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Abstract—Interference of laser beams in a suitable medium
creates dynamic optical gratings which can serve for a wide va-
riety of applications, ranging from real-time holography to ultra-
sound generation. Typically, the interference occurs in a sample
material that is separated from the laser sources. Here we explore
a new aspect of laser-induced dynamic gratings: microwave
generation occurring inside the cavity of semiconductor laser
frequency comb generators, such as quantum cascade lasers and
interband cascade lasers. The interplay between laser light and
microwaves in these devices reveals intracavity spatiotemporal
phenomena that are of great importance for the understanding
of their physics and for their operation to be efficient. Grating
effects related to laser locking dynamics, structured cavities
and microwave propagation are demonstrated. Applications in
science and technology based on these phenomena, including the
realization of novel hybrid electronic-photonic devices, will also
be presented.

Index Terms—Dynamic gratings, optical frequency combs,
microwave generation, semiconductor lasers, electronic-photonic
devices.

I. INTRODUCTION

INTERFERENCE of two light beams creates a spatially

periodic intensity distribution [1]. By placing a suitable

material in the interference region, one can observe the in-

tensity wave spatially modulating the optical properties of

the medium, such as the refractive index and absorption

coefficient, inducing an optical grating structure. Such type

of gratings can be used in applications like real-time hologra-

phy [2], optical logic [3], and beam deflection and modulation

in photonic devices [4]. Moreover, due to the nonlinearity of

the light-matter interaction, the interfering light beams can

generate new waves, e.g. ultrasounds [5], with a different

direction and frequency. In this work we report on a new aspect

of optical gratings: microwave generation in semiconductor

lasers, and related applications in science and technology.
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The formation of a laser-induced grating can be understood

as follows. Consider two light beams with the same polariza-

tion, same wavelength λ, and propagation vectors �k1 and �k2
intercepting at an angle θ (Fig. 1a). The interference region

will be modulated with a grating vector q = ±(�k1 − �k2),
where the sign ambiguity is due to the fact that the grating

is stationary (this is represented by a double-headed arrow in

Fig. 1). The lateral extension of the grating is limited by the

finite cross section of the beams. The period of the intensity

pattern is λ/(2sinθ/2), thus it can be tuned simply by varying

the interception angle of the beams. In the limit of θ = π
corresponding to counter-propagating waves, the familiar case

of a standing wave in a cavity with period λ/2 is obtained

(Fig. 1b). When such intensity pattern occurs inside an optical

medium, it induces a stratification of the material, forming in

essence a volume hologram that is also known as a Lippman

grating. If instead one considers two co-propagating waves

with different frequencies ω1 and ω2, a moving grating is

produced (Fig. 1c), with wave vector �q = �k1−�k2 characterized

by a well-defined propagation direction (note the single-

headed arrow in Fig. 1) and frequency given by ω1 − ω2.

Finally, a third type of dynamic grating is generated when

both counter-propagating waves at the same frequency and

co-propagating waves at different frequencies interfere. In the

most elementary example of this kind, four waves interfere

(�k1, �k2, �k3, �k4) giving six interference products (Fig. 1d): two

of these are stationary gratings (q1,2, q3,4), while the others

produce two oscillatory gratings with a short (�q1,3, �q2,4) and a

long (�q1,4, �q2,3) wave vector, which oscillate in amplitude at

the beat frequency (ω1 −ω3 = ω2 −ω4) but do not propagate

in space.

The vast majority of optical gratings applications are based

on lasers, as these are ideal light sources to produce strong

interference patterns, thanks to their coherence, collimation

and high intensity. We restrain ourselves in the following to

mention only few recent examples of uses of laser-induced

dynamic gratings. Xiong et al. intercepted two beams at

different frequencies in a photoacoustic cell to create a moving

grating [6]. By tuning the interception angle, they achieved

a resonance condition for which the optical grating moves

at the same speed of the sound wave generated by the

photoacoustic effect. This enabled a highly sensitive trace gas

detector. Yang et al. employed two non-collinear beams with

orthogonal polarization to create a standing wave of photon

helicity in a two-dimensional electron gas, inducing a spin
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Fig. 1. Different types of optical gratings created by beam interference in a medium. (a) Stationary grating produced by two beams with the same wavelength
λ intercepting at an angle θ. The plot represents the intensity of the waves. (b) Stationary grating generated by two counter-propagating waves with the same
wavelength. (c) Moving grating created by two co-propagating waves with different wavelengths. The grating moves in the direction of the grating wave vector
�q. Also shown are cuts of the grating pattern along the propagation direction taken at different times: t = 0 (blue), t = TB/4 (black), t = TB/2 (grey),

TB being the beat period of the waves. (d) Oscillatory grating produced by the interference of four waves: �k1 = −�k2, �k3 = −�k4. The grating oscillates in
amplitude but does not propagate in space. Also shown are cuts of the grating pattern along the direction of the wave vectors taken at different times: t = 0
(blue), t = TB/4 (black) and t = TB/2 (grey).

density wave [7]. This produces variations in the refractive

index acting as a transient grating which can be monitored

by the diffraction of a third beam, giving information on

the spin propagation dynamics, which is essential for the

development of spin-based electronics. Odoulov et al. showed

that intercepting in a medium two beams of different colours,

such as blue and green, allows one to record holograms

even when the moving grating travels almost at the speed of

light [8]. This was a surprising result as one would expect

that the medium cannot follow the fringe displacement due to

its limited slow response time. The key for this result was to

use short laser pulses giving a very short exposure time which

may be used in ultrafast nonlinear spectroscopy. While the

examples given above describe cases where the optical grating

is produced in a sample material, there have also been studies

of intrinsic dynamic gratings occurring inside the laser source

itself. For instance, Peterka et al. investigated the dynamics

of self-swept fiber lasers [9]. Due to spatial hole burning

in the fiber, the laser hops regularly from one longitudinal

mode to the next one inducing at each hop a new refractive

index grating with a different pitch. Bardella et al. studied

the role of carrier gratings induced by the optical standing

waves in quantum dot lasers showing that this is responsible

for multimode operation of these devices [10]. A notable effect

there was that the carrier grating is not washed out by diffusion

like in quantum well lasers, thanks to carrier trapping in the

quantum boxes.

As shown by the previous examples, stationary and mov-

ing gratings have been widely exploited and studied in the

literature, however oscillatory gratings are still relatively un-

explored. This work focuses on this type of optical gratings.

In particular, we study their occurrence in multimode semi-

conductor lasers which can act as transducers converting the

optical oscillations into microwaves. This gives new insights

into the physics of this class of lasers and endows them with

novel functionalities.

II. LIGHT GENERATING MICROWAVES

A. Mechanism

Consider a semiconductor laser with a Fabry-Perot geom-

etry, so that cavity modes are standing waves. In such a

laser, the first mode oscillating inside the cavity induces a

stationary grating of population inversion (as in Fig. 1b),

provided that the carrier diffusion length is smaller than the

grating period. Due to this phenomenon, known as spatial

hole burning, other longitudinal modes can extract gain from

the medium and start lasing, resulting in multi-wavelength

emission. This type of laser then contains all the elements to

produce oscillatory gratings, since both counter-propagating

waves and waves at different frequencies exist (cf. Fig. 2a

and Fig. 1d). The spatiotemporal variations of optical intensity

inside the cavity create by means of stimulated emission and

absorption time-dependent population inversion gratings in the

gain medium [11]. This generates a radio frequency voltage

across the active region of the laser – typically oscillating at

frequencies in the gigahertz range for millimeter-long cavities

– giving origin to microwaves.

In presence of dispersion, the Fabry-Perot cavity modes

have wave vectors that are regularly spaced, given by km =
πm/L with m being the mode index and L the cavity length,

but frequencies that are not equidistant (Fig. 2a), given by

ωm = ckm/n(ωm) with n being the effective refractive index

of the waveguide. This implies that the beating of longitudinal

modes can generate oscillatory gratings with the same spatial

period (e.g. q = km+1 − km = km − km−1) but different fre-

quencies (e.g. Δω1 = ωm+1−ωm, Δω2 = ωm−ωm−1). This

in turn causes a spread of the energy of a grating with a given

�q in the frequency domain, making this effect experimentally

hard to observe. If instead an efficient locking mechanism

is present in the laser, such as four-wave-mixing, multimode

operation may lead to the formation of an optical frequency

comb, where the modes are equally spaced in frequency

(Fig. 2a). Then all gratings with a given �q oscillate at the

same frequency Δω, which permits to add up coherently their



IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, NOVEMBER/DECEMBER 2019 3

Dispersed modes

vectors of
Fabry-Perot modes

Frequency comb

Reference probe Scanning probe

Oscilloscope

(a)

Cavity position (mm) Cavity position (mm)

R
F

 p
ow

er
 (

a.
u.

)

P
ha

se
 (

ra
d)

(b) (c)

fB

2fB

exp.
model

Gain

Fig. 2. Measurement of microwave gratings in semiconductor lasers. (a) A Fabry-Perot laser contains all the elements to generate oscillatory gratings thanks
to the presence of counter-propagating waves with different frequencies. Microwaves are generated at the beat frequencies of the optical modes, which are
narrow tones when the laser operates in the optical frequency comb regime, thanks to its uniform spacing. A near-field scanning probe technique allows to
measure these oscillatory gratings arising in the gain medium. Two microwave probes are used in order to extract the beating signal, which is analyzed in the
time-domain using an oscilloscope. (b) Example of microwave gratings measured in a quantum cascade laser. Both the measured amplitude and phase are
plotted for gratings oscillating at the fundamental (fB) and second-harmonic (2fB) beat note of the laser. These correspond to a periodic motion similar to
that of seesaws (c). Also shown in (b) are the predictions of an analytical model based on the interference of standing-waves.

energy and enhance the magnitude of the effect, ultimately

making it easier to measure.

B. Detection

The measurement of microwave gratings in semiconductor

lasers that we implemented relies on a near-field scanning

technique. A schematic of the experimental set-up is shown in

Fig. 2a. Two microwave probes are placed on the top electrode

of the laser: one is scanned along the longitudinal axis of the

cavity using a micrometer position stage, while the other one

is kept at a fixed position to provide a phase reference. We

use signal-only probes (rather than ground-signal or ground-

signal-ground probes), as this minimizes outcoupling of the

microwave power and helps to avoid perturbing the laser op-

eration. The signal extracted from the probes can be analyzed

either in the time domain or in the frequency domain in order

to obtain both the amplitude and phase of the gratings. This

can be achieved by time-domain reconstruction using a mixed-

signal oscilloscope with sufficiently high bandwidth to follow

the laser beat notes, or with a low-bandwidth oscilloscope

used in conjunction with a down-conversion set-up bringing

the laser beat notes in a lower frequency range, e.g. megahertz.

A frequency-domain alternative is to use lock-in detection of

a possibly downconverted beatnote, should it lie outside of the

lock-in detection bandwidth.

This type of measurement is reminiscent of the slotted line

technique which was used in microwave systems few decades

ago [12], before the appearance of network analyzers. In that

case a slot was opened in a microwave transmission line in

order to place a probe, which was scanned to measure the

voltage-standing-wave-ratio of the microwave. Similarly to our

technique, the scanning pickup probe behaved as an antenna

measuring the electric field modulation, thus being sensitive

to the voltage profile of the microwave.

C. Example of gratings

Many oscillatory gratings with different spatial and temporal

frequencies, are generated in a laser frequency comb. Since

the gratings are linearly superposed they can be easily distin-

guished by Fourier decomposition in the frequency domain.

Moreover, they can be divided into two categories based on the

typical size of their spatial period: gratings with short �q, which

are produced by the difference frequency of the wave vectors

of Fabry-Perot modes, and with long �q, which are given by the

sum frequency of the wave vectors (Fig. 1d). Up to the present

time, only gratings with short �q could be measured using the

technique described above. Long �q gratings have a spatial

period of the order of the optical wavelength, being much

smaller than the size of the used microwave probe (∼100 μm),

thus should be averaged out in the measurement. (It remains

to be determined if long �q gratings are measurable at all, even

using fine-tip probes, as they may be already washed out inside

the laser due to microwave in-plane propagation. Such effects

will be discussed in Sec. III-C.)

An example of microwave gratings measured in a quan-

tum cascade laser (QCL) frequency comb [13] is shown in

Fig. 2b. The gratings oscillate at the fundamental (top, fB =
5.6 GHz) and second-harmonic (bottom, 2fB = 11.2 GHz)

beat frequencies of the laser, corresponding to the beating

of adjacent modes and second-order neighbors, respectively.

Both the power and phase of the gratings are shown. The

patterns exhibits antinodes at the edge of the cavity and a

number of nodes corresponding to the beat note order. The

dynamics of the voltage profiles corresponds to anti-phase

oscillations of adjacent lobes, as in the motion of seesaws

(Fig. 2c). Also shown in Fig. 2b are the curves predicted by an

analytical model, which accounts for the interference effects

in the standing-wave cavity, giving a good agreement with

the experimental results. According to this model [11], the

intracavity intensity variation oscillating at the n-th harmonic

of the fundamental beat note frequency is given by

IB,n =

N−n∑
m=1

AmAm+n

[
cos (nkBx+ nωBt+Δφm+n,m) e−gx

+R1cos (nkBx− nωBt−Δφm+n,m) egx
]

(1)

where N is the number of lasing modes, Am and Am+n

are the amplitudes of mode m and m + n, kB and ωB are

determined by the difference of wave vectors and angular

frequencies of any pair of adjacent modes, Δφm+n,m is the

difference of the spectral phases of modes m + n and m,

g = log[1/(R1R2)]/(2L) is the net gain coefficient with L
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Fig. 3. Occurrence of gratings in laser locking dynamics. (a) Microwave gratings measured at the fundamental (fB) and second-harmonic (2fB) beat note
of a quantum cascade laser operating in the frequency comb regime. The radio frequency (RF) power of the beat notes is detected using a spectrum analyzer
(SA). (b) Active mode-locking experiment carried out on the same device as in (a). Here the laser initially operates in the single mode regime, and a radio
frequency modulation is applied via a microwave probe at a given position on the top electrode of the laser. This generates optical sidebands separated
from the initial lasing mode by the modulation frequency. The sidebands can be observed by measuring the laser output with a Fourier transform infrared
spectrometer (FTIR). Two representative optical spectra are shown for modulation frequencies corresponding to the laser roundtrip frequency (frt, top) and
its second harmonic (2frt, bottom). The measurement at frt was done with 16 dBm at ≈ 14.9 GHz sourced from the microwave generator and at 2frt
with 24 dBm at ≈ 29.8 GHz. Wave numbers are referenced to that of the central mode (k = 1343 cm−1). The intensity of one of the optical sidebands
(indicated by a dot in the spectra) is plotted as a function the cavity position where the modulating microwave signal is applied. (c) Radio frequency injection
locking experiment carried out on the same device as in (a) and (b). Here the device initially operates in a frequency comb regime with intermodal spacing
frt, then a 20 dBm modulating signal at a slightly different frequency (0.9 MHz detuning) is applied using a microwave probe placed on the top electrode of
the device. The laser output is measured using a fast detector, whose radio frequency signal is analyzed with a spectrum analyzer (SA). A representative RF
spectrum is shown, that features sidebands produced by a frequency pulling effect. The intensity of the strongest RF sideband (marked by a dot) is plotted
as a function of the position in the cavity where the modulating microwave probe is placed. Also shown in (a)-(c) are the predictions of the experimentally
observed effects of different analytical models described in the text. The device geometry was not optimized for radio frequency performance, limiting the
power transfer between the microwave generator and the QCL chip in these experiments.

being the cavity length and R1,2 the facet reflectivities. Since

the oscillating intensity produces an AC current, the beat note

power will depend on the square of IB,n (for more details,

see the model derivation in Ref. [11]).

III. SPATIOTEMPORAL PHENOMENA

The interplay between light and microwaves arising from

the physical processes described above gives origin to novel

spatio-temporal phenomena in the laser cavity, which have just

started to be explored and are of great practical importance

for a complete understanding and efficient operation of laser

frequency combs. In the following we present a number of

these new effects, which relate to laser locking dynamics,

structured cavities and microwave propagation. QCLs will be

used as a model system. Other types of lasers susceptible to

these phenomena are interband cascade lasers (ICLs), which

will be presented in Sec. IV.

A. Gratings and laser locking

Active mode-locking is a technique that allows one to

create phase-locked modes in a laser by means of an external

modulation of the optical field. In semiconductor lasers it can

be realized by adding a radio frequency modulation to the

bias voltage of the laser. Here we study the efficiency of

active mode-locking when the modulation is applied locally

at different positions on the top electrode of a QCL by means

of a microwave probe. Initially, the laser operates in the

single mode regime and, after the modulation is turned on,

optical sidebands are generated around the carrier frequency

at a frequency detuning given by the modulation frequency

(Fig. 3b).

Sidebands are generated by a polarization term induced by

the modulator which has the form [14]

p±1(t) =
ε

2L
E0(t)

∫
Lmod

χ1(x)u0(x)u±1(x)dx (2)

where ε is the dielectric permittivity, L is the cavity length,

Lmod is the modulator length, E0 is the amplitude of the

central mode, χ1 is the amplitude of the linear susceptibility

variations induced by the modulator, and u0 and u±1 are the

longitudinal eigenmodes of the central mode and sidebands.

The modulator polarization term gives a rate of change for the

sidebands amplitudes given by [14]

dE±1

dt

∣∣∣
mod

∝ −i
ω±1

2ε
p±1(t) (3)

A thorough analysis would require adding this source term

to the coupled-mode equations, together with the loss, gain and

pulling contributions, and solve for the sideband amplitudes.

Here we simply estimate the efficiency of the modulator

using p2±1, where the square is due to the fact that we

deal with sideband intensities. This essentially reduces to

evaluating the overlap integral of Eq. 2 for different positions

of the modulator in the cavity. The size of the modulator

is considered to be given by the diameter of the tip of the

microwave probe (∼ 100 μm), which is much smaller than

the cavity length (3 mm) and much larger than the optical

wavelength (7.6 μm). Thus the probe acts as a small electro-

optic intracavity modulator.

Fig. 3b shows the calculated modulator efficiency together

with the measured sideband intensity for different positions

of the microwave probe along the cavity. Both the results



IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, NOVEMBER/DECEMBER 2019 5

SA

R
F

 p
ow

er

Cavity position

fB

2fB

HR AR

(a) Optical coatings

Ridge

Coatings

SA

(b) Etched gap

Gap

Ridge

R
F

 p
ow

er

Cavity position

fB
HR HR Gap

ARHR
exp.
model exp.

model (gap)
model (no gap)

Fig. 4. Oscillatory gratings in structured cavities of quantum cascade lasers. (a) Measured microwave gratings at the fundamental (fB) and second-harmonic
(2fB) beat note of a quantum cascade laser operating in the frequency comb regime. The device has an asymmetric Fabry-Perot cavity defined by a high-
reflectivity (HR) and an anti-reflection (AR) dielectric multilayer coating. Also shown is a top view microscope image of the device showing some residual
traces of the optical coatings on the electrodes. (b) Measured microwave grating at fB in a quantum cascade laser with an etched gap and a symmetric
HR/HR cavity. Also shown is a top view microscope image of part of the device. The width of the gap is 400 μm and the length of the cavity is 8 mm. Both
in (a) and (b) are also shown the predictions of models described in the text.

obtained at a modulation frequency corresponding to the cavity

roundtrip (frt) and its second-harmonic (2frt) are shown.

Experiments and calculations exhibit very similar patterns.

Most importantly, these are the same type of profiles shown

by the microwave gratings that form at fB and 2fB when the

same laser operates in the frequency comb regime (Fig. 3a).

This is due to the fact that both the formation of a frequency

comb and active mode-locking rely on mode coupling, and

such profiles provide a spatial picture of this phenomenon.

Another well-known phenomenon in which internal dy-

namic gratings play a role is the radio frequency injection

locking of the comb repetition rate. In this case the laser

initially operates in a multimode frequency comb regime with

a well-defined narrow intermodal beatnote. By applying a

radio frequency modulation to the bias voltage of the laser,

its round trip frequency frt can be locked – provided that the

modulation frequency fmod lies within the locking range of

the two oscillators Δflock. If instead the modulation frequency

lies just outside the locking range, i.e. |frt−fmod| � flock, the

laser output is modulated at new frequencies [15], [16], which

can be revealed by measuring the optical output with a fast

photodetector and analyzing its modulation spectrum with an

RF spectrum analyzer (Fig. 3c). Such additional frequencies

appear as sidebands on the radio frequency spectrum. Their

power is given by [17]

Pn ≈ Pfrt

(
Δflock

2|frt − fmod|
)2n

(4)

where n is the sideband index, and Pfrt is the power of the

laser beat note at frt taken at the position along the cavity

where the modulation is applied.

Fig. 3c shows the power of the strongest sideband produced

by the injection locking phenomenon just described as mea-

sured for different positions of the modulator probe along the

laser cavity. This is observed to spatially vary in the same way

as the microwave grating at fB measured in frequency comb

operation (Fig. 3a), as expected from Eq. 4. This result also

proves that injection locking has the maximum efficiency when

the modulation signal is applied at the edge of the cavity [14].

B. Structured cavities

A common approximation in laser analysis is to ignore

the spatial dependence of the intensity field inside the cav-

ity. Such approximation does not prevent to describe many

aspects of laser dynamics, however there are several cases

in which it is necessary to take into account the intracavity

intensity variation in order to understand laser behavior [18].

One example is structured cavities, i.e. resonators integrating

elements such as coatings and gratings that affect the internal

propagation of light. Despite the importance of intracavity

intensity variation in lasers, there are still no well established

techniques to characterize this quantity. In gas lasers it was

proposed to exploit Rayleigh scattering to measure the intra-

cavity power [19]. The apparatus used a photomultiplier, which

measured the light scattered by the gas in a certain direction.

In order for the measurement to be local, it was required to use

diaphragms to eliminate all scattered light coming from other

positions in the cavity. A somewhat similar approach was used

in semiconductor lasers [20], [21], where a stripe window was

etched on the top electrode of a laser, allowing to measure light

generated by spontaneous emission, which can be linked to

the carrier density via the bimolecular recombination rate and

ultimately to the intensity. The spatial resolution was achieved

either using an objective in conjunction with a slit or an optical

fiber. In all cases the reconstruction of the intracavity intensity

required a modification of the resonator. In the following we

show that microwave gratings provide direct information on

intracavity intensity variation also in structured cavities. The

advantage of this technique, which we name laser intracavity

intensity radiofrequency reconstruction (LIIRR), is that it is

non-invasive. The main requirement of LIIRR is multimode

operation and the possibility of beat note detection.

First, we study the case of an asymmetric Fabry-Perot

cavity with high-reflectivity (HR) and anti-reflection (AR)

dielectric multilayer optical coatings on the facets. The device

is a continuous wave, buried heterostructure QCL emitting at

4.5 μm. Its cavity length is 6 mm and the nominal reflectivity

values are R1 = 0.95 (HR) and R2 = 0.01 (AR). The patterns

measured by LIIRR at fB and 2fB when the laser operates

in the frequency comb regime are shown in Fig. 4a. They
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exhibit asymmetric profiles that are clearly different from those

of uncoated Fabry-Perot cavities (cf. Fig. 2b): the beat note

power, which is proportional to the oscillating component of

the intracavity intensity, is strong in proximity of the AR facet

and weak on the HR side. This general behavior, which is

due to the traveling wave character of the cavity, is the one

expected for HR/AR devices [21] and is also predicted by the

analytical model based on Eq. 1. The agreement between the

model and the experiments is very good for the pattern at fB ,

while for the one at 2fB there is an experimental dip close to

the AR facet which is not predicted theoretically. The reason

for this dip is not clear and remains to be further investigated.

It may be an artifact due to a residual trace of the optical

coating lying on the top of the laser ridge, which can add a

capacitance between the probe and the top electrode affecting

the microwave measurement.

Next, we investigate the effect that a gap etched in a QCL

ridge has on light propagating inside the cavity. The cavity is

symmetric, with HR coatings on both facets, and is 8 mm

long. The width of the gap is 400 μm (much larger than

the laser wavelength, which is 9 μm) and its depth does

not extend to the active region of the laser (Fig. 4b), i.e. it

does not create two coupled sub-cavities but it defines two

contact sections with an open-circuit resistance of 250 Ω.

Similar geometries are often used in devices for active [22] or

injection locking [23] experiments in order to separate a radio

frequency section from a DC bias section. The experimental

profile measured by LIIRR at fB is shown in Fig. 4b. A clear

flattening of the profile is observed as compared to that of

symmetric cavities without gap (cf. dashed line in Fig. 4b).

This is a remarkable effect because it shows that the gap

affects the intracavity power distribution on a spatial scale

of several millimeters, which is much longer than the width

of the gap. It can be explained considering that the gap acts

as a loss section due to the voltage drop occurring in this

region of the cavity. Light waves passing through the gap

experience a strong suppression because of optical absorption

and their amplitude re-increases only after propagating over a

long distance across the cavity. To confirm this hypothesis we

carry out numerical simulations based on a space- and time-

domain model of transport and recombination in the QCL

active region [24]. The voltage drop in the gap region is

modeled assuming a voltage profile along the cavity given

by

V (x) = (VDC − Vgap)|tanh(5x/wgap)|+ Vgap (5)

where VDC and Vgap are parameters defining the biases on

the contact sections and at the center of the gap, respectively,

wgap is the width of the gap, and x = 0 corresponds to

the center of the cavity. In the following we provide for

completeness all the simulation parameters, even though the

essential feature that is studied here is predicted regardless

of the specific QCL parameters, as long as a sizeable voltage

drop occurs in the gap. Following the notation of Ref. [24],

the parameters are: 1) bias profile: VDC = 0.9, Vgap = 103,

wg = 400 μm (voltages are normalized to the threshold bias,

Vth = −7.74 kV/cm, and the reference V = 0 is defined as

the alignment condition of the injector state with the upper

laser state); 2) resonant tunneling parameters entering the

injection current (Eq. (2) in Ref. [24]): the coupling energy

Ω = 1.36 meV, level broadening γ = 5.44 meV, the tunneling

barrier width between upper laser state and injector states

δ = 10.1 nm; 3) relaxation timescales: an upper to lower

laser state relaxation time Tul = 1 ps, upper laser to injector

state relaxation time Tug = 1.5 ps, lower laser to injector state
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relaxation time Tlg = 0.25 ps, dephasing time T2 = 0.26 ps,

diffusion coefficient D = 77 cm2/s; 4) optical parameters: the

effective refractive index n =3.3, modal waveguide loss for

the field lw = 0.9 cm−1, modal overlap factor Γ = 0.41, the

dipole matrix element of the gain transition d = e× 2.04 nm,

central laser wavelength λ0 = 9.0 μm; 5) QCL structure

parameters: the length of one period Lp = 580 Å, doping

density ndoping = 1.1 × 1011 cm−2, electron temperature

Te = 289 K, cavity length L = 8 mm. The pattern of beat

note power obtained from the simulations of the gap device

exhibits a profile in good agreement with the experiments

(Fig. 4b), thus confirming that the voltage drop occurring in

the gap is sufficient to explain the observed flattening of the

intracavity power distribution across the cavity. Overall these

results demonstrate that LIIRR can become a new tool to

characterize intensity field variation in laser frequency combs.

C. Microwave propagation

As already explained in Sec. II-A, microwaves originate

from a radio frequency voltage across the active region of

the laser frequency comb, which is induced by photon-driven

transport. A good question to ask is whether such modulation

also causes in-plane current oscillations. Put differently, does

the laser act as a transmission line allowing microwaves to

propagate along the cavity? This is an important aspect to in-

vestigate for two reasons. First, microwave propagation would

affect the profiles of the microwave gratings, complicating the

use of LIIRR as a characterization method of the intracavity

intensity. Second, it could contribute to phase-locking of the

optical modes [25], thus it would have to be taken into account

in the modeling of frequency combs.

To discuss microwave propagation effects in QCLs, let us

start by considering the basic case of microwave coplanar

waveguides (CPWGs). These are electrical planar transmission

lines designed to convey microwave signals with minimal

losses. They can also act as microwave resonators, which find

use in solid-state quantum computing [26]. A first method to

characterize a microwave CPWG is to use a vector network

analyzer (VNA) giving access to the experimental scattering

parameters, from which the quality factor of the resonator

can be deduced [26]. As an example, we present in Fig. 5a

the characterization of a 25 mm-long microwave CPWG. A

signal-ground (SG) probe is used to connect the VNA to

the CPWG. The S-pin is lifted from the central conductor

by few μm, effectively adding a capacitance that allows one

to use the CPWG as a resonator. After calibration of the

system on an alumina calibration substrate, the measurement

of the reflection coefficient (S11) reveals the resonances of

the CPWG. They appear as dips lying at multiples of the

free spectral range of the resonator fn = c/(2nL), where the

microwave refractive index is n = 1.61. Also shown in Fig. 5a

are the first four resonant modes of the CPWG calculated

using from the telegrapher’s equations [27], assuming the

right end of the CPWG as an open circuit and a strong

impedance mismatch between the generator and the waveguide

(Zg/Zw = 103, where Zg and Zw are the impedances of the

generator and the waveguide, respectively).
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Fig. 6. Schematic of a laser with an asymmetric pad connected to its top
electrode. This pad acts as a microwave stub suppressing the microwave power
at certain frequencies and at certain positions in the laser cavity. Microwave
gratings measured at fB and 2fB when the laser operates in the frequency
comb regime are shown, together with the profiles of microwave power
mapped on the pad at the same frequencies and in the same conditions. Also
shown are the profiles calculated from a model described in the text.

A second method that can be used to characterize the CPWG

is a scanning probe technique (Fig. 5b). The SG probe sends

the signal generated from a radio frequency modulator to the

CPWG. In this case both the S- and G-pin of the probe are

in contact with the central conductor of the CPWG. A second

signal-only probe is used to map the local microwave power

along the transmission line. This is repeated for many different

frequencies of the modulator. The experimental result shows

minima whose position shifts across the resonator cavity as

a function of frequency (Fig. 5b). This effect is reproduced

by the model based on the telegrapher’s equations, assuming

impedance matching between the generator and the waveguide

(Zg = Zw). This implies that the coplanar waveguide acts as a

continuation of the much longer transmission line constituted

by the SG probe and its radio frequency cable, explaining

why standing waves are observed at essentially all frequencies,

rather than just at the resonant frequencies of the CPWG (cf.

Fig. 5a).

We carried out measurements on mid-infrared QCLs based

on both types of characterization methods just described.

Several devices were tested with buried heterostructure and

ridge geometry. In no case resonances or microwave standing-

waves were observed. This can be understood considering

that the doped dielectric of QCL heterostructures and the

narrow width of their ridges cause strong losses at microwave

frequencies, despite their geometry being similar to that of

microwave microstrip transmission lines [30]. Calvar et al.
calculated by means of finite element simulations an at-

tenuation coefficient of 90 cm−1 at 13 GHz for standard

mid-infrared buried heterostructure QCLs, corresponding to

a propagation length of only 110 μm [31]. This is several

orders of magnitude shorter than the typical propagation length

of microwave CPWGs (e.g. 8 m in the sample reported in

Fig. 5) and implies that standard, mm-long QCLs cannot act as

microwave resonators. Therefore we conclude that microwave

gratings observed in laser frequency combs are not affected
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mixer. Two baseband signals, I(t) and Q(t), are mixed in-phase and in-quadrature with a carrier at frequency fc. The resulting signals are superimposed
giving the QAM waveform, sQAM. The realization of a QAM mixer using a QCL is also shown (bottom): two microwave probes inject two tones of different
frequencies, I and Q, in a QCL at positions where the laser beat note is dephased by 90◦. The mixed signals are then extracted with two additional probes,
combined with a 3-dB coupler and recorded using a spectrum analyzer (SA) and a mixed-signal oscilloscope (OSC). (e) Laser frequency comb operating
as a radio transmitter. The device design employs a gap to electrically separate the radio frequency signals generated in the two halves of the cavity at the
fundamental beat note of the laser. This enables emission of microwaves into free space using a dipole antenna integrated on the chip of length λB/2,
where λB is the wavelength corresponding to the fundamental beat note. (b) Reprinted by permission from Macmillan Publishers Ltd.: J. Hillbrand, A. M.
Andrews, H. Detz, G. Strasser, and B. Schwarz, Nature Photonics 13, 101 (2019) [23]. Copyright 2019. (c), (d) Reprinted with permission from Ref. [28],
[11]. Copyright 2018 Optical Society of America. (e) Reprinted with permission from Ref. [29].

by microwave propagation effects in the laser microstrip.

This conclusion, however, does not exclude that microwaves

generated by the laser frequency comb may propagate in other

areas of the laser chip different from the microstrip. We next

show how the intrinsic microwave gratings may be affected by

structuring the layout of the surrounding electrical contacts.

The device geometry used for this demonstration is shown

in Fig. 6. The laser is a mid-infrared, buried heterostructure,

uncoated QCL with a cavity length L = 6 mm (labeled

‘TL-4.6’ in Ref. [32]). Its top pad, which is connected to

the top electrode of the laser, is designed to be asymmetric

with respect to the center of the cavity and lies on top of

an undoped dielectric SiC substrate. The length of the pad is

Lpad = 2.7 mm. The microwave gratings mapped along the

cavity when the laser operates in the frequency comb regime

exhibit a feature which is not observed in devices with ordinary

contact pads (Fig. 6). The profile at fB is strongly asymmetric

– differently from what is expected for an uncoated cavity (cf.

Fig. 2b) – presenting a minimum at the facet close to the top

pad and a maximum at the opposite facet. On the other hand,

the microwave grating measured at 2fB is not asymmetric and

shows the usual profile (cf. Fig. 2b). This effect is observed

in several devices with this contact geometry, and cannot arise

from the laser cavity itself since this is symmetric. Moreover,

it is an anomaly that is frequency dependent, as it does not

affect all beat gratings. There are no sources of asymmetry in

the device other than the top pad, thus one can only suspect

a microwave – rather than an optical – effect.

This behavior can be understood as being caused by a

resonant microwave stub effect, i.e. we consider the top pad

as a transmission line that is connected only on one end

to the laser – acting as a microwave generator due to the

beating of its optical modes – and with the free end left open-

circuit. The refractive index of the SiC substrate under the

pad is npad ≈3.1 [33], close to that of the QCL waveguide

n = 3.23 [32]. Noting that the length of the pad is designed to

be Lpad ≈ L/2 = λB/4 = λ2B/2, where λB and λ2B are the

wavelengths of the fundamental and second order beat waves,

the pad should act similarly to a quarter- and half-wavelength

stub at these frequencies. Solving the telegrapher’s equations

for the stub we obtain the theoretical profiles shown in Fig. 6

giving the microwave power as a function of the position on

the stub. These profiles are also experimentally measured by

scanning a microwave probe on top of the pad and are found to

exhibit similar features to the model predictions. We observe

standing-waves both at fB and 2fB , with a node (antinode) at
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fB (2fB) on the end of the stub connected to the laser. These

results indicate that the asymmetry of the grating at fB mapped

on the laser is caused by a partial suppression of microwave

power due to the pad acting as a quarter-wavelength stub. (For

the corresponding theoretical profile in Fig. 6 it was assumed

a power suppression factor of 10−1.) At the same time, the

pad does not affect the grating at 2fB , since it acts as a half-

wavelength stub.

Given that microwave gratings can be influenced by the

geometry of the laser pad, one may wonder whether this

may also play a role on frequency comb operation. Indeed,

suppression of the fundamental beat note in part of the laser

cavity should be an obstacle for the formation of an optical

frequency comb spaced by fB . We advance the hypothesis

that the asymmetric pad geometry shown in Fig. 6 favors

longitudinal mode skipping. An empirical support for this

argument is that in all devices with this geometry (5 were

studied so far) harmonic frequency combs with an intermodal

spacing of several free spectral ranges were observed over a

certain current range [32], [34], [35], [36]. (Note, however, that

harmonic frequency combs were also observed in lasers with

symmetric pads. Thus asymmetric pads may be a sufficiency

but not necessary condition for harmonic comb operation.)

Future investigations will allow to verify this hypothesis. If

proven correct, laser contact pad layout may become a new

knob controlling frequency comb operation.

IV. APPLICATIONS IN SCIENCE AND TECHNOLOGY

The microwave gratings effects investigated in this work

open up novel applications in laser science and technology,

which have just started being explored. In this last section

we will present the first uses of these phenomena, which will

serve also to give an outlook on possible future directions of

this research. In terms of science applications, LIIRR could

become a new characterization tool for semiconductor lasers

and we will show that this technique can also be applied to

ICLs. Recent works exploiting the knowledge of microwave

gratings in QCL frequency combs will be presented. In terms

of technology applications, the interaction of light and mi-

crowaves studied here defines a new laser operating mode

which allows for novel hybrid electronic-photonic devices,

which will be introduced.

A. Gratings in interband cascade lasers

Even though all the spatiotemporal phenomena illustrated

in Sec. III were shown to occur in QCLs, they do not have to

be intended as exclusive of this type of laser. Here we show

that similar effects can also occur in ICLs.

ICLs are semiconductor lasers relying on interband transi-

tions to provide optical gain and can operate in a large part of

the mid-infrared region of the electromagnetic spectrum [37],

[38]. Despite the long lifetime of interband transitions, ICLs

can behave as fast gain media, i.e. the gain medium can

respond to intermodal beatings. This was illustrated recently

by modulation experiments and the demonstration of self-

starting frequency combs in ICLs, which present features

similar to QCL frequency combs [39].

Since the electronic response of ICLs is sufficiently fast

to respond to the beating of the optical modes, microwave

generation inside the laser should occur, enabling grating

effects similar to those observed in QCLs. We studied an ICL

with a cavity length of 3 mm. For the passivation a 1.6 μm

thick SiN insulating layer was deposited over the entire chip to

improve its radio frequency properties. The device, which was

initially designed for dispersion compensation experiments,

consists of a long and a short section. The cavity is uncoated

on the long section side and HR-coated on the short section

side using a SiN/Ti/Au coating. The DC bias set on the short

section is slightly different with respect to that applied to the

long section: this allows to match the effective reflectivity of

the coated end of the cavity to that of the uncoated facet

(Fig. 7a), making the laser cavity effectively symmetric for the

optical field. This is possible because the gain coefficient of

the short ICL section can be continuously tuned from negative

(absorption) to positive (gain) values via the bias.

The laser operates in free-running mode. Despite the beat

note being rather broad (MHz linewidth) a microwave grating

could be measured by the scanning probe technique at the fun-

damental beat note frequency of the laser (fB = 11.6 GHz).

The experimental result is shown in Fig. 7a and agrees well

with the pattern expected for a symmetric Fabry-Perot cavity.

Higher order beat notes could not be measured due to the low

signal-to-noise ratio at frequencies above 20 GHz, but may

be studied in the future in devices with longer cavities and

smaller free spectral range.

B. Gratings and optical frequency combs

The knowledge of microwave gratings was recently used in

the demonstration of coherent injection locking of QCL and

ICL frequency combs [23], [39]. This technique enables the

all-electrical generation of robust frequency combs that are not

destabilized by optical feedback [23]. It uses an external radio

frequency modulator to inject a signal close to the roundtrip

frequency of the laser and lock its optical modes [40]. In

general, it is not granted that the entire spectrum ends up

being locked. The recent achievement used a linear phase-

sensitive autocorrelation technique [41] to measure the in-

termodal phase relationship of the laser and prove that all

modes can be coherently locked together, thus forming an

electrically-stabilized frequency comb. A key expedient to

achieve this result consisted in placing the modulator probe

at the edge of the cavity (Fig. 7b). As illustrated in Sec. III-A,

this arrangement maximizes the efficiency of injection locking,

which varies along the cavity as the profile of the microwave

grating oscillating at the roundtrip frequency of the laser

(Fig. 3c). Moreover, since microwaves do not propagate across

the laser cavity (Sec. III-C) – due to the strong radio frequency

attenuation of the doped dielectric medium – the action of the

modulator can essentially be considered as localized.

Microwave gratings effects were also brought into play

in the interpretation of recent measurements revealing the

temporal character of self-starting QCL frequency combs [28].

In these studies it was shown that the spectra of such

lasers exhibit parabolic phase profiles corresponding to linear
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frequency chirps in the time domain, i.e. the instantaneous

frequency of the laser sweeps across the whole spectral range

during one period of the comb. The spectral phases were

parametrized by a chirp coefficient c giving a phase profile

exp(icn2) – where n is the mode index relative to the primary

mode – and it was observed that the experimental chirp

coefficient minimizes intensity modulation at the laser output,

as required for a laser with ultrafast gain dynamics. However,

it was also found by calculation that other chirp parameters

potentially exist, which can minimize intensity modulation as

well as the experimental c coefficient. These other parameters

correspond to higher order linear chirps, i.e. multiple linear

frequency sweeps over one period of the comb. To explain

why the laser favors the lowest order linear chirp observed

in the experiment, rather than high order linear chirps, the

authors proposed to consider the role of microwave gratings

in the frequency comb operation. It was pointed out that the

radio frequency voltage profile associated with these gratings

induces in-plane currents (Fig. 7c, top), which in turn dissipate

laser power due to losses in the doped cladding and contact

layers. Based on a model that considered all the possible beat-

ings among the laser modes, the authors calculated the power

dissipated by ohmic losses as a function of the chirp coefficient

(Fig. 7c, bottom), obtaining that high order chirp parameters

give a much higher dissipation – by a factor of 100 or more

– than the lowest order linear chirp. This result suggested that

the experimental c coefficient is therefore favored by the laser

as it minimizes not only intensity modulation but also ohmic

losses.

C. Hybrid electronic-photonic devices

The light-matter interaction investigated in this work defines

a novel laser operating mode which allows for a new class

of hybrid electronic-photonic devices. Exploiting the phase of

the oscillatory gratings (Fig. 2b), it has been shown that a

semiconductor laser can act as a microwave quadrature mixer

for quadrature amplitude modulation (QAM) [11]. This is

a widely used scheme in modern communications. A block

diagram illustrating its working principle is shown in Fig. 7d

(top). Two baseband signals, I(t) and Q(t), are mixed in

phase and in quadrature (i.e. 90◦ phase shift) with a carrier at

frequency fc. After subsequent summation, the QAM signal

sQAM(t) is obtained. Since in this method both the amplitude

and phase of the carrier are modulated, QAM allows to double

the spectral efficiency of the transmitted signal. A quadrature

mixer was realized using a QCL frequency comb by injecting

two different tones, I and Q, at positions in the laser cavity

where the fundamental beat note is dephased by 90◦ (Fig. 7d,

bottom). The signals mixed with the laser beat note were

then extracted from the laser, superimposed and recorded with

a specrum analyzer and a mixed-signal oscilloscope. After

coherent signal demodulation, it was shown that the two initial

input signal could be successively retrieved, proving that the I
and Q signals are indeed summed in quadrature thanks to the

phase profile of the inherent microwave grating of the laser.

This approach also enabled another type of device, which

was named laser radio transmitter [29]. This idea arose by

looking at laser oscillatory gratings as an ensemble of radio

frequency generators placed along the cavity and connected in

parallel (Fig. 7e). Usually the top electrode of a semiconductor

laser consists of an electrically continuous metal contact

effectively connecting these radio frequency generators and

thus preventing the device from radiating. It was demonstrated

that waveguide and radio frequency engineering of the laser

allow to exploit the oscillatory gratings to feed a dipole

antenna integrated on the chip, enabling emission of radio

waves into free space. The beat note frequency itself can be

tuned by modulating the laser current, thus the laser acquires

a new functionality: it becomes a radio transmitter capable

of wireless communication at a carrier frequency given by the

comb repetition rate. This proof-of-concept demonstration was

done at microwave frequencies but holds the potential to be

extended to terahertz frequencies by operating the laser in a

harmonic frequency comb regime [34] with a wide intermodal

spacing. The potential advantages of the envisioned room-

temperature QCL terahertz transceiver as compared to purely

electronic or other hybrid electronic-photonic counterparts are

the emission of narrow tones over a large frequency range [35]

and the hybrid functionality of carrier generator and quadrature

mixer within a single body, which will considerably limit the

transceiver unit footprint.
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