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We demonstrated an integrated three terminal device able to modulate the cavity losses of quantum
cascade lasers. By growing asymmetric doped quantum wells coupled to the laser’s mode an
absorption peak can be electrically shifted in and out the laser transition. The use of three terminals
allows one to drive the laser independently from the wells and therefore to modulate the laser’s
amplitude with an electrical power of only a few milliwatts. This is far less than the power needed

for a direct modulation of the laser light. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3138779]

Progresses in the development of quantum cascade la-
sers (QCL) led recently to the demonstration of continuous
wave operation at room temperature with Watt-level output
powers.1 This performance demonstrates that midinfrared
QCLs are ideal devices for trace gas detection techniques2
and can be an interesting candidate also for free space optical
data communication.’ These applications could benefit from
the building of compact midinfrared emitting devices in
which new functionalities are inserted, primarily the electri-
cal control of the complex refractive index for amplitude and
phase modulation purposes. These functionalities would be
integrated in three terminal devices in order to control them
independently from the laser driving current.

In this paper, we show that we can modulate the inten-
sity of the laser by the electrical control of the imaginary part
of the effective refractive index. This has been realized by
exploiting the linear Stark effect of asymmetric coupled
quantum wells (AQWs),* which allows one to electrically
tune the peak absorption wavelength. The modulation of the
laser intensity has been achieved up to now by direct modu-
lation of the driving current.” To do so, however, a rather
high modulation power around 100 mW is necessary. By
electrically modulating the laser cavity optical losses, our
approach allows to use a much lower voltage swing6 and to
separate the laser drive current from the amplitude modula-
tion control. This technique applied to distributed feedback
(DFB) lasers could avoid the linewidth enhancement ob-
served for low frequency modulation and due to thermal
effects.’

The top inset of Fig. 1 shows a schematic of the three
terminal device studied in this paper. It is composed of two
core sections: the laser active region and the AQW control
region. These sections are separated by InP cladding layers
and a highly doped GalnAs thin layer added to realize a third
lateral terminal (see also Fig. 2). This lateral contact serves
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as the ground contact and allows one to control indepen-
dently the laser from the AQWs.

The active region consists of 35 periods of a four quan-
tum well double phonon resonance design8 grown on InP.
The bottom inset of Fig. 1 represents the coupled quantum
wells structure and the associated energy levels and wave
functions of the control region. As can be seen on Fig. 1, the
intersubband separation energy E|, between the first two lev-
els of the structure is a linear function of the electric field
applied to the wells. The shift is reproduced, with an excel-
lent approximation, by the potential drop between the centers
of the two wells. This linear Stark effect has already been
extensively studied in Ref. 4. By tuning the absorption wave-
length over the spectral range of the laser emission, we can
therefore add controllable optical losses and modulate the
laser intensity.
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FIG. 1. (Color online) Intersubband transition energy E,, between the two
first levels of AQW calculated as a function of the applied electric field (top
horizontal axis). Bottom horizontal axis: corresponding voltage for a 2300 A
thick heterostructure. Insets: (top) schematic of a three terminal device,
(bottom) conduction band (BC) profile of the AQW with the associated
energy subbands and moduli squared of the wave functions. The wells are,
respectively, 60 and 26 A thick and separated by a 16 A thick barrier.
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FIG. 2. (Color online) Mode profile (the moduli squared of the electric field
is plotted) of the structure (left) and of the refractive index (right) as a
function of the distance along the growth axis. Inset: close-up of the control
region.

The design of the laser cavity must take into account
two parameters: an efficient lateral extraction of the current
passing through the active region and an optimized overlap
of the laser mode over the AQW. To efficiently extract the
current, we added above the control region a 1 um thick
doped (1 X 10" e¢m™3) InP layer followed by a highly doped
(3% 10" cm™) GalnAs layer of 200 nm, which ensures a
good Ohmic contact. The overlap of the laser optical mode
with the AQW region was chosen in order to add a few cm™!
to the optical losses, a value comparable with the gain of a
quantum cascade laser.” To quantify the additional losses in-
troduced by these AQWs, we calculate the absorption coef-
ficient as
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In this expression, we assume that a.j, has a Gaussian line
shape typical of a diagonal transition.~ The constants e, i,
¢, and c¢ are, respectively, the electron charge, Planck’s con-
stant, vacuum dielectric constant, and speed of light; #» is the
effective refractive index, m™ is the effective mass, f}, and
VIn 2%y are the oscillator strength and half width at half
maximum of the transition. L, is the width of one period
of the coupled quantum wells heterostructure and ng is the
sheet density. I', is the mode overlap factor with the con-
trol region.

By introducing in Eq. (1) the nominal values of ng
=42.10"" cm™2, L,.=400 A, and f;,=0.4, we obtain a
peak absorption coefficient, e~ 700 cm™' Ty This
value, typical for intersubband transition losses, imposes a
small T",.y;, close to 0.1% to obtain a,;, comparable to the
gain coefficient at threshold (5-10 cm™).

The structure is optimized by first calculating the one
dimensional optical mode and choosing the value of the
overlap I',,.is- The result of our simulation is represented on
Fig. 2. The exact composition of the structure is given in Ref.
12. The model confirms that the cladding layers inserted be-
tween the control and active regions can be as thick as 3 um
while still maintaining a sufficient overlap of the laser mode
with the control region.
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FIG. 3. Light current voltage characteristics of the electromodulator (no bias
is applied on the wells region).

Two structures were grown by gas source molecular
beam epitaxy. They are labeled in the following electro-
modulator and reference. The reference has the same active
region as the electromodulator, but the AQWs have been
replaced by an InGaAs layer of the same thickness (doping
n=2X10' cm™3). Each laser was soldered junction up on a
copper submount.

For each sample, light-current-voltage characteristics
were taken at 77 K in pulsed mode with a duty cycle of
0.05%. The current-voltage characteristic of the reference
has been measured by applying the bias either between the
top and lateral contacts, or between the top and back con-
tacts. Both curves perfectly superimposed, meaning that the
lateral contact does not add any significant series resistance.

Figure 3 shows the light-current-voltage curves for a 2.1
mm long and 29 um wide electromodulator. The measured
threshold current is higher than for previous devices with
similar active region® (2.2 kA/cm? instead of 1 kA/cm?).
This may be due to the n+ doped GalnAs layer that increases
the optical losses. However, recent experiments show that
the GalnAs layer is not necessary, as the lateral contact can
be directly taken on moderately doped InP layer without add-
ing any significant Schottky contact.

To check the efficiency of the control region to modulate
the light intensity, we measured the laser peak power P and
the threshold current as a function of the bias applied to the
AQWs, Vs The results are given in Fig. 4. We first notice
that the dependence of both the laser power P and the thresh-
old current Jy;, with the AQW bias reproduces the character-
istic lineshape of an intersubband transition. This is expected
as the AQW bias evolves linearly with the transition energy
of the wells. The peak absorption is reached when the inter-
subband transition is at the same energy than the laser (see
Fig. 1).

From Fig. 4(a), we can derive the relative absorption
coefficient changes: Aa/a=AJy/J,=8%. From this value,
we can estimate I'y,.s between 0.1% and 0.2%, which is in
good agreement with our design.” In Fig. 4(b), we plot the
optical modulation depth AP as a function of the bias on the
control region Vi This is defined as P(Vyens) — Pmaxs
where P(V,) is the emitted power for different bias volt-
age on the AQW region and P,,, is the highest measured
power. AP is ~12 mW and constant with the injected cur-
rent density, once the laser power is higher than the modula-
tion depth (J=2.4 kA/cm?). The asymmetry observed in
the modulation depth is due to an increase of the oscillator
strength of the transition for high electric fields."* According
to our calculations, fj, goes from 0.39 to 0.43 between
Vyens=—2 V and V=4 V. As can be seen on Fig. 4(b),

Downloaded 08 Jun 2009 to 129.175.97.14. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



211105-3 Teissier et al.
2.45
L d14 —~
2.40[ 1" <
Né 2.35] 43 g
-~ L 1 e
gz.so_ 1> qc)
~"2.25[ 1. E
B 5
2.20[ 1 O
I d0
2.15[_, ,
—~~ Or L4 b
g - 1
N
o
= 8 —— 2.3 kAlem’
nl_ ——— 4.5kA/cm”?
o 121 —— 3.7kA/cm”]
, , , . 2.9kAlcm™]

-2 -1 0 1 2 3 4 5

AQW applied bias (V)

FIG. 4. (Color online) (a) Laser threshold current density (squares, left) and
current passing through the wells (right) as a function of the CW bias ap-
plied to the wells. (b) Optical modulation depth, AP for different current
densities J injected in the laser (dots: fit). The data of AP and Jy, are fitted
by the computed absorption lineshape, @y;.

our calculation of the absorption coefficient fits well the
measurements.

Figure 4(a) shows also the current voltage characteristic
of the control region, confirming that the electrical power
used to modulate is of the order of 1 mW only. The asym-
metry of this curve arises from an enhancement of the tun-
neling between the asymmetric quantum wells for positive
bias.

The modulation speed of our system can be estimated by
modeling the device by a RC parallel circuit, with R as the
differential resistance and C as the capacitance of the control
region.15 By using the approach developed in Ref. 15, C can
be estimated by a parallel plate approximation, and the re-
sulting R; C characteristic frequency of the circuit, estimated
<100 MHz since the surface contact of the control region
was not optimized (~250 wmX2.1 mm), limits the fre-
quency modulation of the system (R;=50 () is the load re-
sistance). Tens of gigahertz frequency response could be
achieved by reducing the size of the control region. This
could be realized by growing the AQWs at the top of the
active region and by conceiving a multisection laser. De-
pending on the chosen architecture, the amount of modulated
optical power could be optimized by a careful choice of the
layers thicknesses, which determines the overlap between the
laser mode and the AQW.

Appl. Phys. Lett. 94, 211105 (2009)

In conclusion, we demonstrated a three-terminal-device,
where a control region is integrated within the cavity of a
quantum cascade laser operating at A= 10 um. The control
region allows modulation of the cavity losses and, as a con-
sequence, of the laser output power. This system could avoid
the linewidth enhancement observed by the direct modula-
tion at low frequency and high duty cycle since a very small
electrical power is needed to modulate.
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