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Evidence of nanoscale Anderson localization induced by intrinsic compositional disorder
in InGaN/GaN quantum wells by scanning tunneling luminescence spectroscopy
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We present direct experimental evidence of Anderson localization induced by the intrinsic alloy compositional
disorder of InGaN/GaN quantum wells. Our approach relies on the measurement of the luminescence spectrum
under local injection of electrons from a scanning tunneling microscope tip into a near-surface single quantum
well. Fluctuations in the emission line shape are observed on a few-nanometer scale. Narrow emission peaks
characteristic of single localized states are resolved. Calculations in the framework of the localization landscape
theory provide the effective confining potential map stemming from composition fluctuations. This theory explains
well the observed nanometer scale carrier localization and the energies of these Anderson-type localized states.
The energy spreading of the emission from localized states is consistent with the usually observed very broad
photo- or electroluminescence spectra of InGaN/GaN quantum well structures.
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InGaN quantum wells (QWs), the active regions of nitride-
based LEDs, display broad photo- or electroluminescence
spectra. The emission is assumed to be inhomogeneously
broadened due to contributions from material regions with
different eigenenergies associated with fluctuations of the In
content. Spatial variations of emission intensities and/or ener-
gies were previously observed in nitride semiconductor struc-
tures by confocal microscopy [1], scanning near-field optical
microscopy [2,3], or cathodoluminescence microscopy [4–6].
Emitting domains of either micron or submicron (typically
100 nm) size have been evidenced so far. While significant
energy shifts due to these rather large-scale fluctuations were
observed, no linewidths below 100 meV at room temperature
were detected. These large-scale luminescence fluctuations
are usually associated with growth inhomogeneities seen for
instance by atomic force microscopy. However, in the case
of random atom positioning in the alloy crystal [7], modeling
predicts that the compositional disorder should induce Ander-
son localization in regions of a few nm size [8–14]. Moreover,
emission from such single localized states is expected to exhibit
a narrow linewidth of a few tens of meV at room temperature,
i.e., comparable to what was observed from single GaN
quantum dots [15]. Such emission features exhibiting size and
spectroscopic signatures characteristic of carrier localization
induced by the alloy disorder have not been evidenced up to
now.

Here we report on the observation of fluctuations in the
luminescence spectrum on the scale of a few nm as expected
for such localization effects. Our approach is based on scanning
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tunneling luminescence (STL) microscopy [16], which allows
luminescence measurements under local carrier injection with
a nm scale resolution. In order to reach the required spatial
resolution, we used p-type single InGaN/GaN QW structures
with a thin top GaN layer separating the QW from the injecting
tip of the scanning tunneling microscope (STM) and we
analyzed the spatial variations in the luminescence spectrum
when scanning the tip by steps of a few nm. At each tip
position a small material volume is excited which contains
only a few localization regions. Large changes in the emission
line shape are observed over distances as short as the scanning
step. Narrow peaks corresponding to the emission from single
localized states at room temperature are resolved. Calculations
based on the localization landscape theory [12–14] support
the interpretation in terms of compositional disorder-induced
localization.

The samples schematized in Fig. 1 (inset) were grown
by metalorganic chemical vapor deposition on a 0.2◦ miscut
(0001) sapphire substrate. The InGaN QW is separated from
the surface by a GaN three-layer stack consisting of an
unintentionally doped (UID) spacer, a p-doped layer and a
p+-overdoped cap. Two structures, hereafter referred to as
S10 and S90, were grown, respectively, with a 10 nm and
a 90 nm thick p-GaN layer. The nominal In content in the
3 nm thick InGaN QW is 18%. The photoluminescence spectra
of the two samples (Fig. 1) exhibit the characteristic blue
emission with a slight shift due to different actual sample
compositions and/or to large-scale inhomogeneities. The full
width at half maximum (FWHM) of these two spectra is about
150 meV, as usually observed. A patch Ohmic contact was
processed on the GaN surface in order to apply the tunneling
bias Vb between the STM tip and the sample. After chemical
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FIG. 1. Photoluminescence spectra of InGaN/GaN QW samples
at 300 K for a 394 nm excitation wavelength. Inset: sample structure;
the thickness d of the p-GaN layer, below the p+-GaN cap, is 10 nm
(resp. 90 nm) in S10 (resp. S90).

cleaning and passivation [17], the STM images of the sample
surfaces (see Supplemental Material [18] ) exhibited ∼150 nm
wide atomically flat terraces separated by (bi)atomic steps and
hexagonal pits (with a density of ∼109cm−2) characteristic
of emerging dislocations on c-plane GaN [19]. Pits-free areas
were selected for STL measurements to avoid artifacts orig-
inating from such defects. STL experiments were performed
at room temperature in the constant tunneling current mode.
Electrons were locally injected into the grounded sample from
the negatively biased STM tip. A 0.6 numerical aperture lens
and a 0.6 mm core diameter optical fiber were used to collect
and guide the luminescence light from the sample backside
to the spectrometer. With a fully opened entrance slit the
spectrometer resolution was 35 meV.

The variation of the spectrally integrated QW luminescence
signal as a function of Vb is plotted in Fig. 2. Similar variations
were obtained on both S10 and S90 (no light was detected
in the QW emission range from a control p-GaN sample
without a QW). For sub-band-gap injection, no luminescence
was detected. The luminescence onset threshold, Vth ≈ 3.6 V,
almost corresponds to the 3.25eV energy separation between
the Fermi level and the conduction band minimum in the
p-GaN layer (see inset in Fig. 2). This slight difference is most
probably due to a potential drop due to the slightly rectifying
character of the patch contact and/or to the access resistance.
Beyond Vth, the luminescence intensity steadily increases up
to 4.5 V, following the usual quadratic variation in (Vb − Vth)2

[20]. Beyond 4.5 V (i.e., ∼1 V above Vth) a plateau is observed
which may result from the electron injection and transport
into upper conduction valleys in the bulk region [21,22]. The
saturation of the luminescence signal might be due to a poorer
capture of electrons from these valleys into the QW or to the
different angle of refraction of electrons injected in the side
valleys [23].

The spectrally integrated luminescence intensity maps (not
shown here) recorded when scanning the tip over the surface
exhibit fluctuations over more than one order of magni-
tude, with very localized features. However, spatial inhomo-
geneities in the luminescence intensity map are not specific for

101

102

103

104

3 3.5 4 4.5 5 5.5

In
te

gr
at

ed
 S

TL
 in

te
ns

ity
 (a

rb
. u

ni
ts

)

Tunneling bias voltage (V)

FIG. 2. Spectrally integrated luminescence intensity as a function
of Vb for a constant tunneling current of 20 nA. The line is a fit by
a function of (Vb − Vth)2 with Vth = 3.6 V. Inset: schematics of the
tip-sample band diagram in real space and of the injection, transport
and recombination process; the extrema of the semiconductor valence
band (VB), conduction band (CB), and conduction side valley (L) are
represented.

localization effects in the QW since they may have
different other microscopic origin (injection efficiency,
transport processes, nonradiative recombination, interface
transmission, . . .). In contrast, the emission spectrum line
shape is specifically related to the recombination process and
carry direct signature of the local potential fluctuations seen by
the electrons in the QW [Fig. 3(a)]. We therefore focus on the
analysis of the spatial fluctuations of the luminescence spec-
trum rather than of the luminescence intensity. Figures 3(c)–
3(e) show three characteristic examples of the evolution of the
locally excited STL spectrum emitted from S10 when scanning
the tip by steps of 5 nm. At each tip position the emission spec-
trum was recorded. These three experiments were performed
with the same tunneling current of 2 nA but at three different
tunneling biases and locations on the sample. In all three exper-
iments, the spectra show significant fluctuations in intensity,
energy, and shape, with multiple peaks rising up and vanishing
along the line scan. Remarkably, narrow emission lines are
resolved which exhibit FWHM of ∼50 meV [Fig. 3(b)], similar
to the 36 meV linewidth measured on single GaN quantum dots
at room temperature [15] when taking into account the 35 meV
resolution of our optical spectroscopy setup. These narrow
contributions are therefore fully compatible with the expected
emission from a single localized state. The relative intensities
of the narrow contributions vary significantly over distances
as short as the 5 nm scanning step. The most intense narrow
contribution in Fig. 3(c) attenuates over a distance of about
10 nm. This indicates that the characteristic size of the carrier
localization domains is of a few nm and that electrons travel at
most over a few localized states. The observed short in-plane
transport distance suggests that the carrier lifetime in the QW
is of the order of the transfer time between localized states. The
transfer time between neighboring localized states by phonon-
assisted tunneling can be hundreds of ps (as was measured in
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FIG. 3. (a) Schematic of the STL experiment showing the electron
injection from the STM tip into the QW which exhibits localization
regions. (b) Narrow STL spectrum characteristic of the emission from
a single localized state. (c)–(e) Evolution of the STL spectrum along
50 nm line scans measured at different locations on S10 with constant
injection current and bias of 2 nA and (c) 4.1 V, (d) 4.8 V, (e) 5.2 V.

GaAs coupled QWs [24,25]), while total electron lifetime of
the same order of magnitude (300 ps) was measured in InGaN
QWs [26]. This somehow contrasts with sizable diffusion in
InGaN QWs deduced from photoluminescence microscopy
techniques [27,28], which probed transport phenomena over
much larger scales corresponding to carriers in delocalized
states. However, the coexistence of diffusing and nondiffusing
carriers due to interface disorder was already observed in GaAs
QWs [29].

The fact that narrow emission contributions corresponding
to single localized states can be detected shows that the STL

FIG. 4. Evolution of the STL spectrum measured on (a) S10 and
(b) S90 along a 250 nm line scan by 5 nm steps for constant tunneling
current and bias of 2 nA and 4.1 V. (c)–(d) Sum of the 50 local spectra
for S10 and S90, respectively.

spatial resolution on S10 is comparable with the size of the
localization regions. Injected electrons first experience the
band-bending region (BBR), and it was demonstrated [20] that,
similarly to the ballistic electron emission microscopy config-
uration [30], overcoming the BBR barrier selects the transmis-
sion of ballistic electrons with small transverse wavevector and
allows STL resolution at the nm level. Beyond the BBR, a short
remaining distance to the QW limits defocusing. In addition,
forward-transported electrons experience the shortest path and
then have a higher probability to reach the QW. Note that a STL
geometry similar to ours was used for studying near-surface
InGaAs QWs in InP [16]. Fluctuations in the STL spectrum
on a scale of a few tens of nm were observed but resolution
was most probably not limited by electron spreading but rather
by the size of the InGaAs/GaAs QW interface islands under
observation, which are known to extend over tens of nm.

When the remaining distance to cross from the BBR to
the QW is large, diffusion should deteriorate the resolution.
Significant differences between S10 and S90 are thus expected.
Figure 4 compares the evolution of the STL spectrum along a
250 nm line scan performed on S10 and S90 for constant injec-
tion current and bias of 2 nA and 4.1 V, respectively. On S10
[Fig. 4(a)], as already discussed, the measured spectra evidence
significant fluctuations with multiple narrow contributions
showing up in different injected area. The sum of the 50 spectra
[Fig. 4(c)] exhibits a line shape that tends toward the 150 meV
wide spatially integrated photoluminescence spectrum (Fig. 1).
This indicates that the emission from an area of the order of
1000 nm2 (assuming a spatial resolution of about 5 nm over
the 250 nm line scan) already averages over many localized
states. Thus, the previous observations of rather large-scale
fluctuations and broad linewidths that were obtained with lower
spatial resolution [1–6] are indeed probably related to sample
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FIG. 5. (a) Calculated 30 nm × 30 nm map of the localization
function 1/u for the electrons at the QW center plane in a structure
corresponding to S10. The black lines indicate the crest lines which
bound the localization regions. (b) Histogram of the local band gaps
calculated from the overlap of the 1/u maps of electrons and holes.
(c) Histograms of the STL peak energies measured along six different
line scans.

growth inhomogeneities (such as may be associated with
fluctuations in the step spacing on the growth surface) and not
to carrier localization induced by the intrinsic alloy disorder.
Note that the large-scale growth-induced fluctuations can be at
the origin of the usual asymmetric line shape of the emission
of InGaN/GaN structures (as seen in [1] from the submicron
analysis of green emitting structures). The spectra measured
along a line scan on S90 [Fig. 4(b)] do not show narrow
emission lines. A single broad peak is systematically observed
which exhibits much less spatial fluctuations than on S10. This
is consistent with the expected electron spreading during the
diffusive transport from the BBR to the QW so that many
localization regions are excited at once in the QW for a given
tip position. Emission fluctuations are thus already largely
averaged in a single locally excited spectrum, and changing the
tip position by a small step only slightly affects the spectrum.
As a consequence, all the spectra measured along the line scan
almost coincide and are very similar (in position and width)
to the summed spectrum [Fig. 4(d)]. Note that previous STL
microscopy studies in nitride devices showed luminescence
intensity fluctuations over a typical scale of 100 nm. In these
early experiments, structures were not compatible with high
resolution because of thick injection layers (100 nm in [31],
200 nm in [32]) and a multiple QW active region [31] or a
single QW capped with a GaN/AlGaN barrier [32].

The scale of 5 nm (the scanning step) over which significant
changes in the STL spectrum are observed on S10 is consistent
with the typical size of the localization regions predicted by
the localization landscape theory [12–14]. According to this
theory, the local density of quantum states in a random potential
can be obtained without having to solve the Schrödinger
equation Ĥψ = Eψ , which is an eigenvalue problem. Instead,
one has to solve a much simpler partial differential equation
with uniform right-hand side, the associated Dirichlet prob-
lem: Ĥu = 1 [33,34]. The solution, called the localization
landscape function u(r), is a positive valued function. It has
been shown that the localized eigenfunctions are essentially
confined within the valley lines of u, or equivalently within

the crest lines of 1/u which acts as an effective potential.
Figure 5(a) shows the two-dimensional cut of the calculated
conduction 1/u map at the center plane of the QW in a sim-
ulated structure corresponding to S10. The black lines follow
the crest of the calculated potential landscape and delimit the
electron localization regions, which exhibit typical size of 4 to
5 nm. The fundamental energy in each localization region �m

can be estimated [12] using the landscape function u only:

E
(m)
0 ≈

∫∫∫
�m

u(r) d3r
∫∫∫

�m
u2(r) d3r

. (1)

A similar localization landscape is obtained for holes, and
each region resulting from the overlap of electron and hole
landscapes is expected to emit a narrow spectrum with a
characteristic transition energy corresponding to the local
effective band gap E

(m)
0e + E

(n)
0h for the m and n electron and

hole overlapping regions. Figure 5(b) shows the histogram
of the local effective band gaps calculated for ten sets of
random distribution of In atoms in a 30 nm × 30 nm area
of the simulated InGaN/GaN structure. The effective band
gaps spread over more than 200 meV. In Fig. 5(c) are plotted
the histograms of the STL peak energy measured along six
line scans on S10 and S90. For spectra showing multiple
contributions, only the most intense one is considered. The
fluctuations of the peak energy for S10 span a range equivalent
to the calculated local effective band-gap fluctuations. For
S90, the histogram is more sharply peaked around the average
emission energy since each locally measured spectrum already
averages the emission of many localization regions.

In conclusion, we have evidenced by STL microspec-
troscopy the emission from single Anderson-type localized
states which form the inhomogeneously broadened InGaN QW
emission. The observed variations in the emission spectra over
distances as short as 5nm are consistent with the fluctuations
expected to be induced by the random compositional disorder
of the QW ternary alloy. Both the spatial and energy scales
of these fluctuations are well described by the localization
landscape theory. Moreover, the decrease in the emission of
single localization regions over typically 10 nm indicates that
in-plane transfer between localized states operates only over
very short distances. This approach can be further applied
to assess the impact of disorder as a function of alloying or
to probe electronic processes at the nanometer scale in near-
surface luminescent structures of other materials exhibiting
disorder of different origins. For instance, studying transport
in the well-known GaAs/AlGaAs QW system whose disorder
originates from the interface steps could allow identification
of the mechanism leading to the mobility edge [29].
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