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ABSTRACT: We report the observation of transverse-mag-
netic-polarized infrared absorption assigned to the s−pz
intraband transition in Ge-doped GaN/AlN nanodisks (NDs)
in self-assembled GaN nanowires (NWs). The s−pz absorption
line experiences a blue shift with increasing ND Ge
concentration and a red shift with increasing ND thickness.
The experimental results in terms of interband and intraband
spectroscopy are compared to theoretical calculations of the
band diagram and electronic structure of GaN/AlN hetero-
structured NWs, accounting for their three-dimensional strain
distribution and the presence of surface states. From the
theoretical analysis, we conclude that the formation of an AlN
shell during the heterostructure growth applies a uniaxial
compressive strain which blue shifts the interband optical
transitions but has little influence on the intraband transitions. The presence of surface states with density levels expected for
m-GaN plane charge-deplete the base of the NWs but is insufficient to screen the polarization-induced internal electric field in
the heterostructures. Simulations show that the free-carrier screening of the polarization-induced internal electric field in the NDs
is critical to predicting the photoluminescence behavior. The intraband transitions, on the other hand, are blue-shifted due to
many-body effects, namely, the exchange interaction and depolarization shift, which exceed the red shift induced by carrier
screening.
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As optoelectronic devices push toward higher efficiencies,
the control of carrier relaxation becomes a key aspect for

device engineering, which is particularly relevant in the case of
intraband/intersubband (ISB) optoelectronics (quantum well
infrared photodetectors, quantum cascade detectors, quantum
cascade lasers). Longer intraband lifetimes have been proven to
exist in laterally confined systems, including quantum dots
(QDs)1−4 and nanowires (NWs).5,6 In the case of NWs, their
large surface-to-volume ratio allows misfit strain to be elastically
released, extending the viable active region size and
composition beyond the limits of planar systems or QDs. For
these reasons, NWs are under study to improve the
performance of THz quantum cascade lasers,7,8 whose
operating temperature is currently limited by nonradiative
scattering processes which quickly depopulate the upper laser
level.
Semiconductor NWs have already become a powerful kind of

nanomaterial with promising applications in electronics,9

optoelectronics,10,11 energy conversion,12,13 and sensorics.14,15

However, not much information has been reported so far on
NW intraband electronic transitions. From the experimental
viewpoint, infrared (IR) optical absorption associated to
intraband transitions between laterally confined states have
been observed in bismuth NWs,16 and intraband effects have
proven relevant to understand the operation of Si-NW field
effect transistors.17 However, conduction band fluctuations
associated to stacking faults and polytypism18−20 have hindered
the realization of intraband optoelectronic devices using self-
assembled GaAs-based heterostructured NWs (bottom-up
approach). As an alternative, intraband electroluminescence
was recently obtained from nanopilars lithographically defined
on a standard GaAs/AlGaAs quantum cascade laser structure
(top-down approach).21

GaN could be a model material for the study of intraband
transitions in heterostructured NWs, since the presence of
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stacking faults or extended defects can be limited to the first
hundred nanometers close to the substrate. III-nitrides have
recently emerged as promising semiconductors for new
intraband devices.22−24 GaN is transparent over a large spectral
region, notably for wavelengths longer than 360 nm, reaching
into the far-IR, excluding the Restrahlen band (from 9.6 to 19
μm). Additionally, the large energy of GaN’s longitudinal-
optical (LO) phonons (92 meV) opens prospects for high-
temperature THz quantum cascade lasers and intraband devices
covering the 5−10 THz band, inaccessible to As-based
technologies due to phonon absorption. Furthermore, their
large conduction band offset (about 1.8 eV for GaN/AlN25−27)
and subpicosecond intraband relaxation times28−31 render them
appealing materials for ultrafast photonic devices from the near
to the far-IR.32,33 Currently, ISB absorption in GaN/AlGaN
quantum wells (QWs) can be tuned from 1.0 to 10 μm,34−39

and in the THz range (>20 μm).40−42 Room-temperature
transverse-magnetic (TM) polarized near-IR intraband absorp-
tion in GaN/AlN QDs has also been reported.1−4 This
absorption was attributed to transitions from the ground state
of the conduction band, s, to the first excited electronic state
confined along the growth axis, pz. The lateral confinement in
the QDs gives rise to additional transitions that react to
transverse-electric (TE) polarized excitation. The optical
signature associated to s−px,y was observed in the mid-IR by
Vardi et al.4 using in-plane electronic transport at low
temperatures. However, shifting the s−pz transition toward
the mid- or far-IR is hindered by the requirement of lattice
mismatch for the QD formation following the Stranski−
Krastanov growth mode. Regarding GaN NWs, the only
experimental result has been reported by Tanaka et al.,43 who
observed polarization-dependent near-IR absorption in a
sample containing GaN/AlN (1 nm/2.7 nm) NW hetero-
structures. Furthermore, the feasibility of electron transport via
quantized levels in the conduction band of GaN/AlN
heterostructured NWs was demonstrated by the fabrication of
resonant tunneling diodes.32,33

In this Letter, we first present a theoretical study of the
intraconduction-band electronic structure of GaN/AlN hetero-
structured NWs, accounting for the strain distribution and the
presence of surface states. Then, we report the experimental
observation of TM-polarized IR absorption assigned to the s−
pz intraband transition in Ge-doped GaN/AlN nanodisks
(NDs) inserted in self-assembled GaN NWs grown on Si(111)
by plasma-assisted molecular-beam epitaxy (PAMBE). The s−
pz absorption line experiences a blue shift with increasing ND-
doping level and a red shift with increasing ND thickness. The
experimental results in terms of interband and intraband
spectroscopy are compared with the theoretical calculations,
and the inclusion of many-body effects is found to be critical in
estimating the electronic transitions. Carrier screening of the
polarization-induced internal electric field is critical for
understanding the photoluminescence (PL) behavior of the
NDs, and the intraband transitions are blue-shifted from the
exchange interaction and depolarization shift, which overpower
the red shift induced by carrier screening.
Theoretical Calculations. Three-dimensional (3D) calcu-

lations of the NW strain state, band diagram, and quantum
confined states were performed using the Nextnano3
Schrödinger-Poisson equation solver.44 The parameters used
for GaN and AlN calculations are summarized in a previous
paper.45 We assumed a residual n-type doping ND = 5 × 1017

cm−3, and the dopant concentration in the GaN NDs was ND =

5 × 1019 cm−3. The NW was defined as a hexagonal prism
consisting of a long (50 nm) GaN section followed by a
sequence of 14 AlN/GaN stacks and capped with 18 nm of
GaN. The growth axis was [000−1].46,47 The NW GaN base
radius was simulated to be 20 nm. The structure was defined on
a GaN substrate, to provide a reference in-plane lattice
parameter. The NW GaN base and the AlN/GaN hetero-
structures were laterally surrounded by an AlN shell,48 and the
whole structure was embedded in a rectangular prism of air,
which permits elastic deformation. A schematic view of the
structure excluding and including the AlN shell is presented in
Figure 1a and b, respectively.
The 3D strain distribution was calculated by minimization of

the elastic energy48,49 through the application of zero-stress
boundary conditions at the surface, which allowed the NW to
deform in all three spatial directions. Figure 1a and b displays
cross-sectional views of the strain components along the ⟨0001⟩
direction, ezz, and along the <11−20> direction, exx, for a NW
containing a 4 nm/4 nm GaN/AlN sequence, excluding and
including a 5-nm-thick AlN shell, respectively. Figure 1c
compares the ezz profile in both cases. In the absence of a shell,
the heterostructure evolves toward an equilibrium situation
where the GaN NDs are compressively strained and the barriers
are tensile strained. In the center of the NW, the relationship
between ezz = −1.23% and exx = 0.66% approaches the biaxial
strain configuration (ezz/exx = −2c13/c33 ≈ 0.5327, with the
elastic constants c13 = 106 GPa and c33 = 398 GPa for GaN50).
However, at the air−NW interface, the structure is almost fully
relaxed. The presence of an AlN shell results in the application
of a uniaxial compressive stress along ⟨0001⟩. As a result, in the
center of the NDs, exx = −1.28% is still dominated by the
pseudomorphic axial heterostructures, but the deformation
along the growth axis is reduced to ezz = 0.006%.
For the calculation of the band profiles the spontaneous

polarization and the piezoelectric fields resulting from the strain
distribution were taken into account. The effect of surface states
was simulated by introducing a two-dimensional (2D) charge
density at the air/NW interface. We considered a surface charge
of σ = −2 × 1012 cm−2, which is a low value for a chemically
clean GaN m-surface according to the measurements of Bertelli
et al.51 Figure 2a displays the conduction band profile at the
center of the NW, comparing the cases of a NW
heterostructure including and excluding the AlN shell, with
and without surface states. The presence of surface charges fully
depletes the GaN NW base, in agreement with previous studies
and calculations.47,52−54 The difference between the GaN
polarization and the average polarization of the GaN/AlN
heterostructure results in the formation of a depletion region at
the base/heterostructure interface and an accumulation region
at the heterostructure/cap layer interface. The GaN/AlN
sequence presents the sawtooth profile characteristic of GaN/
AlN superlattices, due to the spontaneous and piezoelectric
polarization differences between GaN and AlN. The effect of
surface charges in the heterostructure region is negligible; that
is, the density of surface states considered is not enough to
screen the polarization effect. Given the N polarity of the NW,
the internal electric field in the NDs shifts the conduction band
ground state toward the base of the NW, whereas the valence
band ground state is shifted toward the top of the NW. The
magnitude of the electric field is not significantly affected by the
presence of the AlN shell, and it remains at 4.7 ± 0.1 MV/cm
for all of the NDs, identical to the value expected for GaN/AlN
(4 nm/4 nm) QWs. This is due to the fact that the change in
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piezoelectric polarization in the GaN NDs is compensated by
the corresponding change in the AlN barriers.
The conduction (valence) band profiles along <11−20>

obtained near the top (bottom) of a GaN ND are presented in
Figure 2 for the cases of (b) a NW without shell and (c) a NW
with a 5-nm-thick AlN shell. Results with and without surface
states are indistinguishable in both cases. Cross sections of the
squared wave functions, |Ψ(r)|,2 for the lower confined level in
the conduction band and the higher confined level in the
valence band are included. Conduction band profiles were
taken at different heights within the GaN ND. Starting from the
bottom of the ND, and moving upward, the conduction band

profile can be seen at different points throughout the ND, as
illustrated with dashed lines. At the bottom of the ND, the
potential minimum is located at the center of the NW, whereas
at the top of the ND, the potential minimum is located near the
surface or at the ND/AlN-shell interface, that is, when
migrating from the bottom to the top of the ND, the
conduction band profile seems to inflate in the center. The
addition of the AlN shell induces band pinning at the ND/AlN-
shell interface, in conjunction with an increased rate of
conduction band inflation. This band profile evolution is a
direct consequence of the radial strain distribution in the ND.
Figure 2d describes the evolution of the band-to-band

transition in the ND as a function of the ND thickness,

Figure 1. (a) From top to bottom, schematic material description of
the simulated structure and cross-sectional views of the ezz and exx
strain components for a NW without AlN shell. The simulated NW
incorporates 14 GaN/AlN (4 nm/4 nm) sections, and it has a radius
of 20 nm in the <11−20> direction. Left: cross-sectional view along
[1−100] at the center or the NW. Right: cross-sectional view along
[0001] taken at the center of the eighth GaN ND (vertical dashed line
on the left). (b) The same for a nanowire with a 5-nm-thick AlN shell
as indicated in the schematic material description. (c) Comparison of
the ezz profile at along ⟨0001⟩ down the center of the NW, for a
structure without shell and one with a 5-nm-thick AlN shell.

Figure 2. (a) Simulated conduction band profile along ⟨0001⟩ at the
center of the NW for structures with and without shell, with and
without surface states. Below, conduction (valence) band profiles
obtained at the bottom (top) of the eighth GaN ND in (b) a NW
without shell and (c) a NW with a 5-nm-thick AlN shell. A cross
section of the probability density distribution, |Ψ(r)|2 for the lower
confined level in the conduction band and the higher confined level in
the valence band is included. Dashed lines describe the variation of the
conduction band profile when moving from the bottom to the top of
the GaN ND; distances from the bottom of the ND are indicated. (d)
Theoretical energy of the band-to-band transition energy as a function
of the GaN ND thickness. Data are compared to the transition in the
case of GaN/AlN QWs (2D layers).
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comparing NWs including and excluding the AlN shell to
GaN/AlN QWs. The lateral confinement within the NW
geometry induces a blue shift of the interband transition, which
cannot be justified solely by a change in the strain distribution
(as explained above, the center of the NW keeps the biaxial
strain configuration and the relaxation is limited to the vicinity
of the surface). In the presence of the AlN shell, the uniaxial
compressive strain along ⟨0001⟩ results in an increase of the
GaN band gap, which further blue shifts the band-to-band
transition. This uniaxial strain component is fundamental to
understanding the PL from GaN/Al(Ga)N heterostructured
NWs.32,48

Figure 3a presents cross-sectional views of the square wave
function, |Ψ(r)|,2 for the three lowest electron states (s, px, py)

in a GaN/AlN (4 nm/4 nm) ND, and the first excited states
with secondary nodes along the growth axis (pz, pz,x, pz,y). The
data corresponds to a NW with a 5-nm-thick AlN shell, but it is
qualitatively similar for NWs without a shell. As a result of the
polarization-induced internal electric field, the lower electron

state (s) is shifted toward the bottom of ND (maximum
probability density ∼0.7 nm above the bottom of the ND). In
contrast, the first excited state with a secondary node along the
growth axis (pz) presents a ring-shaped maximum probability
density spatially located at the vertical center of the ND (∼2.0
nm from the bottom of the ND). This difference in location
means that the wave function is distorted by the potential
distribution in the center of the ND, presented in Figure 2b and
c, where the potential minimum is located near the ND/AlN-
shell interface, as opposed to in the center. Therefore, the s and
pz wave functions are not only vertically shifted due to the
polarization-induced electric field, but also laterally due to the
radial strain distribution in the ND. This lateral shift does not
appear in the case of GaN/AlN QDs, where the hydrostatic
compressive strain radially confines all the ground-state and
excited electrons, as well as holes toward the center of the
QD.55,56 In comparison to QWs/QDs, the ND’s lack of spatial
overlap between the excited and ground electronic states results
in a reduced oscillator strength, which should translate into
slower (and nonexponential) intraband carrier relaxation, with
a high dependence on the NW radius.
It is important to note that the shape of the wave functions

depends on the geometry of the NDs. Current calculations are
performed assuming that the NDs are hexagonal prisms. In the
case of a ND stack where the radii of the disks decrease from
top to bottom, the asymmetric strain distribution along ⟨0001⟩
results in a modified lateral potential profile, which shifts the
conduction band potential minima toward the ND/AlN-shell
interface even at the bottom of the NDs.48 This reshapes the s
wave function and generates a local |Ψ(r)|2 minimum at the
center of the NW and renders the wave function more ring-like.
Figure 3b displays the evolution of the s−pz intraband

transition as a function of the ND thickness, comparing various
NW configurations with the e1−e2 transition in GaN/AlN (4
nm/4 nm) QWs. In this calculation it is assumed that the in-
plane lattice parameter of the QW superlattice evolves to the
minimum energy configuration, as has been experimentally
observed.57 The effect of the AlN shell is smaller for intraband
transitions (∼50 meV) than for interband transitions (∼300
meV). This intraband energy shift is also smaller than the
typical intraband absorption line width in GaN/AlN QWs or
QDs (50−100 meV24).
To study the influence of the NW radius, calculations were

performed for NWs containing GaN/AlN NDs with 4-nm-thick
AlN barriers and different ND thicknesses (2−8 nm) as well as
different NW radii (14−26 nm). The interband and s−pz
intraband transition energies were calculated, and each showed
changes of less than 4% over the investigated NW radial range.
On the contrary, when analyzing the s−px or s−py transitions,
the radius of the NW plays a large role in the discretization.
Considering a ND of height 4 nm, the s−px or s−py transition
occurs around 45 meV (∼27 μm) for a NW radius of 14 nm,
versus 3 meV (∼410 μm) for a NW radius of 26 nm. This is
attributed to the laterally confined states whose energy levels
approach at higher NW radii.

Materials and Experimental Methods. N-polar GaN/
AlN heterostructured NWs were grown catalyst-free by
PAMBE on floating-zone Si(111) substrates in N-rich
atmosphere (III/V ≈ 0.25) at ∼790 °C.48 The NW vertical
growth rate was 390 nm/h. They consist of a nonintentionally
doped (n.i.d.) GaN base with a length of 600 nm and a radius
of about 25−40 nm, followed by 40 periods of GaN/AlN
sections, and a 20-nm-thick n.i.d. GaN cap layer. The thickness

Figure 3. (a) Probability density distribution, |Ψ(r)|2, for the three
lowest electron states (s, px, py) in a GaN/AlN (4 nm/4 nm) ND in a
NW with a radius of 20 nm (data correspond to a NW with a 5-nm-
thick AlN shell). Below, first excited states due to confinement along
the growth axis (pz, pz,x, pz,y). The energies of the electron states with
respect to the conduction band ground state, s, are calculated to be Epx
= 27.6 meV, Epy = 28.8 meV, Epz = 496 meV, Epzx = 496 meV, Epzy =
496 meV. (b) Variation of the s−pz transition as a function of the GaN
ND thickness in the case of a NW with an AlN shell, without shell
without surface states, and without shell with a surface charge σ = −2
× 1012 cm−2. Data are compared to the e2−e1 energy difference in the
case of GaN/AlN QWs, calculated following ref 44.
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of the GaN sections (NDs) was varied between 3 and 8 nm,
while the thickness of the AlN sections (barriers) was kept
constant at 4 nm. The GaN NDs were doped with Ge, using a
beam equivalent pressure (BEPGe) in the range of 0.5−1.5 ×
10−9 mbar. Ge is known to dope n-type GaN NWs and to easily
incorporate at large concentrations with weak impact on the
NW morphology.58 The structural details of the samples under
study are summarized in Table 1.

Structural and morphological characterization of the
heterostructures was performed by high-resolution transmission
electron microscopy (HRTEM) and annular dark field (ADF)
scanning transmission electron microscopy (STEM) using a
FEI Tecnai F20 field emission gun microscope operated at 200
kV. For microscopy studies, the NWs were directly scratched
from the substrate with a holey carbon TEM grid.
PL spectra were obtained by exciting with a continuous-wave

frequency-doubled Ar laser (λ = 244 nm), with an excitation
power around 50 μW focused on a spot with a diameter of
∼100 μm. The emission from the sample was collected by a
Jobin Yvon HR460 monochromator equipped with a UV-
enhanced charge-coupled device (CCD) camera. Intraband
absorption was probed by Fourier transform infrared spectros-
copy (FTIR) performed in a Bruker V70v spectrometer using a
halogen lamp, a CaF2 beam splitter, and an HgCdTe detector.
The transmission was measured at room temperature, in
vacuum, with the sample tilted at the Brewster angle. The
transmission spectra for TE- and TM-polarized light are
corrected by the corresponding transmission of a sample
containing 1-μm-long n.i.d. GaN NWs on floating zone
Si(111).
Results and Discussion. For a correct interpretation of the

optical studies, the geometry and dimensions of the
heterostructures have been analyzed by transmission electron
microscopy methods. Figure 4 shows ADF and HRTEM
images of samples S6 and S9, which confirm the growth of the
wires along the ⟨0001⟩ direction for both phases, GaN and
AlN, with a perfect epitaxy consecutively achieved between
both materials. The GaN/AlN heterostructures are enveloped
by a thin (2−5 nm) AlN layer, starting from the topmost AlN
barrier extending along the GaN stem. Electron energy loss
spectroscopy (EELS) measurements demonstrate that there is
no interdiffusion of Ga or Al, confirming sharp interfaces
between the NDs and the barriers.

In the HRTEM images, we observe that the AlN sections
often present {1−102} facets close to the surface. To quantify
the effect of this AlN {1−102} faceting on the electronic
transitions, we have modeled NWs containing GaN/AlN
heterostructures with a GaN ND thickness varying from 2 to
8 nm and with AlN barriers consisting of a hexagonal prism of 2
nm followed by a 2-nm-thick hexagonal truncated pyramid with
{1−102} facets. Compared with the nonfaceted structures
presented above, faceted structures have on average a 10%
lower interband energy difference, as well as a 6% higher s−pz
intraband energy difference.
The measurement of intraband absorption requires the first

electronic level of the nanostructures to be populated with
electrons. Therefore, we analyzed a series of NWs containing a
40-period GaN:Ge/AlN (4 nm/4 nm) heterostructure with
different Ge doping levels (samples S1−S4 in Table 1).
According to time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) measurements,58 the various BEPGe (5.0 × 10−10,
1.0 × 10−9, and 1.5 × 10−9 mbar) should produce Ge
concentrations of [Ge] ∼ 9 × 10−19, 1.7 × 10−20, and 3.1 ×
10−20 cm−3, respectively. Figure 5 presents the results of (a)
interband (PL) and (b) intraband (FTIR) optical character-
ization of this series. The low-temperature (T = 5 K) PL peak
wavelength of the structures blue shifts more than 70 nm (see
Table 1) and broadens for increasing doping levels, which can
be assigned to the screening of the polarization-induced
internal electric field in the NDs by the free carriers.59 This
further supported by the agreement between the experimental
results and theoretical calculations for the band-to-band

Table 1. Description of the Samples under Study: GaN ND
Thickness, BEPGe during the ND Growth, Low-Temperature
(T = 5 K) PL Peak Wavelength, and Room-Temperature ISB
Absorption Peak Wavelength

sample

ND
thickness
(nm)

BEPGe
(mbar)

PL peak
wavelength

(nm)
ISB absorption peak
wavelength (μm)

S1 4 0 454
S2 4 5.0 × 10−10 429 1.95
S3 4 1.0 × 10−9 392 1.65
S4 4 1.5 × 10−9 384 1.60
S5 3 9 × 10−10 363 1.58
S6 4 9 × 10−10 390 1.62
S7 6 9 × 10−10 410 1.74
S8 7 9 × 10−10 419 1.75
S9 8 9 × 10−10 438 1.75

Figure 4. (a) ADF image of a set of GaN NWs from sample S6,
containing 40 periods of AlN/GaN NDs. (b) Zoom-in of the squared
area in (a). (c) HRTEM image of several GaN NDs and AlN barriers.
(d,e) ADF images of sets of wires from sample S9. (f) HRTEM image
of several GaN NDs, separated by AlN barriers.
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transitions using a 3D model and including the screened
internal electric fields (see Figure 5c).60

The intraband absorption was investigated at room temper-
ature by measuring the IR transmission of the samples in an
FTIR system, with the results depicted in Figure 5b. The dip in
the IR transmission for TM-polarized light is assigned to the s−
pz transition, following the intraband polarization selection
rules. This intraband absorption line shifts systematically
toward shorter wavelengths with increasing dopant concen-
tration, in contradiction to simulations considering only the
screening of the polarization-induced internal electric field.35

This discrepancy between simulations and experiments is
attributed to many-body effects. We have previously shown the
relevance of these many-body phenomena in the case of GaN/
Al(Ga)N QWs,61,62 where their magnitudes can be comparable
to the value of the e2−e1 transition energy.63

To explain the experimental results, two kinds of many-body
effects must be considered, namely, those modifying the energy
levels (exchange interaction) and those modifying the intra-
band absorption energy (plasmon screening and excitonic
shift).64 The exchange interaction is due to the repulsion
between electrons with the same spin, following the Pauli
exclusion principle. We have estimated the shift induced by the
exchange interaction, Eexch, following a one-dimensional (1D)

approach, using the Hartree−Fock method with the approx-
imation by Bandara et al.65,66

πεε π
=

−
−

⎡
⎣⎢

⎤
⎦⎥E k

e k
k k k kE( )

4
2

( / ) 0.32( / )Lexch

2
F

0
F F

(1)

where e is the electron charge, ε the dielectric constant, ε0 the
vacuum permittivity, kF = (2πnS)

1/2 with nS being the surface
charge density in the well, kL = π/L with L being the QW
thickness, and E(k/kF) is a complete elliptical integral of the
second kind.
The shift of the intraband absorption energy induced by

plasmon screening (depolarization shift) and by the Coulomb
interaction between the excited electron and the quasi-hole left
in the ground state (excitonic or final-state interaction), was
calculated as64

α β= − + −E e e( ) 112 2 1 (2)

where e1 and e2 are the energies of the first and second
electronic levels in the well, and α and β (both >0) represent
the depolarization shift and the exciton interaction, respectively.
The frequency shift α was calculated by numerical methods
following64,67

Figure 5. (a) Low-temperature PL spectra of Ge-doped GaN/AlN (4 nm/4 nm) heterostructured NWs with different doping levels in the GaN NDs
(samples S1−S4 in Table 1). The spectra are normalized by their maximum and vertically shifted for clarity. The BEPGe used for Ge doping is
indicated by each curve. The emission wavelength of the GaN base is indicated by a vertical dashed line. (b) Room-temperature IR transmission
spectra for TE-(dashed) and TM-polarized (solid) light measured for Ge-doped GaN/AlN (4 nm/4 nm) heterostructured NWs with different
doping levels in the GaN NDs. The spectra are vertically shifted for clarity. (c) Variation of the PL peak wavelength as a function of the estimated Ge
concentration. Dots are experimental values from (a); the solid line is a theoretical calculation of the band-to-band transition at low temperature
using a 3D model of the structure. (d) Variation of the intraband transition wavelength as a function of the estimated Ge concentration. Dots are
experimental values from (b); the dashed line labeled (1) is a 1D calculation of the intraband transition accounting for the screening of the internal
electric field; the dotted line (2) incorporates corrections associated to both screening and exchange interaction; the solid line (3) accounts for
screening, exchange interaction, and depolarization shift.
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with Ψ1(z′) and Ψ2(z′) being the wave functions associated to
e1 and e2, respectively. The values of Ψ1(z′), Ψ2(z′), e1, and e2
were extracted using the Nextnano3 Schrödinger−Poisson
equation solver. The values of β (after eq 59 in ref 64) were
found to be at least 2 orders of magnitude smaller than α (as it
is also in the case of GaAs QWs) and were therefore neglected
in the calculations.
Figure 5d depicts the predicted red shift of e2−e1 with

increasing doping level, based on the Nextnano3 calculations
taking the screening of the internal electric field into account
(dashed line). Introducing the corrections associated to the
exchange interaction (eq 1) and depolarization shift (eqs 2 and
3) translates into a blue shift of the absorption which can reach
several hundreds of nanometers (solid line). The theoretical
results are in good agreement with the experimental data,
assuming fully ionized Ge dopants, with a density that is
estimated from the BEPGe and compared to ToF-SIMS
measurements in ref 58.
The s−px and s−py transitions, predicted in the far-IR around

40−50 μm and sensitive to TE-polarization, were not

experimentally observed. This might be explained, by the
dispersion introduced by the fluctuations in the NW radius, or
by the fact that the NW geometry is expected to preferentially
interact with TM coupled light and hence hinder the
absorption of TE-polarized light.54,68

In conjunction to these experiments, we have analyzed a
series of NWs containing 40-period GaN:Ge/AlN hetero-
structures with 4-nm-thick AlN barriers and various GaN ND
thicknesses (samples S5−S9 in Table 1), all of them were
doped with Ge using BEPGe = 9 × 10−10 mbar (estimated [Ge]
∼ 1.5 × 1020 cm−3). The low-temperature (T = 5 K) PL peak
energy from these samples, presented in Figure 6a, blue shifts
for increasing ND thickness. This evolution is qualitatively
described by theoretical calculations of the band-to-band
transition using a 3D model which takes the screening of the
internal electric field into account (see Figure 6c).69 The blue
shift of the experimental data with respect to the model could
be explained by an underestimation of the effective dopant
concentration (note the good agreement with the dashed-line
calculations, which assume [Ge] ∼ 2.4 × 1020 cm−3).
Room-temperature IR transmission measurements of this

series are summarized in Figure 5b. As described above, the dip
in the IR transmission for TM-polarized light is assigned to the

Figure 6. (a) Low-temperature PL spectra of Ge-doped GaN/AlN heterostructured NWs with 4-nm-thick AlN barriers and various GaN ND
thicknesses as indicated (samples S5−S9 in Table 1). The spectra are normalized by their maximum and vertically shifted for clarity. (b) Room-
temperature IR transmission spectra for TE- and TM-polarized light measured for Ge-doped GaN/AlN heterostructured NWs with different GaN
ND thickness. The spectra are vertically shifted for clarity. (c) Variation of the PL peak wavelength as a function of the ND thickness. Dots are
experimental values from (a); the solid line is a theoretical calculation of the band-to-band transition at low temperature using a 3D model of the
structure and assuming [Ge] = 1.5 × 1020 cm−3; the dashed line assumes [Ge] = 2.4 × 1020 cm−3. (d) Variation of the intraband transition
wavelength as a function of the ND thickness. Dots are experimental values from (b); the dashed line labeled (1) is a 1D calculation of the intraband
transition accounting for the screening of the internal electric field; the dotted line (2) incorporates corrections associated to both screening and
exchange interaction; the solid line (3) accounts for screening, exchange interaction, and depolarization shift.
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s−pz transition, which shifts systematically toward longer
wavelengths for thicker NDs. Figure 6d compares the
experimental data to predictions made by Nextnano3 taking
the screening of the internal electric field into account (dashed
line). Introducing the corrections associated to the exchange
interaction (eq 1) and depolarization shift (eqs 2 and 3)
translates into a blue-shifted transition, which fits the
experimental absorption data.
Limitations. It is important to keep in mind the limitations

associated with the calculations of many-body effects. The
models of the exchange interaction and the depolarization shift
described above are approximations that consider these effects
as a perturbation of the Hartree−Fock equation.64 Equation 1
is an approximation that accounts for the deformation of the
ground state assuming square QWs,65,66 and eq 3 is extracted
from a two-level model which requires that there is significant
oscillator strength for transitions to only one excited state.67

Looking at the order of magnitude of the experimental spectral
shifts, comparable to the e2−e1 energy, the validity of these
approximations is arguable. They provide a valid qualitative
description, but a rigorous solution of the Hartree−Fock
equation would be required, which is beyond the scope of this
work.
Conclusions. From the theoretical analysis of the band

diagram and electronic structure of GaN NWs containing a
sequence of GaN/AlN NDs, we conclude that the formation of
an AlN shell during the heterostructure growth results in a
uniaxial compressive strain that blue shifts the interband optical
transitions but does not have a critical influence on the
intraband transitions. The presence of surface states with the
density levels expected for the m-GaN plane causes a charge
depletion of the base of the NWs, but it is not high enough to
screen the polarization-induced internal electric field in the
heterostructures. Variations in the NW radius do not modify
significantly the interband or s−pz intraband transitions, but
they shift the intraband levels associated to the lateral
confinement (px, py).
From the experimental viewpoint, we report the observation

of a TM-polarized IR absorption line assigned to the s−pz
intraband transition in Ge-doped GaN/AlN NDs inserted in
self-assembled GaN NWs grown on Si(111) by PAMBE. The
s−px and s−py intraband transitions are not observed, most
likely due to fluctuations of the NW radius and to the
preferential coupling of TM light to the NW geometry. For
increasing doping levels, we observe a broadening and blue shift
of the PL as a result of the screening of the polarization-
induced internal electric field in the NDs. Regarding intraband
transitions, doping induces a blue shift of the s−pz absorption
line attributed to many-body effects, namely, the exchange
interaction and depolarization shift, which dominate the red
shift induced by internal electric field screening. The s−pz
transition red shifts with increasing ND thickness as
theoretically expected.
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