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A technique of cantilever based scanning near-field optical microscopy is applied.
Using InP/GalnP quantum dots structures, 100nm (1/7) spatial resolution of the
technique in illumination-collection regime is tested. The possibility to obtain optical
data with a subdiffraction resolution is exploited for clarifying the transversal electric
field mode configuration of the radiating semiconductor laser.
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1. Introduction

One of the ways [1] to surpass the diffraction limit in optical microscopy is to use a spe-
cial-purpose device with a nanometer aperture and opening in a nontransparent screen.
There exist two commercially available configurations for an implementation of this prin-
ciple: scanning near-field optical microscopy (SNOM) with a fiber-optic probe [2] and
the so-called cantilever SNOM [3]. The main advantage of the second variant is in the
possibility of controlling orders of magnitude lower forces of interaction with a sample,
compared with the case of a fiber-optic probe.

In our study, the SNOM principle was implemented with a cantilever probe with a
subwavelength aperture, through which not only the emission could be collected, but also
the sample could be simultaneously illuminated. We examined first a sample of self-orga-
nized semiconductor quantum dots (QDs) with high-intensity luminescence and surface
concentration of ~10 um 2. The QDs are used in modern nanophotonics to create quan-
tum emission sources in a wide spectral range from the ultraviolet (200 nm) to the near-
IR, which includes the telecommunication range (1.3—-1.5 um) [4]. SNOM measurements,
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important for optimizing the QD technology, are also a convenient method for testing the
working efficiency of the subwavelength aperture.

As a second kind of objects, the high-power semiconductor laser diodes with an
active region shifted with respect to the waveguide were chosen. Heterostructures
with the so-called broadened waveguide are used to manufacture high-power lasers
[5-7]. With increasing thickness, not only the zero-order fundamental mode appears
in the waveguide, but also additional transverse modes of higher orders. Most of
optical applications require that only the fundamental transverse mode should be pre-
served. A number of practical applications, e.g., mixing of two laser frequencies
from different active regions to generate far-IR emission [8, 9] need certain trans-
verse modes of higher order. Transverse modes can be selected, as demonstrated in
Refs. [10, 11], by choosing the position of the active region in the waveguide. To
analyze the mode composition, it is important to measure the near-field pattern at
the emitting face of the laser with a subwavelength resolution. A rather convenient
tool in this context may be the SNOM with an aperture cantilever.

10 pm

Figure 1. Schematic of the setup: (1) spectrometer, focal distance 520 mm; (2) laser, 473 nm, 50
mW; (3) CCD camera; (4) mirror; (5) tubular piezoscanner; (6) parabolic mirrors; (7) diffraction
grating; (8) controllable slit; (9) xyz-adjusted objective lens; (10) edge filter; (11) dichroic mirror;
(12) AFM laser, 1064 nm; (13) 4-section photodiode; (14) 100x objective lens; (15) SNOM probe;
(16) sample; and (17) piezoscanner. The inset shows a SEM image of the SNOM probe, a cantilever
with a subwave aperture at the vertex of the pyramid.
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2. Experimental Procedure

The experimental setup, shown schematically in Fig. 1, comprises an atomic-force micro-
scope (NTEGRA Spectra, NT-MDT) and a confocal spectrometer (MS52041, Sol Instru-
ments). A sample (16) is excited via the subwavelength aperture of a probe (15) by a
laser (2) having a wavelength A = 473 nm. The laser beam is focused into the region of
the aperture by a scanning mirror (4) fixed on a piezoscanner (5) and a large-aperture
Mitutoyo objective lens (14) (e.g., 100x with a numerical aperture of 0.7). The emission
scattered by the sample is collected by the subwavelength aperture and by the same objec-
tive and has two components. The elastically scattered light is reflected from the edge fil-
ter (10). The inelastically scattered light passes through the edge filter and is analyzed
with a confocal spectrometer (1) with a focal distance of 0.52 m. The spectra are detected
with a CCD camera (3), iDus, Andor Co.

Cantilever based probes we used are covered with a nontransparent Al layer on the
outer side of a hollow pyramid (inset of Fig. 1). At the tip apex of the pyramid, Al was
drilled-off with a focused ion beam to create a through opening (aperture) with a diameter
of about 100 nm. The inelastically scattered light that passed through the aperture and
collected by the objective lens contains light scattered by the inner surface of the probe
and the luminescence signal excited in the sample. In general, the useful contribution of
the luminescence is orders of magnitude smaller than the background inelastic scattering
from the probe. However, when the probe is brought close to the surface, the background
varies under scanning and the total response starts to reflect only changes of the lumines-
cence due to the sample heterogeneities. The background from the probe is further sup-
pressed by using a detection in a confocal mode and a spectral decomposition of the
signal using a diffraction grating. The confocal scheme performs a spatial selection by
cutting-off the emission from regions far from the aperture. The spectrometer filters out
by spectral selection a substantial part of the background from the probe, which lies far
from the useful luminescence signal, in the short-wavelength spectral range.

The interaction force between the probe and a sample is controlled by a feedback
AFM system. The AFM laser (12) with a wavelength of 1064 nm is focused by the 100x
objective lens on the SNOM cantilever (SNOM_NC, NT-MDT). The reflected laser light
is collected by the same objective lens and is directed by a dichroic mirror (11) to the
four-section photodiode (13).

The SNOM configuration described above makes it possible to measure the lumines-
cence intensity map with a subdiffraction resolution for structures with QDs simulta-
neously with the topography relief. It is also adapted for a study of light-emitting
samples, such as a semiconductor laser diode. In the second case, the high-power laser
diode was driven with a pulsed power source to minimize the thermal drift and to stabilize
the spectrum and the emission pattern.

3. Results

3.1. Testing the Subwavelength Aperture on a Sample with InP/GalnP QDs

Semiconductor heterostructures with self-organized InP/GalnP QDs were grown on GaAs
substrates by metal-organic vapor-phase epitaxy (MOVPE) [12]. The substrate was (100)
GaAs misoriented by 2° in the [110] direction having a thickness of 500 pm. First, a 50-
nm-thick buffer GaAs layer was deposited, and then a layer of the Gag 5,Ing 4P (GalnP)
solid solution lattice-matched to GaAs. The QDs were formed at a temperature of 725°C
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by deposition of seven monolayers of InP. The growth was completed with deposition of
80-nm-thick GalnP cap layer. It has been shown previously [13] that the QDs have a
bimodal size distribution: there are large dots with lateral sizes of 100-200 nm and
density of ~0.5 x 10°cm ™2 and small dots with lateral sizes of 10-70 nm and density of
~1.5 x 10° em ™2,

The emission spectrum of the ensemble of QDs, measured in the confocal configura-
tion from an area of several square micrometers, contains two bands peaked at ~740 and
~870 nm (Fig. 2a). To obtain spectra from separate QDs in the near-field configuration, it
was necessary to select the aperture cantilevers with improved transmission (~1072). The
transmission of light by the aperture was measured at the excitation wavelength of
473 nm with a detector mounted directly under the probe. Figure 2b shows inelastic scat-
tering spectra for the cases, in which the probe was in static contact with a large QD, or a
small QD, or contacted with a surface area free of QDs. The spectra comprise a broad
structured band observed at 650-810 nm, associated with the emission from QDs and a
band at around 870 nm, related to the GaAs substrate. Only the band peaked at ~740 nm
remains in the differential luminescence spectra of QDs (with the subtracted background)
(inset in Fig. 2b). It can also be seen that the spectrum is shifted to longer wavelengths
with increasing dot size as expected.

Figures 3a—c show a 2 x 2 um” area of AFM surface topography (Fig. 3a) and the
luminescence intensity from InP QDs at in the spectral ranges 730-740 nm (Fig. 3b) and
800-810 nm (Fig. 3c). It can be seen that individual QDs are resolved in the lumines-
cence intensity maps. This result demonstrates that such structures are promising for use
as test samples for the SNOM technique. There are weak (if any) correlations between
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Figure 2. Luminescence spectra of the sample with InP/GalnP QDs measured in (a) confocal and
(b) SNOM modes. In (b), the spectrum from the QD-free region (background) is shown by black
line; that from a region with a small QD, by blue line; and that from the region with a large QD, by
red line. The inset shows spectra from the large and small QD with a subtracted background.
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Figure 3. Testing the working capacity of the subwave aperture. (a) Contact AFM image of the sur-
face relief of a 2 x 2 wm? part of the sample surface with InP QDs. SNOM maps of the integral
luminescence intensity in (b) 730-740 nm and (c) 800-810 nm spectral ranges, measured simulta-
neously with the AFM image.

the optical and AFM images, which demonstrate that there are no artifacts associated with
sample profile height differences in the optical signal. The full width at half-maximum
(FWHM) of the optical signal profile taken via individual small QDs is approximately
100 nm (inset in Fig. 3b). Using the Rayleigh criterion and neglecting the real sizes of
the 10-70 nm emission source, we obtain a resolution estimate of about 100 nm for the
SNOM with the subwavelength aperture used in the study.

3.2. High-Power Semiconductor Laser Diode

3.2.1. Analysis of the Far-Field Emission Divergence. Figure 4 shows the design and
characteristics of a high-power semiconductor laser operating at 1.07 um, based on a het-
erostructure with wide-bandgap Aly3Gag;As emitters, 1.9-um-thick GaAs waveguide,
and active region with a 8-nm-wide InGaAs quantum well (QW) shifted by 0.75 um
away from the waveguide center toward the p-emitter. A numerical solution of the wave
equation for a heterostructure of this kind in the approximation of a dielectric waveguide
(with the absorption of light by carriers and the amplification neglected) yields three
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Figure 4. Characteristics and design of a laser diode. (a) Divergence diagram (red solid line) and
simulated profile (blue dashed line) calculated for a linear combination of the 2nd and 1st TE modes
with an electric field amplitude ratio of 0.267 and a phase difference of 16°. (b) Profiles of TE
modes corresponding to the possible solutions to the wave equation for the laser heterostructure.
(c) Band diagram of the laser heterostructure. (d) SEM image of the laser mirror surface.

steady-state mode configurations [14]. Figure 4b shows the profiles of all the three TE
modes of the electromagnetic field (TE designates the transverse electrical field, whose
vector is perpendicular to the emission propagation direction and lies in the QW plane).

It is unlikely that the threshold lasing conditions can be simultaneously satisfied for
all three modes. However, analysis of the factors determining the threshold conditions for
the 1st and 2nd mode shows the following. The right-hand minimum of the 2nd mode
coincides with the QW position (see the band diagram in Fig. 4c¢), i.e., the QW is effec-
tively overlapped by the electric field. This enables the maximum emission amplification,
i.e., creates the most favorable conditions for excitation of the 2nd mode, compared with
the other mode structures. It is probable that the 1st mode is simultaneously excited, with
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its right-hand minimum also being rather close to the QW. In this case, the lower emission
amplification in the active region is compensated by the lower optical loss in the emitter
layers. Our calculations demonstrated that, at equal powers of these two modes and
medium internal optical loss of 1.5 cm™", the critical cavity length, at which the threshold
lasing conditions are simultaneously satisfied, is 2180 wm. This value is close to the lon-
gitudinal size of laser specimens chosen for the experiment.

For the samples under investigation, the experimental far-field radiation pattern in the
plane perpendicular to the p-n junction is asymmetric (Fig. 4a). This shape cannot result
from an admixture of the even Oth mode to the main 2nd mode, but is due to the simulta-
neous excitation of the odd 1st mode. The calculated laser emission radiation pattern
shown in the same figure is obtained by integration of the near field from a linear combi-
nation of the 2nd and 1st TE modes [15, 16]. The calculated and experimental data could
be brought to agreement at an approximately fourfold ratio between the electric field
amplitudes and a phase difference of 16°. However, other combinations of these modes
were also possible, which also satisfactorily describe the experiment. A more accurate
and unambiguous information about the configurations of the transverse modes of the
laser was obtained in an SNOM analysis of the emission distributions directly at the sites,
where the waveguide layers emerge at the surface of the emitting mirror.

3.2.2. Simulation of the Near Field. The two-dimensional wave equation with a single
point source at the origin of coordinates has a solution in the form of a zero-order Hankel
function, which behaves far from the source as a damped sinusoidal wave
sin(wt — kr) /+/r [17]. The model brightness signal S(r) is set by a time-average interfer-
ence intensity I(r,t) of waves of this kind from three sources:

Apsin(wt —k|r—r1.|) Acsin(wt — K|r — rc|)

I(r,t): \/|r7rL| \/|r7rc\

+ Agsin(wt —K|r — rr|)
VIr—1r|
A2 Ac? Ag? (D
S =1(r,t) = - — < K
2= 2r—rc  2r—m
ApAccos(k|lr —r| —k|lr—rc|])  ApLArcos(k|r — 1| — k|r —1g])

Vir—rr—r] V=t —re]

AcAgcos(k|r —r¢| — k|r —1g])

VIt = re|fr — g

The wave number k =27/1.07um ™ *; central (C, with a coordinate rc), left-hand (L,
at r), and right-hand (R, at rg) sources were situated at a distance of 34/4 from each other,
in accordance with the spaces between the extrema of the model near-field profile of the
2nd mode in Fig. 4b. The signal of the simulated image of the 2nd mode is calculated
with the following source amplitudes: Ac =1,A; =Agr = —1. Eq. (1) qualitatively simu-
lates the emission distribution near the mirror not only for the 2nd, but also for the Oth
(Ac= —-1,A; =Ag=0)and Ist (Ac =0,A; =Ag = —1) modes and for a linear combina-
tion of all the three modes. In the general case, Ac, Ay, and Ag are complex numbers.

For the sake of simplicity, we used in the simulation only three point sources and we
neglected a minor noncoincidence of the extrema in the electric field distributions of the 1st
and 2nd modes. This approach, not intended to be highly accurate, makes it possible to ana-
lyze qualitatively the light intensity distribution pattern from the laser for all the possible

1
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mode configurations. We note, in particular, that, according to Eq. (1), the brightness signals
near the sources (Scr: =S |r=rLCR+,;, where ¢ is infinitely small) obey the proportion
Sp:Sc: Sg=|A?| : |AZ| : |A%|. This circumstance can be used in an analysis of the experi-
mental light intensity signal on the surface of the laser mirror (near-field signal).

3.2.3. Analysis of SNOM Data. The SNOM image of the laser emission distribution
over the mirror surface (XY plane) and the contact AFM image of the surface relief,
presented in Figs. 5c and 5d, were measured simultaneously. The positions of the
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Figure 5. SNOM light-intensity distributions on the mirror of a high-power laser diode operating in
the pulsed mode. (a) Contact AFM image of the mirror surface. (b) XY near-field distribution of the
laser emission on the mirror. (¢) Characteristic near-field profile (red dashed line) and simulated
profile (blue solid line) corresponding to the near-field from the 2nd TE mode. Laser feeding and
operation parameters: pulse width 5 us, repetition frequency 1 kHz, amplitude 2A (threshold cur-
rent 0.35 A), optical power from a single mirror 0.6 W.
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main layers of the laser, shown in the AFM image, were reckoned from the cleavage
edge by using the known layer thicknesses (Figs. 4c,d). When necessary, measure-
ments revealing all the main layers of the laser heterostructure can be made using a
standard cantilever with a sharp probe [18, 19]. According to Fig. 5c, the near-field
profile is constituted by three peaks situated in the region, where the waveguide
emerges on the surface of the laser mirror. A simulated near-field profile from the
2nd TE mode is superimposed on the figure, together with the characteristic cross-
section of the measured signal. In contrast to the simulated distribution, the experi-
mental signal is asymmetric: the right-hand peak is noticeably higher than the left-
hand and central peaks.

The observed local near field signal could be formed via admixture of the 1st TE
mode (odd mode with two extrema and zero electric field in the middle of the waveguide)
to the main 2nd TE mode. A contribution of the Oth mode (single field extremum at the
center of the waveguide) to the near field signal is ruled out for two reasons: (i) any linear
combination of the 2nd and Oth modes will give a symmetric near field signal and (ii)
simultaneous excitation of three modes is unlikely.

In the model with Eq. (1), we can, having measured the peak height ratios in Fig. Sc,
SL/Sc = 0.8,Sr/Sc = 1.4, evaluate the contributions of the 1st and 2nd modes to the
near field. We consider the electric field amplitude of the 2nd mode to be unity, and that
of the 1st mode, §; and also set the phase difference ¢ between the modes. A combination

(b)

Figure 6. SNOM light-intensity distributions near the mirror of a high-power laser diode operating
in the pulsed mode. (a) Simulated XZ image. (b) Experimental XZ distribution of the laser emission
signal (integral intensity of the spectrum in the range 1068—1079 nm). The signal of the simulated
image was calculated by Eq. (1) with the following values of the parameters:
Ar=—1403¢":Ac=1;Ag= —1—0.3-¢""/3. The simulation also takes into account the
deviation of the ridges in Fig. 5b from the scanning axis Y by the angle o 22 23" (distance between

the measurement point and the source: |r —r;| = {/(z —z)*+ (cosot)2 x (x —x))%i=L,C,R).
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of these modes is set by the following values of amplitudes:

A= —148e%Ac=1;Ag= — 1 —§¢¥ )

Accounting for S, :Sc:Sg=|AZ|:|AZ|:|A2|, we can uniquely express the
unknown variables in Eq. (2) in terms of the measurable ratios of near-field peaks:
8=1/0.5(S./Sc + Sg/Sc — 1;cos(p) = (Sr/Sc — S1./Sc)/(43). In particular, we obtain
§220.3,0 =60 for the data in Figs. 5c and 5d. Thus, the near field locally contains in
the measurement region approximately 75% of 2nd mode and 25% of 1st mode. It is note-
worthy that the obtained relationships between the phases and amplitudes do not differ
strongly from the parameters, at which the calculated and measured far-field divergences
are brought in agreement in Fig. 4a: § =0.267, = 16", which can characterize the near
field averaged over the whole 100-m emission region on the laser mirror.

The experimentally determined composition of the local near field was used to simu-
late the near field in the XZ plane (Fig. 6a). The SNOM image shown in Fig. 6b demon-
strates the propagation of light in three directions (lobes). At a distance of several
wavelengths from the surface, the right-hand lobe has the highest intensity, and the central
lobe is the weakest. This is in good agreement with the far-field divergence diagram in
Fig. 4a and with the results of simulation in Fig. 6a. However, the discrepancy between
the experiment and simulation is also well noticeable. While moving away from the sur-
face, the measured intensity of light oscillates with a period of about half the wavelength.
There are several signal oscillations on the left-hand and central lobes; these oscillations
are best manifested on the right-hand lobe. We attribute these signal oscillations to the
interference amplification of light in the cavity formed by the emitting mirror and the probe
surface above. This effect is similar to that of antireflection coatings in optical instruments.

4. Conclusions

It has been shown that structures with self-organized InP/GalnP QDs can be used to test
the efficiency and ultimate capability of the subwavelength aperture. This tested probe
makes it possible to improve the reliability and significance of a subsequent SNOM study.
In particular, a resolution of 100 nm (~4/7) for the optical luminescent signal was
achieved in our study of QDs with excitation and collection through the aperture.

The results of an experimental SNOM study and a simulation of the emission distri-
bution near the mirror surface of a high-power laser diode are presented. SNOM images
yield an accurate near-field pattern on the laser mirror. However, while moving away
from the emitting mirror, the laser light distribution is disturbed. Because of the parasitic
interference of light between the probe and mirror surfaces, the spatial signal oscillations
appeared masking the emission pattern at the transition to the far-field zone. An asymmet-
ric emission distribution was revealed on the laser mirror surface, in the near field, which
indicates that the odd 1st mode is admixed to the main 2nd mode. A satisfactory agree-
ment was obtained between the simulated and experimental results, which made possible
to determine the quantitative composition of the local near field: the ratio between the
electric field amplitudes of the 2nd and 1st modes and the phase difference.

The demonstrated possibility of solving the inverse problem of reconstructing the
near field by using SNOM data seems to be important for the technology of high-power
semiconductor lasers with controllable mode composition.
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