
IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 48, NO. 1, JANUARY 2012 73

Loss and Gain Measurements of Tensile-Strained
Quantum Well Diode Lasers for Plasmonic

Devices at Telecom Wavelengths
Daniele Costantini, Adel Bousseksou, Mickaël Fevrier, Béatrice Dagens, and Raffaele Colombelli

Abstract— We performed an experimental study of tensile
strain quantum wells for diode lasers operating at telecom
wavelengths and in transverse magnetic polarization. The optical
losses of ridge waveguide resonators are measured with passive
and active techniques. The results are consistent with the theory
and provide a useful material parameter database for this kind of
devices. With the aim of implementing active plasmonic devices
we studied the effect of the proximity of the metal top contact
to the laser active region.

Index Terms— Integrated optoelectronics, optical losses, quan-
tum well lasers.

I. INTRODUCTION

SURFACE-PLASMON polaritons (SPP) are electromag-
netic modes which propagate along metal-dielectric

interfaces and are characterized by a strong perpendicular con-
finement. Recent interest in SPPs stems from their confinement
properties and their ability to follow the surface material shape.
It is possible in fact to simply guide and focus light using
properly patterned metallic waveguides. Plasmonics hence pro-
vides new tools to control light propagation at the micro- and
nano-scale [1]. A crucial step in the development of integrated
plasmonic components is the realization of active plasmonic
devices. Currently many efforts are devoted to the exploration
of plasmon guiding and nanofocussing. Furthermore, several
passive plasmonic components such as couplers, routers and
filters have been successfully demonstrated and developed [2].
Until now however, SPPs are in most cases generated with
an external laser source. In this scenario, integrated plasmon
generation and/or amplification by electrical injection would
constitute an essential step.

Recently we have demonstrated an integrated end-fire cou-
pling approach for SPP generation by electrical injection in the
mid-infrared (mid-IR) range of the electromagnetic spectrum,
using a standard quantum cascade laser (QCL) as active source
[3]. The same solution was also previously developed at
telecom wavelengths [4], using a transverse magnetic (TM)
polarized diode laser as source.
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An alternative approach to the end-fire coupling is pro-
posed in Ref. [5]. In this configuration, the top cladding
dielectric waveguide layer is replaced by a patterned metallic
layer which is located directly on top of the laser active
region [6]. Metallic grating couplers - monolithically inte-
grated in the device - are then employed to couple the laser
mode to the passive metal-air plasmonic guide on the top
device surface. This waveguide configuration enhances the
coupling efficiency of surface plasmons waves into the passive
waveguide, since the maximum of the laser mode profile is
located in close proximity of the top metal-semiconductor
interface.

The latter architecture suits the development of devices
for the electrical generation of SPPs at telecom wavelengths.
This goal requires a careful study: the metallic ohmic losses
increase dramatically at short wavelengths, and the proximity
of a metal layer to the laser active region can affect the
laser performance, and even prevent lasing. We have recently
developed designs to optimize the coupling between a laser
source and a plasmonic waveguide in the telecom wavelength
range [7]. We have clarified the dependence of the coupling
efficiency on the system parameters and suggested optimal
design strategies. An experimental realization of such a device
requires a semiconductor laser operating at telecom wave-
lengths, with transverse magnetic (TM) polarization [8], and
featuring a thin top-cladding layer.

In this paper we investigate the effect of the proximity
of a metallic layer/contact to the active region of a TM-
polarized tensile-strained diode laser [8]. In particular, we
experimentally analyze the optical loss and the differential
gain achievable. We have characterized two structures with
identical active region (AR) cores, but featuring waveguides
with different cladding thicknesses: a traditional waveguide
- with thick dielectric claddings - and a thin cladding one,
which allows us to place the metallic top contact in proximity
of the active region. This is the suitable structure for plasmonic
applications. We determine the optical losses using direct
transmission measurements, and we obtain the differential
optical gain (which we define in this paper as δg/δ J , i.e. with
respect to the injected current density) on the same devices
with the Hakki-Paoli technique.

This analysis lays the foundation for the realization of active
plasmonic devices in the telecom frequency range, where the
so-called thin cladding structures (see next paragraph) will
be employed as gain medium. We aim here at demonstrating
the practical viability of this approach, and at benchmarking
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(b)

(a)

Fig. 1. SEM images of the cleaved facets of (a) thick cladding and (b) thin
cladding laser. The images are colorized (online version only) to highlight
the different layer yellow is gold, green is the SiO2 insulating layer, red is
the active laser core.

laser performances, losses and achievable gain in view of
implementing the devices proposed in Ref. [7].

The paper is organized as follows. Section II provides the
description of the two investigated laser structures and the
device processing. Section III contains the measurement of the
optical waveguide losses via passive measurements. The gain
measurements with Hakki-Paoli techniques on lasing devices
are reported in section IV.

II. STRUCTURES DESCRIPTION AND DEVICE PROCESSING

The TM polarized light is necessary in a planar coupling
since the SPP electric field is perpendicular to the interface
between the metal (gold) and the dielectric (air). QCLs natu-
rally operate in TM polarization while diode lasers in the near-
IR operate mostly in transverse electric (TE) polarization. A
judicious source choice is therefore necessary. Our choice fell
on diode lasers made of AlGaInAs tensile strained quantum
wells, which represent the state-of-the-art TM source in the
telecom wavelength range [8]. Compared to the quantum wells
(QW) structures without tensile-strain, these structures have
better performances, as a lower threshold current, and espe-
cially the TM field mode gain is significantly enhanced [9].

We have employed an optimized active region (AR)
which contains 9 tensile strained semiconductor QWs. The
growth was performed with metalorganic vapor phase epi-
taxy (MOVPE), as detailed in Ref. [8]. The detail layer-by-
layer description of the two studied structures is reported in
Table I(a). Our strategy is to analyze two structures with the
same AR, but different top claddings layers, thick and thin,
respectively detailed in Table I(b) and I(c). Claddings are
grown by molecular beam epitaxy (MBE).

Both structures were fabricated into ridge waveguide res-
onators. The semiconductor claddings are etched until the stop
layer above the AR. A 300-nm-thick SixNy insulating layer
is deposited by plasma-enhanced chemical vapor deposition
(PECVD) and opened with reactive ion etching (RIE) on the
top device surface. Ti/Au layers 3/200-nm-thick are e-beam
evaporated to provide the electrical contact and - after polish-
ing and back-contact deposition - the samples are cleaved and

TABLE I

(A) DETAILED STRUCTURE OF THE QUANTUM-WELL BASED LASER

ACTIVE REGION. (B) WAVEGUIDE DETAILS OF THE THICK CLADDING

LASER STRUCTURE. (C) WAVEGUIDE DETAILS OF THE THIN CLADDING

LASER STRUCTURE

(A) Type Compostion Strain Thickness (nm) � layers

spacer InP 50 1

SCH-
sup

GaInAsP 15 1

Barrier AlGaInAs 0.69% 19.6 9

Well AlGaInAs −1.70% 9.5 9

Barrier AlGaInAs 0.69% 19.6 1

(B) Thick Thickness Doping

cladding (nm) (atm/cm3)

InGaAs 300 3.00E+19

InP 2000 1.40E+18

InP 450 7.00E+17

InP 50 n.i.d

(C) Thin Thickness Doping

cladding (nm) (atm/cm3)

InGaAs 15 3.00E+19

InGaAsP 60 2.00E+19

InP 295 1.40E+18

In-soldered onto copper blocks for characterizations. The laser
ridges are typically 9-μm-wide, while their length L ranges
from 350 μm to 4 mm. SEM images of the cleaved facets
of two typical devices are shown in Fig. 1(a) (thick cladding)
and Fig. 1(b) (thin cladding). A few devices featuring an air
confinement waveguide were fabricated from the thin cladding
structure [10]. In this case only narrow (1 μm-wide) lateral
electrical contacts are present on the ridge top, leaving a 4 μm-
wide central top region not covered by metallization layers.

III. PASSIVE MEASUREMENTS

Passive transmission measurements aim at quantifying the
optical waveguide losses of our devices and they have been
performed with no current injected in the laser. Linearly
polarized light from a tunable laser is injected in the ridge
resonator using a polarization-maintaining optical fiber, whose
end is tapered and equipped with a micro lens. The transmitted
signal is collected from the opposite facet with a microscope
objective and focused onto a power-meter. A second polar-
izer is placed between the objective and the power-meter. It
allows one to select the same polarization as the input signal,
hence avoiding unwanted contributions from reflections and
diffractions.

Preliminary transmission measurements were performed on
a broad wavelength range (1.27 μm < λ < 1.35 μm) to
determine the polarization-dependent energy gap of the tensile-
strained QWs. In order to minimize the background signal (due
to multiple-reflections of the input signal) we measured 4-mm-
long resonators. These long cavities can be measured only
if the optical mode suffers weak losses. This corresponds to
the case of thick cladding waveguides, where the top metallic
contact is far from the AR. Fig. 2 shows the polarization
dependency of the transmission signal at wavelengths close
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Fig. 2. Transmission curves for TE (red dashed curve) and TM (black solid
curve) polarization in a thick cladding device of 4 mm length. The edge shift
between the two polarizations transmission confirms that the energy gap for
TM is lower than for TE polarization. The inset shows a scheme [19] of the
effect of strain on the electronic band structure. Note that in the tensile strain
case the energy gap between conduction and light-hole band (EL H ) is lower
than any other gap.

to the energy gap. The absorption edge for TM polarization
appears at lower energy than for TE polarization. These
preliminary measurements attest that tensile strained QWs
exhibit - as expected - a smaller energy gap for TM than for
TE polarization [9].

In order to collect a stable transmission signal for both
TE and TM polarizations, we performed the measurements
in a wavelength range of about two nanometers around λ =
1420 nm. This wavelength range is below the energy gap of
the QWs. Inter-band absorption is absent, and we assume that
the transmission losses at λ = 1420 nm are similar to the
waveguide losses at the shorter laser emission wavelength. An
example of a high-resolution transmission scan is shown in the
inset of Fig. 3. The free spectral range depends on the length
of the laser cavity and is given by:

�λ = λ2

2nef f L
(1)

where λ is the wavelength, ne f f the mode group index and L
the cavity length. The oscillations in the transmitted signal are
due to interferences in the Fabry-Perot cavity. The transmis-
sion contrast, defined as the ratio between the minimum (Pmin)
and the maximum (Pmax) of the transmitted power, allows
one to measure waveguide losses [11]. Using the following
equation:

Y = ln

⎛
⎝1 −

√
Pmin

/
Pmax

1 +
√

Pmin
/

Pmax

⎞
⎠ = ln(R) − α

T E/T M
W L (2)

where R is the mirror reflectivity. The Y parameter is extracted
from the measured transmission contrast and it can be linked
to the waveguide losses αW , both for TE and TM polarization.
Transmission measurements on different cavity lengths yield,
via a simple linear fit, the waveguide loss and also the
reflectivity coefficient R.

Y

TM polarization
TE polarization

TE losses
α � 3.7 cm−1
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Fig. 3. Loss measurements on different cavity lengths (thick cladding)
allows one to extrapolate the losses of the Fabry-Perot cavity. The lines slopes
correspond to the cavity loss. Inset: Typical transmission measurement in a
short wavelength range around 1420 nm.

Fig. 3 shows the Y parameter as a function of cavity lengths
and polarization for thick cladding devices. We have measured
at least two different devices for every length. The linear fit
yields the waveguide losses, which are αTE

W = 3.7 cm−1

and αTM
W = 5 cm−1. The facet reflectivity is inferred from

the linear fit and it is lower for the TM than for the TE
mode. This trend is in reasonable agreement with results in
the literature [12].

The experimentally measured αW on the thick cladding
devices allows us to finely adjust the material parameters
used in the finite element numerical simulations [13] and to
obtain a reliable tool to predict the optical losses in such
heterostructures. We have performed the two dimensional
simulation of the fundamental guided mode in our structure at
a wavelength of 1420 nm. Every layer is characterized by a
complex index of refraction where the imaginary part is linked
to the material optical losses, as follows.

The absorption losses for the n-doped InP buffer are
estimated using a Drude-Lorentz model. The losses for the
p-doped layers are estimated via experimental measurements
reported in Ref. [14], while the absorption coefficient in the
thin InGaAs contact layer are taken from Ref. [15]. Finally,
the index for gold ngold = 0.48−i × 9 (at λ = 1420 nm) is
taken from [16].

In the thick cladding structures the electric field intensity
at the top metal-semiconductor interface is negligible hence
the losses are exclusively determined by absorption in the
semiconductor layers. In order to reproduce the experimental
data, we find that the absorption coefficient in the InP p-doped
layers needs to be increased 2.5 times with respect to the
values found in the literature [14]. These material parameters
will therefore be used in the rest of the paper to perform the
numerical simulations.

A summary of the theoretical and experimental waveguide
losses (at λ = 1420 nm) is reported in Table II. For TE-
polarization, we obtain a good agreement between theory
and experiment, for both thin cladding and air-confinement
devices. However, in TM polarization αW in thin-cladding
devices are very sensitive to the top metal layer, hence their
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TABLE II

EXPERIMENTAL AND CALCULATED OPTICAL VALUES AT A WAVELENGTH

OF 1420 nm EXPRESSED IN CM−1. IN TWO CASES IT WAS NOT POSSIBLE

TO MEASURE THE TM LOSSES DUE TO THE EXTREMELY HIGH

ABSORPTION VALUES

Waveguide cavity Experimental losses Simulation losses
TE TM TE TM

Thick cladding 3.7 5 3.7 5
Thin cladding 13 × 15.7 136.2
Air confinement
on thin cladding

18 × 17.7 100.8
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Fig. 4. Typical current- voltage (black-solid curve) and light-current (red-
dashed curve) laser characterizations. The devices are 1000 × 9 μm2 and they
are measured at room temperature with 200-ns-wide pulses at a frequency of
100 kHz (DC = 2%).

losses considerably increase, up to more than 100 cm−1

(Table II, right column). This level of attenuation is incompat-
ible with a passive loss measurement technique. This problem
will be circumvented in the following section.

IV. ACTIVE MEASUREMENTS

Active measurements are performed upon electrical pump-
ing of the devices, in pulsed or in continuous wave (CW)
regime. The device output is collected using a cleaved mul-
timode optical fiber which is either coupled to a high sen-
sitivity power-meter (for light-current characterizations) or
to an optical spectrum analyzer. In Fig. 4 we show typical
light-current-voltage (LIV) characteristics of thick- and thin-
cladding devices. (Note: the measured output powers are not
representative of the total device output since we collect
the signal with cleaved fibers in order to feed an optical
spectrum analyzer). The measurements are performed at room-
temperature, in pulsed regime with a 2% duty cycle (DC).
Both devices reach laser threshold, even the thin-cladding
devices which exhibit extremely large αW. This is a promis-
ing result in view of developing fully plasmonic lasers at
λ =1.3 μm. Typical thresholds (Jth) for thick-cladding devices
are 1 − 1.5 kA/cm2, while the thin-cladding devices exhibit
Jth between 2.8 and 4 kA/cm2.

We have applied the Hakki-Paoli method to experimentally
measure the AR modal gain as a function of the emission
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Fig. 5. (a) Spectra of a thin cladding device (350 μm long) at different
current values below threshold. The spectra are collected in pulsed regime
(frequency 1 MHz and pulse width of 100 ns, DC=10%). Every spectrum
permits to infer a gain value with the Hakki-Paoli formula. (b) Laser output
as function of injected current density (solid lines). The square and round
dots represent the AR gain values for respectively thick and thin cladding as
inferred from Hakki-Paoli measurements. All the laser cavities have a length
of 350 μm.

wavelength [17]. (Note: the measurements have been per-
formed at 10% DC). In particular, the gain can be determined
as function of the injected current by collecting spectra below
and above Jth. Fig. 5(a) shows typical spectra at different
sub-threshold injected currents for the thin cladding device.
The contrast between the interference fringes is defined as
follows: r(λ) = Pmin(λ)/Pmax(λ), where Pmin and Pmax
are the minimum and maximum values of the Fabry-Perot
spectrum. The modal gain can then be inferred using the
following formula:

�g(λ) = 1

L
ln

(√
r(λ) + 1√
r(λ) − 1

)
+ 1

L
ln(R). (3)

Where R is the facet power reflectivity and Ã is the guided
mode overlap factor which we calculate at 0.55 for both thick
and thin cladding waveguides. An important factor in a laser
is the evolution of the optical gain with the injected current,
whose slope represents the differential gain with respect to
the current density (δg/δ J ). Fig. 5(b) shows the result of
Hakki-Paoli measurements on thick cladding and thin cladding
devices with cavity lengths of L=350 μm. The comparison
with the LI curves shows that the gain increases almost linearly
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Fig. 6. Differential modal gain (with respect to the injected current density)
350-μm-long lasers as a function of the threshold density current. The values
are obtained from Hakki-Paoli measurements. The general, expected trend is
a decrease of the modal differential gain with the injected current density. The
area of the shadowed surface corresponds to the gain needed to compensate
the increased losses of thin cladding devices.

close to threshold, and it correctly clamps once lasing is
achieved. The gain clamps at a value corresponding to the
mirror losses (see eq. 3) which are determined by the cavity
length L and the power reflectivity coefficient (R) of the facets.

A more careful analysis of Fig. 5(b) highlights that the
differential gain decreases with the current density threshold,
denoting a minor efficiency of the radiative recombination at
high current densities. This again is in agreement with standard
diode laser behavior.

Hakki-Paoli measurements were performed on several
devices with different cladding types, cavity lengths and under
pulsed or CW operation. Thin cladding devices only operate
in pulsed mode, while thick cladding ones could be measured
in both pulsed and CW regime. Operating in CW naturally
reduces the differential gain, as well as operating longer-
cavity devices, because of AR heating which decreases the
efficiency of the radiative recombination. For this reason we
concentrate on pulsed measurements in Fig. 6, which reports
the results of gain measurements on several lasers with cavity
length of 350 μm (which allows us to neglect heating effects).
The differential modal gain (the mode overlap factor time
the differential gain: � · δg/δ J ) is plotted as function of the
threshold current density.

At high injection currents the optical gain shows a saturation
behavior and the differential gain decreases. The dependence
of optical gain on the current density can be empirically fitted
with the following logarithmic function [18]:

g = G0 ln

(
ηi

J

J0

)
. (4)

This empirical logarithmic gain-current density relation is a
reasonable approximation essentially independent of recom-
bination kinetics, which leads to a differential gain which is
inversely proportional to the current density. We employ the
following fitting function:

δg

δ J
= G0

J
(5)

to fit the data on 350-μm-long lasers, which cover a broad span

of Jth. We obtain G0 = 465±25 cm−1, in excellent agreement
with the value found for a very similar AR (AlGaInAs\InP)
by Van Parys and collaborators [19].

We can now estimate the losses of the thin-cladding lasers
using the differential gains extracted from Hakki-Paoli mea-
surements. By integrating the differential modal gain with
respect to the current density the gain value of the laser can be
calculated. The integration of �·δg/δ J from typical thresholds
of thick-cladding devices (J=1.3 kA/cm2) to typical Jthof
thin-cladding devices (about J=2.8 kA/cm2) yields a gain
difference of ∼200 cm−1. This corresponds to the area of the
shadowed surface in Fig. 6. This gain difference is of the same
order of magnitude of the waveguide losses difference between
thin and thick cladding devices that we have obtained in the
previous section using passive, transmission measurements in
combination with numerical simulations (Table II).

V. CONCLUSION

We fabricated ridge semiconductor lasers operating in TM
polarization at wavelengths around 1.3 μm. We have studied
the effect of the metal proximity to the laser active region.
Passive measurements were performed injecting TE or TM
polarized light in the ridge resonator. The optical losses were
measured and found in agreement with finite element numer-
ical simulations. Active measurements permitted an estimate
of the active region differential gain using the Hakki-Paoli
technique. The analysis of differential gain measurements is
in agreement with literature results.

As expected, thinning the top cladding layer affects the
laser performance. The threshold current density increases by
a factor of ∼3 with respect to standard devices. Nevertheless,
the thin cladding devices operate at room temperature, thus
validating their use as sources to couple surface plasmons into
passive waveguides [7]. The complete understanding of thin
cladding structures is a preliminary step for the development
of plasmonic devices using diode laser active regions. The next
logical step will be the realization of a distributed feedback
(DFB) laser with a top metallic grating. It will simultaneously
provide loss reduction via metal patterning [6] and spectrally
single mode emission, and it will represent the first building
block for plasmonic generation by electrical injection at tele-
com wavelengths.
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