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Fabry-Pérot standing waves inside a midinfrared quantum cascade laser have been imaged using an
apertureless scanning near-field optical microscope. The devices emit at ��7.7 �m and they
feature air-confinement waveguides, with the optical mode guided at the semiconductor-air
interface. A consistent portion of the mode leaks evanescently from the device top surface and can
be detected in the near field of the device. Imaging of the evanescent wave across a plane parallel
to the device surface allows one to directly assess the effective light wavelength inside the laser
material, yielding the effective index of refraction. Imaging across a plane perpendicular to the
device surface allows one to directly measure the electric field decay length, which is found in
excellent agreement with the numerical simulations. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2738189�

The midinfrared �mid-IR, 5 �m���30 �m� range of
the electromagnetic spectrum is extremely important for
sensing applications.1 Most molecules of chemical and bio-
logical interest exhibit rotovibrational transitions in this
wavelength range. Quantum cascade �QC� lasers,2 devices
based on intersubband �ISB� transitions in semiconductor
heterostructures, cover these wavelengths and they are be-
coming integrated as mid-IR sources in commercial setups
for trace gas detection. Alternative possibilities also exist for
QC laser-based sensing systems. For instance, the devices
could be made sensitive to a material/liquid which contacts
the QC laser surface.3–5

Devices featuring an optical mode which leaks evanes-
cently above the top surface have been implemented,6,7 and
they are perfectly suited to such applications.4,5 A near-field
diagnostic of these devices is important in view of under-
standing and optimizing their properties. They also provide
an ideal playground for observations with mid-IR scanning
near-field microscopes �SNOMs�, offering the opportunity of
imaging the light propagation inside a working �QC� laser.

SNOMs employ pulled optical fibers to achieve sub-
wavelength resolution, but the development of mid-IR fibers
is in its infancy. In contrast, the recently developed aper-
tureless SNOM �a-SNOM� does not require any fiber. It op-
erates across a broad spectral range extending from the vis-
ible to the microwaves8–13 and it can be used in various
configurations to map the near field produced by sources of
different nature,8–15 including visible/near-infrared lasers in
operation.11,12,15

In this letter we report the direct imaging of the light
confinement inside the cavity of a working mid-IR semicon-

ductor laser. The result is obtained by near-field imaging of
the evanescent electric field on the surface specifically
designed4,5 mid-IR ���7.7 �m� QC lasers. We observe the
standing waves inside the Fabry-Pérot laser give an experi-
mental estimate of the electric field intensity at the surface.
These devices behave as generators on demand of intense
evanescent electric fields, controlled by the injection current.

The combination of local microprobes with mid-IR
semiconductor devices is rich for possible developments. In-
stead of using an external laser source �a CO2 laser16�, mol-
ecules could be deposited on the device top surface and ob-
served with an a-SNOM. Also, the devices characterized here
can generate and sustain surface-plasmon waves in the
mid-IR if the top surface is metal coated.4,17 In combination
with an a-SNOM, they represent an ideal system to study
directly the propagation, guiding, and control of long-
wavelength surface plasmons on patterned/unpatterned
surfaces.18

The QC laser devices for this work �Fig. 1�a�� have been
grown by metal-organic vapor phase epitaxy and they oper-
ate in pulsed mode at room temperature �RT�, at �
�7.7 �m. A detailed study of their behavior is reported in
Ref. 4. A typical emission spectrum is shown in Fig. 1�b�. A
large fraction of the laser surface is left exposed �electric
current is injected by two lateral metallic bands6,7�, to allow
an evanescent wave to leak into the air cladding above the
device surface. Various QC laser ridge widths have been fab-
ricated between 26 and 41 �m, with widths of the exposed
regions typically 10 �m less than the etched width.

The principle of the a-SNOM measurements is sketched
in Fig. 1�c�, the setup and the measurement technique are
detailed in Ref. 14, and a summary of the measurements on
a typical device is reported in Fig. 2. The far-field light-
current characteristic of the device �red squares� shows the
onset of lasing at an injected current of 1.75 A, with the laser
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output detected from the facet in a conventional manner. The
near-field light-current characteristic �black dots� is instead
detected with the a-SNOM �Fig. 1�c��. The position of the
oscillating tip is kept fixed at the center of the ridge, where
the active region is directly exposed to air, and the optical

signal is demodulated at f tip. The onset of the near-field sig-
nal appears at the same injection current as the far-field sig-
nal. The same is valid for the onset of the near-field signal
demodulated at 2f tip and 3f tip �not shown�.

Scanning the a-SNOM tip across the xy plane �axis ori-
entation in Fig. 1�c�� yields the image of the evanescent elec-
tric field on the device surface. The results are shown in
panels �a�–�e� of Fig. 2. Panel �a� shows an atomic-force
microscope top view of the measured device.

The a-SNOM measurements reveal three operating re-
gimes. For injection currents below laser threshold �panel
�b�, thermal regime� the near field is dominated by the ma-
terial thermal emission.14 At threshold �panel �c�, intermedi-
ate regime�, the thermal emission is still observable, but a
near-field signal appears on the ridge top surface. Well above
threshold �panel �d�, laser regime� the intensity of the near-
field signal increases by few orders of magnitude and it
masks the thermal emission. A high resolution closeup �panel
�e�� allows the clear observation of the standing wave, whose
periodicity is found to be �1.25 �m. Note that even though
the laser spectrum is multimode, the beating between the
modes cannot be detected with the a-SNOM because of the
reduced scanning range. The effective light wavelength in-
side the semiconductor material is �eff=2.5 �m, as obtained
from the measured periodicity of the standing wave �Fig.
2�e��. Alternatively, �eff can be inferred from the laser Fabry-
Pérot emission spectrum. If the index dispersion is neglected,
a value of 2.28 �m is obtained, in fair agreement with the
value directly measured with the a-SNOM. The difference
between the two values needs to be elucidated, but it might
be ascribed to the index dispersion.

Two-dimensional �2D� numerical simulations,19 allow a
clearer understanding of the results. Figure 3�a� shows the
electric field distribution �Ez component, i.e., transverse
magnetic� for the air-guided mode under consideration super-
imposed onto a schematic view of the laser resonator. As
detailed in Ref. 4, the laser mode is guided at the
semiconductor-air interface, with an evanescent tail penetrat-
ing in the air cladding above �see Fig. 3�b��. This is the field
which is detected by the a-SNOM. It reflects the Fabry-Pérot
structure of the guided wave inside the semiconductor laser,
and it allows one to image the cavity standing waves, as
shown in Fig. 3.

FIG. 1. �Color online� �a� Emission spectrum at RT of a laser device used
for this work. The resonator length is 1.5 mm. The spectrum was acquired at
a resolution of 0.125 cm−1. The laser was operated with 50 ns pulses at
84 kHz repetition rate. The Fabry-Pérot modes are spaced of �0.97 cm−1.
Panel �b�: SEM image of a typical device. Panel �c�: Schematic of the
a-SNOM setup �details in Ref. 14�. The semitransparent gray rectangle cor-
responds to the typical area size scanned during a measurement run.

FIG. 2. �Color online� Main panel: Light-current characteristics of a typical
device. Red dots: Far-field emission from the laser facet. The laser was
operated with 50 ns pulses at 5 kHz repetition rate. Black dots: Near-field
measurement �demodulated at the SNOM tip frequency f tip.� The laser was
operated with 50 ns pulses at 84 kHz repetition rate. Note that the near- and
far-field signals appear at the same injection current. Panel �a�: Atomic force
microscopy view of the laser ridge. The scanning range is 30�60 �m2, and
it is identical for panels �a�–�d�. The two lateral bright regions correspond to
the lateral contact bands on top of the laser resonator, while the central,
slightly darker region corresponds to the exposed semiconductor surface.
The latter zone is where the evanescent electric field is expected to appear.
Panel �b�: Near-field measurement below threshold: only the thermal emis-
sion is present. Panel �c�: Near-field measurement at threshold: the standing
wave starts to emerge. Panel �d�: Near-field measurement well above thresh-
old. Panel �e�: High resolution three-dimensional SNOM image of the stand-
ing wave. The same periodical structure is observed when demodulating the
near-field signal at 2f tip and 3f tip. The measured field at the device surface is
thus purely evanescent, which results in the absence of background contri-
bution from scattering centers located along the tip shaft far from the apex.
For the same reason, the standing wave at the exposed surface of the ridge
is also clearly observed in images obtained by demodulating the optical
signal at the laser-pulse repetition frequency f laser, while the tip scans the
surface.

FIG. 3. �Color online� �a� Schematic view of the laser Fabry-Pérot resonator
and its standing wave. A 2D simulation of the TM air-guided mode at �
=7.7 �m is superimposed on the facet �the Ez component is plotted�. Note
that only TM optical modes are expected, since the dipole of the ISB tran-
sitions is directed along z. This is in contrast with diode lasers that typically
operate on transverse-electric modes. �b� One-dimensional simulation of the
laser mode, corresponding to a cross section marked by the red dashed line
in panel �a�. The a-SNOM detects the evanescent electric field circled in red.
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Figure 4, panel �a�, reports the near-field signal as a
function of the tip-surface distance, with the tip kept at a
fixed position in the xy plane. The signal has been demodu-
lated at the tip frequency �black squares� or at the laser ex-
citation repetition rate �green triangles�. An exponential de-
cay of the signal as a function of the tip-surface distance is
observed, evidence of the evanescent nature of the electric
field. The decay length of �Ez�2 is �500 nm, in good agree-
ment with one-dimensional �1D� numerical simulations �red
circles�. A more complete correspondence between theory
and experiment can be obtained from the near-field signal
across a 2D section in the xz plane above the laser surface
�see Fig. 3�a� for axis orientations�. Figure 4�b� shows the
result of numerical simulations ��Ez�2 is plotted�. The field
has a maximum at the center of the ridge �x=0�, and it van-
ishes on the sides where the semiconductor is covered by the
metal contacts. In the z direction the field exhibits an expo-
nential decay. The corresponding experimental measurement
is reported in Fig. 4�c�.

Finally, the average magnitude �E� of the electric field at
the laser surface can be estimated knowing the detector re-
sponse, the numerical apertures of the detection system, and
the tip scattering efficiency. To prevent degradation of the
active region of the QC laser by the tip, the SNOM measure-
ments are performed with tips with a large radius of curva-
ture ��200 nm�. If the tip of the a-SNOM is approximated
by a 200 nm radius tungsten sphere, a value of the field
scattered by the tip Escat�3�107 V/m is obtained. Because
field amplification occurs at the tip apex,20 �E� is expected to
be about two to three orders of magnitude lower than �Escat�,
placing its value in the 3�104–3�105 V/m range. This
only constitutes a rough estimate because the scattering cross
section of the tip strongly depends on its size and geometry,
which are not known in detail.20,21 However, the value found
is consistent with the estimate which can be derived from the
calculation of the energy stored in the laser cavity, which
yields approximately 2�104 V/m.

In conclusion, we have employed a mid-IR a-SNOM to
image the evanescent electric field on top of a �=7.7 �m
QC laser. Future experiments will target fundamental as well
as applicative aspects. Amongst the many possible develop-
ments, the combination of mid-IR near-field microscopy and
surface-plasmon QC lasers offers the opportunity to eluci-
date the properties of surface plasmons on patterned metal

structures18 at frequencies very far from the metal plasma
frequency.
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FIG. 4. �Color online� �a� a-SNOM signal as a function of the tip-sample distance. Black squares: SNOM signal demodulated at the tip frequency. Green
triangles: SNOM signal demodulated at the laser repetition rate �84 kHz�. Red circles: 1D numerical simulation ��Ez�2 is plotted�. �b� 2D simulation of the
electric field intensity ��Ez�2 is plotted� across the xz plane above the device surface. �c� Experimental near-field intensity measured by scanning the a-SNOM
tip on the xz plane above the device surface. The agreement with the numerical simulation �panel �b�� is excellent.
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