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The paper reviews our recent achievements in developing a multimode scanning near-field optical microscopy 
(SNOM) technique. The multimode SNOM apparatus allows us to simultaneously measure spatial variations of pho-
toluminescence spectra in the illumination and illumination-collection modes, their transients and sample surface 
morphology. The potential of this technique has been demonstrated on a polar InGaN epitaxial layer and nonpolar 
InGaN/GaN quantum wells. SNOM measurements have allowed revealing a number of phenomena, such as the band 
potential fluctuations and their correlation to the surface morphology, spatial nonuniformity of the radiative and 
nonradiative lifetimes, as well as the extended band nature of localized states. The combination of different modes 
enabled measurements of the ambipolar carrier diffusion and its anisotropy.
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1. Introduction

Photoluminescence (PL) spectroscopy is one of 
the most popular experimental methods for stud-
ies of optical properties, band structure, and de-
fects in semiconductors [1, 2]. Typically, it is per-
formed by focusing excitation onto a sample with 
a lens or a microscope objective. For such far-field 
excitation, the  smallest excitation spot diameter 
and the spatial resolution of the measurement are 
restricted by the diffraction limit to about a wave-
length. Oil immersion objectives and confocal 
microscopy allow increasing the spatial resolution 
by a factor of two, but the resolution limit is still 
defined by the wavelength. To detach the  spatial 
resolution from the wavelength constraints, a con-
ceptually new approach is needed. One of such 
approaches is to use non-propagating near-field 
radiation, which can be confined to a volume with 
dimensions much smaller than the  wavelength. 

Combined with the  scanning probe microscopy 
concept, the scanning near-field PL spectroscopy 
offers a high resolution, non-destructive and ver-
satile method for material characterization [3].

In the  scanning near-field optical microscopy 
(SNOM or NSOM), the  near-field radiation is 
usually produced by launching laser light into 
a thinned, metal coated fibre probe with a typical 
aperture of ~100–150  nm (apertures as small as 
20 nm have been reported [4]). Replacing the fi-
bre probe with a sharp probe without an aperture, 
manufactured from, e.g. metal, Si, diamond or C 
nanotube  [5], allows increasing the  spatial reso-
lution to about 10 nm. However, the apertureless 
SNOM is mostly used for measurements of light 
scattering because methods of spectral measure-
ments are not yet developed to the full extent.

The SNOM technique is by no means limited to 
studies of PL or electroluminescence. Measurements 
of light transmission, reflection and scattering 
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allow studying a wide spectrum of material prop-
erties, such as electronic, vibrational, magnetic 
and optical, including studies of band structure, 
electron and phonon transport, and defects  [3]. 
Compared to cathodoluminescence, a  popular 
technique for high-resolution measurements of 
light emission, the positive distinction of SNOM 
is that it permits wavelength selective excitation 
allowing to address particular regions of a hetero-
structure and a simultaneous mapping of the opti-
cal properties and surface morphology.

In the field of semiconductors, SNOM is particu-
larly useful for studies of alloys, in which even slight 
alloy composition fluctuations may cause consider-
able band potential variations and affect the optical 
and transport properties. Here GaN-based ternary 
nitrides, AlxGa1-xN, InxGa1-xN and InxAl1-xN, stand 
out. Since the band gaps of the binary constituents 
differ by several eV (6.2 eV for AlN, 3.6 eV for GaN 
and 0.7 eV for InN), even minuscule spatial compo-
sition variations induce such effects as the spectral 
broadening [6], spatial nonuniformity of radiative 
and nonradiative recombination times [7], and in-
creased alloy scattering [8]. All of these phenomena 
have a large impact of the efficiency and longevity 
of GaN-based photonic and electronic devices.

Typically, near-field PL measurements are per-
formed by applying excitation through the  probe 

and collecting the  PL signal either through 
the  same probe (illumination-collection, or IC-
mode) or in the far field (illumination, or I-mode), 
often through a  transparent substrate. In most 
cases, a single probe is used. Dual probe technique 
has been developed and applied for studies of am-
bipolar carrier diffusion  [9]; however, for ternary 
nitrides, in which diffusion lengths are of the order 
of 100 nm, such experiments are complicated due 
to mechanical difficulties and the near-field cross-
talk between the closely located probes. As will be 
shown below, the transport parameters can be as-
sessed from single probe measurements as well. In 
that case, though, a multimode SNOM operation is 
required.

In this paper, we review our recent achieve-
ments in development of the  multimode single 
probe SNOM and demonstrate how measurements 
of PL and surface morphology parameters provide 
rich information on the  electronic, transport and 
material growth properties of InGaN epitaxial lay-
ers and quantum wells (QWs).

2. Experiment

The experimental set-up for the  scanning multi-
mode near-field PL spectroscopy is shown in Fig. 1. 
It is based on a  commercial scanning near-field 

Fig. 1. Experimental setup. Reproduced 
with permission from [39]. Copyright 
(2017) American Chemical Society.
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optical microscope Multiview 4000 from Nanonics 
Imaging, Ltd. In all experimental configurations, 
the sample was excited through the probe. PL was 
collected either through the probe, or simultane-
ously through the  probe and a  high numerical 
aperture (0.45) microscope objective located on 
the substrate side of the sample (the I-mode). To 
analyse PL polarization, a linear sheet analyser was 
inserted after the objective. The probes were man-
ufactured from a multimode UV fibre by chemical 
etching (50% HF) and coating with a thin alumin-
ium layer. Typical probe aperture diameters were 
100 to 150 nm. The probe was glued to a quartz 
tuning fork and a constant probe–sample distance 
was maintained using a  shear-force feedback. 
The feedback signal was used to map morphology 
of the sample surface. A  typical scan area varied 
between 5×5 and 20×20 µm2, with a step size be-
tween 50 and 200 nm, respectively.

PL was excited with 2nd harmonic pulses from 
a Ti:sapphire laser with a pulse duration of 150 fs, 
a  pulse repetition rate of 80 MHz and a  central 
wavelength between 320 and 400 nm. PL spectra 
in the I- and IC-modes were measured with two 
spectrometers equipped with liquid N2 cooled 
CCD detectors. For spectrally- and time-resolved 
measurements, the  IC-mode PL beam was split 
by a beam splitter, and the corresponding beams 
directed into the spectrometer and a time-corre-
lated single photon counter (TCSPC). The  spec-
tral resolution of the  measurements was 0.5  nm 
and the temporal response of the TCSPC system 
was 50  ps. The  spectrometers and the  TCSPC 
were synchronized with a SNOM pixel clock; thus, 
the near-field PL spectra in the I- and IC-modes, 
the near-field PL transients in the  IC-mode, and 
the  surface morphology were measured simulta-
neously at each pixel of a scan.

The studied samples were grown on low dis-
location density (~106  cm–2) GaN substrates 
by metalorganic chemical vapour deposition. 
The  100 nm thick epitaxial c-plane In0.09Ga0.91N 
layer on a GaN template was grown at École Poly-
technique Fédérale de Lausanne (EPFL). The sub-
strate was miscut at 0.3 to 0.5° angle towards 
the  [10–10] direction. The  QW structures were 
produced at the  University of California, Santa 
Barbara (UCSB). They were grown on an m-plane 
substrate followed by a 1–2 µm thick Si-doped or 
undoped GaN buffer. The QW thickness was 8 to 

10 nm and the  In content was between 15 and 
18%. The m-plane substrates were either nominal-
ly on-axis or miscut at 1° angle towards the [0001] 
direction. To enable SNOM measurements in 
the  I-mode, the  substrate side of some samples 
was polished by chemical-mechanical polishing. 
The InGaN layers and QWs were fully strained, as 
confirmed by X-ray measurements.

3. Results and discussion

In the following, we illustrate how different modes 
of the scanning near-field PL spectroscopy contrib-
ute to understanding of the material growth, spa-
tial variation of the alloy composition, properties of 
light emission and carrier transport.

3.1. Spectrally-resolved SNOM applied on InGaN 
epitaxial layers

The band potential fluctuations in InGaN QWs 
may be induced by variations of the  alloy com-
position, QW width and strain [10, 11]. To sepa-
rate the composition effect from those of the QW 
width, epitaxial layers were studied.

The band gap variations of the  ternary ni-
trides can be subdivided into those of a large and 
a  small scale providing a  dual localization  [12, 
13]. The large-scale (hundreds of nm to a few µm) 
fluctuations can be traced via spatial variations of 
the PL peak energy. The small-scale fluctuations, 
occurring within several to tens of nm [14], i.e. in 
areas much smaller than the SNOM probe aper-
ture, can be evaluated indirectly via the linewidth 
of the emission spectrum [13]. The latter is deter-
mined by the  homogeneous broadening defined 
by carrier interaction with phonons and the inho-
mogeneous broadening induced by band potential 
fluctuations.

In partially relaxed layers, the  InGaN alloy 
composition has been found to be nonuniform 
in the  growth direction because of the  varying 
strain  [15]. The  alloy composition may also ex-
perience lateral variations due to the  presence 
of extended defects that induce the  lateral strain 
variation [16, 40]. Moreover, there have been sug-
gestions that variations of the  alloy composition 
may also be linked to the surface morphology, as 
shown for InGaN QWs [18–20]. Using SNOM, we 
investigate this effect in the InGaN layer.
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Figure 2 displays maps of the  surface mor-
phology, its gradient in the  horizontal direction, 
and PL peak energy. The  morphology map and 
large area scans  [21] indicate that the  surface is 
covered by large undulations that are parallel to 
the miscut direction and laterally spread over tens 
to hundreds of µm. The undulations are observed 
on samples with and without the  InGaN layer, 
i.e. they originate from the  GaN template. They 
emerge during the  step-flow growth due to step 

meandering that occurs because of the  Ehrlich–
Schwöbel barrier for adatom movement down 
the monolayer steps [21].

By inspecting the maps of Fig. 2, one can no-
tice a  strong correlation between the  maps of 
the morphology gradient and the peak PL energy. 
The correlation graph for these parameters is pre-
sented in Fig. 3. The absolute value of the Pearson 
product-moment coefficient for this correlation is 
large, r = –0.63. Since the peak energy is directly 

Fig. 2. Maps of the surface 
morphology (a), its gra-
dient along the x axis (b) 
and PL peak energy (c). 
Part (d) displays the spec-
tra recorded at points in-
dicated on the map (c).

Fig. 3. Correlation of the PL peak energy 
with the morphology gradient in the di-
rection perpendicular to the  GaN tem-
plate meanders.∇x morphology
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Fig. 4. High resolution AFM scan of a  meander re-
gion showing the  divergence of growth steps from 
the crystallographic axis on slope 2.

related to the  alloy composition, the  correlation 
shows that different slopes of the meanders have 
a  different In content. The  average peak energy 
for the  different GaN meander slopes differs by 
as much as 80 meV, which corresponds to the In 
content variation of 0.02, or ~25% of the average 
In percentage. This is also reflected in the PL spec-
tra from the different slopes, shown in Fig. 2(d).

The difference of In content on the  different 
slopes of undulations can be related to the  sur-
face morphology. A  high resolution atom force 
microscopy (AFM) map  [22] is presented in 
Fig. 4. The map shows that the surface is covered 
with steps that are characteristic of the step-flow 
growth mode  [21]. GaN and InGaN are grown 
in nitrogen-rich conditions; hence, velocity of 
the step growth is determined by the cation incor-
poration rate. This rate is different for plane edg-
es with a  different number of dangling nitrogen 
bonds that can be either one or two [23]. The cru-
cial feature of the steps shown in Fig. 4 is that on 
one side of the  meander (slope  1) the  steps are 
aligned along the crystallographic axis ([1–100] for 
the miscut direction perpendicular to the nonpo-
lar (10–10) plane), while on the other side (slope 2) 
they are not. This means that on slope 2 step edges 
have a  zigzag shape (with typical dimensions of 
~10  nm; hence, not resolved in Fig.  4). Conse-
quently, in slope 1 step edges mostly contain ni-
trogen atoms with two dangling bonds, while on 
slope 1 N atoms with single and double bonds are 

present. This must have an effect on the  indium 
incorporation because In atoms are preferentially 
adsorbed at sites with a  smaller number of dan-
gling N bonds (an energetically more favourable 
configuration [24]). Consequently, the In content 
on slope 2 would be higher, just as observed in 
the experiment.

3.2. Time-resolved SNOM

Below we demonstrate how the  time-resolved 
SNOM allows mapping parameters of PL dynam-
ics as well as of radiative and nonradiative recom-
bination times. The  experiments are performed 
on nonpolar m-plane InGaN/GaN quantum wells 
that are promising for LED and laser applications.

Commercial GaN-based laser and light emit-
ting diodes are based on c-plane InGaN QWs with 
the  growth direction parallel to the  polar c axis. 
However, such QWs have a  serious drawback, 
namely, large, ~1 MeV/cm transverse electric field 
caused by the  difference of the  spontaneous and 
piezoelectric polarizations of well and barrier ma-
terials. The field separates electrons and holes lo-
cated in the  QW and decreases the  rate of their 
radiative recombination. This makes the recombi-
nation more susceptible to nonradiative processes 
reducing the internal quantum efficiency. Hence, 
at the expense of an increased carrier density and 
a potentially increased Auger recombination, nar-
row, ~2–3 nm thick QWs must be used. To avoid 
these drawbacks, nonpolar QWs with the c axis ly-
ing in the QW plane were proposed [25]. Indeed, 
in such QWs, even as wide as 10 nm, the radiative 
lifetimes are short, of the order of 1 ns [26]. Yet, 
the ideal picture of an m-plane QW, used in device 
simulations, does not take into account the band 
potential fluctuations and in-plane electric fields 
originating from the non-planarity of QW inter-
faces  [27, 28]. These nanoscopic fields might lo-
calize electrons and holes at separate sites affect-
ing the  wave function overlap and the  radiative 
recombination time.

Figure 5 presents a few PL transients and spec-
tra measured at different points of a scan. As can 
be noticed, the transients and spectra experience 
considerable spatial variations. Measuring PL 
transients at each point of the  scan allows plot-
ting maps of the  PL decay time τPL (evaluated 
from a  single-exponential fit) and the  transient 
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amplitude Imax. These maps were subsequently used 
to calculate maps of the radiative τR and nonradia-
tive τNR lifetimes [7]. For that purpose, an average 
room temperature radiative lifetime was evaluat-
ed from far-field time-resolved PL measurements 
performed with a streak camera for temperatures 
between 4 and 300 K. In the evaluation, the peak 
of the PL transient was considered inversely pro-
portional to τR  [26, 29], and the  recombination 
at 4 K and early times after the excitation was as-
sumed to be purely radiative. Such a  procedure 
provided the  average radiative recombination 
time of 1.9  ns. It served to normalize the  radia-
tive lifetime map that was calculated from the in-
verted transient amplitude map using the relation 
1/τR ∝  Imax [26]. The nonradiative lifetime values 
for each point of the  scan were calculated from 
the maps of the radiative and PL lifetimes follow-
ing 1/τNR =1/τPL –1/τR.

The maps of the recombination times are pre-
sented in Fig.  6. The  figure also shows maps of 
the morphology gradient and integrated PL inten-
sity. One can notice that both, the  radiative and 
nonradiative lifetimes are position dependent. 
The spatial radiative lifetime variations originate 
from varying electron and hole wave function 
overlap. In InGaN QWs, localization of holes is 
much stronger than that of electrons because of 
the larger effective mass [29], and electron locali-
zation at room temperature is often ignored. Our 
data explicitly demonstrate that this assumption 
is not correct.

The largest deviation of the radiative lifetimes 
from the  average value occurs at steep hillock 
facets with a  negative slope towards the  +c axis. 
The  increased radiative lifetime signals that in 
these regions the average electron and hole wave 
function overlap is smaller, and, consequently, 
the  electron localization is stronger. The  in-
creased spatial separation of electrons and holes 
on the steepest +c slopes may occur due to locally 
rougher QW interfaces. Nonuniform interfaces 
induce in-plane electric fields that may sepa-
rate photoexcited electrons and holes resulting 
in their localization at different potential mini- 
ma [27, 28].

The spatial variation of τNR signals that spatial 
distribution of the  nonradiative recombination 
centres is nonuniform. The  nonradiative life-
time map has a  significant anticorrelation with 
the  map of the  peak wavelength (r  =  –0.41)  [7]. 
Since the  regions with a  longer peak wavelength 
have a higher average In content, the correlation 
shows that an increase of the In content is accom-
panied by a  higher concentration of the  nonra-
diative recombination centres, presumably point 
defects.

Apart from the  +c slopes of the  on-axis QW, 
correlations of τR and τNR with the  morphology 
and its gradient are small. This demonstrates that 
other morphology features (hillock planes, stria-
tions) have little effect on the electron localization 
and the spatial distribution of the impurities and 
point defects in m-plane QWs.

Fig. 5. 300  K near-field PL transients 
and spectra at selected points of a scan. 
Reproduced with permission from [7]. 
Copyright (2017) American Institute 
of Physics.
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3.3. Polarization-resolved SNOM for studies of 
localized states in m-plane InGaN quantum wells

Another near-field PL parameter that, so far, has 
been largely overlooked, is the polarization. Below 
we show an example how analysis of the  spatial 
distribution of the emitted polarization allows as-
sessing properties of localized states and defects. 
It also provides information on the band structure 
of bulk materials and QWs [20].

In polar c-plane InGaN layers and QWs, 
the emitted PL is unpolarized. For nonpolar and 
semipolar crystallographic configurations, PL is 
elliptically polarized. A  common parameter to 
analyse this polarization is the  degree of linear 
polarization, defined as DLP = (I^ – I||) / (I^ + I||), 

where I^ and I|| are PL intensities for polarizations 
perpendicular and parallel to the  projection of 
the  c  axis to the  layer plane. The  polarization of 
the optical transitions originates from the aniso-
tropy of strain in an InGaN layer grown on the lat-
tice mismatched GaN [31]. Predominant polariza-
tion for the  transition to the  uppermost valence 
band is E^c and to the second band E||c. The split-
ting between the two topmost hole bands increas-
es with strain; thus, increasing the InN molar frac-
tion in an m-plane InGaN layer results in a larger 
valence band separation. Quantum confinement 
modifies the valence band states, however, the two 
uppermost levels originate from the first and sec-
ond bands in the bulk material maintaining the se-
lection rules. The  DLP is related to the  thermal 

Fig. 6. SNOM maps of radiative (a) and nonradiative (b) lifetimes, topography gradient along the c axis (c) 
and integrated PL intensity (d) for the m-plane InGaN QW. Reproduced with permission from [7]. Copyright 
(2017) American Institute of Physics.
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energy kT and the intervalence band energy ∆E via 
the equation [20]

DLP = (1 – β exp(–∆E / (kT))) / (1 + β exp(–∆E / (kT))),

where β is a composite parameter that depends on 
the ratio between the matrix elements of the con-
sidered interband transitions and the ratio between 
the  joint densities of states of the  corresponding 
band levels.

In m-plane InGaN QWs, the  band potential 
variations are large, and recombination predomi-
nantly takes place from the  localized states. This is 
evidenced by the large shift of 230 meV for the E⊥c 
PL peak for temperatures between 4 and 300 K [20], 
which is much larger than the shift of the GaN band 
gap (70  meV  [31]). This difference indicates that 
the  shift of the  QW peak is primarily determined 
by the  carrier redistribution between the  localized 
states rather than by the band gap shrinkage.

The origin of the  localized states, e.g. random 
alloy composition fluctuations, cation clustering, 
local strain relaxation at extended defects, etc., 
should have an imprint on the emitted light polari-
zation. Consequently, by studying spatial variations 
of the  PL polarization with a  high spatial resolu-

tion, information on the properties of the localized 
states could be obtained. Moreover, since localiza-
tion and defects may depend on the surface mor-
phology [19], SNOM measurements of the spatial 
variations of light emission and the  morphology 
could explicitly reveal relations between growth 
and the origin of the localized states.

When measuring PL polarization with SNOM, 
one should bear in mind that the IC-mode is not 
an appropriate experimental configuration. This is 
because the  near-field of radiation contains both 
transverse and longitudinal components [32], and 
PL polarization collected through a  fibre probe 
cannot be analysed in terms of the polarization of 
a plane wave. However, the PL polarization can be 
assessed using a different experimental configura-
tion, namely, the I-mode, in which PL is a propa-
gating radiation in the far-field. In the experiment, 
the DLP map was calculated from spectrally inte-
grated PL intensity maps measured in subsequent 
scans for perpendicular analyser positions. Small 
variations of the  scanned area were corrected by 
comparing surface morphology maps recorded si-
multaneously with the PL measurements.

Figure  7 displays the  maps of the  surface 
morphology, the  PL peak wavelength for E^c  

Fig. 7. 10×10  µm2 maps of 
sur face morphology (a), peak 
wavelength  (b), DLP  (c) and 
selected spectra for PL polari-
zation perpendicular and par-
allel to the  c axis  (d). Repro-
duced with permission from 
Ref.  20. Copyright (2017) 
American Physical Society.
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polarization, the DLP and typical near-field spec-
tra for both polarizations. The blue shift of the E||c 
spectrum with respect to the E^c spectrum reflects 
the prevailing transitions to the first and second va-
lence band levels, respectively. As the  conduction 
band has the  s-type symmetry, the  DLP is deter-
mined by the properties of the valence band.

As can be seen from Fig. 7(c), the DLP is large 
despite that PL is emitted from the  deep localized 
states. This explicitly shows that the localized states 
are not caused by states of a different symmetry such 
as defects, In-rich quantum dot like formations or 
inclusions of a semipolar phase [29, 33, 34], but have 
the same properties as the corresponding bands.

More insight into the  DLP of transitions re-
lated to deep and shallow localized states can be 
obtained by subdividing the  broad PL band into 
three Gaussian components. Constraints applied 
in the  deconvolution were the  following: a)  peak 
energies and linewidths for the  constituent peaks 
were the same for E^c and E||c spectra measured 
at a particular point of a scan; b) the peak energy 
of an E^c spectrum was set as the peak energy of 
the middle peak; c) the peak energy of high ener-
gy peak was chosen as the peak energy of the E||c 
spectrum. The peak energy of the long wavelength 

peak, reflecting contribution of the deep localized 
states, was obtained from the best fit. The linewidth 
and intensity values of the constituent peaks were 
allowed to vary as free parameters.

Let us discuss the DLP maps related to the mid-
dle and the  long wavelength components. The  lat-
ter is related to the deep localized states. The DLP of 
the main peak has a little spatial variation with an av-
erage value of 0.94 and a standard deviation of 0.02. 
The division of the near-field PL peaks into the three 
components largely eliminates the  contribution 
of transitions to the  2nd valence band level, and 
the main peak DLP reflects properties of the ground 
state transitions. The largest DLP value is as high as 
0.98, showing that the transition is fully polarized, as 
suggested by the calculations for ideal bands with-
out the band potential fluctuations  [34]. The main 
peak DLP is close to the largest values measured for 
nonpolar and semipolar InGaN QWs [29, 33–35] at 
low temperatures, at which thermal population of 
the 2nd valence band level is negligible.

For the long wavelength peak, the average DLP 
is smaller and the standard deviation is larger (0.7 
and 0.2, respectively). In some spots the DLP is close 
to zero, as pointed by white arrows on the map of 
Fig. 8(d). Clearly, the symmetry properties of these 

Fig. 8. Deconvolution 
of the  PL spectra for 
E^c  (a) and E||c  (b) 
polarizations, and DLP 
maps for the  main (c) 
and low energy (long 
wavelength) peak  (d). 
Re pro duced with per-
mis sion from [20]. 
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states are different from those of the  ideal bands. 
Our near-field data suggest that these regions 
might be related to the  strain relaxation around 
dislocations because the DLP is much lower than 
expected for the  semipolar phase inclusions  [35, 
36]. Besides, in these areas the peak wavelength is 
longer, as should be expected for the strain-relaxed 
regions. One should note, however, that these spots 
are observed only for the long wavelength PL com-
ponent, which accounts for just a  few percent of 
the overall PL, and do not have low DLP analogues 
in the main peak map.

3.4. Combined multimode SNOM for optical 
measurements of carrier diffusion

Lateral equilibration of the  injected carrier con-
centration in QWs that form an active region of 
a  light emitting or laser diode is a  process criti-
cal for an efficient operation and long lifetime of 
these devices. Here, because of the  large hole ef-
fective mass, the hole diffusion is the limiting fac-
tor. An efficient hole diffusion is especially critical 
for the  ternary nitride QW devices because it is 
strongly affected by the large band potential fluc-
tuations and hole localization.

Typically, diffusion parameters are evaluated 
from electrical mobility measurements in p-type 
materials. For III-nitrides, because of the  high 
binding energy and the low activation level of Mg 
acceptors, heavy doping is required. The  doping 
increases concentration of defects and ionized im-
purity scattering, which results in lower mobility 
values as compared to intrinsic or lightly doped 
materials. An alternative approach is to use con-
tactless methods that rely on an optical detection 
of carrier motion. A popular technique to evalu-
ate diffusion length is to measure an increase of 
the  luminescing area with respect to the  excita-
tion spot  [37]. However, this method is limited 
to materials with large diffusion lengths. For 
a diffusion length of the order of 100 nm, the lu-
minescing spot is barely larger than the  excited 
area. Diffusion measurements using a  transient 
grating require high power pulses and, therefore, 
may be affected by heating effects [38]. Moreover, 
the grating method has a limited spatial resolution 
as well. Compared to the mentioned techniques, 
SNOM stands out because it allows a small excita-
tion spot far beyond the diffraction limit. A two-

probe experiment, in which one stationary fibre 
probe is used for an optical carrier injection and 
another one scans the sample collecting PL emit-
ted by the diffused carriers, is the most straight-
forward approach [9]. However, for small, sub-µm 
diffusion lengths, this technique becomes very 
complicated because of the mechanical difficulties 
in positioning the probes close to each other and 
the near-field interaction between them.

Below we describe a single probe based SNOM 
technique that allows measuring diffusion pa-
rameters and their anisotropy using multimode 
SNOM operation [39]. Scanning over small, µm-
size areas the  technique allows measuring local 
diffusion parameters. The method is demonstrat-
ed for a nonpolar m-plane InGaN/GaN quantum 
well.

The method is based on the comparison of PL 
intensity maps measured in the IC- and I-modes. 
The  difference between these modes is that in 
the  IC-mode recorded PL is generated only by 
carriers that, during their lifetime, remain under 
the probe. For the I-mode, all the photogenerated 
carriers contribute to the measured signal. As a re-
sult, the PL intensity measured at a point in the IC-
mode is affected by the radiative and nonradiative 
recombination times at the  measurement point 
and the  diffusion. For the  I-mode, parameters 
that determine the  PL intensity are the  recom-
bination times at the measurement point and its 
surroundings.

To evaluate the  diffusion parameters, we de-
veloped the following method. First, PL intensity 
maps in the IC- and I-modes as well as PL tran-
sients, providing amplitude and decay time maps 
were measured. The  latter were used to build 
maps of the  radiative and nonradiative recom-
bination times, as described in Subsection  3.2. 
Then, the maps of τR and τNR were used as a basis 
to simulate PL intensity maps in I- and IC-modes 
using an iteration procedure described in [39]. In 
the  simulation, the  independent components of 
the diffusion tensor parallel and perpendicular to 
the  c axis were treated as adjustable parameters. 
To simplify the calculations, the carrier recombi-
nation and diffusion were treated as separate pro-
cesses alternating in small time steps. The calcu-
lated diffusion coefficient values are achieved by 
minimizing the difference between the calculated 
and measured PL maps. As can be seen from Fig. 9, 
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the match between the measured and the calculat-
ed PL intensity maps is excellent. The high repeat-
ability of the results achieved in subsequent runs 
supports reliability of the method.

The  calculated ambipolar diffusion coefficient 
components are D||c = 0.4 cm2/s and D^c = 1.9 cm2/s. 
The ambipolar process is governed by the slower 
holes with Damb  ≈  2Dh. The  ambipolar diffusion 
in the  m-plane InGaN QW is anisotropic and 
almost 5 times faster along the  [11–20] (a) direc-
tion than along the  [0001] (c) direction. Since 
the hole diffusion coefficient is inversely propor-
tional to the hole effective mass, the measured dif-
fusion anisotropy suggests that the hole effective 
mass is highly anisotropic. Indeed, the k · p band 
structure calculations for m-plane InGaN layers 
and QWs show that two top-most valence bands 
experience a  strong dispersion anisotropy near 
the centre of the Brillouin zone [36, 40]. The cal-
culated effective mass in the ground valence band 
level for the bulk m-plane In0.15Ga0.85N and the 3 m 
In0.15Ga0.85N/GaN QW is about 5 times smaller in 
the a direction. For the QW, the numerical values 
are 0.38m0 and 1.91m0, respectively  [40]. Diffu-
sion anisotropy, obtained in our experiments, is 
in excellent agreement with the calculated aniso-
tropy of the effective mass.

4. Conclusions

A multimode scanning near-field microscopy 
technique has been described and its potential 
demonstrated on the  InGaN epitaxial layer and 
InGaN/GaN QWs. Different SNOM modes have 
allowed revealing a number of phenomena, such 
as the  band potential fluctuations and their cor-
relation with the surface morphology, the spatial 
nonuniformity of the  radiative and nonradiative 
lifetimes, as well as the extended band nature of 
the localized states. Combination of the different 
SNOM modes enabled measurements of the short 
distance ambipolar carrier diffusion and its ani-
sotropy. All these examples demonstrate SNOM 
as a  versatile technique allowing one to access 
a multitude of material parameters and study their 
spatial distribution with a high spatial resolution.
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DAUGIAKANALė SKENUOjANTI ARTIMO LAUKO FOTOLIUMINESCENCIjOS 
SPEKTROSKOPIjA IR jOS TAIKYMAS InGaN EPITAKSINIų SLUOKSNIų IR 

KvANTINIų DUObIų TYRIMUI 

S. Marcinkevičius, T.K. Uždavinys, R. Ivanov, M. Mensi

KTH Karališkasis technologijos institutas, Kista, Švedija

Santrauka
Aptariami pastarųjų metų pasiekimai plėtojant 

daugiakanalę skenuojančios artimo lauko optinės mi-
kroskopijos (SAOM) metodiką. Naudojant šį eksperi-
mentinį metodą tuo pat metu galima skenuoti dvimatį 
fotoliuminescencijos spektrų ir jų dinamikos pasiskirs-
tymą ir bandinio paviršiaus morfologiją. Skenuojančios 
daugiakanalės mikroskopijos galimybės iliustruojamos 
polinių InGaN epitaksinių sluoksnių ir nepolinių In-

GaN / GaN kvantinių duobių tyrimais. SAOM ekspe-
rimentai sudarė galimybes ištirti dvimates energijos 
juostų potencialo variacijas, jų fizikinę prigimtį ir ko-
reliaciją su bandinio paviršiaus morfologija. Taip pat 
buvo pademonstruotas spindulinės ir nespindulinės 
rekombinacijos laikų erdvinis netolygumas. Galiausiai 
parodyta, kaip matuojant keliais SAOM režimais tuo 
pat metu galima įvertinti ambipolinę krūvininkų difu-
ziją ir jos anizotropiją.
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