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• Epitaxial quantum dots at UNM
– Stranski-Krastonow (SK) self-

assembled growth of III-V 
semiconductor quantum dots provides 
unique system for study of quantum 
localization effects – “artificial atoms”

– Devices based on SK dots grown at 
UNM hold several all-time 
semiconductor laser records.  Lowest 
linewidth-power product and lowest 
threshold current density. ! = 1240-
1330 nm
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50 Years of Diode Laser Development

)

• Quantum dots are an ideal media for 
mode-locking because of: 

• Low threshold  
• Strong inversion
• Small differential gain 
• Easily saturated absorption
• Wide gain bandwidth
• The differential gain-photon density product is 

always less than the carrier lifetime in either the 
gain section or absorber region, therefore  
Self-pulsation is minimized, if not eliminated

300 nm
InAs on 

GaAs
Quantum 

Dots

Typical time-bandwidth product = 2.8-4.7 
Wide operation range. Peak power up to 1W is 
realized. 8.2-mm cavity length, 0.8-mm absorber.

Operational Maps of High-Power QD MLLWhy use quantum-dot laser gain media?

Advantages over quantum-well lasers: In comparison 
to quantum-well devices quantum dots provide lower 
threshold currents, the opportunity to produce variable 
linewidth-enhancement factors, increased mode 
locking stability, a larger parameter space. 

Devices are: Expected to have all of the advantages of 
a quantum-well semiconductor laser but with sharp 
transition lines (limited by device inhomogeneity).  

Robust: Lower cavity losses enable the fabrication of 
long devices, low current densities, and therefore 
longer lifetimes when compared to quantum-well 
lasers.   

More design parameters: Capitalizing on the flexibility 
of tuning the linewidth-enhancement factor and the 
nonlinear gain. 

 

Gain current 270mA Absorber bias = –5V
Optical spectrum FWHM = 4.1 nm  Pulse width 5.7ps 
Time-bandwidth product = 4.5 

• Uses an optimized six-stack dots-in-a-well 
(DWELL) laser structure, which is grown by 
elemental source molecular beam epitaxy (MBE) 
on a (001) GaAs substrate

• The 3.5-!m wide ridge-waveguide devices are 
fabricated following standard multi-section device 
processing

• The cavity length is changed to vary the repetition 
rate from 5 to 20 GHz

• The facet next to the absorber is high-reflectivity 
coated (R=95%) and the other facet is cleaved 
(R=32%)

QDMLL Laser Geometry
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Flexible multi-section, reconfigurable 
MLL layout permits

• Fast electronic changes in repetition 
rate, frequency comb composition, 
pulse shape, pulse width, wavelength 
range, and chirp characteristics (Y.-C. 
Xin, Optics Express, June 2007)

• Accurate measurement of gain, 
absorption, quantum-confined Stark 
effect, and spontaneous emission 
spectra (Y.-C. Xin et. al. IEEE J. 
Quantum Electron. vol. 42, July/Aug. 
2006)

• More stable mode-locking designs.  
For example, compare the power and 
pulse width map of the 3rd harmonic 
MLL and the 1st harmonic MLL 
shown in the operational map on the 
far right.

1st harmonic
7.2 GHz

2nd harmonic
CPM, 14.4 GHz

3rd harmonic
21.6 GHzReconfigurable QD MLLs

• QD MLLs have improved 
threshold current, jitter, and slope 
efficiency compared to previous 
semiconductor media.  > 1W 
peak power is possible.  Pulse 
widths ultimately to 200 fs. 
• Reconfigurable QD MLLs can 
expand the operating range, 
reduce the pulse width, and 
produce diverse waveforms as 
seen in the operational maps to 
the far right.
• Reconfigurable QD MLLs are 
promising candidates for 
compact, efficient optical sources 
for optical interconnect, OTDM, 
clock distribution, generation of 
RF  and THz signals, arbitrary 
waveform generation

These are typical net modal gain and loss spectra of the QDMLL device. This data can be used 
to optimize the gain and absorber lengths for a particular repetition rate MLL, see below right.

Frequency Resolved Optical 
Gating Research Impact

• UNM has spearheaded the first  
unambiguous measurement of  
the width, shape, and chirp of
pulses from a QDMLL (Y. C. Xin et al., 

Electron. Lett. vol. 44 no. 21 (2008) and 
N. Usechak et al., IEEE JSTQE vol. 3 
(2009)) 

• The ultimate limit of the pulse 
width of a QD MLL has been 
determined accurately for the first 
time (325 fs) using Frequency 
Resolved Optical Gating (FROG).

• The pulse breakup in the mode-
locked laser has been examined 
and understood in detail. 

Air Force/DoD and Industry 
Relevance

• Monolithic QD MLLs generate 
frequency combs useful for 
arbitrary waveform 
generation.

• Using OTDM architectures, 
QD MLLs are excellent 
candidates for optical 
interconnects on silicon ICs. 

• QD MLLs have short, 
adjustable pulse widths and 
variable repetition rates 
making them promising 
sources for micro machining 
applications.

Approach: The FROG setup (shown below) uses a second harmonic generation 
(SHG) autocorrelator to temporally gate the optical field while saving the optical 
spectrum as a function of temporal delay (a phase-sensitive measurement).

State-of-the-art electric-field measurements on 
passively mode-locked quantum-dot lasers

Good agreement: Our analytic fit and the numerical results agree with the FROG data 
reasonably well on a linear scale, however we are unable to completely reproduce the 
trailing edge of the pulse.  

Predicts asymmetric pulses:
The leading edge of the pulse is 
steeper than the trailing edge.  This is 
due to the different response times of 
the saturable absorber and the gain 
and can be approximated by the 
function: 

FROG results identifying the initial phase of pulse 
breakup in a mode-locked quantum-dot laser

FROG spectrogram of pulse1 breakup

Spectrogram of pulse breakup

Extracted field intensity
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Room-temperature net modal gain and loss spectrum

The RF spectrum of the 2.3-mm and 3.5-mm two-section passive QDash MLLs. 
The fundamental repetition frequency is 18.45 GHz and the second harmonic frequency is 36.89 GHz 
of the 2.3-mm device. The fundamental repetition frequency is 12.3 GHz of the 3.5-mm device. The 
RF spectrum shows the first three harmonic components clearly.
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Comparison of Retrieved Amplitude of the QD MLL pulse 
with Theoretical Models

Cavity design and characteristics of monolithic Long-wavelength 
InAs/InP quantum dash passively mode-locked lasers

Abstract
• A model and its implementation in the cavity design of  
two-section 1550-nm passively mode-locked quantum 
dash (Qdash) lasers is reported based on a microwave 
photonics perspective

• The new set of equations can be used to predict the 
optimal device layouts with the measured modal gain 
and loss characteristics as input

• The predictions are successfully applied to the cavity 
design of monolithic 1.59-µm InAs/InP QDash passive   
MLLs

• A repetition rate of up to 18.45 GHz has been realized

If= 170mA
Vr= -2V

If= 170mA
Vr= -2V

If= 400mA   Vr= -1V

where 1 and cn are coefficients.  In this 
case c2! c3 where c2(c3) governs the 
trailing (leading) edge of the pulse. 

The left-hand-side of the equation emphasizes that a 
high contrast between the unsaturated absorption, a0,
and the internal loss, "i, is favorable for mode-
locking.

The inequality below shows the operating requirement 
for a two-section QDash passive MLL 

Equation above shows a longer absorber is desirable for 
realizing mode-locking, especially when the differential 
gain is not much smaller than the differential 
absorption

Then assume that the power, P, is sufficiently large

The multi-section device configured as a 
conventional 2-section laser operating at the 
fundamental repetition rate. Red denotes a 
gain section and blue is an absorber

The multi-section device configured as a 3-
section laser operating at the second harmonic 
(CPM). Red denotes a gain section and blue 
is an absorber


