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Single-wire photodetectors based on InGaN/GaN radial quantum wells in
GaN wires grown by catalyst-free metal-organic vapor phase epitaxy
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We present a letter on single-wire photodetectors based on radial n-i-n multiquantum well (QW)
junctions. The devices are realized from GaN wires grown by catalyst-free metalorganic vapor
phase epitaxy coated at their top by five nonpolar Ing ;¢Ga, g4N/GaN undoped radial QWs, and are
sensitive to light with energy E>2.6 eV. Their photoconductive gain is as high as 2 X 103. The
scanning photocurrent microscopy maps evidence that the detector response is localized at the
extremity containing the QWs for both below (at A=488 nm) and above GaN band gap (at \
=244 nm) excitation. This confirms that the device operates as a radial n-i-n junction. © 2011

American Institute of Physics. [doi:10.1063/1.3596446]

In the last decade, nanowire (NW) based photodetectors
have attracted much attention because of their high
sensitivity.l’6 In the III-N materials system, highly sensitive
photodetectors based on binary GaN NWs (Refs. 7-9) and
on polar axial GaN/AIN heterostructured NWs (Ref. 10)
have been demonstrated. Radial polar and semipolar InGaN/
GaN multiquantum well (MQW) NWs have already proved
their potential for light emission'"'? and photovoltaic
applications.13 In this letter, we present a study of single-wire
photodetectors based on nonpolar radial InGaN/GaN MQWs.
Nominally undoped MQWs sandwiched between uninten-
tionally doped GaN core and n-doped shell layers are grown
at the top of a n-doped GaN wire by catalyst-free metal-
organic vapor phase epitaxy (MOVPE). These detectors re-
spond to visible and UV light with energy above 2.6 eV. The
scanning photocurrent (PC) microscopy maps demonstrate
that the photoresponse is localized in the MQW region of the
wire. A responsivity as high as 8.3X 10> A/W and a —3 dB
frequency cutoff of 50 Hz is measured for the device under 5
V bias illuminated with 360 nm light. We demonstrate thus
that the catalyst-free MOVPE allows for the fabrication of
sensitive nanoscale detectors, whose spectral properties can
be tuned in the visible-near UV interval through the band
engineering of the nonpolar MQW system. These systems
also represent a step toward the demonstration of radial non-
polar p-i-n structures which could be simultaneously oper-
ated as light emitters in forward bias and photodetectors in
reverse bias."*

The c-oriented GaN wires are grown by MOVPE on
c-sapphire substrates using in sifu  SiN, thin film
predeposition.ls’16 The stem of the wires is grown at
1000 °C using trimethylgallium and ammonia with a silane
addition to get n*-doping. The silane flux is then switched off
to grow unintentionally doped GaN at the top of the wires.
Finally, GaN wires are coated at their top with five uninten-
tionally doped radial InGaN/GaN quantum wells, which
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grow on the nonpolar m-plane facets [see the scanning elec-
tron microscopy (SEM) image of Fig. 1(a) and the schematic
in Fig. 1(b)]. The covering of the top c-plane facet of the
wire will be neglected due to the c- to m-plane surface area
ratio. InGaN wells and GaN barriers are grown at 730 °C
and 840 °C, respectively, using trimethylindium and trieth-
ylgallium as III-precursor sources. The last GaN quantum
barrier is n-doped with silane to form an n-i-n junction.
The In concentration in the QWs estimated by time-of-flight
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FIG. 1. (Color online) (a) SEM image of the as-grown NWs on sapphire
substrate; (b) scheme of the heterostructure and of the doping profile; (c) I-V
curves of a single-nanowire device (W1) at RT in air, in the dark (black solid
line), and under illumination at A=360 nm and P;,=30 mW/cm? (red
dashed line). In the inset, SEM image of the corresponding device. The NW
length is 20 um.
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FIG. 2. (Color online) (a) Normalized PC spectrum of W1 at 1 V bias (green
solid line) and of a nanowire from a reference n-i-n GaN sample without
QWs (blue dashed line); u-PL spectra from the top (black dotted line); and
from the base (red dash-dotted line) of W1; all spectra have been collected
at RT in air. (b) UV micrograph visualizing the area containing the contacted
W1 analyzed by means of SPCM. The red arrow points to the NW top. [(c)
and (d)] SPCM images collected exciting the sample with laser light at (c)
N=488 nm and (d) A=244 nm. The scale reported on the right-hand side is
linear from O to the maximum PC recorded within each image.

secondary ion mass spectrometry is about 16% (+4%) and
the QW (barrier) thicknesses have been estimated from
transmission electron microscopy measurements to be tqw
=1 nm (tp,,=10 nm). The wires selected for device pro-
cessing have a length [y, (diameter dy) in the 15-20 um
(500 nm—1 wm) range. The wire RT photoluminescence
shows an intense emission at 3.05 eV attributed to the lumi-
nescence of InGaN QWs in the quantum confinement re-
gime, below the 3.51 eV n-doped GaN band gap [Fig. 2(b)].
In order to fabricate single-wire photodetectors, wires
were detached from the growth substrate by sonication in
ethanol, and then dispersed on a patterned Si/SiO, substrate.
Subsequently, they were planarized by spin coating with a
layer of H-Silsesquioxane (HSQ) spin-on glass with thick-
ness fyso~ 500 nm and then annealed at 700 °C for 30 min
in order to transform the HSQ into SiO,. This layer is re-
quired to provide a solid support for continuous metallic con-
tacts. Dry etching using CF, chemistry was then performed
to uncover the upper side of the NWs from residual SiO,.
The contacts to the NW extremities have been fabricated by
e-beam lithography and Ti/Al/Ti/Au metallization. It is im-
portant to note that during the growth the QWs are formed
only at the NW top. This allows contacting directly the wire
core without intermediate etching ste;l)s, as it has been done
in analogous core-shell NW devices.!" The SEM image of a
planarized and contacted wire is reported in the inset of Fig.
1(c). A total of ten objects have been processed and subse-
quently studied, yielding a good reproducibility. In the fol-
lowing, we will refer to the measurements performed on one
particular device, labeled W1, if not otherwise specified.
The wire current-voltage (I-V) characteristics were
tested using a probe station and a Keithley 2636 source-
meter. The I-V curves of W1 are reported in Fig. 1(c), mea-
sured at RT in ambient air under different illumination con-
ditions. The curves are symmetric and quasi-ohmic, with a
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dark resistance at zero-bias Ry=20 k(). No change in the
I-V characteristics occurs under vacuum or when illuminat-
ing with light at A>520 nm.

Upon illumination at a wavelength A=360 nm with in-
cident power density P;,.=30 mW/cm?, the conductivity of
the NW device increases, yielding a PC Ipc=5X 107> A un-
der 5 V bias. Taking into account the wire exposed area
where the lateral overgrowth occurred, this corresponds to a
responsivity J3(360 nm,5 V)=2.5X10* A/W. As the de-
vice is an n-i-n junction, the PC is generated through a pho-
toconductive mechanism, with the production of excess car-
riers within the undoped region.17 The photoconductive gain,
defined as the ratio between collected photogenerated carri-
ers and absorbed photons per unit time—assuming that all
incident photons are absorbed—is G(360 nm,5 V)=9.2
X 103. For illumination under band gap at A=400 nm, we
obtain a responsivity 2(400 nm,5 V)=1.6X10* A/W and
a gain G(400 nm,5 V)=5.2X10% This gain value G>1
suggests that a spatial separation mechanism strongly sup-
presses the recombination of the photogenerated e-h
pairs.l‘5 7% Such an effect has been previously reported in
smaller diameter axial NW photodetectors because of the
localization of holes (electrons) at the geriphery (center) of
the NW due to radial band bending.1‘2’7’ In these radial junc-
tions the carrier separation mechanism must be different.
This mechanism is most likely related to the presence of an
upward band bending along the NW axis. The resulting elec-
tric field attracts the photogenerated holes toward the top
polar surface, and separates them from electrons in the active
region, as previously reported in the case of bulk GaN-based
n-i-n photoconductors.18 Moreover, holes may be trapped at
the top surface yielding a diminution of the surface space
charge region, contributing thus to the increase in the device
conductivity.

The NW PC spectra were measured using a tunable
visible-UV light source, consisting of a Xe lamp coupled
with a Jobin Yvon Triax 180 spectrometer. The spectral res-
olution of the system used in this letter is ~40 meV. The PC
spectrum of W1 recorded at RT in air and under bias V
=1 V is shown in Fig. 2(a), normalized by the incident
power of the monochromatized light. The onset of the PC is
at E=2.5 eV. A significant PC contribution is therefore
found below the GaN band gap. The spectrum exhibits a
second PC onset at E~3.3 eV, close to the GaN near-band
edge (NBE) energy, then the signal extends to the deep UV
range. We notice that the PC spectrum of a n-i-n GaN refer-
ence wire without QWs does not exhibit any subband gap
signal comparable to that of W1. The PC spectrum of W1
can also be compared to its microphotoluminescence (u-PL)
spectrum acquired at T=4 K exciting the top of the wire
with 244 nm laser light [Fig. 2(a)]. This spectrum exhibits
two main peaks: (i) a broad peak at Eqw=3 eV, correspond-
ing to the emission of the MQWs and (ii) a second peak at
Enge=3.45 eV, at the GaN NBE. The u-PL from the base of
the same wire [Fig. 2(a)] only exhibits the GaN NBE peak,
blueshifted at Exygg=3.56 eV because of the high doping
concentration (Ny~ 102 c¢m™)."> We attribute therefore the
sub-bandgap PC to transitions taking place within the radial
MQW system. The PC onset at E=3.3 eV is most likely
related to photogeneration in the unintentionally doped
GaN barriers in the MQW region. A slight redshift with re-
spect to the GaN band gap can be explained by band tailing
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FIG. 3. (Color online) (a) Time response of W1 polarized at V,=5 V to
light steps. (b) Normalized frequency response of the detector to modulated
light at A=244 nm (black squares), at A=360 nm (red circles) and at \
=488 nm (green triangles).

effects. Within the measurement range of the techniques em-
ployed, no yellow band or other defect-related signal could
be found.

We investigated the spatial distribution of PC generation
by means of spatial PC microscopy (SPCM),19 also known as
optical beam-induced current.”’ The sample was illuminated
with laser light either at A=488 nm or at A=244 nm fo-
cused by 20x objective lens with 0.4 numerical aperture. The
PC map was obtained by scanning the sample by means of
an automated X-Y piezoelectric stage. The spatial resolution
was about 2 um. The optical microscopy picture of the ana-
lyzed area containing W1 is visualized in Fig. 2(b) while the
two SPCM images are reported in Figs. 2(c) and 2(d). For
both excitation wavelengths the PC signal is located exclu-
sively in the immediate neighborhood of the NW top, in
correspondence with the unintentionally doped MQW re-
gion. The PC signal along the NW body is very low, con-
firming that the PC is generated in the intrinsic region even
for an excitation above the GaN band gap as expected for a
radial n-i-n junction. The overall device conductivity in-
creases indeed only when the resistivity of the undoped por-
tion drops because of the generation of free electron-hole
pairs.

Figure 3(a) displays the rise and decay current transients
of the device under illumination at A=360 nm. In both tran-
sients we can identify a fast and a persistent component. This
latter was identified by fitting both transients by a stretched
exponential 1(r)=1y+A exp[—(¢/ 7)*] with @=0.35. The time
constant 7is ~10 s for the rising time and of the order of
3000 s for the decay time. These results are in good agree-
ment with the persistent PC studies reported in the case of
bulk GaN UV photodetectorsﬂ’22 and GaN NW detectors.’
To identify the fast component, the response to modulated
light was monitored at three different wavelengths (A =244,
360, and 488 nm). The results, illustrated in Fig. 3(b), show
that for the two UV wavelengths the —3 dB cutoff* is at
Jr~50 Hz, corresponding to the fast component character-
istic time 7~3 ms. The cutoff drops to f7~20 Hz for light
at A=488 nm. The observed persistent PC behavior can be
explained keeping into account the spatial separation of car-
riers and the modulation of the surface space charge width by
hole trapping.18 However, the difference in the cutoff fre-
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quency for UV and visible light indicates that the hole trap-
ping mechanism may be different in the case of GaN and
QW excitation, respectively.

In conclusion, we have demonstrated that high sensitiv-
ity photodetectors can be fabricated using radial InGaN/GaN
MQW n-i-n junctions in single wires grown by catalyst-free
MOVPE. The devices exhibit a high responsivity (~8
X 10® A/W) in the visible-to-UV spectral range and a fre-
quency response with a —3 dB cutoff of 50 Hz. This study
demonstrates the interest of the radial InGaN QWs for the
development of NW optoelectronic devices such as photode-
tectors and light-emitting diodes.
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