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Abstract

We have characterized the photodetection ca-
pabilities of single GaN nanowires incor-
porating 20 periods of AlN/GaN:Ge ax-
ial heterostructures enveloped in an AlN
shell. Transmission electron microscopy con-
firms the absence of an additional GaN shell
around the heterostructures. In the absence
of a surface conduction channel, the incor-
poration of the heterostructure leads to a de-
crease of the dark current and an increase of
the photosensitivity. A significant dispersion
in the magnitude of dark currents for differ-
ent single nanowires is attributed to the co-
alescence of nanowires with displaced nan-
odisks, reducing the effective length of the
heterostructure. A larger number of active
nanodisks and AlN barriers in the current
path results in lower dark current and higher
photosensitivity, and improves the sensitivity
of the nanowire to variations in the illumi-
nation intensity (improved linearity). Addi-

tionally, we observe a persistence of the pho-
tocurrent, which is attributed to a change of
the resistance of the overall structure, partic-
ularly the GaN stem and cap sections. In
consequence, the time response is rather in-
dependent of the dark current.
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Semiconductor nanowires have received
significant attention in the past few years
as the miniaturization of electronic circuits
and optoelectronic components continues.1–4

Particularly, the use of nanowires as emit-
ters and detectors in integrated photonic
circuits for on-chip optical communication
has been demonstrated recently.5 Both single
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though not as drastically as the dark current
(Iill ∝ (Idark)

α1 with α1 = 0.46), which can
lead to a decrease of the signal-to-noise ra-
tio. The photosensitivity factor, defined by
Iill/Idark (both at 1 V bias), can be defined as
a figure of merit. The value of Iill/Idark, also
plotted in Figure 7a, decreases systematically
as Idark increases and follows a power law ex-
ponent α2 = α1 − 1 = −0.54.

In previous studies, variations in Idark be-
tween individual nanowires were attributed
to the presence of a GaN shell of varying
thickness around the heterostructures.13,19

However, STEM measurements on the sam-
ple investigated in this study rule out the
presence of such a shell, as shown in Figure 1
(see also Supporting Information). Instead,
we observe that the coalescence of neighbor-
ing nanowires, associated with the formation
of the AlN shell, can lead to several verti-
cally displaced heterostructures within a sin-
gle contacted nanowire (cf. Figure 1c and
Supporting Information). For displaced het-
erostructures, the current flows only through
a part of the 20 superlattice periods (15 peri-
ods for the nanowire displayed in Figure 1c),
and thus the number of tunneling barriers
changes between nanowires. The variation
of this “effective superlattice length” can ex-
plain the observed differences in Idark and
confirms the reduction of Idark by the in-
troduction of the GaN/AlN heterostructure.
In line with this discussion, the higher pho-
tosensitivity factors observed in nanowires
with low Idark are thus linked to a larger
number of active superlattice periods in the
structures. In contrast, the persistence of the
photocurrent is mostly linked to a change
of the resistance of the overall structure, in
particular to the GaN stem and cap sections.
Thus, the behavior is rather independent of
Idark: the 1/e decay time for NW 3 at ≈
1 W/cm2 is 5 ms, to be compared to ≈ 18 ms
for NW 2 (not shown), whose Idark is more
than three orders of magnitude smaller.

Alternatively to the displacement of the
heterostructures, variations in the dark cur-
rent level between single nanowires could
be explained by differences in the nanowire

diameters, but we found no correlation be-
tween the diameter measured on SEM im-
ages and the dark current. Variations in the
density of point defects could also have an
impact on the dark current. However, if
we assume a residual doping density33 of
a few 1017 cm−3 in the stem and cap seg-
ments of the nanowire, this corresponds to a
few hundred donor atoms per segment. As-
suming a Poisson distribution for the num-
ber of donors per segment, the average de-
viation from the mean for segments of the
same volume is below 10%, which does not
justify conductivity changes by several orders
of magnitude. Finally, a variable number of
stacking faults at the base of the nanowires
could also introduce a dispersion in the trans-
port properties. However, the structural
width and conduction band offsets associated
to stacking faults, about 0.5–1.5 nm and 0.15–
0.27 eV respectively,35 are negligible in com-
parison to GaN/AlN heterostructures. In
summary, though variations in the diame-
ter, doping density or stacking fault density
probably play a certain role, they are neither
sufficient to explain the drastic (five orders)
variations in dark current levels that we ob-
serve, nor could they account for the signifi-
cant increase in photosensitivity at low dark
current levels.

For a nanowire with misaligned contacts,
where only the GaN stem (and not the super-
lattice) is contacted, the I–V characteristics
(not shown) are symmetric with Idark = 3 µA
at 1 V bias, i.e., one order of magnitude
higher than the highest value in Figure 7a,
whereas the photosensitivity is slightly lower
than the smallest value in Figure 7a. This
observation is in line with measurements on
n–i–n nanowire photodetectors in refs 13,14
and further confirms the beneficial effect of
including the heterostructures.

Finally, all the nanowire heterostructures
present a small photovoltaic response. The
zero bias photocurrent (short-circuit current)
is displayed in Figure 7b, being of the or-
der of several pA and scaling sublinearly
with Idark and excitation power (inset). This
photovoltaic effect is linked to an asymme-
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try of the potential profile between the con-
tacts, as previously observed in the case of
asymmetric contacts on ZnO nanowires36 or
in p-GaN/n-Si nanowire heterostructures.37

In our case, there are two main sources of
asymmetry: (i) the polarization-related in-
ternal electric fields in the heterostructure,
which could be further enhanced by reduc-
ing the doping level in the GaN nanodisks,
and (ii) the asymmetry of stem and cap, the
former being covered by a thin AlN shell.
However, the photoresponse associated to a
metal-insulator-semiconductor contact is ex-
pected to be linear with the excitation power.

In conclusion, the investigated Ge-doped
AlN/GaN heterostructures in nanowires are
suitable for nanoscale, visible-blind photode-
tector applications with threshold detection
when linearity and speed are not essen-
tial. The spectral response clearly shows a
sensitivity to wavelengths below about 360–
380 nm, depending on the nanowire, and a
rejection of longer wavelengths. This spectral
behavior is consistent with three-dimensional
calculations of the nanowire band-structure.
As expected from the importance of surface
states for the conductivity of nanowires, the
photocurrent shows a sublinear dependence
on the impinging optical power. This does
not hinder the application for the detection
of on–off situations. Persistent photoconduc-
tivity is observed, with an initial decay time
on the order of a few-ms, but including also
slower components.

Statistical measurements of dispersed
nanowires from the same sample reveal a
significant variation of their characteristics,
with dark current levels varying over five
orders of magnitude. This observation high-
lights the fact that conclusions should not
be based on observations of only one or two
nanowires from a given sample. Previous
studies have associated the dark current to
the spontaneous, non-intentional formation
of a GaN shell around the heterostructure,
which generated a non-negligible shunt con-
duction path. In the samples under study,
the presence of a GaN shell has been dis-
carded by HAADF-STEM studies. Instead,

we relate the observed variation mainly to the
coalescence of nanowires with displaced het-
erostructures. With different displacements,
the “effective superlattice length” and thus
the total barrier thickness in the nanowires
changes. Lower dark currents correlate with
higher photosensitivity factors, which is ex-
plained by a larger number of nanodisks
contributing to the photocurrent. In con-
trast, the persistence of the photocurrent is
mostly linked to a change of the resistance of
the overall structure, and particularly to the
GaN stem and cap sections. Thus, the time
response is rather independent of the dark
current.

The observed displacement is related to a
length distribution of the base nanowires that
results from the statistical nature of the nu-
cleation process in self-induced nanowires.23

Therefore, to improve the homogeneity
within a given sample, the length of the
base nanowires prior to the growth of the
heterostructures could be increased. With
increasing growth time, the height distri-
bution of self-assembled GaN nanowire ar-
rays levels out and homogeneous lengths are
achieved.38 Finally, note that the impact of
displaced superlattices on the conductivity
of coalesced nanowires is not specific to the
investigated AlN/GaN photodetectors, but
should be important also in nanowire based
emitters and for other material systems.

Experimental Methods

The [0001̄]-oriented nanowires investigated
in this study were grown catalyst-free
on Si(111) substrates by plasma-assisted
molecular-beam epitaxy under N-rich condi-
tions (Ga/N ratio ≈ 0.25) and at a substrate
temperature of ≈ 790 ◦C.20,39 A periodic
switching between Ga and Al fluxes leads to
the formation of a superlattice. The high sub-
strate temperature,13 together with a shading
effect from the high nanowire density and
the widening during AlN growth, lead to
a suppression of an additional GaN shell
around the GaN/AlN superlattice. HAADF
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STEM was carried out using a FEI Tecnai F20
with a field emission gun operated at 200 kV,
while SEM images were recorded in a Zeiss
Ultra+ operated at 5 kV. For PL measure-
ments, a continuous-wave solid-state laser
(λ = 244 nm) was attenuated to the optical
powers given in the text and used as excita-
tion source. The light was focused to spots
of 100 µm and 3 µm for ensemble and single
nanowire measurements, respectively. The
PL emission was dispersed in Jobin Yvon
HR460 and Triax550 monochromators (for
macro- and micro-PL, respectively) and de-
tected with UV-enhanced charge-coupled de-
vice cameras. In the as-grown nanowire en-
semble, laser absorption in the thick GaN cap
inhibits PL characterization of the GaN/AlN
heterostructure. Thus, the ensemble PL mea-
surements were performed on nanowires
mechanically dispersed on a SiNx-on-Si sub-
strate.

To electronically contact individual
nanowires, the as-grown nanowires are son-
icated in solvent and the solution is then
dispersed on n++-Si substrates capped with
≈ 200 nm of SiNx. Contact pads and markers
predefined by optical lithography facilitate
the electrical contacting of single nanowires
by electron beam lithography using a metal
lift-off procedure. The deposition of 10 nm
Ti and 120 nm Al was preceded by a 25 s
argon plasma treatment to remove any resid-
ual photoresist and to improve the contact
quality.

Three-dimensional calculations of the band
structure in the nanowires were performed
using the nextnano3 software.40 The param-
eters used in the calculations for GaN and
AlN are summarized in a previous paper.41

The nanowire was modeled as a hexahedral
prism consisting of a 150 nm long GaN sec-
tion followed by the AlN/GaN stack and
capped with 150 nm of GaN. The nanodisks
were defined similar as in ref 26, includ-
ing the semipolar facets at the outer bot-
tom interface of the nanodisks as sketched
in Figure 1a. The geometrical dimensions
were taken from STEM measurements (core
radius: 20 nm, AlN shell thickness: 3 nm,

nanodisk thickness: 5.3 nm, barrier thick-
ness: 2.7 nm). The n-type doping den-
sity in the nanodisks and the residual dop-
ing density were fixed to 2 × 1020 cm−3 and
5 × 1017 cm−3, respectively. The structure
was defined on a GaN substrate to provide
a reference in-plane lattice parameter, and
was modeled as laterally embedded in a rect-
angular prism of air, which allowed elas-
tic strain relaxation. In a first stage, the
three-dimensional strain distribution was cal-
culated by minimization of the elastic en-
ergy through the application of zero-stress
boundary conditions at the surface. Then,
for the calculation of the band profiles, the
spontaneous polarization and the piezoelec-
tric fields resulting from the strain distribu-
tion were taken into account. In lack of spe-
cific values for m-plane AlN, the effect of
surface states was simulated by introducing
a two-dimensional negative charge density
of 2 × 1012 cm−2 at the air/nanowire inter-
face corresponding to the value reported for
m-plane GaN.42 Wavefunctions and related
eigenenergies of the electron and hole states
in the nanodisks were calculated by solving
the Schrödinger-Poisson equations using the
effective mass approximation.

To measure the spectral response of
nanowire photodetectors between 300 and
420 nm, they were excited with light from a
450 W Xenon lamp, passed through a grat-
ing monochromator, chopped at 86 Hz and
focused to a spot of ≈ 2 mm diameter. The
single nanowires were connected in series
with a load resistance (R = 12 MΩ) and the
photo-induced changes in the voltage across
the load resistance were synchronously mea-
sured using a lock-in amplifier (Stanford Re-
search Systems SR830). Measurements of the
photocurrent as a function of illumination
power and modulation (chopper) frequency
were done using a similar setup with lock-in
detection, but with illumination from a HeCd
laser (λ = 325 nm), the power of which was
varied over four orders of magnitude using
optical density filter wheels. A pinhole was
used to reduce the spot diameter of the laser
to ≈ 1 mm. To record the photocurrent de-
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cay, the laser was modulated at 3 Hz and
transients of the voltage drop across a load
resistance were measured with an oscillo-
scope (Tektronix TDS 2022C). The I–V char-
acteristics were investigated both in the dark
and under continuous illumination with the
HeCd laser, again attenuated by optical den-
sity filter wheels to vary the excitation power
(passing from low to high optical powers to
avoid any alteration of the results by the per-
sistent effects). The nanowires were directly
connected to an Agilent 4155C semiconduc-
tor parameter analyzer and biased over a
range of ±1 V. Positive bias in all these mea-
surements is defined as the polarity giving
the higher currents in the I–V curves.

Associated Content

Supporting information: Additional trans-
mission electron micrographs.
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(20) Hille, P.; Müßener, J.; Becker, P.; de la
Mata, M.; Rosemann, N.; Magén, C.;
Arbiol, J.; Teubert, J.; Chatterjee, S.;
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Müßener, J.; Becker, P.; Klar, P. J.;
Kleine-Boymann, M.; Rohnke, M.; de la
Mata, M.; Arbiol, J.; Hofmann, D. M.;
Teubert, J.; Eickhoff, M. J. Appl. Phys.
2013, 114, 103505.

(40) Birner, S.; Zibold, T.; Andlauer, T.; Ku-
bis, T.; Sabathil, M.; Trellakis, A.; Vogl, P.
IEEE Trans. Electron Devices 2007, 54,
2137–2142.

(41) Kandaswamy, P. K.; Guillot, F.; Bellet-
Amalric, E.; Monroy, E.; Nevou, L.; Tch-
ernycheva, M.; Michon, A.; Julien, F. H.;
Baumann, E.; Giorgetta, F. R.; Hof-
stetter, D.; Remmele, T.; Albrecht, M.;
Birner, S.; Dang, L. S. J. Appl. Phys. 2008,
104, 093501.
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