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Abstract—Temperature-dependent optical gain and waveguide
loss have been measured for continuous-wave operated quantum-
cascade lasers with wavelengths between 8.2 and 10.2 m up to
room temperature using the Hakki–Paoli method. The gain coef-
ficient decreases with increasing temperature, and is close to the
designed value for vertical transition lasers, but smaller than the
designed value for diagonal transition lasers. The waveguide loss,
however, is two to three times higher than calculated from free
carrier absorption, and can be nearly constant, increase or de-
crease with temperature depending on sample design, which indi-
cates that it is dominated by another mechanism other than plain
free carrier absorption. One likely factor resulting in high wave-
guide loss is intersubband resonant absorption into higher lying
states.

Index Terms—Midinfrared, optical gain, quantum-cascade (QC)
laser, waveguide loss.

I. INTRODUCTION

QUANTUM-CASCADE (QC) lasers are an emerging
midinfrared semiconductor light source which attract
considerable interest for midinfrared sensor systems,

especially for high sensitivity and selectivity detection of
chemical vapors in security, medical, and environmental ap-
plications [1]–[4]. Owing to improved laser design, material
growth and device packaging, the performance of QC lasers
has improved significantly, and high-power room-temperature
continuous-wave (CW) operation has been demonstrated re-
peatedly for wavelengths between 3.8 and 10.6 m [5]–[10].
Optical gain and waveguide loss are two important param-
eters in the understanding of QC laser performance and in
improving laser designs to achieve even better performance.
However, high-quality data regarding these two parameters
are very limited in the current literature for high performance
QC lasers, with the waveguide loss being reported only at
room temperature in some cases [5], [8], [9]. Here, by using
the Hakki–Paoli method [11], which we found to be the most
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reliable, we performed a systematic study of the optical gain
and waveguide loss versus temperature for room temperature
CW QC lasers designed with vertical or diagonal transitions
at various wavelengths between 8.2 and 10.2 m. We have
measured QC lasers with the same waveguide but different
active region designs, and QC lasers that are fabricated as ridge
waveguides or buried heterostructure lasers. Besides confirming
the expected magnitude and temperature dependence of the
gain coefficient, our results indicate a two to three times higher
waveguide loss than calculated from free carrier absorption.
Also, the waveguide loss can be nearly constant, increase or
decrease with temperature7 depending on the laser design,
which suggests a dominant loss mechanism other than free
carrier absorption.

II. EXPERIMENT

There are two straightforward methods for measuring the
optical gain and waveguide loss in QC lasers: the “1/L” method
and the Hakki–Paoli method [12], [13]. The “1/L” method
relies on measuring threshold of several reliable devices of
different cavity lengths. The second method, the Hakki–Paoli
method, utilizes the subthreshold amplified spontaneous emis-
sion spectra of a single device. We used both methods in our
initial experiments testing a 10.2- m QC laser design. The re-
sults from both methods agree well at room temperature, but do
not agree at cryogenic temperatures. The reason is that for the
“1/L” method, the gain coefficient and waveguide loss are very
sensitive to the accuracy of threshold current measurement. At
low temperature, because the laser thresholds are small values,
the uncertainties in threshold due to performance variation
from device to device result in a large change in waveguide
loss and gain coefficient. Conversely, the Hakki–Paoli method
relies on measurements of a single device, which circumvents
the difficulty of inter-device fluctuations and thus has been
employed in the following experiments.

The samples studied in this work are listed in Table I. QCV1,
QCV2, QCV3 are 8.2, 9.6, and 10.2 m “vertical-transition”
QC lasers, respectively. They are based on a two phonon res-
onance design [14] which is widely employed in current high
performance QC lasers. QCD1 and QCD2 are diagonal transi-
tion lasers at 9.8 and 10.1 m, respectively. Their laser tran-
sitions were designed as diagonal transitions with a two phonon
resonance scheme for carrier depopulation. For each sample,
a 1.5-mm-long laser is operated in CW and its subthreshold
amplified spontaneous emission spectrum is recorded with a
Magna 860 Fourier transform infrared spectrometer (FTIR) and
cooled MCT detector averaging 200 scans at 0.125 cm res-
olution. The spectra of each sample are measured at different
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Fig. 1. Typical subthreshold amplified spontaneous emission spectrum of a
1.5-mm-long 16-�m-wide, CW operated QC laser at ��10.2 �m (QCV3). The
laser is operated at 0.33-A current at 120-K heat sink temperature. The left inset
shows the central Fabry–Perot modes in greater detail. The right inset shows
peak net modal gain as a function of the injection current density, where the
linear least squares fit (solid line) gives the gain coefficient and waveguide loss
from its slope and � axis intercept, respectively.

TABLE I
QC LASER SAMPLES

heat sink temperatures up to the maximum CW operating tem-
perature. A typical spectrum for the 10.2- m vertical transition
QC laser (QCV3) is shown in Fig. 1. The left inset shows the
Fabry–Perot modes at the central part of the spectrum in greater
detail. The spectrum oscillates periodically without any addi-
tional maxima and minima, indicating single lateral mode emis-
sion as required by the Hakki–Paoli method.

The peak modal net gain can be calculated from the
Fabry–Perot fringe contrast using

(1)

where is the gain coefficient, is the optical mode confine-
ment factor, is the injection current density, is the cavity
length, and is the facet reflectivity. and are the
neighboring maxima and minima of the spectral intensity. By
calculating the net modal gain from the spectra at different in-
jection currents (right inset in Fig. 1), the linear fit gives the in-
formation of gain coefficient and waveguide loss from its slope
and y axis intercept, respectively. As an example, the right inset

Fig. 2. (a) Conduction band diagram of a portion of the active regions and
injectors and the moduli squared of the relevant wave functions of sample
QCV3 under a bias of 4 V. The bold curve represents the upper laser level. (b)
CW light–current–voltage curves of a 3.5-mm-long 17.7-�m-wide QC laser at
��10.2�m (QCV3) at different heat sink temperatures.

in Fig. 1 shows the peak net modal gain as a function of cur-
rent density for QCV3 at heat sink temperature of 120 K, and
its linear least squares fit gives a gain coefficient of 14.55 cm/kA
and waveguide loss of 14 cm . During this procedure, we ex-
trapolated the net gain to zero current, which is supported by
the energy band diagram and current-voltage curves shown in
Fig. 2. At a voltage of 4 V where current starts flowing for the
120 K data, the energy band diagram in Fig. 2(a) shows no path-
ways of carrier leakage as the ground state of one injector is
already well separated from the lower states of the following
active region. For voltage higher than 4 V, the injector aligns
fully with the upper laser level, and the current is carried by
electron tunneling from the injector ground state into the upper
laser level. Therefore, we consider it valid to extrapolate the net
gain to zero current to extract the gain coefficient and waveguide
loss.

III. RESULTS AND DISCUSSION

The laser structure of sample QCV1 and its device perfor-
mance have been described in [10]. A 3.5-mm-long 8- m-wide,
deep-etched ridge waveguide laser functions in CW mode above
room temperature. The measured gain coefficient and wave-
guide loss from a 1.5-mm-long 9- m-wide device are shown in
Fig. 3. The device is operated in CW mode. The bottom axis
of Fig. 3 refers to the laser active core temperature, which is ob-
tained by evaluating the temperature difference between laser
core and heat sink from the pulsed and CW threshold current
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Fig. 3. Gain coefficient (solid squares) and waveguide loss (open squares)
versus core temperature for a 1.5-mm-long 9-�m-wide ridge waveguide QC
laser at ��8.2 �m (QCV1). The dashed line is the theoretical gain coefficient,
and the circles are calculated free carrier absorption from the design. Lines
through data points are guides to the eye.

Fig. 4. FWHM linewidth of the electroluminescence of the laser transition at
different heat sink temperatures for all samples studied in this work. Solid and
dashed lines are second order polynomial fit to the data points. Data are obtained
in pulsed mode under injection currents close to the laser threshold.

densities of the device. The gain coefficient decreases as tem-
perature increases, and agrees well with the theoretical values,
which are calculated as [15]

(2a)

(2b)

where is the laser wavelength in vacuum, is vacuum di-
electric constant, is the effective refractive index of the
mode, is the length of one period of the active region, is
the dipole matrix element, 2 is the full-width at half-maximum
(FWHM) value of the luminescence spectrum determined by ex-
periment, as given in Fig. 4. and are the lifetimes for the
upper and lower laser levels, respectively, is the non-radia-
tive transition lifetime between upper and lower laser levels,
is the low temperature lifetime, is the energy of longitu-
dinal optical phonon, is the Boltzman constant, and is the
temperature.

Fig. 5. CW light–current–voltage curves for a 3.5-mm-long 17-�m-wide,
back-facet HR coated QC laser at ��9.6 �m (QCV2). The inset shows a laser
spectrum at 240 K and 1.38 A.

The waveguide loss of device QCV1 increases from 13 to
18 cm as the temperature increases from 100 to 300 K, and
is more than two times of the calculated free carrier absorption.
Here the free carrier absorption is calculated based on Drude
model, and an increase in the free carrier absorption with tem-
perature is due to the decrease in electron mobility [16], [17].
The electron scattering lifetime for InP cladding layer is taken
as 0.37, 0.18, and 0.15 ps at 80, 200, and 300 K, respectively,
which are obtained from the electron mobility data in [17]. For
the active core region, the electron scattering lifetime is 0.1,
0.074, and 0.066 ps at 80, 200, 300 K, respectively, which are
extracted from the measured electroluminescence linewidth in
Fig. 4 by assuming a homogeneous broadening due to interface
scattering. The designed doping levels of 1 10 and 8

10 cm are used for the InP cladding layer and plasmon
layer, and the designed average doping level 3.25 10 cm
is used for the active core in the calculation. These carrier
concentrations are assumed to be independent of temperature
as indicated in [16]. This same procedure is applied for the
other four samples except that the actual measured carrier
concentrations are used for samples QCV3 and QCD2, which
are two times higher than their designed doping levels.

Next, we discuss a second vertical transition sample QCV2,
which is designed as a two phonon resonance at 9.6 m. The
performance of a 3.5-mm-long 17- m-wide, ridge waveguide,
high reflectivity (HR) back facet coated QC laser is shown in
Fig. 5. It functions in CW up to 280 K with an optical power
of 3.6 mW. The gain coefficient and waveguide loss measured
from a 1.5-mm-long 16- m-wide, ridge waveguide laser is
given in Fig. 6. Again, the gain coefficient agrees well with
the design. The waveguide loss is more than two times of the
calculated free carrier absorption, and is almost a constant with
temperature around 12 cm .

We further measured a third sample, QCV3, which is a
10.2 m QC laser based on a two phonon resonance with
a vertical optical transition. This sample is processed into
both ridge waveguide and buried heterostructure (BH) lasers
with lateral InP regrowth. The device performance is shown
in Fig. 7. A 3.5-mm-long 15.6- m-wide, ridge waveguide
laser operates in CW up to 257 K. The InP lateral regrowth
and HR back facet coating give 25 and 19 K improvements
in maximum CW operation temperature, respectively, and
a 3.5-mm-long 15.4- m-wide HR back facet coated, buried
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Fig. 6. Gain coefficient (solid squares) and waveguide loss (open squares)
versus core temperature for a 1.5-mm-long 16-�m-wide ridge waveguide QC
laser at ��9.6 �m (QCV2). The dashed line is the theoretical gain coefficient,
and the circles are calculated free carrier absorption from the design. Lines
through data points are guides to the eye.

Fig. 7. Pulsed and CW threshold current densities versus heat sink temperature
of a 3.5-mm-long, 15.6-�m-wide, ridge waveguide QC laser at ��10.2�m, and
of a 3.5-mm-long 15.4-�m-wide, BH QC laser from the same wafer (QCV3)
before and after HR coating on the back facet.

Fig. 8. Gain coefficient and waveguide loss versus core temperature for a
1.5-mm-long 16-�m-wide, ridge waveguide QC laser (squares) and a buried
heterostructure QC laser (triangles) at ��10.2 �m (QCV3). The dashed line
is the theoretical gain coefficient, and the solid and open circles are calculated
free carrier absorption for the ridge waveguide and buried heterostructure
lasers, respectively. Lines through data points are guides to the eye.

heterostructure device functions in CW at room temperature.
The gain coefficients and waveguide losses for 1.5-mm-long
16- m-wide ridge waveguide and buried heterostructure lasers
are given in Fig. 8. It can be seen that the gain coefficients for
both lasers are close, and agree well with the designed values.
For the waveguide loss, it is again much higher than the calcu-
lated free carrier absorption. Also, the buried heterostructure

laser has a slightly lower waveguide loss by 1 cm than
the ridge waveguide laser, which suggests that the side wall
Si N –Ti–Au is not a major loss source for the ridge waveguide
structure at these ridge widths. In the calculation of the free
carrier absorption for this sample, we used the actual measured
doping level from secondary ion mass spectrometry (SIMS)
and capacitance–voltage measurements. A prime candidate
for the higher than free carrier loss is intersubband resonant
absorption, which was found in the energy band diagram (solid
arrow) shown in Fig. 9(a). The resonant absorption coefficient
can be calculated by using [18]

(3)

Here is the carrier concentration on the lower state , and
is the absorption cross section

(4)

where is the laser photon energy, is the energy separation
between resonant states and is the corresponding wave-
length, and 2 is the FWHM emission linewidth for transition
between them. For the resonant absorption in Fig. 9(a), the ther-
mally populated carrier concentration on the resonant absorp-
tion state takes the form of

(5)

where the is the doping sheet density, and is the energy
separation between the resonant level and the injector ground
state. The transition linewidth 2 between these higher lying
levels is unknown, and here we used the measured linewidth of
the lower lying laser transition as shown in Fig. 4 as a lower
bound. The increasing linewidth with temperature is likely due
to thermally enhanced interface roughness scattering or non-
parabolicity effects. The corresponding absorption is calculated
in Fig. 9(b). As temperature increases, the electrons start to pop-
ulate the state right above the upper laser level, and resonant ab-
sorption occurs. Its absorption coefficient increases to 4.5 cm
at 300 K. This almost accounts for the difference between the
measured waveguide loss and calculated free carrier absorption
at room temperature. However, there is still a large difference at
low temperatures, which needs further study.

Besides the vertical transition QC lasers, we also studied
two QC lasers designed as diagonal transition at 9.8 and
10.1 m. The electron energy diagram of 9.8- m QC lasers is
shown in Fig. 10. The diagonal laser transition is indicated by
the dotted arrow. A two-phonon resonance scheme is used for
carrier depopulation. These two samples were processed into
ridge waveguide lasers, and the typical device performances
are shown in Fig. 11. The 9.8- and 10.1- m QC lasers function
in CW up to 200 and 238 K, respectively. The gain coefficients
and waveguide losses for these two samples are shown in
Fig. 12. It is seen that the waveguide losses for both samples
slightly decrease with temperature and are again much higher
than the calculated free carrier absorption. Resonant absorption
is a possible factor resulting in this decreasing waveguide
loss with temperature. We find a resonant absorption from the
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Fig. 9. (a) Conduction band diagram of a portion of the active regions and in-
jectors and the moduli squared of the relevant wave functions of a�10.2�m QC
laser (QCV3) with a 4 quantum well active region. An electric field of 39 kV/cm
is applied. The dotted arrow indicates the laser transition. The solid arrow rep-
resents a pathway of resonant absorption. (b) Calculated absorption coefficient
of the intersubband resonant transition indicated by solid arrow in (a) and ther-
mally excited electron density on the state right above the upper laser level.

Fig. 10. Conduction band diagram of a portion of the active regions and in-
jectors and the moduli squared of the relevant wave functions of a �9.8 �m
diagonal transition QC lasers (QCD1). An electric field of 45 kV/cm is applied.
The dotted arrow indicates the laser transition. The solid down arrows represent
parasitic optical transitions, and the solid up arrow indicates a pathway of reso-
nant absorption.

injector ground state to a higher excited state for both samples
as shown by the solid up arrow in Fig. 10. By assuming the
carrier concentration on the injector ground level to be the
doping level, the calculated resonant absorption coefficient for
QCD2 is shown in Fig. 13. It decreases from 5 to 3.6 cm
as temperature increases because of a decreasing absorption
cross section [see (4)] resulting from the transition linewidth
broadening. The gain coefficients follow the trend of the cal-
culated values, but are smaller than what were calculated. One

Fig. 11. CW light-current-voltage curves for (a) 3.5-mm-long 10-�m-wide, di-
agonal transition QC laser at ��9.8 �m (QCD1) and (b) a 3.5-mm-long 16-�
m-wide, diagonal transition QC laser at ��10.1 �m (QCD2). The insets show
the laser spectra at 80 K and 0.7 A for (a) and 0.72 A for (b).

factor we attribute in part the smaller gain coefficients to is
carrier leakage to other transitions, which can be seen from the
electroluminescence signals shown in Fig. 14(b). There are two
strong parasitic optical transitions for both QCD1 and QCD2.
The two parasitic transitions for QCD1 are indicated by solid
down arrows in Fig. 10. The peak at 1195 cm is from
the transition between upper laser level and a level beneath
the lower laser level, which doesn’t affect the gain coefficient.
However, The second peak at 1511 cm , which is present
only at high temperature ( 160 K), results from the transition
between a higher state above the upper laser level and the
lower laser level indicating an electron leakage path. A similar
analysis applies to the 10.1- m diagonal transition QC laser
(QCD2). As a comparison with the vertical transition lasers,
similar parasitic transitions also exist for the three vertical
transition QC lasers, but their intensities are much weaker
with less effect on the gain. As an example, the electrolumi-
nescence spectrum of sample QCV2 is given in Fig. 14(a).
These electroluminescence signals indicate some carrier pop-
ulations on the upper laser level and higher lying levels for
In Ga As–Al In As QC lasers. The electron dis-
tribution in In Ga As–AlAs Sb QC lasers was
studied by Vitiello et al. using interband photoluminescence
technique [19]. They found that electrons are mainly populated
on the injector ground state or the first level in the active region,
and the population at upper laser level is negligible. Here the
small amounts of electrons on the higher levels in the active
region are resolvable from intersubband electroluminescence.
From the electroluminescence intensity shown in Fig. 14, the
ratio of electrons on the upper laser level to those on the level
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Fig. 12. Gain coefficient (solid squares) and waveguide loss (open squares)
versus core temperature for: (a) a 1.5-mm-long 12-�m-wide ridge waveguide
diagonal transition QC laser at ��9.8 �m (QCD1); (b) a 1.5-mm-long 15-�
m-wide ridge waveguide diagonal transition QC laser at ��10.1 �m (QCD2).
The dashed line is the theoretical gain coefficient. The circles show the calcu-
lated free carrier absorption (As designed doping levels are used for QCD1,
and measured doping levels are used for QCD2). Lines through data points are
guides to the eye.

Fig. 13. Calculated absorption coefficient of an intersubband resonant transi-
tion from injector ground state to a higher lying level for sample QCD2, which
is similar to the resonant absorption indicated by the solid up arrow in Fig. 10.

right above the upper laser level is 30:1 for both typical ver-
tical transition laser QCV2 and diagonal transition laser QCD2.
From this electron distribution and using a rate equation model
including electron injection into both the upper laser level and
the level right above, an injection efficiency into upper laser
level is deduced as 90% and 82% for QCV2 and QCD2 at room
temperature, respectively.

The measured FWHM of the electroluminescence (EL) signal
for all samples studied in this work is given in Fig. 4, which
has been used in the calculation of gain coefficient. The elec-
troluminescence signal is measured from half circular mesa at
different temperatures in pulsed mode under injection currents

Fig. 14. Room temperature electroluminescence for (a) 9.6-�m vertical tran-
sition QC laser (QCV2) and (b) 10.1-�m diagonal transition QC laser (QCD2).

close to the laser threshold. As seen in Fig. 4, by comparing the
8.2- m vertical transition laser with longer wavelength 9.6- and
10.2- m vertical transition lasers, the longer wavelength lasers
have smaller linewidth. In addition, by comparing the 9.8- and
10.1- m diagonal transition lasers with the 9.6- and 10.2- m
vertical transition lasers, it is straightforward to see that the di-
agonal transition lasers have a larger, but less temperature-sen-
sitive linewidth.

Finally, it is interesting to compare samples QCV2, QCV3,
and QCD1, since these three samples use the exact same
waveguide design, but different active regions. From Figs. 6, 8,
and 12(a), different temperature dependences of the waveguide
loss are observed. In particular, the waveguide loss remains
nearly constant for the 9.6- m vertical transition laser (Fig. 6),
decreases first and then increases for the 10.2- m vertical
transition laser (Fig. 8), and decreases monotonously with tem-
perature for the 9.8- m diagonal transition laser [Fig. 12(a)].
These complex temperature dependences, which are different
from that for free carrier absorption, suggest other loss mech-
anisms inside the laser active cores. Resonant absorption is
a likely factor resulting in this complex temperature-depen-
dence of the waveguide loss. As temperature increases, those
absorption levels are shifted either closer to or farther away
from resonance. Meanwhile, the transition linewidth broadens.
These two effects cause the absorption cross section (4) to
either decrease or increase with temperature. This complex
behavior together with carrier population through thermal
excitation, tunneling and scattering processes can result in both
as increasing or decreasing waveguide loss with temperature.
Due to uncertainties of some parameters such as transition
linewidth, electron energy levels shifts due to temperature or
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layer thickness deviation from design, our estimated resonant
absorptions can not fully explain the high waveguide loss and
different temperature dependence of these samples. So there
might be other resonant absorptions which do not show up in
our band structure calculation or some additional loss origins
such as roughness scattering, defect states, etc., which require
further investigations.

IV. SUMMARY

Using the Hakki–Paoli method, we have measured the optical
gain and waveguide loss of high temperature CW QC lasers with
wavelengths between 8.2 and 10.2 m at different temperatures.
These lasers were designed as vertical or diagonal optical tran-
sitions. The results confirm that the gain coefficient decreases
with increasing temperature. It is close to the designed value for
vertical transition lasers, but smaller than the design for diagonal
transition lasers. The measured waveguide loss (12–25 cm )
is much higher than the calculated free carrier absorption (3–12
cm ). Intersubband resonant absorption was shown to be an
important factor. Also, different temperature dependences of
waveguide loss were measured for samples with the same wave-
guide but different active regions, again confirming the presence
of loss mechanisms other than free carrier absorption inside the
laser active core.
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