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ABSTRACT: We present a study of GaN single-nanowire ultratiphotodetectors with an

embedded GaN/AIN superlattice. The heterostructlimeensions and doping profile were
designed in such a way that the application oftp@sor negative bias leads to an enhancement
of the collection of photogenerated carriers fréva GaN/AIN superlattice or from the GaN
base, respectively, as confirmed by electron beatuded current measurements. The devices
display enhanced response in the ultraviolee830-360 nm) / B 280-330 nm) spectral
windows under positive/negative bias. The resultexplained by correlation of the
photocurrent measurements with scanning transmisgectron microscopy observations of
the same single nanowire, and semi-classical stionkof the strain and band structure in

one and three dimensions.
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The development of semiconductor nanowires hasiresgpnew devices where the low
dimensionality and the large surface-to-volume orgblay a key role in the overall
performance. Promising applications of semicondutémowires span from optbelectro-
and spintronics* to photovoltaics, energy conversiofi? sensor engineerirg® and
biotechnology! In particular, the capabilities of nanowire phatettors have been
investigated for different material systeid1s’ due to their low defect density and small

electrical cross-section (i.e. low capacitance)icltvltomes without degradation of the light



absorptiorr:81%Compared to other materials, G&N’presents the advantage of being robust
in chemically and physically extreme environmerits.direct band gap is tunable in the
ultraviolet range by alloying with AIN, and the dmr GaN/AIN conduction band off$&bffers
interesting possibilities in terms of carrier cofinent at high temperatuieDefect-free
growth of GaN nanowires by plasma-assisted moleddam epitaxy (PAMBE)s an
established techniqu3! with the possibility to form heterostructures anddulate both p-
and n-type doping. The internal electric field iolgr GaN/AIN nanowire heterostructures
opens interesting possibilities for band profilgieeering in order to modulate the spectral
response, and even render it bias-dependent.

The feasibility of single-nanowire photodetectoraséad on GaN/AIN superlattices
embedded in GaN nanowires was demonstrated bytRegul?*. In their case, the presence
of the superlattice reduced the dark current, lsat decreased the responsivity by around two
orders of magnitude. Their superlattice was desigime have a band-to-band transition
(transition between the first confined electron dmule levels, e-hy) around 430 nm
(= 2.9 eV). Temperature-dependent studies of theoghatent, presented in ref, showed
that such large GaN nanodiscs (room-temperatw®pminescence measured at 2.8-3.2 eV,
which corresponds to a nanodisk thickness 8¢5 nm) present problems for the collection of
photogenerated carriers, which justifies the lospomsivity. Despite of this handicap, the
response from the superlattice was observed ardabchm € 3 eV) in the photocurrent
spectrum. Yet it was approximately three ordemnnagnitude weaker than the response of the
GaN cap/stem. With positive bias applied to thenstie responsivity decreased by one order
of magnitude, and the response of the superlattaemasked by the background noise.

In this work, we present an improved structuraligigsmore adapted for its use as a
photodetector, which exploits the advantages aatstiwith the internal electric field
generated by the superlattice. First, we reducenidéh of the GaN nanodisks to 2.5 nm to
facilitate the carrier extraction. Second, we haweoduced an asymmetry in the doping
profile: The stem and the superlattice are undopreas the cap is heavily n-type doped.
This avoids the pinning of the Fermi level at tbeduction band in the stem, and enlarges the
regions with internal electric field in the structuWith this new architecture, we obtain an
enhancement of the responsivity by more than tvaersr of magnitude. Furthermore, we
demonstrate that the application of positive oratieg bias leads to an enhancement of the
collection of photogenerated carriers from the GdN/superlattice (in the= 280-330 nm

ultraviolet B range) or from the GaN base (in ta&30-360 nm ultraviolet A range),



respectively. This behavior is explained usingmlsmation of scanning transmission electron
microscopy (STEM) observations, and semi-classstalulations of the strain and band

structure in one and three dimensions.

SAMPLE DESCRIPTION AND EXPERIMENTAL METHODS

The structure of the nanowires under study is de@in Figure 1(a) The [000-1]-oriented
GaN nanowires were grown on Si(111) substratesAdBE performed under nitrogen-rich
conditions at a substrate temperature of 798°8uminum, gallium and germanium were
supplied from standard effusion cells with beamigjent pressures of 7x10mbar, 1.5x10

" mbar and 1x10° mbar, respectively. The source of atomic nitroges operated at a power
of 300 W using a nitrogen flux of 1 sccm. After theposition of the 1600-nm-long GaN stem,
a 30-period GaN/AIN superlattice is formed by pdricswitching of Ga and Al fluxes. During
the growth of the AIN segments, the low mobilitytbé impinging Al atoms gives rise to the
formation of an AIN shell that envelops the GaN/AdNperlattice and the GaN stem. On the
contrary, the high mobility of Ga at the high suatt temperature inhibits the formation of an
additional GaN shell around the superlattice. Fnéthe structure is capped with a 600-nm-
long Ge-doped GaN segment ([Gepx10° cmi3, estimated from time-of-flight secondary
ion mass spectrometry in reference sampigiading to an n/n+ junction encompassing the
superlattice along the nanowire axis. The struttasgmmetry of the design, with a stem
significantly longer than the cap, responds tottengpt to attain a homogeneous height of the
GaN stems in the nanowire ensemble before the broWwthe superlatticé, to prevent the
coalescence of nanowires with displaced superasitcFigure 1(b) presents a cross-section
scanning electron microscope (SEM) view of the rmsvg nanowires recorded in a JEOL
JSM-7001F microscope operated at 5 kV.

The periodicity of the superlattice was measuredhigh-resolution x-ray diffraction
(HRXRD) using a PANalytical X'Pert PRO MRD systemitwa 4 bounce Ge(220)
monochromator. The period extracted from the istdellite angular distance in ti¢e-26
diffractogram around the (0002) reflection of thgpearlattice is 5.1£0.2 nm. Note that this
measurement is an average of the nanowire enseRWla. correct interpretation of the data
in a single nanowire, we recorded STEM imagesairdacted wire that was previously fully
characterized as a photodetector. High-angle andal&-field (HAADF) STEM was carried
out using a probe-corrected FEI Titan Themis wiflelal-emission gun operated at 200 kV.

To electrically contact individual nanowires, th&gown nanowires are sonicated in



ethanol, and the solution is then dispersed onrray af homemade $\l4 membrane® with

a window size of 23@m, compatible with STEM observations. Arrays ofidé membranes
were fabricated starting from a 45@3-thick n++ silicon (100) wafer covered on eachesid
with a 200-nm-thick Si@ layer for additional electrical insulation and @02h1m-thick
stoichiometric SIN4 deposited by low-pressure chemical vapor depositiWwindows and
cleavage lines were opened on one side in thé4+3ind SiQ layers by optical lithography
and reactive ion etching. Subsequently, silicon &t were etched through the backside in
a KOH bath, until the other $bi4 layer was reached. Then, contact pads and marketiges
were defined on the front side by another optithbgraphy step, followed by electron beam
evaporation of Ti/Au (10 nm /50 nm) and lift-of6ingle nanowires deposited on such
membranes are contacted by electron beam lithogradctron beam evaporation of Ti/Al
(10 nm /120 nm) and lift-offFigure 1(c)presents a top-view SEM image of a contacted
nanowire recorded in a Zeiss Ultra+ microscope ateerat 20 kV. The GaN/AIN superlattice
can be identified in the image due to its darkerti@st in comparison with the GaN cap and
stem.

The current-voltage (I-V) characteristics were stigated both in the dark and under
continuous-wave illumination with a HeCd laser (32B). For this purpose, the nanowires
were directly connected to an Agilent 4155C semicmtor parameter analyzer and biased
over a range of 2 V. Positive bias is arbitradifined as indicated iRigures 1(a) and (g)
i.e. higher voltage in the cap segment than insteen. Measurements of the photocurrent as
a function of optical power were made with illumtioa from a HeCd laser (325 nm) chopped
at 73 Hz. The single nanowires were directly cotetbdo the 10A/V transimpedance
amplifier integrated in a lock-in amplifier (StanfioResearch Systems SR830). To measure
the spectral response of single nanowire phototteeave used a similar configuration, but
with excitation from a 450 W xenon lamp passedufloa grating monochromator.

One-dimensional and three-dimensional calculatiofsthe band structure in the
nanowires were performed using the nextnano3 sc#®aith the GaN and AIN parameters
described in ref3® For three-dimensional calculations, the nanowwes modeled as a
hexahedral prism consisting of a 150 nm long Galti@e followed by a 14-period AIN/GaN
stack and capped with 50 nm of GaN. The geometditaénsions were taken from STEM
measurements (radius of the GaN stem = 70 nm, Al ghickness = 2 nm, GaN nanodisk
thickness = 2.5 nm, and AIN barrier thickness =r#r§. The n-type doping density in the cap
segment and the residual doping density in the G@h were fixed to 3x#®cni and

1x10 cmi3, respectively. The structure was defined on a Gadétrate to provide a reference



in-plane lattice parameter, and was embedded eci@mgular prism of air which allowed
elastic strain relaxation. The effect of surfacest was simulated by introducing a negative
charge density of 2x1Bcmi? at the air/nanowire side-interface, which corresfsoto the
density of states reported for m-plane GdNh a first stage, the three-dimensional strain
distribution was calculated by minimization of thlastic energy assuming zero stress at the
nanowire surface. Then, for the calculation of Hand profiles, the piezoelectric fields
resulting from the strain distribution were takemoi account. Wavefunctions and related
eigenenergies of the electron and hole statessiméimodisks were calculated by solving the
Schrédinger-Poisson equations using the 8-banchkgel.

Electron beam-induced current (EBIC) imaging wasied out in a Zeiss Ultra 55 SEM
operated at 20 kV with a beam current of 1.7 nAe Tficroscope is equipped with a Gatan
SmartEBIC system. The current collected at the waneacontacts is amplified using a SR570
current-to-voltage preamplifier, which also allotesapply an external bias voltage to the
sample. Thereby, the induced current can be mappedltaneously with the secondary

electron signal from the sample.

RESULTS AND DISCUSSION

The study presented here was validated by the odis@n of similar results in various
nanowires with the same structure (see supplememmrmation). However, all the figures
in this paper describe the results obtained inafrtke nanowires (a typical specimen), where
it was possible to perform the complete characéion as a photodetector as well as HAADF-
STEM. The correlation of the photodetector perfamoea with the microscopy study is
important to confirm that it is indeed a singleexttj and to use its real dimensions in the band-
structure simulationsFigure 1(d)shows an HAADF-STEM image of the investigated
nanowire. From this micrograph, the nanowire presghere is a single nanowire resulting
from the coalescence of two nanowire stems, whadles place before the growth of the
superlattice. As a result, the active region iatre¢ly large, with a diameter ef 150 nm. In
the active region, the GaN nanodisk and AIN batheknesses are 2.5+0.3 nm and 2.6+0.3
nm, respectively, in good agreement with the dateaeted from HRXRD measurements.

A semi-logarithmic plot of the-V characteristics of the single nanowire in thekdar
displayed as an inset Figure 2 The combination of the internal electric fieldsluced by
the heterostructure and by the n/n+ doping prditeng the polar axis results in a strongly

rectifying behavior. To give an idea of the homagignof the sample, the dark current values



at—2 V and +2 V bias were in the range of 0.2rlAGnd 0.4-1.5 YA, respectively, for all the
nanowires under study, in contrast to the up te fikxders of magnitude in dispersion of these
values found in ref® for a less homogeneous sample. Under ultravi8R% fim) continuous-
wave illumination, we observe an enhancement otthieent by several orders of magnitude
(dashed line in the inset &fgure 2for optical power =5 uW, spot diameter = 2 mmitéN
that the ratio between photocurrent and dark ctirseimigher under negative bias (due to the
low dark current value), but the photocurrent ftselabout one order of magnitude higher
under positive bias conditions. Considering theomare surface exposed to the laser as the
active photodetector area, the responsivity is igh las 150+30 kA/W at +1 V (optical
power = 160 uW, spot diameter =2 mm, the errors baccount for the measurement
dispersion in the various wires under study). Makie is roughly 2-3 orders of magnitude
larger than those in ref! (0.1-2 KA/W, measured at the same irradiance, haleWw/cnt

2). However, a word of caution concerning this défin of responsitivities needs to be added.
First, the responsivity of nanowire photodetectisr&nown to depend significantly on the
irradiance€?* In our case, when decreasing the laser powepi?/ 1the responsivity increases
even more, up to 3.1+0.8 MA/W at +1 V and 12+3 MAAV+2 V bias. And second, the
detecting cross-section of a nanowire is knownetdabbger than the exposed surfaéé®so
that the responsivity is overestimated. Attendingthese issues, we mostly focus on
photocurrent values instead of responsivities & rémainder of this manuscript and have
given these values only for comparison with presiawrks using the same definition.

The variation of the photocurrent as a functionhaf impinging optical power has been
studied under chopped (73 Hz) excitation at 325 Nwote that for GaN nanowires, the
chopped illumination generally leads to a reductdthe photocurrent in comparison with
continuous-wave excitatioit:3®> Measurements were systematically carried out fimmto
high excitation power, to prevent artefacts reldtedersistence or temperature transients. As
shown inFigure 2 the photocurrentl,) increases sublinearly with the optical powej (
following approximately a power laiyn ~ P? with B < 1 for all the measurement frequencies.
This behavior was qualitatively the same for al ttanowires under study, with valuegoh
the range of 0.3-0.6, and a slight difference betwgositive and negative bias. This sublinear
response with the optical power is characteristithe nanowire geometry, whatever the
material system (GaRf;>3¢ Sj° GeM zZn0O*?* SnQ,* ZnTe®), and it is generally
associated to surface-related phenont&A&Consistent with the-V characteristics depicted

in the inset ofigure 2 the photocurrent is significantly enhanced urpmtesitive bias.



There is also a photoresponse at zero bias, eveighht is an order of magnitude lower
than at-1 V. This signal is a confirmation of the presentan internal electric field in the
structure at zero bias. It had already been obddéhat the insertion of a single AIN barrier in
a GaN nanowire leads to a potential asymmetry thetnifests in a zero-bias
photorespons&;*® which can be significantly enhanced through thseition of a GaN/AIN
superlattice (photocurrent = 0.2 pA, correspondinga responsivity of 0.1 A/W in ref!
under continuous-wave ultraviolet excitation). metcase of the GaN/AIN superlattice
embedded in an n/n+ junction under study, the signfurther enhanced in comparison to
refs. 21353646 1n our work, the photocurrent obtained under 1 no¥Vcontinuous-wave
excitation with the HeCd laser (spot diameter =r@)nis in the 0.5-3.4 nA range, which
corresponds to a responsivity in the 8-60 A/W ran§ech an enhancement of the
photoresponse makes it possible to observéigure 3the sublinear behavior of this
photovoltaic signal. In contrast to GaN photocoridig; whose photocurrent scales
sublinearly with the incident optical power, theofbvoltaic response in GaN p-n or Schottky
photodiodes are generally linédifor values of irradiance that do not introducéraportant
distortion of the potential profile. The lineariig associated to the different detection
mechanism: in photoconductors, light absorptioruges a change in the resistance/mobility
of the material, which results in a modulationtw# turrent traversing the device. In contrast,
in photovoltaic devices operated at zero-bias #rk durrent is negligible, and photogenerated
electrons and holes are separated by the intdedtie field and collected at the contacts. For
the nanowires under study, the maximum photondlsed in our experiments is estimated at
= 7x10" cn?s%, which implies a generation of carriers lower tRxd 0" cnm3 (note that this
number is an estimation that takes into accounefp®sed nanowire exposed surface and a
carrier lifetime of= 50 ns, which is the photoluminescence decay tirmasured at 5 K), so
that photogeneration should take place in a linemgime. The sublinear behavior
experimentally observed in all the nanowires urstiedly means that, once the photogenerated
carriers are separated by the internal electrild,fithe collection process is sensitive to
illumination. In other words, the device is sengtio the photo-induced modulation of the
resistance of the GaN stem/cap, which can be exqalaby the role of the surface states and
the large surface-to-volume ratio.

The above-described study of the variation of thetecurrent as a function of the
incident optical power is a prerequisite for a eotrinterpretation of spectral response
measurements. The recorded photocurrent spectraadalated by the spectral intensity of



the lamp, and the correction must take into acctnsublinearity of the devices. Corrected
photocurrent spectra for various bias values assgnted inFigure 3 The spectra are
normalized and vertically shifted for clarity (thessponse under positive bias is always at least
one order of magnitude higher than under negatias) bUnder negative bias, the spectral
response is maximum in the range of 330-360 nmcadntrast, under positive bias, the
maximum response is obtained in the 310-330 nm .bidotk that the spectral response is
presented here in a linear scale, since we anesttsl in the behavior in the ultraviolet region.
Above 400 nm, the response of all the deviceslmbthe detection limit of our measurement
system, whatever the bias.

This bias modulated change in the contributiorthéophotocurrent agrees with the trend
in the power law coefficienf3 observed inFigure 2 The sub-linear behavior of the
photocurrent with optical power is most pronount@degative biasi = 0.32), intermediate
for zero biasf§ = 0.42) and significantly reduced for positivedh{@ = 0.58). In other words,
when the superlattice contributes to the photoctytle influence of the surface states on the
conductivity is not as pronounced.

The different behavior of the structure under pesiand negative bias can be understood
by analysis of the potential profile along the name growth axisFigure 4shows the band
diagram in the nanowire calculated using the NextBasoftware in one dimension, for a
nanodisk/barrier thickness of 2.5 nm / 2.6 nm, mering a residual doping of 5x4cnT3
and a cap layer doped at [Ge] = 3%1€nT3. The figure presents the band diagram under
negative bias (—¥, top image), at zero bias (in the center), andeumbsitive bias (+V,
bottom image). At zero bias, the band profile pnésea triangular shape induced by the
negative charge sheet at the interface betweeGdhestem and the superlattice. This fixed
charge is due to the difference in polarizatiooneein GaN and the superlattice. It creates a
large depletion region (>200 nm) in the GaN steohaminternal electric field along the whole
superlattice, which is almost fully depleted. Ag tinterface between the superlattice and the
GaN cap, on the contrary, the difference in poran generates a positively charged sheet,
which pins the Fermi level at the conduction barite fact that the cap is heavily doped leads
to flat bands all along the cap section. In sumnidwe sample contains two areas with internal
electric field: the superlattice, with electriclfiepointing towards [0001], and the depletion
region in the stem, with electric field pointingwtards [000-1]. The application of bias
determines the dominant electric field. Under niegabias Eigure 4(a), the bands flatten
along the superlattice, and predominantly electadrsorbed in the GaN stem are collected.



Under positive biasHigure 4(c), the depletion region in the stem shrinks andectibn of
carriers absorbed in the superlattice is favoredth& same time, the barrier for carriers
injected from the contacts is higher for negatisssif-igure 4(a) than for positive biass{gure
4(c)), which explains the asymmetry of the dark cusentthe inset t¢-igure 2

The response from different regions of the nanawurader reverse and forward bias
should be directly visible in maps of the EBIC sijrsuch maps recorded on the investigated
nanowire are presented ingures 4(d) and 4(gyespectively. In EBIC, electron-hole pairs
separated by the internal or applied electric §elce collected through the contacts. Scanning
the electron beam as excitation source over thelkgarasults in a map of the origin of the
photocurrent, i.e. of the depletion regions in Hanple. As expected from the spectral
response measurements together with the bandws&usimulations, the signal for positive
bias inFigure 4(e)argely coincides with the location of the supttid@. Under negative bias
(Figure 4(d), the signal originates from the stem of the nanavibelow and close to the metal
contact. The location and shape of the EBIC sigmahis case, points to the stem contact
being rather a Schottky contact, which is reasanaioice the stem is non-intentionally doped.
Some additional weak signal components correlatle morphological features in the SEM
image, notably with the edge of the metal contacts.

The band diagram at zero bias presenteddnre 4(b)is rather symmetric with respect
to the heterointerface between the GaN stem andstiperlattice. Therefore, it is in
contradiction with the significant photoresponseaied at zero bias. To understand this
experimental evidence, calculations must constuethiree-dimensional nature of the object.
We have performed three-dimensional calculationthefand diagram using the nextnano3
software (see details in the methods), with thaltepresented ifkigure 5(a-c)where (a) is
the structure used for the calculation, and (kg oss-section of the band diagram in the
center of the wire viewed along <1-100>, and (¢hesband diagram along the central axis
of the wire. In spite of the large diameter of Wiee, the presence of surface states leads to a
complete depletion of the nanowire stem. As a tethé band profile is asymmetric at zero
bias. Comparing witlrigure 4 we could say that surface states introduce a‘“bitset”, i.e.
at zero bias the bands resemble the positive lmaBgaration in planar structure§i@ure
4(c)).

To understand the photoresponse of the superlattitee 280-330 nm band, we have
performed one-dimensional and three-dimensionautations of the electronic levels in the
GaN nanodisks, using the nextnano3 8-band k.p solfeee dimensional calculations are

important to visualize the in-plane separationha €lectron and the hole due to the shear



component of the straiff. Figure 5(eyepresents the location of the wavefunctions effitst
electron (€) and hole () levels in a nanodisk located in the center of @aN/AIN stack
(cross-section view along <1-100>). Even if the @amactions would present a certain
overlap along <0001>, their in-plane separatiordees the transition extremely improbable.
Therefore, the absorption should be associatetle@thy transition, whose observation is
also favored by the higher density of states, dredhigher collection probability for the
photoexcited electron to contribute to the photoemnir

A precise calculation of the-gy, transition energy in three dimensions is difficllie to
the high amount of laterally confined levels in Gadhodisks with such a large diameter,
which leads to enormous computation time. Howeagthe second level is higher in energy,
it also experiences a reduced radial confinement, ane-dimensional calculations should
provide a reasonable approa€igure 5(d)presents the confined levels resulting from a one-
dimensional simulation, which leads te—k =2.94 eV (=421 nm) and>ey = 3.90 eV
(=318 nm), consistent with our assumption thathge is responsible for the photocurrent

enhancement in the 280-330 nm spectral region.

CONCLUSIONS

In summary, we have presented a study of GaN smgt@wire photodetectors with an
embedded superlattice consisting of 30 periodsaN/@IN. The stem and the superlattice are
undoped whereas the cap is heavily doped n-type h€kerostructure dimensions and doping
profile were designed to exploit the advantages@ated with the internal electric field
generated by the superlattice. With this architegtwe obtain a significant enhancement of
both the response under positive bias and the pblbéac (zero-bias) response with respect to
previous results. Furthermore, we demonstratettieahpplication of positive or negative bias
leads to the dominant collection of photogenerateders from the GaN/AIN superlattice (in
the = 280-330 nm range) or from the GaN stem (in#80-360 nm range), respectively.
This bias-dependent collection mechanism is cosgistith EBIC measurements, and can be
explained form the correlation of the photocurmagiasurements with STEM observations of
the same single nanowire and semi-classical simukbf the strain and band structure in

one and three dimensions.
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Figure 1. (a) Schematic description of the nanowire heterostructure. The voltage convention
is indicated, with bias applied to the GaN cap (Vg) whereas the GaN stem is grounded (GND).
(b) Cross-section SEM image of the as-grown nanowire ensemble. The GaN/AIN superlattice,
outlined with green horizontal lines, appears with a darker contrast. (c) SEM image of a
contacted nanowire. The GaN/AIN superlattice, between the green parallel lines, appears with
a darker contrast. The voltage convention is indicated, with bias applied to the GaN cap (Vg)
whereas the GaN stem is grounded (GND). (d) HAADF-STEM image of the same nanowire.
(e) Zoomed HAADF-STEM image revealing the superlattice structure. Clear areas correspond
to GaN, darker contrast to AIN.
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Figure 2. Variation of the photocurrent)(as a function of the impinging optical pow&),(
measured with a HeCd laser (325 nm). Results for ¥1 V, 0 V and —1 V are presented. The
error bars in the diagram represent the noiseamibasurements. The photocurrent follows
an| ~ PP power law (solid lines) witlf8 = 0.58+0.02 under positive bias afid- 0.31+0.02
under negative bias. At zero bias, the responsilisublinear, with3 = 0.42+0.03. The gray
dashed line represents the slope for 1, i.e. linear behavior. Inset: Current-voltage
characteristic of the nanowire under study, recdrde the dark (solid line) and under
illumination (dashed line) with a continuous-waveGtl laser (325 nm, power = 5 pW, spot
diameter 2 mm).
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Figure 3. Spectral response of a single nanowire at vari@isesg of bias voltages (x0.5V,
+1V, £2 V). Data are corrected by the Xe-lamp emis spectrum taking the sublinear power
dependence of the NW into account. Measurementsamealized and vertically shifted for
clarity. Solid (dashed) lines correspond to posifivegative) bias. Shadowed areas outline the
difference in the response between positive andthagbias.
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Figure 4. Description of the evolution of the band diagram under bias: (a) negative bias, (b)
zero bias, and (c) positive bias. The data is the result of one-dimensional calculations of the
nanowire heterostructure, in presence of an external electric field. The Fermi level(s) is (are)
indicated by a dash-dotted blue line in each diagram. EBIC heat maps at (d) —2 V bias and (e)
+2 V bias superimposed with an SEM image of the nanowire under study. The location of the
GaN/AIN superlattice is outlined with green vertical lines.
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Figure5. Calculation of the band diagram of the nanowiretastructure in three dimensions.
(a) Schematic structure of the wire (left) togetiwith (b) a color-coded cross-section of the
conduction band edge viewed along <1-100> (rigby)Band diagram along the center of the
nanowire (dashed line in (b)). The Fermi leveltizero energy (dash-dotted blue line). The
red double arrow outlines the shift of the Fermvelewith respect to Figure 4(b) due to the
presence of surface states in the three-dimensmirjatt. (d) One-dimensional, zero-bias
calculation of the band diagram along <0001> ofaadlisk in the center of the stack, with
the squared wavefunctions of the first and secdedtren and hole levels. (e) Three-
dimensional, zero-bias calculation of the locatdnhe first electron and hole levels, (&)

in a GaN nanodisk. Dashed white lines mark the Gaour. The disk, located in the center
of the stack, is viewed along <1-100>.
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Supplementary Information

The figures in the body of the paper describe éselts obtained in one of the nanowires (a
typical specimen), where it was possible to perfahe complete characterization as a
photodetector as well as HAADF-STEM and EBIC. Hoerethe study was validated by the

observation of similar results in various nanowingth the same structure. We summarize in
this section the results obtained in the various@as, including dark current characteristics
(figure S1), photocurrent at zero-bias and 1 V lfiable Sl), spectral response under +1 V
bias (figure S2), and HAADF-STEM images (figure S3¢re, NW 4 is the one studied in the

main body of the paper.

107} A%

10° /

<
£ 10 <
5 P~ —Nw1 ]
O g% i ) —Nw2|_J
: NW3| §
™ — NW4
107 ——NwW5| 3
i ——NW6
10" l
2 1 0 1 2
Voltage (V)

Figure S1. Dark current of various nanowires. They systemadlficdisplay a rectifying
behavior with current blocked under negative bias.
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Table S1. Experimental measurements in the various nanowires under study: dark current
(laark) at 1V bias, and photocurrent (/,n) at 1V bias and at zero bias. Photocurrent
measurements were performed under continuous-wave illumination with a HeCd laser
(325 nm, power = 1 mW, spot diameter 2 mm). The nanowire whose data is presented in the
figures in the body of the paper is NW4 (data in bold).

Nanowire Zaark(1V) Ipn(1V) Ipn(0V)

NW1 130 nA 49 pA  0.34nA
NW2 410 nA 32puA  0.48nA
NW3 51 nA 34puA  34nA

NW4 110 nA 4.7pA 031 nA
NW5 36 nA 29pA  035nA
NWé6 82 nA 3.8 uA  4.44nA
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Figure S2. Normalized spectral response of various nanowires measured at =1 V bias.
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Figure S3. HAADF-STEM Images of NW3. The nanowire displays similar features as the
nanowire described in Figure 1 (NW4). It results from the coalescence of a bundle of
nanowires in the early stages of the growth, well before the deposition of the superlattice. The
active region has a diameter of = 130 nm.
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