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To explain the phenomenon of all-optical modulation of quantum cascade laser (QCL), and explore the physics in QCL’s gain me-

dium which consists of multiple of dielectric nanostructures with high refractive index under light injection, we modified the

1V2-period model to calculate values of electron population and lifetime in each subband which is separated by the nanostructures,

optical gain, current and number of photons in the cavity of a mid-infrared QCL modulated with near-infrared optical injection. The

results were consistent with an experiment, where the injected light increases the electron population and lifetime, but does not

affect the optical gain obviously. Our study can be helpful for optimizing its use and dielectric nanostructure design.

Introduction

The quantum cascade laser (QCL) was invented nearly 30 years
ago [1], and its cavity consists of multiple nanostructures,
which are grown by molecular beam epitaxy (MBE) [1]. It has
been widely used in the fields of free space optical communica-
tion [2,3], gas detection [4,5], and biological research [6,7].
Because the QCL is a narrow linewidth and high-power laser
working in the mid-infrared to terahertz band, it can cover most
of the gas molecular-fingerprint absorption spectrum and
atmospheric transmission window, and it will not damage

organisms. Modulation of QCLs is an effective method of sup-

pressing low-frequency noise and improving the signal-to-noise
ratio. Various approaches to modulation have been reported, in-
cluding thermal [8], electrical [9], acousto-optic [10], Faraday
rotation effect spectroscopy [11], and all-optical methods [12].
The unipolar characteristics of QCLs provide them with unique
advantages for all-optical modulation. All-optical modulation
can avoid parasitic effects, and the modulation frequency can
reach 60 GHz [13]. Moreover, all-optical modulation can
directly alter the carrier distribution and is highly efficient.

However, the mechanism of all-optical modulation is very com-
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plex. If we could effectively describe all-optical modulation of
QCLs by numerical simulation, it would be very helpful for op-
timizing its use and dielectric nanostructure design. Although
there has been much research on all-optical modulation of
QCLs, only optical injection locking [14] and quenching
[15,16] can currently provide one-sided numerical support.
Based on the classical 1Y2-period model of QCLs [17], a numer-
ical calculation method for all-optical modulation of QCLs is
proposed here. By considering the change of carrier distribu-
tion in the active region of a QCL caused by the injected light,
the results of all-optical modulation experiments can be reason-
ably explained. These findings provide support for further
research on all-optical modulation of QCLs.

Results and Discussion

Numerical approach

To examine the all-optical modulation of QCLs, we must
consider the output characteristics of QCLs. In the four-level
system, the carrier distribution is described by the full rate
equations (FRE) [18] as Equations 1-4 shows, where n is the
cavity index, g. is the gain cross section, c is the speed of light.
I'p is the optical confinement factor per stage, o is the laser total
loss. Np the total number of stages, 1/t ; is the rate of electron
scattered from subband k to subband i, 1/7gp is the spontaneous
emission rate of the upper laser subband, a is the cavity absorp-
tion coefficient, f is the rate of spontaneous emission getting
into the laser modes, ny is the k-th subband population, S is the
photon population in the cavity, and the laser upper and lower
subbands are denoted by Equation 4 and Equation 3, respective-
ly. The numerical methods solving FRE are excellently re-
corded in [18]. By taking into account the effects of optical
injection [19] and electron temperature [20,21], the full rate
equation is modified to obtain a more accurate numerical simu-
lation of the output characteristics of QCLs. In all-optical
modulation, light directly illuminates the facet of the active
region of the QCL. Injection of a large amount of energy will
inevitably change the original energy balance and carrier distri-
bution and, of course, generate heat. The injected light will
excite the valence band electrons to transition to the conduction
band and produce electron-hole pairs. The lifetimes of elec-
trons and holes are quite different [22] and result in accumula-
tion of holes, and then, in order to maintain electrical neutrality
of the laser, the electrons in the current are added to the conduc-
tion band [23]. Moreover, the fluctuation of threshold current
caused by the light injection is around tens of mA [19], which is
much smaller than the threshold current. Therefore, all-optical
modulation can only be achieved when the QCL works near or
above the threshold. It is worth noting that, when the wave-
length of the modulating light is close to the band gap of the
active region of the QCL, most of the injected light energy
excites the electrons in the valence band to transition to the
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conduction band and then to the upper laser subband, thereby
increasing the power of the modulating light. However, with a
decrease in the modulated laser wavelength, its energy becomes
greater than the band gap between the valence band and
the lower laser subband of the conduction band of the QCL
active region, with the excess energy exciting the electrons to a
higher energy level or high kinetic state (high kinetic state
means high electron temperature) and generating heat through
electron—electron and electron—lattice scattering, which
suppresses the laser output. And such a compression can be ex-
plained by the hot electron backfilling effect [20,24,25], which
is caused by an increase of the electron temperature. The elec-
trons with high kinetic state increase the number of electrons in
the lower laser subband by backfilling and inhibit the popula-

tion inversion. As a result, the light output is suppressed.
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In this paper, we further modify the rate equation to facilitate a
numerical study of the all-optical modulation of QCLs. A flow
chart of the numerical calculations for the all-optical modula-
tion of QCLs is shown in Figure 1. Here, we modify our numer-
ical model in two cases. The first case is when modulating the
laser wavelength to greater than the lower laser subband of the
active region of the QCL. The injected laser will then not be
able to excite the electrons in the valence band to the laser
subband of the conduction band, and the transition of electrons
in the conduction band will be affected by the electric field.
Therefore, we can allocate all the photoexcited electrons to the
conduction band, and obtain the electron number of each
subband of the conduction band by solving the partial rate equa-
tions (PRE) [17]. Whether the scattering rate and electron popu-
lation of each subband can be further calculated by the FRE is
judged by whether or not the electrons of each subband
converge. Numerical studies of the FRE involved here have
been previously reported [18]. The second case is when the
modulating laser wavelength is less than that of the lower laser
subband of the active region of the QCL. The injected laser
light may then excite the electrons to the laser subband or high
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kinetic state, which requires correct allocation of the photoexci-
ted electrons to each subband; the fluctuation of the electron
temperature in the conduct band is an important parameter for
characterizing this change. First, the photoexcited electrons are
evenly distributed into each subband to complete the initial
conditions for the calculations. Through multiple iterations
during which the electron number of each subband converges,
the electron distribution is approached by energy conservation
and the hot electron backfilling effect which increase the life-
time of electrons in the lower laser energy level as described in
Equation 11, and finally the scattering rate and number of elec-
trons in each subband are obtained.

A >lower
laser

[ Solve Schrodinger equation ] [ Solve Schrodinger equation ]

number to the whole electron

Add the optic excited electron
number to the whole electron
number of the laser cavitv.

number of the laser cavitv.
[ Solve partial rate equations ]

Modify the electron lifetime with
backfilling effect

Add the optic excited electron

—

[ Solve the partial rate equations ]

Is the electrons
in each subband
convergent

s the electrons
In each subband
Convergent?

]

[ Solve the full rate equations J

Figure 1: An algorithm for solving the scattering rate and electron dis-
tribution for each subband using all-optical modulation.

The number of photoexcited electrons, which is closely related
to the number and area density of photons, forms the basis of
the subsequent numerical calculation. When the modulated
QCL is illuminated on the facet of its active region at an angle
of 30°, almost all the laser energy is absorbed [19], so we disre-
gard this loss, and the initial photoexcited electrons are gener-

ated from the valence band.

Furthermore, the number of photons produced during the hole
lifetime T, can be described as:
B P‘cpkinj

n = e (&)
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where c is the speed of light, Ajyj is the wavelength of the
injected light, / is Planck’s constant, and P is the power of the
modulated laser.

Then, the area density of photons is obtained as:

ﬂ _ Prplinj (6)

Iw chiw

where [ is the length and w is the width of the laser cavity. All
these parameters are known except T, and T, can be obtained
from the experimental data in reference [19], which gives the
relationship between A) and injection power; AA is the varia-
tion in laser wavelength A caused by optical injection. The rela-
tionship between AM and the refractive index ng can be de-
scribed as
An

Al =) ,
o @)

where Any is the variation in 7.

We know that Any is induced by electron-hole pairs, and can be
described by the following equation [12]:

—+— . (®)

Combining Equations 2, 3 and 4, we obtain the following:
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where e is the charge of an electron, X is the wavelength of the
laser, N and P are the numbers of the electrons and holes, € is
the permittivity in a vacuum, and m: and m; are the effective
electron and hole masses, respectively.

When the wavelength of the injected light is 820 nm, the elec-
trons in the cavity are heated and enhance the backfilling effect,
which increases the lifetime of electrons in the lower laser

energy level (A3) as described by the following equation [20]:
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where T is the electron temperature without injected light, AT is
the variation in electron temperature induced by the injected
light, Ey¢ is the backfilling energy, and Ty¢ is the backfilling life-
time. 73 ; and 7’3 ; are the electron lifetimes in A3 with and with-
out injected light, respectively, and K}, is the Boltzmann con-
stant. To determine AT, we assume that all the energy of the
optically excited electrons, except those that overcome the
bandgap, converts to the kinetic energy of the electrons in the
cavity. So the kinetic energy of a single optically excited elec-
tron E can be described by the following function (it can be
verified by the well-known Fermi—Dirac distribution function):

E=KyAT. (12)
And E can be described as
c
E=s—h-E, (13)
inj

where E, is the bandgap. So the average variation in electron
temperature can be described as
E”inj

AT =——F———,
K ("inj + Ne)

(14)

where ny,jis the number of optically excited electrons, and N, is

the number of electrons in the cavity without optical injection.

The values of the key device parameters used in analyzing are
summarized in Table 1.

Table 1: List of analyzing parameters.

Parameter Value Unit
Ip 0.8 -
Np 35 -
o 23.336 1/cm
No 3.4 -

*
my 0.4 -

*
me 0.042 -
T 300 K
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Simulation

In this simulation, the laser we studied is the same as in [26],
which is a standard 35-stage Ing sp0Alg 48As/Ing 53Gag 47As
type-I four-level Fabry—Perot QCL based on a two-phonon-
resonance design [27]. Current injection efficiency is defined as
the ratio of current to total current injected into the upper
subband of the QCL in the active region, which is close to 56%.
The QCL total optical loss is assumed to be 23.3 cm™!, includ-

I mirror loss

ing a 14.3 cm™! waveguide loss [27] and a 9 cm™
for a waveguide refractive index of 3.4. Although there are
many bound states in the active region, most electrons remain in
several low energy levels. So seven confined subbands are
sufficient for the calculation, and here Ai (i =1, 2, 3,4, 5,6, 7)
represents the i-th subband in the active region, as shown in
Figure 2. Our simulation used an external bias electrical field of
53 kV/cm, which was above the threshold value, and the tem-
perature of the electrons and cavity were 300 K and 30 K, re-

spectively.

Electron population

Figure 3 shows the number of electrons in subbands A1-A7
using an optical injection power of 1-5 mW for wavelengths of
1550 nm (a) and 820 nm (b). In Figure 3a, because the injected
light of wavelength 1550 nm increases the number of electrons
by accumulating holes, the electron numbers in each subband
increase as injection power increases. But electron numbers in
subbands A5-A7 are not much different than A1-A4, which
results from there being fewer electrons in A5—A7 than A1-A4.
In many other studies [17,18,20,21], electrons in A5—-A7 have
been largely ignored, and similarly, the electron number in Al
is much larger than in the other energy levels, so the variation in
the number of electrons in Al is much larger than in A2-A7.
The number of electrons in A2 is lower than in A3 and A4
because it functions as an excessive subband that accelerates the
transition of electrons from A3 to Al [26]. There are some
differences in electron numbers of A1-A4 when the wave-
length of the injected light is 820 nm, as shown in Figure 3b.

Parameter Value Unit
Epy 0.1616 eV
N 2.04 x 10 1/cm?
Eq 0.8 eV

T 8 ns

/ 1.358 x 103 m

w 1.4 x 1075 m
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Figure 2: Calculated conduction subbands and moduli squared of relevant wave functions with a 53 kV/cm DC bias.
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Figure 3: Numbers of electrons in each subband using optical injection at wavelengths of 1550 nm (a) and 820 nm (b).

First, compared with the behavior in Figure 3a, electron
numbers in A3 and A4 increased to a greater extent with in-
creasing injection power. This is a result of a backfilling effect
which increased the lifetime of electrons, and hence their num-
ber, in A3, resulting in fewer electrons transitioning from A4 to
A3 and increasing the number of electrons in A4, leading to the
variation in numbers of electrons in A4 with injection power
being almost the same as that for A3. Moreover, as the lifetime
of electrons in A3 increases, the time that electrons spend in A3
becomes longer, which restrains electrons from transitioning
from A3 to A2 and Al, resulting in the numbers of electrons in

Al greatly decreasing with injection power.

Electron lifetime

With the variation in electron numbers in each subband, natu-
rally it is necessary to consider the change in electron lifetime
in the corresponding subband. As Figure 4a shows, since elec-
trons in subband Al have the lowest energy compared with
those in A2—-A7, they have the longest lifetime. The second
longest electron lifetime was in A4 as a result of an external
electrical field that caused a population inversion. Moreover, in
Figure 4a, which depicts the electron lifetime of each subband
using injection of light of wavelength 1550 nm, the change in
electron lifetime is not very obvious because the number of

optically induced electron-hole pairs is much lower (by about
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Figure 4: Electron lifetime of each subband using optical injection at wavelengths of 1550 nm (a) and 820 nm (b).

an order of magnitude) than for electrons in the cavity. The
electron lifetime in A1-A6 increases with injection power
because as numbers of electrons increase in those subbands, the
number of unoccupied quantum states is reduced, which causes
the transition of electrons between those subbands to become
less frequent. There are also some differences in Figure 4b. Due
to the backfilling effect, which is enhanced by increases in elec-
tron temperature, the lifetime of electrons in A3 increases
greatly with optical injection power at 820 nm. This behavior
results from injected light at that wavelength exciting electrons
to high-k states, which increases the average temperature of the
electrons. And because the backfilling effect only occurs in the
lower laser energy level (A3) [20], the variation in electron life-
time with injection power in the other subbands is similar to

that in Figure 4a.

Gain
Optical gain in the cavity during optical injection was also
studied. As shown in Figure 5, although the wavelength of

injected light is different, the variation of the optical gain is the
same and there is less variation. This can be understood from
Figure 3 in which the difference in electron number between A4
(upper laser subband) and A3 (lower laser subband) states is
almost constant with changes in optical injection power. This
difference is indirect proportional to optical gain, indicating that
the modulation is not caused by changing the gain.

Current

Figure 6 shows when the injection power increases, the cavity
current using injected light at a wavelength of 1550 nm in-
creases as well. Because such injected light only increases the
number of electrons in the cavity, it enhances the current upon
an increase in injection power. While the cavity current using
injected light at a wavelength of 820 nm increases at first, when
the injection power reaches 2 mW, it reaches its maximum
value of 0.65 A and then decreases with further increase in
injection power. This behavior occurs because, in addition to in-
creasing electrons in the cavity, injected light at 820 nm also in-
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Figure 5: Optical gain as a function of optical injection power.
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Figure 6: Current vs optical injection power at wavelengths of 1550 nm
(black circles) and 820 nm (red squares).

creases the temperature of the electrons, which enhances the
backfilling effect and blocks the transition of electrons. Before
the injection power reaches 2 mW, the increasing number of
electrons plays a dominant role in the process, and the current
therefore increases with injection power. Above 2 mW, the
effect of backfilling surpasses this effect, so the current is
reduced with increasing injection power. In addition, there is an
inflection in the curve for injected light at 1550 nm when the
injection power reaches 1 mW, where it appears to deviate from
a line through the other five points. This results from the arith-
metic we used to solve the rate equations. There are numerous
solutions to the rate equations, so we solved them iteratively,
and for different initial conditions (electron number in the

cavity), the solution may not have always been linear.

Modulation depth

Finally, modulation depth using different injection conditions
was studied. Figure 5 shows that gain has almost nothing to do
with modulation, while for the rate equation, it is not so diffi-
cult to demonstrate that the transition speed of electrons be-
tween subbands is determined by electron numbers and lifetime
in each, and that transition speed is key to the number of
photons in the cavity. So we conclude that modulation is in-
duced by the number of electrons and their lifetime. As shown
in Figure 7 (black line with square symbols), when the wave-
length of the injected light is 1550 nm, the number of photons
and modulation depth increase with injection power so that
when it reaches 5 mW, the modulation has a value of 15%,
which is half the experimental result [19]. The increase in
modulation depth with injection power is reminiscent of that for
current shown in Figure 6. This modulation characteristic is not
difficult to explain, the injected light increases the numbers of

electrons (Figure 3a), although it also causes the increase in
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electron lifetime shown in Figure 4, which may slow the transi-
tion. However, from Figure 6 we know that the numbers of
electrons play the major role in enhancing current, so with an
increase in injection power, the number of photons in the cavity
increases, and modulation is achieved. In terms of the injected
light at a wavelength of 820 nm shown in Figure 7, the number
of photons in the cavity is reduced with an increase in injection
power. Although the electron number in A3 and A4 increases as
shown in Figure 3b, which enhances the transition process, it
can be seen from Figure 4b that electron lifetime in A3 greatly
increases, resulting in electrons remaining in A3 for longer
times. This blocks the transition from A4 to A3, thus reducing

the number of photons in the cavity and achieving modulation.

Conclusion

In this paper, to explore the phenomenon of all-optical modula-
tion of QCLs, we studied the characteristics of a mid-infrared
QCL using near-infrared optical injection of several mW at
wavelengths of 820 nm and 1550 nm. A modified classical
1¥2-period model was established to characterize the process of
optical injection, and optically excited electrons and optically
induced temperature enhancement are considered in our model.
The following parameters were calculated: electron population
and lifetime in each subband, optical gain, current and photons
in the cavity, which were consistent with the experimental
results. We found that for injected light at wavelengths of
820 nm or 1550 nm, electron population and lifetime increases,
but does not affect optical gain. Furthermore, injected light at a
wavelength of 1550 nm always enhances the current, but at
820 nm only does so when the power of the injected light is
greater than 2 mW. Finally, the calculations show that numbers
of electrons and electron lifetime in the cavity are of great

importance in all-optical modulation of QCLs.
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