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Features of single-mode emission in 7.5−8.0 µm range quantum-cascade

lasers with a short cavity length
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The possibility of realizing single-mode emission in quantum-cascade lasers due to modulation of output optical

losses in a Fabry−Perot cavity is demonstrated. For the active region of the 7.5−8.0 µm spectral range, the two-

phonon resonance design was used, thus, 50 stages and waveguide layers based on indium phosphide made it

possible to realize single-mode 7.765 µm lasing at the temperature of 292K. Side-mode suppression ratio was

about 24 dB and remained the same with an increase in the current pumping up to 1.2 of the threshold current

values. The coefficient of wavelength shift with temperature (temperature tuning) in the single-mode lasing regime

was 0.56 nm/K.
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The conventional approach to realizing single-mode emis-

sion in quantum-cascade lasers (QCLs) consists in forma-

tion of a diffraction grating in the metallization layers, upper

waveguide cladding layers or waveguide side wall [1]. The
mode selection can be also achieved by using the photonic

crystal design [2], lasers with distributed Bragg reflector [3].
Again, various approaches based on coupled cavities [4–7]
make unnecessary the use of relatively complicated methods

of electron beam lithography, which is especially hot-topical

when no requirements are imposed on the output power

but only a narrow-band emission of relatively low power is

needed (for instance, for residual gas analyzers). One of the
promising approaches proposed in works [8–11] enables the
mode selection just due to the presence of a short cavity

section.

This paper presents the results of realizing the 7.5−8.0µm

single-mode QCLs in short-cavity stripe lasers.

The QCL heterostructure was epitaxially grown at the

commercial molecular−beam epitaxy facility Riber 49 at

”
Connector Optics“LLC. Prior to growing the active region

layers on the InP (001) substrate with the doping level of

(1−3) · 1017 cm−3, an In0.53Ga0.47As buffer layer 500 nm

thick with the doping level of 5 · 1016 cm−3 was formed.

In creating the 7.5−8.0 µm active region, the two-phonon

resonance design was used. The active region comprised

50 stages forming the cascade [12]. The top waveguide

cladding comprised an indium phosphide layer 3.9µm thick

with the doping level of 1 · 1017 cm−3. Contact layers based

on In0.53Ga0.47As with the thicknesses of 100 and 20 nm

and doping levels of 1 · 1017 and 1 · 1019 cm−3 were used

for current injection. The stripe laser mesa was formed

by liquid etching with subsequent application of dielectric

and metallization layers. The stripe contact width was

50µm. The Fabry−Perot cavity mirrors 210 µm long were

formed by hand cleaving after thinning the substrate. The

QCL crystals were mounted on a copper heatsink with the

epitaxial surface down [12].
The Fig. 1, a inset presents the dependence of the inter-

mode interval (free spectral range, FSR) on the stripe laser

cavity length; this dependence is defined as νFSR = 2ngr L,
where ngr is the group refractive index, L is the laser

cavity length. It was shown that, when the cavity length

is about 200 µm, typical values of νFSR are ∼ 7 cm−1. For

the laser design under study, the gain margin ratio (GMR)
characterizing the ratio between the peak gain factor and

gain factor corresponding to the position of the nearest side

optical mode is 1.03 (if the spontaneous emission spectrum

is approximated with the Lorenz function [11]). Hence, in

the experiment with the stripe laser length of about 200 µm

it is possible to perform efficient selection of longitudinal

optical modes and realize the single-mode emission regime.

The emission spectra were measured with a Fourier

spectrometer Bruker Vertex 80v. For the signal detection

in the step-scan mode, a fast-response HgCdTe photodiode

cooled to the liquid nitrogen boiling point was used; the

typical response time of the photodiode was ∼ 100 ns.

Analysis of the laser spectral characteristics and of the

emission pulse intensity dependence on the current pumping
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Figure 1. Emission spectra of the QCL under study measured at 77K. a — at the threshold current Ith (solid line) and at 1.3Ith (dashed
line); b — at 1.5Ith (1); the spontaneous emission spectrum is also presented in the semi-logarithmic scale [13] (2). The inset (panel a)
presents the intermode interval versus the Fabry−Perot cavity length.

level gave the current pumping pulse length of 100 and

70 ns, respectively. The pulse repetition rate was 15 kHz in

both experiments. The measurements were performed at

temperatures T equal to 77 and 292K.

Fig. 1 presents the emission spectra of a stripe QCL with

the cavity length of 210 µm; the measurement temperature

was 77K. At the pumping current close to the threshold

(I th) there was observed the 7.467 µm single-mode emission

with the side-mode suppression ratio (SMSR) of about

25 dB (Fig. 1, a). The emission line FWHM was shown

to be as low as ∼ 1.4 nm. The increase in the pumping

current results in emergence of extra optical modes with the

wavelengths of λ = 7.547 µm (at 1.41I th) and λ = 7.507,

7.387 µm (at 1.5I th, Fig. 1, b). The intermode interval

νFSR = 7.2 cm−1 (λFSR = 40 nm) indicated in Fig. 1, b with

vertical dashed lines corresponds to the group refractive

index ngr = 3.3. Fig. 1, b presents also the spontaneous

emission spectrum [13]. The GMR estimate obtained by

analyzing the spontaneous emission spectrum was 1.02. The

coefficient of the emission wavelength shift with increasing

pumping current 1λ/1I was ∼ 5 nm/A. No decrease in the

emission integral intensity was observed while the pumping

current increased to 1.5I th. Thus, in the pumping current

range from the threshold to 1.36I th, the single-mode emis-

sion with SMSR > 24 dB is observed at T = 77K. Further

increase in the pumping current results in emergence of

additional spectral lines and decrease in the SMSR ratio. At

77K, the threshold current density j th of the laser appeared

to be 4.2 kA/cm2. The increase in the laser temperature

to 292K results in the j th increase to 9.9 kA/cm2 . Fig. 2

demonstrates the dependence of the emission pulse intensity

on the pumping current (corresponding to the temperature

of 292K). Using relation j th(T ) = j0 exp(T/T0), where

j0 is the threshold current density at zero temperature, the
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Figure 2. The emission pulse intensity versus the current

pumping level. The inset presents the emission spectra measured

at 292K at different pumping currents.

characteristic temperature of the threshold current stability

T0 was estimated. The T0 and j0 values were 250K and

3.1 kA/cm2, respectively.

The emission spectra measured at 292K are presented

in the Fig. 2 inset. Near the threshold, the single-mode

emission at 7.765 µm is observed. The presence of single-

mode emission with SMSR > 24 dB is shown for the

pumping current range from the threshold to 1.2I th . Further

increase in the pumping level leads to the emergence of

optical modes with wavelengths λ = 7.724 µm (at 1.24I th)
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Figure 3. The emission wavelength (single-mode regime) versus temperature. The pumping current is fixed at 1.01Ith . The inset

demonstrates standardized spectra of single-mode emission measured at different temperatures.

and λ = 7.644 µm (at 1.26I th). The emission spectrum

measured at 1.6I th is represented by four optical modes

close to 7.762, 7.724, 7.644 and 7.601 µm. Taking into

account the known intermode interval, estimates of the

laser mirror refractive index (0.29) and output optical losses

(13 cm−1) were obtained.

The samples under study exhibited continuous tempera-

ture tuning of the emission wavelength in the single-mode

emission regime (Fig. 3). A long-wave shift of the emission

wavelength with increasing temperature was demonstrated.

Earlier it was assumed [14] that, along with the Stark effect,

reduction of the conductive band offset (CBO) may be a

source of the emission wavelength long-wave shift with the

temperature increase. The numerical estimation showed that

there are two stages of the CBO variation with temperature

for the studied heteropair In0.53Ga0.47As/In0.52Al0.48As. In

the temperature range of 77−150K, a CBO increase

with increasing temperature is observed. Further the

temperature increase leads to a drop in CBO. During the

temperature increase from 77 to 292K, the CBO value

decreases from 527 to 523meV, which agrees well with

the experiment (long-wave shift of the emission wavelength

from 7.467 to 7.765 µm with the temperature increase

from77 to 292K).

The threshold voltage Uth was estimated at different

temperatures. The minimal Uth (∼ 12.4V) corresponds to

∼ 150K. When the temperature increases to 292K, the Uth

increase to ∼ 15.0V is observed, which is caused by the

effect of above-barrier carrier emission into the continuous

spectrum [14]. The mentioned threshold voltage increase

with increasing temperature due to the Stark quantum effect

is expected to initiate the short-wave shift of the emission

wavelength. However, contrary to the results of [14], it is

possible that the Stark quantum effect does not dominate

because of the
”
off−diagonal“ active region design used in

this work.

Based on the single-mode emission spectra measured at

different temperatures (see the Fig. 3 inset), the coefficient

of the wavelength shift with temperature in the single-mode

emission regime (1λ/1T ) was estimated. The 1λ/1T
value was +0.56 nm/K (−0.09 cm−1/K), which matches

with the earlier obtained results for single-mode QCLs of

the 7.5−8.5 µm (0.53−0.58 nm/K) spectral range [15,16].

In summary, notice that the reported study resulted in

creating the 7.5−8.0 µm single-mode QCLs and reveal-

ing their characteristics. Reduction of the cavity length

to 210 µm results in an increase in the intermode interval

to 40 nm and also in an increase in GMR that characterizes

the ratio between the peak gain factor and gain factor

corresponding to the position of the stripe laser nearest

side mode; this enables realization of the single-mode

emission with the side-mode suppression ratio of 24 dB

at 292K within the pumping current range from the

threshold to 1.2I th. The coefficient of wavelength shift with

temperature (temperature tuning) was 0.56 nm/K.
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