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Abstract

We have characterized the photodetection ca-
pabilities of single GalN nanowires incor-
porating 20 periods of AIN/GaN:Ge ax-
ial heterostructures enveloped in an AIN
shell. Transmission electron microscopy con-
tirms 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 AIN 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. '™
Particularly, the use of nanowires as emit-
ters and detectors in integrated photonic
circuits for on-chip optical communication
has been demonstrated recently.” Both single
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nanowires and nanowire arrays are studied
as potential photodetectors using a variety of
materials,® among them (AL Ga)As,”® ZnSe,’
ZnTe,'° ZnO'12 and (Al,Ga)N. > The high
crystalline quality of nanowires, their low di-
mensionality and their high surface to vol-
ume ratio are important elements to under-
stand the performance of nanowire photode-
tectors and identify their potential advan-
tages. In general, nanowires present high
photocurrent gain, in the range of 10° — 108,
with the photocurrent scaling sublinearly
with the excitation power, and a time re-
sponse of the photocurrent in the millisecond
range.'* In comparison with planar devices,
almost defect-free semiconductor nanowires
open the possibility of exploiting the pho-
toconductive gain while avoiding the dele-
terious effects of grain boundaries and dis-
locations on the spectral response.'® Both
Zn0O and (Al,Ga)N are promising choices to
be used as miniature, visible-blind, ultra-
violet (UV) photosensors, 7141619 but GaN
presents advantages in terms of physical and
chemical robustness as well as for controlled
doping.

The incorporation of axial heterostructures
in wurtzite nanowires opens prospects for
tuning the cut-off wavelength and improv-
ing the response at low bias as a result of
the asymmetric potential profile generated
by the polarization-induced internal electric
field. Previous studies have shown that axial
heterostructures reduce the dark current,!3
but the spontaneous, unintentional forma-
tion of a GaN shell around the heterostruc-
ture can generate a significant shunt conduc-
tion path.'®! This parallel conduction can
be exploited for the fabrication of chemical
sensors, ! but it is undesirable in GaN/AIN
photodetectors since it reduces the environ-
mental stability and masks the advantages of
the inserted heterostructure. In the current
study, we investigate AIN/GaN superlattices
in nanowires without GaN shell. The incor-
poration of the heterostructure leads to a de-
crease of the dark current and an increase
of the photosensitivity. A significant disper-
sion in the dark current is attributed to the

(c) HAADF

SYsip Ne9 0z

©
iC
w
Z r
<

Figure 1: (a) Sketch of the nanowire struc-
ture under study. (b),(c) HAADF STEM im-
ages of two coalesced nanowires with differ-
ent magnification. The bright and dark grey
areas correspond to GaN and AIN, respec-
tively. (d)-(f) SEM images of the contacted
NWs 1-3, the same coloring as in the micro-
graphs will be used in the following graphs
to identify the individual nanostructures.

coalescence of nanowires with displaced het-
erostructures. We present a systematic study
of several nanowires with different dark cur-
rent levels, which shows that the increase of
the dark current leads to a decrease of the
photosensitivity.

The nanowire heterostructures investigated
in this study are schematically described in
Figure 1a. The growth of a GaN stem with
a length of =~ 600 nm was followed by 20
periods of AIN barriers and GaN nanodisks.
The nanodisks were doped with Ge at a con-
centration of ~ 2 x 102 ¢cm™3 (estimation
from reference samples).? The heterostruc-
ture was capped by a ~ 600 nm long segment
of GaN to facilitate contacting by electron
beam lithography. The nanowire stem and
cap are nominally undoped. The heterostruc-
tures were characterized by high-angle an-
nular dark field (HAADF) scanning trans-
mission electron microscopy (STEM) exem-
plified in Figures 1b,c. The average thick-
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ness of the GaN nanodisks and AIN barri-
ers were measured to be 5.3 nm and 2.7 nm,
respectively. The gradient of the nanodisk
thickness along the heterostructure is negli-
gible. The chemical contrast in the HAADF
micrographs of Figure lc reveals the pres-
ence of an AIN shell around the nanowire
stem and the nanodisks, which results from
lateral growth when depositing the AIN bar-
riers.?! At the same time, this micrograph
and similar images of other nanowires (see
Supporting Information) confirm the absence
of a GaN shell that could form during the
growth of the GaN cap. A significant number
of nanowires coalesce during the growth, as
commonly observed in self-assembled GaN
nanowire ensembles.?? This coalescence can
lead to the joining of nanowires with dis-
placed nanodisk superlattices as seen in Fig-
ure lc. The displacement is related to the
length distribution that results from the sta-
tistical nature of the nanowire nucleation.??

To investigate the photocurrent characteris-
tics of individual nanowires, nanowires dis-
persed on SiN, were contacted using elec-
tron beam lithography. Three of the thus con-
tacted nanowires, labeled NWs 1-3, are dis-
played in the scanning electron microscopy
(SEM) images of Figures 1d—f. The contacts
are well centered, exposing the ~ 160 nm
long segment with the nanodisks. The
nanowire diameters extracted from the SEM
images indicate that NW 1 and NW 3 (d =
100 nm) consist of at most two coalesced
nanowires, whereas NW 2 consists of about
2-4 coalesced nanowires.

To characterize the GaN/AIN heterostruc-
tures in the nanowires, photoluminescence
(PL) spectra of nanowires mechanically dis-
persed on a SiNy-on-Si substrate, were col-
lected under laser excitation at a wavelength
A = 244 nm, with the laser focused to a spot
of ~ 100 um diameter. Figure 2a shows the
PL spectra from densely dispersed nanowires
recorded for three excitation powers both at
10 K and 300 K. For normalization, the spec-
tra are divided by the incident laser power.
At low-temperature (10 K), the strongest PL
feature is a narrow line at 3.472 eV assigned
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Figure 2: (a) PL spectra of densely dispersed
nanowires measured at 10 K (dashed lines)
and at 300 K (solid lines) at excitation pow-
ers of 200 uW (OD0), 12 uyW (OD1) and
0.8 uW (OD2). At 488 nm, the second or-
der of the laser peak has been masked. (b)
Low-temperature micro-PL spectra of NWs 2
and 3 at two different excitation powers (lin-
ear intensity scale); the low excitation power
spectra were multiplied by the indicated fac-
tors. Note that due to the difference in spot
size, the excitation density corresponding to
10 uW in (b) is an order of magnitude higher
than the strongest excitation density in (a).
All spectra are normalized by the incident
laser power.

to the donor-bound exciton in the GaN stem
and cap sections, with a low-energy shoul-
der at 3.42 eV related to emission of excitons
bound to 1; type stacking faults commonly
observed in GaN nanowires.?* Additionally,
a broad emission band extends roughly from
2.7 to 3.6 eV. At room temperature, the GaN
band edge emission is strongly quenched,?
and only the broad band remains, now ex-
tending from 2.5 to 3.6 eV. This band is as-
signed to emission from then GaN nanodisks
embedded in AIN, since it is known that the
three-dimensional confinement in the nan-
odisks hinders nonradiative recombination
and hence leads to the persistence of the PL
up to room temperature.?'?® Independent of
the temperature, an increase of the excitation
power leads to an enhancement of the high-
energy side of the nanodisk emission. This
trend can be explained by both a saturation of
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the low-energy states in the nanodisks and a
partial screening of the internal electric fields
under high excitation densities.?”

The low-temperature PL spectra of two in-
dividual, contacted nanowires (NWs 2 and
3) are given in Figure 2b, where the laser
was focused to a spot of ~ 3 um diameter.
For each nanowire, two excitation powers are
shown. At high excitation power, the spectra
consist of a ~ 300 meV broad emission band,
which peaks at 3.33 and 3.58 eV for NW 2
and NW 3, respectively. The shift of almost
300 meV between the peak emission of both
nanowires explains the broad emission of the
nanowire ensemble, with a full width at half
maximum > 500 meV in Figure 2a. With in-
creasing excitation power, the spectra from
single nanowires are blue-shifted as it was
observed for the emission of the ensemble.
For NW 3 (the nanowire emitting at higher
energy), the PL peak decomposes into an en-
semble of sharp lines at low excitation power.
The sharp PL lines can be related to emission
from different nanodisks?® and to different
excitation states within the nanodisks.

To understand the observed emission en-
ergy, we have performed three-dimensional
calculations of the band diagram and con-
fined levels in the nanodisk. A cross-sectional
view of the calculated conduction band (CB)
edge is shown in Figure 3a. The conduction
band and valence band (VB) profiles along
[0001] in the center of the nanowire are given
in Figure 3b. The negatively-charged surface
states lead to the depletion of the GaN stem
and cap segments. In contrast, at the su-
perlattice, the conduction band bends down
and gets close to the Fermi-level (at 0 eV)
due to the Ge-doping of the nanodisks. Fig-
ure 3c illustrates the band profile along [0001]
of a single nanodisk in the middle of the
stack, including the squared wave functions
and eigenenergies for the electron (el) and
heavy-hole (hh) ground states and the first
excited electron state (e2) with a secondary
node along the [0001] axis. Radially, all of
these wave functions present a maximum in
the center of the nanowire as depicted in
Figure 3d. In axial direction, the quantum-
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Figure 3:

Results of three-dimensional
Schrodinger-Poisson calculations. (a) Color-
coded cross-sectional view of the conduction
band edge. (b) Band profile along [0001] at
the center of the nanowire [dashed line in
(a)]. (c) Band profile along [0001] of a sin-
gle nanodisk highlighting the transitions be-
tween the heavy-hole and the first and sec-
ond electron levels, as well as the axial com-
ponents of the squared wave functions [zoom
of the marked area in (b)]. (d) In-plane cross-
sectional view of the squared wave functions
in (c) at their axial maximum (normalized
color scale).

confined Stark effect is partially compensated
by the high doping,? but still leads to a clear
separation of the el and hh wave functions
towards the bottom and top interface of the
nanodisk, respectively. The resulting transi-
tion energy of this transition is 3.14 eV, which
agrees well with the center of the PL band.
In order to characterize the contacted single
nanowires as photodetectors at room temper-
ature, they were biased at 0.5-2 V, depending
on the current-voltage (I-V) characteristics of
the nanowires (Positive bias referring to the
polarity giving the higher currents in the I-V
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Figure 4: Normalized spectral response
across the absorption edge for four different
nanowires, among them NWs 1-3. The data
are corrected by the spectral dependence of
the lamp power and then normalized to their
maximum.

curves). The spectral responses of four dif-
ferent nanowires are presented in Figure 4.
They exhibit a sharp cut-off between 3.4 and
3.6 eV with the photocurrent dropping over
2-3 orders of magnitude, which corresponds
to the detection limit of the setup. These
spectral measurements unambiguously con-
firm that the photocurrent originates from
the contacted nanowires, and not from the
underlying silicon substrate. Furthermore,
the variation in the energetic location of the
spectral cut-off points towards the nanodisks
playing the determining role in the photocur-
rent. The absorption edge agrees well with
the hh—e2 transition at 3.44 eV determined
from the simulations in Figure 3. This blue
shift of the photocurrent onset in compari-
son to the emission is due to the higher den-
sity of available states in the upper levels of
the quantum well,” and the higher prob-
ability of escape of the photoexcited carri-
ers. It is hence common that the transition
observed by photoluminescence corresponds
to el-hh, whereas the dominant transition
in the photocurrent spectra rather involves
e2.%031 Moreover, in polar I1l-nitrides, the ab-
sorption involving excited states is further
favored by the higher oscillator strength in
comparison to hh—el, which is a consequence
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Figure 5: I-V characteristics of (a) NW 1
and (b) NW 3 measured in the dark and
with increasing, continuous-wave UV laser
(A = 325 nm) excitation density.

of the quantum-confined Stark effect.

For a more detailed study of our nanowire
photoresistors, the I-V characteristics are in-
vestigated both in the dark and under con-
tinuous UV illumination (resulting in a di-
rect current, DC) with a HeCd laser. There
is a huge dispersion in the value of the dark
current (Iy,k), which can vary from 2 pA
to 0.6 pA from wire to wire (values at 1 V
bias). Figures 5a,b show the I-V charac-
teristics recorded on NWs 1 and 3, which
are representative nanowires with low I,
and high Iy, respectively. In both cases,
they display a slightly asymmetric I-V char-
acteristic, consistent with the presence of the
polarization-induced internal electric fields
in the active region. With increasing UV illu-
mination, the asymmetry is slightly reduced,
as expected from the screening of the electric
field at high carrier densities.

Additionally, the photogenerated signal has
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been studied as a function of the excitation
power and the laser modulation frequency.
Figures 6a,b show the results for NW 1 (low
Ijark) and NW 3 (high Iy, ) measured at 1
and 0.1 V bias, respectively. The signal was
recorded over a load resistance using lock-in
detection (referred to as AC). Regardless of
the chopping frequency, the nanowires show
a sublinear response with the optical power
of the laser Pypt, which fits a power law with
Iy « (Popt)P, where I is the photocurrent,
and § < 1 the sublinear exponent. For NW 3,
with high I4,,x, the sublinear behavior is very
pronounced, with g in the range of 0.07-0.32.
For NW 1, having lower I4,,, the values of
are higher, in the range of 0.27-0.42, i.e. the
latter nanowire is more sensitive to changes
in the illumination intensity.

The sublinear dependence of the photocur-
rent is commonly observed for nanowires,
and not restricted to the lll-nitride mate-
rial system.!%%17 In contrast to planar IlI-
nitride heterostructures, where a similar be-
havior was attributed to extended defect
states,” the sublinear scaling of the pho-
tocurrent in nanowires has been linked to
surface states.!*!73 The neutralization of
surface states by photogenerated holes leads
to a reduction of the surface band bending
and thus to the opening of a conductive chan-
nel in the center of an otherwise depleted
nanowire.

Additionally, the modulated photocurrent
decreases markedly with increasing chopper
frequency, which indicates a certain persis-
tence of the photoconductivity. For low exci-
tation densities (50 uW/cm?), the photocur-
rent decreases by up to two orders of magni-
tude when the chopping frequency increases
from 23 to 935 Hz. This difference is reduced
for excitation densities of ~ 1 W/cm?, which
indicates an acceleration of the temporal re-
sponse for high excitation densities. To con-
firm this point, we have also measured the
photocurrent decay using an oscilloscope at
a chopping frequency of 3 Hz. The results
measured on NW 3 at 0.5 V bias for differ-
ent excitation densities are depicted in Fig-
ure 6¢. The transients are strongly nonexpo-
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Figure 6: Photocurrent as a function of inci-
dent laser power Pypt at different chopping
frequencies for (a) NW 1 (low Iq,4) and (b)
NW 3 (high I,) measured at 1 and 0.1 V
bias, respectively. Dashed lines are fits by
a sublinear power law with the exponents £
given in the legend. (c) Photocurrent decay of
NW 3 for various excitation power densities
measured at 0.5 V bias.
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nential. They consist of a fast initial decay
that slows down after a few ms. The slope of
the initial decay can be characterized by the
1/e time. In line with the measurements for
varied chopping frequency, the decay time
decreases from 13 ms to 5 ms when increas-
ing the excitation density from 0.11 mW/cm?
to 1.1 W/cm?. Note that the measurements
at 3 Hz (with a 50% duty cycle) have a signif-
icant background, which amounts to about
20-40% and indicates a persistence of the
photoconductivity over longer time scales. In
fact, in repeated I-V measurements follow-
ing exposure to the full intensity of the UV
laser, it takes more than 20 minutes until the
dark level of the I-V characteristics is fully
restored. An even stronger persistence of
the photocurrent in llI-nitride photoconduc-
tors is known from planar heterostructures,
where it can take hours to restore the dark
conductivity level.>

The photocurrent decays in Figure 6¢ are
orders of magnitude slower than the carrier
lifetime in Ge-doped GaN nanodisks probed
by time-resolved PL, which according to ref
26 is around 100 ns for samples with a similar
doping level. Therefore, the photogeneration
of carriers in the nanodisks cannot lead to
the persistence of the photocurrent. Instead,
the photocurrent decay is comparable to that
of simple n-i-n GalN nanowire photodetec-
tors.1* In that case, similar to the sublin-
ear response on incident illumination power,
the persistent photoconductivity has been re-
lated to the charging of surface states com-
bined with a radial separation of electrons
and holes by the surface electric fields.!*3?
However, the surface states should not affect
the conductivity of the highly doped GaN
nanodisks, where the band bending is re-
stricted to a few nanometers close to the sur-
face.> The persistent phenomena are rather
associated to the stem/cap GaN segments,
which are fully depleted in the dark and
where a conductive channel is opened under
illumination. The decelerated discharging of
surface states should thus delay the restora-
tion of full depletion of these parts of the
structure. Therefore, the persistence of the
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Figure 7: (a) Iy and photosensitivity fac-
tor (Iiy/Iqark) for different nanowires plot-
ted as a function of Iy,q. Both I and Ig,.
are measured at 1 V bias. The value of
Iy corresponds to an excitation density of
~ 1 W/ecm? (A = 325 nm). (b) Photocur-
rent at zero bias for an excitation density
of ~ 1 W/em? (A = 325 nm) in different
nanowires as a function of Iy, at 1 V bias.
Dashed lines in (a) and (b) show fits with a
sublinear power law and the respective ex-
ponents « (for dark current dependence) or
B (for illumination intensity dependence) are
given. The inset in (b) shows the zero bias
photocurrent of NW 2 as a function of the ex-
citation density (A = 325 nm).

photocurrent is linked to a change in resis-
tance of the overall structure, which modifies
the current flowing under external bias.
NWs 1 and 3 are representative examples
of nanowires with high and low dark cur-
rent. Looking for a correlation of I, with
the nanowire properties, Figure 7a presents a
summary of characterization results obtained
in nine single nanowires. For nanowires
with increasing I, the photocurrent (Ij)
at fixed bias and illumination level increases,
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though not as drastically as the dark current
(Im o (Iqark)™ with &y = 0.46), which can
lead to a decrease of the signal-to-noise ra-
tio. The photosensitivity factor, defined by
L1/ Igark (both at 1 V bias), can be defined as
a figure of merit. The value of I/ Ija, also
plotted in Figure 7a, decreases systematically
as Ik increases and follows a power law ex-
ponent ap = a1 —1 = —0.54.

In previous studies, variations in I, be-
tween individual nanowires were attributed
to the presence of a GaN shell of varying
thickness around the heterostructures.!3!”
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 AIN 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 I,k and
confirms the reduction of Iy, by the in-
troduction of the GaN/AIN heterostructure.
In line with this discussion, the higher pho-
tosensitivity factors observed in nanowires
with low Iy, 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
ljark: the 1/e decay time for NW 3 at ~
1 W/cm? is 5 ms, to be compared to ~ 18 ms
for NW 2 (not shown), whose 4, 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 density® of
a few 10 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,® are negligible in com-
parison to GaN/AIN 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 [-V characteristics
(not shown) are symmetric with Iy, = 3 HA
at 1 V bias, ie., 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 I3, 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 nanowires®® or
in p-GaN/n-Si nanowire heterostructures.®”
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 AIN 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
AIN/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,

Nano Letters

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.?*
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.?® Finally, note that the impact of
displaced superlattices on the conductivity
of coalesced nanowires is not specific to the
investigated AIN/GaN photodetectors, but
should be important also in nanowire based
emitters and for other material systems.

Experimental Methods

The [0001]-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.2%% A periodic
switching between Ga and Al fluxes leads to
the formation of a superlattice. The high sub-
strate temperature, ' together with a shading
effect from the high nanowire density and
the widening during AIN growth, lead to
a suppression of an additional GaN shell
around the GaN/AIN 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
(A = 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 um and 3 pm 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/AIN
heterostructure. Thus, the ensemble PL mea-
surements were performed on nanowires
mechanically dispersed on a SiNy-on-5Si 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 SiN,. 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 nextnano® software.*’ The param-
eters used in the calculations for GaN and
AIN are summarized in a previous paper.*!
The nanowire was modeled as a hexahedral
prism consisting of a 150 nm long GaN sec-
tion followed by the AIN/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 la. The geometrical dimensions
were taken from STEM measurements (core
radius: 20 nm, AIN 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 x 10% cm~3 and
5 x 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 AIN, the effect of
surface states was simulated by introducing
a two-dimensional negative charge density
of 2 x 1012 cm~2 at the air/nanowire inter-
face corresponding to the value reported for
m-plane GaN.*> Wavefunctions and related
eigenenergies of the electron and hole states
in the nanodisks were calculated by solving
the Schrodinger-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 MQ)) 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 (A = 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 [-V curves.

Associated Content

Supporting information: Additional trans-
mission electron micrographs.
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