we bonded the VECSEL chip onto a 500 

micron thick diamond which is mounted on top of a copper heat 

sink. For mode locking, a commercial SESAM with a single 

quantum-well and a modulation depth of 0.5% is used. 

The cavity has a V-shaped geometry and is formed by the 

VECSEL chip as folding mirror, a 97.5% reflective output 

coupler (OC) with 10 cm radius of curvature, and the SESAM 

as end mirror, see Fig. 1. The total cavity length is 8.8 cm with 

a spacing between the VECSEL and the OC of 3 cm.   
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Fig. 1: Scheme of the setup. The pump laser is imaged onto the VECSEL 

surface with two lenses (f1) and (f2). The VECSEL is mounted onto a thermo-

electric cooler (TEC) to adjust the base temperature. Rotating the etalon (E) 

allows for adjusting its finesse. The saturable absorber mirror (SAM) represents 

the mirror with the SESAM. 

 

A thermoelectrically cooled and fiber coupled semiconductor 

pump laser emitting around 808 nm is used to pump the gain 

chip. The output of the 100 micron core diameter fiber is 

imaged onto the VECSEL surface to a pump spot size of about 

400 microns in diameter, overlapping with the TEM00 cavity 

mode to prevent higher order transversal mode emission. 

To enforce an emission at two wavelengths, we use two 

different etalons made of BK7. One is 100 micron thick and has 

a free-spectral-range (FSR) of 1 THz. The second one has a 

thickness and FSR of 180 microns and 550 GHz, respectively. 

The position of the spectral transmission peaks of the filter 

function depend on the geometrical angle of the etalon in 

respect to the cavity mode. For the two-wavelength emission, 

the etalon’s tilt angle is adjusted carefully such that both 

wavelengths experience a comparable net gain [7].   

III. RESULTS 

As the gain function of the VECSEL shifts with the 

temperature of the device, the two-color emission is sensitive 

also to the applied pump power as well as the heat sink 

temperature. The heat sink temperature is set to 16°C and 12 W 

of optical pump power is used. In this parameter space, a self-

starting mode-locking is observed. The average output power 

achieved in this regime measures 820 mW. 

To characterize the pulsed emission, we utilize a commercial 

background-free autocorrelator (Femto-chrome XL) with a 

scan range of 180ps, an electronic spectrum analyzer, and a 

photodiode with a bandwidth exceeding 2GHz. 

The measured autocorrelation traces are shown in Fig. 2 (a)-

(c) for the case of an adjustment of the 100 µm thick etalon for 

two-wavelength emission and one-wavelength emission. As 

can be seen in the figure, the signal envelope has a full-width 

half-maximum (FWHM) of 40 ps in both cases. The dual-

wavelength pulse shows a fast beating of the AC trace with a 

periodicity of 1 THz as highlighted in Fig 2 (b). The 

corresponding optical spectra are shown in Fig. 2 (d) recorded 

with a grating spectrometer. Due to the finite resolution of the 

device (0.25 nm) we cannot resolve the actual bandwidth of the 

two emitted lines. 

To describe the actual emitted pulse shape numerically, we 

assume two individual pulses with a secant profile and a 

wavelengths spacing corresponding to 1 THz. The resulting 

pulse shape as well as the computed autocorrelation trace of this 

numerical waveform is shown in Fig. 3. For a 24ps FWHM of 

the pulse envelope, an excellent agreement between 

measurement and calculation is observed. The fact that the 

beating persists over the entire pulse envelope of the 

autocorrelation and that there are no additional side peaks 

shows that the two wavelengths are emitted simultaneously and 

not separated in time in which case multiple peaks in the 

autocorrelation trace would be observed without a beating 

structure.  

 
Fig 2. Measured autocorrelation trace for the case of a 100 µm thick etalon 

adjusted for two-wavelength emission (a),(b) and for the case of single-

wavelength emission (c). The corresponding optical spectra are shown in (d). 

 

 
Fig.3 Simulated autocorrelation trace (a), (b) and time domain waveform (c), 

(d) for a two-wavelengths pulse with a frequency spacing of 1 THz. A secant 

pulse shape of the two wavelength component with with a FWHM of about 

24ps yield into an autocorrelation trace with a FWHM of 40ps comparable to 

the measurement. 

 

The beat frequency can be adjusted by using an etalon with 

different FSR. With the 180µm thick etalon, a beating 

periodicity of 1.7ps results as shown in Fig 4 (a). In this case, 

the FWHM of the autocorrelation trace is 50ps which 

corresponds to a duration of the beat pulse envelope with about 

35ps FWHM. The relatively long pulse duration for these two 

cases is related to the finesse of the etalon as this filter narrows 

the resulting net-gain bandwidth of the laser. 



 

 
Fig. 4: Measured autocorrelation trace for the case of an 180µm thick etalon 

placed under 0° with respect to the cavity mode (a),(b) and for the case of a 100 

µm thick etalon rotated to an angle of about 62° close to Brewster’s angle to 

reduce its finesse (c),(d).  

 

A shorter pulse duration is possible if the finesse of the etalon 

is reduced. One option to do this would be a partial anti-

reflection coating on the etalon’s surface to adjust the resulting 

bandwidth. For the experimental demonstration we utilize the 

angle dependency of the Fresnel reflections. By tilting the 

etalon close to Brewsters angle, the reflectivity for p-polarized 

light is reduced and thus, a lower finesse results. The figure 5 

shows the calculated filter function of the etalon for two 

different angles and it can be seen that the transmission widows 

become wider for the case of a tilt by 62°. The resulting 

autocorrelation trace for the case of the 1 THz etalon tilted by 

about 62° is shown in Fig. 4 c) and exhibits a FHMW of 10 ps. 

This corresponds to a duration of the pulse envelope of about 6 

ps.  

 
Fig. 5: (a) Finesse of the etalon for the case of a perpendicular incident (0°) 

and an incident close to Brewster angles (62°). (b) RF trace recorded with a 

10 kHz resolution bandwidth. 

 

To further characterize the mode-locking operation, we 

record the RF signal detected by the photodiode with an 

electronic spectrum analyzer. A narrow RF peak, limited by the 

resolution bandwidth of 10 kHz is detected at multiples of the 

FSR of the VECSEL cavity (1.7 GHz) showing stable 

fundamental mode-locking. Fig. 5 (b) shows the recorded 

fundamental peak.  

IV. CONCLUSION 

In conclusion we have demonstrated a dual-wavelength 

VECSEL which is passively mode-locked. The beat-frequency 

of the emitted pulses can be adjusted by the thickness of the 

utilized etalon. Moreover, we have shown that a control of the 

resulting pulse duration can be achieved by using different 

finesses of the etalon. With a pulse duration of a few ps and a 

repetition rate in the lower GHz range, the effective duty cycle 

of the laser source lies in the range of only a few percent. The 

peak intensity is inversely proportional to the duty cycle and 

thus, a nonlinear conversion of the beat note into THz wave will 

be enhanced. 
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