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Ultrafast Buildup Dynamics of Terahertz Pulse Generation in Mode-Locked
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Ultrashort terahertz pulse generation is essential for a range of proven terahertz applications, from
time-resolved spectroscopy of fundamental excitations to nondestructive testing and imaging. Recently,
it has been shown that semiconductor-based terahertz quantum cascade lasers (QCLs) can be used to
generate pulses as short as a few picoseconds through active mode locking. However, further progress
for subpicosecond and high peak power pulse generation is hampered by poor knowledge on how the
electric field actually forms in these lasers. Here, we theoretically and experimentally show the amplitude-
and phase-resolved buildup of pulse generation through active mode locking, from initiation of pulse
generation to the nanosecond steady state. The experimental results, using an ultrafast coherent seeding
technique to probe the laser from femtosecond to nanosecond time scales, are in full agreement with the
theoretical calculations based on a theoretical model using multimode reduced rate equations. In particular,
we show that the electric field buildup to achieve short pulse operation is extremely fast, requiring only
a few photon round trips, owing to the ultrafast gain dynamics of the lasers. Further, this shows a gain
recovery time of the order of a few picoseconds, an order of magnitude smaller than the photon round-
trip time, highlighting that terahertz QCLs are categorically class-A lasers. This demonstration marks an
important formulism for future progress towards exploring the ultrafast pulse generation buildup dynamics

of these complex semiconductor lasers.

DOI: 10.1103/PhysRevApplied.18.064054

L. INTRODUCTION

Mode-locked lasers for ultrashort light pulse generation
is an underpinning technology throughout the electromag-
netic spectrum, enabling the study of fundamental ultrafast
light-matter interactions, and impacting domains stretch-
ing from attosecond science to frequency combs. Recently,
the domain has been strongly impacted by the advent of
time-resolved ultrafast techniques, where laser dynamics
can be experimentally investigated on ultrafast timescales
[1,2]. This has permitted detailed insights into complex
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laser buildup behavior, enabling understanding of the fun-
damental mechanisms of pulse generation and impacting
their performance for a broad range of applications.
Ultrashort pulse generation has also been transformed
by the advent of mode-locked semiconductor lasers,
offering compact and cost-effective systems [3]. This is
of particular relevance to the underdeveloped terahertz
range [4] where quantum cascade lasers (QCLs) [5] have
recently demonstrated ultrashort pulse generation [6—8].
(In contrast, there is a large and important body of work
on frequency-modulated QCL frequency combs [9—13]).
These QCLs could potentially replace costly and com-
plex optical femtosecond-laser-based terahertz systems
[14,15] for key applications stretching from gas metrol-
ogy to nondestructive testing [4]. Despite these advances,
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FIG. 1. Experimental setup for the mode-locking buildup dynamics study. Red pulse (line) shows femtosecond optical pulse (path).
Green pulses represent terahertz waves. Yellow zones denote terahertz wave path. Black line shows electrical connections.

the understanding of the full-field-resolved dynamics of
pulse generation buildup—how the amplitude and phase
of mode-locked emission develops from initiation to the
steady state—has not been directly demonstrated. In this
work, we couple phase-resolved measurements of the
emission properties of a QCL with a theoretical model
based on multimode reduced rate equations (MM RREs)
[16—18] combined with the master equation [19-21], per-
mitting direct observation and simulation of the turn-on
field-resolved dynamics of the laser when modulated at
the round-trip frequency. In particular, we take advantage
of recent advances in ultrafast techniques in the terahertz
range, where a phase-resolved single-cycle pulse is used to
completely resolve, on femtosecond time scales, the ampli-
tude and phase carried by the radiated electromagnetic
field of a terahertz laser [22,23]. This theoretical approach
permits a predictive model of ultrashort pulse generation
and shows that these lasers’ unique ultrafast dynamics
permit the electric field buildup to achieve steady-state
(nanosecond time scales) mode-locked operation in only a
few photon round trips, in agreement with the experimental
results.

QCLs are unipolar quantum devices realized on state-of-
the-art semiconductor growth [5]. These devices are one of
the only practical semiconductor systems that offer gain in
the terahertz range, where the “band-structure-by-design”
nature of QCLs allows the emission frequency and band-
width to be entirely engineered [24]. These laser sources

have undergone important developments in performance,
including significant increases in output power [25] and
considerable rises in operating temperature with opera-
tion now routinely available on Peltier coolers [26-30].
Recently, active mode locking and harmonic mode locking
of these devices has been achieved [31-33]. Mode-locked
pulse trains as short as 4 ps have been demonstrated using a
Gires-Tournois interferometer integrated within a QCL [6].
Although the mode-locking mechanism of terahertz QCLs
has begun to be investigated with insights into the effect
of ultrafast QCL dynamics [34], distinct from classical
interband semiconductor lasers, its buildup dynamics have
remained less studied. Indeed, unlike most other lasers,
QCLs are typically classified as class-A4 lasers where the
upper laser state lifetime is shorter than the round-trip time.
However, there remain considerable variations in reported
gain recovery lifetimes of at least an order of magnitude
(approximately 5 to 50 ps) [34-37]. The techniques used in
these works were typically based on terahertz pump-probe
measurements, which were limited in time resolution, in
saturating the gain, or limited to below laser threshold
investigations. Recent work has shown gain dynamics of
less than about 2 ps [38]. Besides, these methods do not
permit and do not allow the full characterization of the
mode-locking process, from buildup to the steady-state
nanosecond regime.

In this paper, we first investigate the free-running emis-
sion (i.e., without active modulation) of this laser and
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analyze its dynamical behavior. Then we actively mode
lock the device, which is coupled to an integrated Gires-
Tournois interferometer, to generate ultrashort terahertz
pulses [6]. From mode-lock initiation until steady-state
operation, the full-field emission of this device is com-
pletely resolved on femtosecond scales using the proven
technique of “injection seeding,” where a phase-resolved
terahertz pulse and ultrafast gain switching initiates the
QCL emission. The experimental setup is presented in
Fig. 1. In contrast to the techniques used to investigate
mode-locking dynamics of classical solid-state or semi-
conductor lasers, this ultrafast coherent detection tech-
nique resolves inherently the phase and amplitude of

the QCL’s electric field [37]. Here, the known phase of
the input terahertz pulse is used to replace the sponta-
neous emission of the QCL such that coherent detec-
tion of the terahertz emission buildup can be sampled.
Thus, the phase-resolved mode-locking buildup dynam-
ics process of lasers can be directly observed in the
time domain with femtosecond resolution, which permits
the amplitude and phase transients of each frequency
to be addressed separately. We also show that the tera-
hertz pulses are found to be dispersionless and chirpless
from the time-resolved experimental data. Here the steady
state is defined as when the field is no longer ampli-
fied and is stable between round trips. This is typically
on the nanosecond time scale. It should be noted that
this is in contrast to frequency-comb operation, which
takes orders-of-magnitude more round trips to fully sta-
bilize. Nonetheless, the initial buildup dynamics of pulse
generation can be explored where the large changes
in the buildup occur over picosecond to nanosecond
timescales. The theoretical model to simulate the buildup

dynamics of the ultrashort pulses in mode-locked terahertz
QCLs is compared with the experimental data, show-
ing a good agreement, using the gain recovery time as a
fitting parameter. By using the attainable parameters in the
model, we find that femtosecond pulses are theoretically
achievable in a terahertz QCL with gain recovery time
on the scale of a few picoseconds if the gain band-
width is over 1.6 THz and the associated allowable
oscillating cavity modes could be increased dramatically.
These findings deepen our understanding of the intri-
cate mode-locking dynamics of semiconductor lasers and
here in particular those of extreme class-4 lasers, such
as QCLs, where the gain recovery time is more than an
order of magnitude smaller than the photon round-trip
time.

II. SAMPLE

The QCL sample investigated here is based on a hybrid
active region design that combines a bound-to-continuum
and LO phonon depopulation scheme [39]. In this design,
the GaAs/Aly5GaggsAs material system is employed.
The thicknesses of the quantum wells of the active region
are 9.4, 11.5, 11.0, and 18.4 nm and those of the bar-
riers are 4.2, 3.8, 1.8, and 5.5 nm. The 18.4-nm-thick
quantum wells are doped at the level of 2.0 x 10'® cm 3.
The energy gap between the excited energy level and fun-
damental one is approximately 13.3 meV. This device
is grown by molecular beam epitaxy followed by wafer
bonding, and processed into 3-mm-long 100-pm-wide
metal-metal waveguides [40,41]. A 3-mm cavity results
in a photon round-trip time of approximately 80 ps. This
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FIG. 3.

Mode-locking switch-on dynamics of the terahertz QCL. (a) Phase-resolved emission of the mode-locked terahertz QCL

in dynamics range. Bottom shows experiment; top shows simulations. (b) Enlargement of the (2n+ 1)th (n=0, 1, 2, 3, 4) terahertz
pulses in (a) with clear view of the oscillation of phase-resolved electric field. (c) FFT spectra of the terahertz pulses in (b) from the
first to ninth pass. Dark cyan curve denotes Gaussian fit of ninth pass spectrum. (d) FWHM (magenta), gain (red), and amplification
coefficient (black) of the terahertz QCL as a function of time in mode-locked dynamic range.

hybrid depopulation scheme results in a spectral band-
width lying between LO phonon and bound-to-continuum
depopulation designs. The lasers operate at a center fre-
quency of approximately 3.25 THz with emission spanning
the range between 3.1 and 3.4 THz.

III. FREE-RUNNING SWITCH-ON DYNAMICS

The class of laser is the dominating factor regarding
its transient behavior and how it is mode locked. In this
section we investigate the free-running switch-on dynam-
ics of a laser to determine the important parameters for
the mode-locking buildup dynamics. For the lasing sys-
tem, standard equations describe the evolution of the pho-
ton number (dF/df) and population inversion (dAN/drf)
[42]. These equations are frequently used to characterize
the steady-state emission by removing the time-dependent
components (letting dF/dt = 0 and dAN/dt = 0). However,
its general solution towards steady state can be given by

(M
@

where F'(¢) and AN(¢) are the time-dependent photon num-
ber and population inversion, Fony and AN gy are the pho-
ton number and population inversion at the steady state,
and 8Fie**’ and SNie**' are the transient components
describing the dynamics of the laser towards its steady
state. The laser behavior is governed by the exponents in

F(f) = Fox + 8F &' + 8F_,
AN(f) = ANoN + SN, e+ + SN_e*,

Egs. (1) and (2) and is given in the following:

)

where r = AN/ ANy, is the relative excitation (initial pop-
ulation inversion above lasing threshold), and t and 7,y
are the excited electron lifetime and the lifetime of photons
in the cavity, respectively. T,y >> T gives an exponential
growth transient behavior (class-4 laser), while 7,y < T or
Tcav ~ T results in damped oscillation towards steady state
(class B).

Figure 2(a) is the free-running emission of this QCL
between 200 and 1800 ps, covering the full switch-
on dynamics to the steady-state regime. Amplification
can be observed from approximately 600 ps for around
300 ps, reaching a steady state at about 900 ps, as illus-
trated in Fig. 2(a). The emission is coherently detected
using amplitude-and phase-resolved single-cycle terahertz
pulses (of about 1 ps) and the experimental setup is
detailed in Fig. 1.

From the phase-resolved emission data in Fig. 2(a),
all the parameters (Fon, 6F+, and A1) in Eq. (1) can
be extracted, permitting full characterization of the las-
ing process. Here we are interested only in the switch-
on dynamics, which are dominated by the parameter A
in Egs. (1) and (2). The black dots in Fig. 2(a) are
chosen as the envelope of the QCL emission to repre-
sent the transient behavior from the amplification regime
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FIG. 4. Phase and amplitude dynamics of the terahertz QCL in mode-locking buildup regime. (a) The amplitude evolution of each
longitudinal mode in the mode-locking buildup regime. Top, the spectral profile of (a) at 655 ps; right, the temporal profile at 3.286 THz.
(b) The phase evaluation of each longitudinal mode in the mode-locking buildup regime. Top, the spectral profile of the figure at 655 ps;

right, the temporal profile at 3.286 THz.

towards steady state. These dots are traced in Fig. 2(b)
from the emission intensity (square of the amplitude). The
exponential (nonoscillating) transient behavior shows typ-
ical class-4 laser dynamics where 7., >> 7, leading to
Ar=—(r—D/rteay, A.=—r/t, and A_ > A,. The laser
thus exponentially reaches its steady-state regime with
an exponential time of Tiejax=7Tcav/(r — 1) & Tcay. There-
fore, the lifetime of the photon in the cavity can be
experimentally estimated by fitting the transient emission
of the QCL with an exponential function. For our QCL, a
photon lifetime of the order of 100200 ps in this double
metal cavity is obtained as shown in Fig. 2(b). The photon
lifetime in the laser cavity is a key parameter for charac-
terizing a laser device, such as the losses per cavity round
trip, the quality factor of the cavity, etc.

IV. MODE-LOCKING DYNAMICS

Active mode locking of terahertz QCLs can be achieved
by applying a microwave modulation at or close to the
round-trip frequency (i.e., around 12.25 GHz for this
terahertz QCL) to modulate its gain across the entire
gain medium. This permits the generation of a stable
pulse train. In the following, we focus on the buildup

dynamics of mode locking that has not been previously
studied. Using the same injection seeding technique as for
the free-running case, full-field-resolved emission of this
mode-locked QCL in the dynamical regime is revealed
in Fig. 3(a). The measurement is taken between 300 and
1100 ps. In this time window, the injected terahertz pulse
propagates back and forth in the cavity and is simultane-
ously amplified. After about 880 ps, the gain is clamped
to the losses and steady-state emission is achieved. Figure
3(a) also shows the simulated temporal profile of laser
emission and is discussed in further detail in the following.
Figure 3(b) shows an enlargement of the (2n + 1)th (n =0,
1,2, 3, 4) terahertz pulses, shifted and offset to observe the
same time window, where the terahertz frequency oscilla-
tions of the electric field can be clearly resolved. Interest-
ingly, all pulses are in phase at every oscillation cycle and
the duration (FWHM) is virtually unchanged during the
whole dynamic range, as illustrated in Figs. 3(b) and 3(d).
Figure 3(c) is the fast Fourier transform (FFT) of each light
pulse of Fig. 3(b). This spectrum further confirms the broad
emission frequency range spanning from 3.1 to 3.4 THz
owing to the LO phonon depopulation scheme of the active
region. The amplitude of the spectrum increases as the
terahertz pulse propagates back and forth in the cavity,
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and after a few round trips it is saturated, owing to the
amplification of the terahertz pulses and gain clamping
when laser action is initiated, respectively. The widths
of the spectra are almost identical, further verifying that
the amplification process in the mode-locking dynamic
range has little influence on the pulse width (broadening
or narrowing) in the time. The FFT spectrum fits well
with a Gaussian-shaped function with the center located at
3.249 THz, equivalent to terahertz light pulses in the time
domain also following a Gaussian distribution, as would be
expected for mode-locked light pulses. The amplification
coefficient (gain) in Fig. 3(d) (black(red)) defined as the
ratio between sequential pulses in Fig. 3(a), starts at around
2.25 (2.0) cm~! and then saturates at around 1 (0)cm™!
when steady state is achieved.

The field-resolved measurement in Fig. 3(a) not only
permits us to obtain the total field or power evaluation
of laser emission, but also provides an approach to gain
detailed insights into the amplitude and phase transients
of each longitudinal mode separately in the mode-locking
buildup regime. As shown in Figs. 4(a) and 4(b), respec-
tively, the amplitude and phase evaluation of each mode in
the dynamical regime are extracted in both the frequency
and time domain. The spectral profile of Fig. 4(a) at 655 ps
is given at the top of the figure, which clearly shows the
transient distribution of each mode. The quasi-Gaussian
distribution of the spectrum further confirms the quasi-
Gaussian distribution of the terahertz pulses in the time
domain, as expected for mode-locked lasers. The temporal
profile of Fig. 4(a) at 3.286 THz is given on the right-
hand side of the main figure, from which the amplification
process in this dynamical regime can be clearly observed.
Similarly, the spectral and temporal profile of Fig. 4(b)
are given at the top and right-hand side of the figure,
respectively. Although detailed investigation of the phase

transition is beyond the scope of the paper, it is impor-
tant to notice that the phase is the most sensitive parameter
of the electric field of laser emission. Any trivial physical
process or environment change undergone by lasers can
be reflected in the phase change. Therefore, our approach
used in this paper permits us to reveal the underlying
behaviors of a laser that cannot be easily obtained from
amplitude change and permits realization of ultrasensitive
QCL sensing in control experiments.

The full-electric-field-resolved mode-locking dynam-
ics also permits direct access to the chirp dynamics of
light pulses during the mode-locking buildup process.
Figure 5(a) (black) shows one of the pulses (the ninth
pass) in the saturated regime. The curve in magenta is
a fit of the experimental data using a chirpless Gaus-
sian pulse, E(t) = Ey exp(—t2/2At%)e*"“’P’, where the car-
rier frequency w, /2w = 3.249 39 THz and the rms width
Aty=3.18929 ps. From the beginning of the pulse at
394 ps until 407 ps, the experimental data match per-
fectly the chirpless Gaussian pulse form, especially in
terms of oscillating frequency, indicating that the mode-
locked terahertz pulse is chirpless. However, after 407 ps,
the experimental pulse oscillates slightly faster than the
carrier frequency w,. In addition, the amplitude of the
experimental pulse is stronger than the calculated chirp-
less form. We attribute this anomaly to some high-
frequency components mixing with the main pulse at
the end of the falling edge where the temporal con-
finement from round-trip modulation is modest. The
FFT of the experimental data and the chirpless Gaus-
sian pulse further confirm the hypothesis, as shown in
Fig. 5(b) where the two spectra are overlapped in the
low-frequency regime, while the spectral amplitude of the
experimental data is slightly stronger in the high-frequency
regime.
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TABLE 1. Device parameters used in numerical simulations.
Symbol Description Value or definition
n3 Injection efficiency into upper laser level (ULL) 54.41%
m Injection efficiency into lower laser level (LLL) 1.65%
1(?) Driving current of the laser cavity 1(t) =1+ I scos(wyst)
I dc component of the driving current 0.75A
I Modulation amplitude of the ac component of the current 0.15A
Wi Modulation frequency of the driving current wif = 2T URT
VRT Laser cavity round trip frequency 12.25 GHz
G Gain factor per period of mode m G = Gp/[1 + ((vy—=Vi) (AVI2)) V1 + £g mS(D)]
G, Peak gain factor per period 133571
Vi Peak gain frequency 3.25THz
Av FWHM of gain spectrum 300 GHz
Bsp Spontaneous emission factor 1.627 x 10~
T3 Total electron lifetime in ULL 55%x 107125
T3 Nonradiative relaxation time from ULL to LLL 1.76 x 10710 g
T Total electron lifetime in LLL 21x 107"
Tpm Photon lifetime for mode m Tpm = U[vgm(@q+0p)]
Ugm Group velocity of mode m Vg m =C/lg m
N Power output coupling coefficient for mode m Varies for modes
A Small signal propagation loss 0.36
L, Laser cavity length 3 mm

V. MM RRE SIMULATION

In order to theoretically simulate the buildup dynam-
ics of the ultrashort pulses in mode-locked terahertz QCLs
and pulse propagation in the laser cavity, a self-consistent
model is developed based on MM RREs [16—18] (see
details in Supplemental Material [43]). By using the set
of MM RREs, the amplitude and phase of each oscillating
cavity mode can be simulated with the interaction effects of
direct current modulation at the round-trip frequency, gain
dependence on the mode frequency with saturation, and
population inversion with ultrafast carrier lifetimes. The
total electric field after mode competition and interference
can then be obtained to study the formation of the opti-
cal field of pulses through active mode locking in terahertz
QCLs. The mode number N, is determined by the spec-
trum bandwidth, and is equal to 25 in this simulation to
match the measured pulse spectrum. The parameters used
in the equations are summarized in Table I. The envelope
of the total pulse power from the longitudinal modes is
calculated by

Nm
A@) o< | D7 Py explj (@nt + u(]],  (4)
m=1

where P, (t) = 0yh®,Sy(t)/T),  is the emission power in
mode m; # is the reduced Planck constant; w,, is the angu-
lar frequency of the mode m; S, is photon population in
eigenmode m. The gain compression factor for photon pop-
ulation of each longitudinal mode is adjusted to match the
experimentally observed pulsed spectrum. When the MM
RRE is solved over a continuous time scale of over ten

round trips, both the pulse initialization and pulse propa-
gation process in the laser cavity can be modeled, without
assuming the initial pulse profile. The group-velocity dis-
persion of the gain medium can be described by the
second-order dispersion 8,, which is calculated from the
Kramers-Kronig relation, and its dependence on the fre-
quency is shown in the Supplemental Material S3 [43]. The
signal loss and pulse broadening due to gain dispersion can
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FIG. 6. Simulation of mode-locking buildup dynamics based
on the MM RRE model. (a) The calculated (blue) and experimen-
tal (magenta) phase and amplitude in the frequency domain. (b)
The pulse amplitude as a function of round-trip number for differ-
ent electron lifetimes in the upper laser level and the comparison
with the experimental result.
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be modeled in the frequency domain (through multiplica-
tion of the Fourier transform of the total electric field 4(7)
by exp[(—a +j Brw?)L,] at the end of each laser cavity
round trip). The balance between active current modula-
tion and gain dispersion shapes the pulse profile of the
terahertz QCL.

Based on the slowly varying envelope of the electric
field, the relative phase between each longitudinal mode
can be obtained, which allows us to get the electric field
E(?) of the laser emission in the time domain.

The transient evolution of the population inversion is
driven by the injection current through active microwave
modulation during the pulse buildup process. The phase
and amplitude of each longitudinal mode are also obtained
in the frequency domain from the simulations as shown
in Fig. 6(a). This is in agreement with the experimental
results. In this calculation, the upper lifetime of electrons is
a critical parameter for the mode-locking buildup dynam-
ics of QCLs and has an important impact on the time
required to reach steady-state emission. As shown in the
electric field in Fig. 3(a), an upper lifetime of around
5 ps gives a good fit with the experimental data, with the
pulse amplitude increasing during the electric field buildup
process and reaching steady state after 400 ps. Longer
gain recovery times, despite still being shorter than the
round-trip time, do not show this steady buildup of the
pulses to reach the steady state as shown in Fig. 6(b). This
clearly shows that the QCL is an extreme class-A laser with
more than an order of magnitude difference between the
round-trip and gain recovery times. The simulations also
show that pulses are obtained instantly and do not need

to reach the steady state to show this behavior, in agree-
ment with the experiments. Furthermore, it is found that
the smaller the value of the upper-level lifetime below 5 ps,
the longer it takes for the pulse to be built up in the laser
cavity. Importantly we find that such ultrafast gain on the
few picosecond scale is not a hindrance to the realization of
short pulses with a few picosecond duration from terahertz
QCLs through active modulation. The gain bandwidth
and associated allowable number of the oscillating cavity
modes are the key limitations to achieving a subpicosecond
duration pulse. As a theoretical example, Fig. 7 demon-
strates a few cycle pulse with a duration of 720 fs from
an actively mode-locked 3.2 THz QCL with the gain band-
width of 1.6 THz and 167 longitudinal modes oscillating in
the laser cavity if the gain dispersion can be compensated.
Figures 7(a)-7(c) are the time-domain-normalized elec-
tric field, pulse spectrum (blue) with electric field phase
spectrum (orange), and pulse width (FWHM) as a func-
tion of the number of round trips, respectively. This result
shows that the femtosecond regime is achievable in a tera-
hertz QCL with fast gain dynamics with the required gain
bandwidth achievable through proven multistack active
region and dispersion compensation designs.

To conclude, in this paper we bring together a theoret-
ical and experimental investigation of the mode-locking
buildup dynamics of a terahertz semiconductor laser. The
dynamical process is phase- and amplitude-resolved on
femtosecond timescales using an ultrafast coherent detec-
tion technique based on injection seeding. The experi-
mental results are in good agreement with the theoretical
calculation based on a theoretical model using MM RREs.
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This model system uses QCLs and clearly shows a class-4
laser with dynamics on the order of a few picoseconds, at
least an order of magnitude shorter than the photon round-
trip time. These advances will permit a predictive model
for further advances in terahertz pulse generation from ter-
ahertz QCLs, realistically permitting subpicosecond pulse
generation through broad gain structures and dispersion
control for important applications such as gas metrology
or terahertz nondestructive imaging. Further, the work
marks a milestone in exploring and understanding the
ultrafast mode-locking dynamics of semiconductor lasers
in general, which will impact the dynamics of frequency-
comb generation, ultrafast diagnostics, and mode-locking
techniques. By the application of much shorter probe
pulses, this theoretical and experimental approach can be
applied to other laser systems in the midinfrared or even
near-infrared to probe their ultrafast phase-resolved and
mode-locked dynamics.
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