Journal of Physics D: Applied Physics

PAPER

Radiation sensors based on GaN microwires

To cite this article: D Verheij et al 2018 J. Phys. D: Appl. Phys. 51 175105

View the article online for updates and enhancements.

Related content

- Experimental and theoretical analysis of
transport properties of core—shell wire light
emitting diodes probed by electron beam
induced current microscopy
P Lavenus, A Messanvi, L Rigutti et al.

- Comprehensive analyses of core—shell
InGaN/GaN single nanowire photodiodes
H Zhang, N Guan, V Piazza et al.

- Optoelectronic device physics and

technology of nitride semiconductors from
the UV to the terahertz

Theodore D Moustakas and Roberto
Paiella

Recent citations

- Neutron irradiation-induced modification of
electrical and structural properties of GaN
epifilms grown on A'zoa (0001) substrate

V N Brudnyi et al

This content was downloaded from IP address 193.136.74.113 on 17/04/2020 at 14:00


https://doi.org/10.1088/1361-6463/aab636
http://iopscience.iop.org/article/10.1088/0957-4484/25/25/255201
http://iopscience.iop.org/article/10.1088/0957-4484/25/25/255201
http://iopscience.iop.org/article/10.1088/0957-4484/25/25/255201
http://iopscience.iop.org/article/10.1088/0957-4484/25/25/255201
http://iopscience.iop.org/article/10.1088/1361-6463/aa935d
http://iopscience.iop.org/article/10.1088/1361-6463/aa935d
http://iopscience.iop.org/article/10.1088/1361-6633/aa7bb2
http://iopscience.iop.org/article/10.1088/1361-6633/aa7bb2
http://iopscience.iop.org/article/10.1088/1361-6633/aa7bb2
http://iopscience.iop.org/0268-1242/33/9/095011
http://iopscience.iop.org/0268-1242/33/9/095011
http://iopscience.iop.org/0268-1242/33/9/095011
http://iopscience.iop.org/0268-1242/33/9/095011
http://iopscience.iop.org/0268-1242/33/9/095011
http://iopscience.iop.org/0268-1242/33/9/095011
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsu9uvHGAgS2R5jXzy9mh20YoCJE-wiXNyKoadp8fd21rw3Q1n8d3fQz5rPzEmUWLC-6o1eoS3E4uxnK83gFYesNlr8C1Xo6vr0y-V2B0k0jjqLf2hBTviHVLNzrY3nScBgeiEusn7t6ivBo2wv7rsufDlUQ81nVj939C_68mulG3lEdaL3tNTqwTvMyv6mg2p-wZKeuU_un8nXbPdIu7frZ5Q4ZM_mHTocSwuHaCjmdnKpNKsiV&sig=Cg0ArKJSzBgn6s2cvkaD&adurl=http://iopscience.org/books

IOP Publishing
J. Phys. D: Appl. Phys. 51 (2018) 175105 (10pp)

Radiation sensors based on GaN
microwires

Journal of Physics D: Applied Physics

https://doi.org/10.1088/1361-6463/aab636

D Verheij'2, M Peres'>®, S Cardoso?, L C Alves’, E Alves!, C Durand®,
J Eymery’® and K Lorenz'~?

! IPFN, Instituto Superior Técnico, Campus Tecnoldgico e Nuclear, Bobadela LRS, Portugal

2 Instituto Superior Técnico and Instituto de Engenharia de Sistemas de Computadores—Microsystems
and Nanotechnology (INESC-MN), Lisboa, Portugal

3 C2TN, Instituto Superior Técnico, Campus Tecnolégico e Nuclear, Bobadela LRS, Portugal

4 CEA INAC-Pheligs-NPS, Université Grenoble Alpes, Grenoble, France

5 CEA INAC-MEM-NRS, Université Grenoble Alpes, Grenoble, France

E-mail: dirkjanverheij@ctn.tecnico.ulisboa.pt and lorenz @ctn.tecnico.ulisboa.pt

Received 11 December 2017, revised 5 March 2018
Accepted for publication 13 March 2018
Published 10 April 2018

®

CrossMark
Abstract
GaN microwires were shown to possess promising characteristics as building blocks for
radiation resistant particle detectors. They were grown by metal organic vapour phase epitaxy
with diameters between 1 and 2 pm and lengths around 20 pm. Devices were fabricated by
depositing gold contacts at the extremities of the wires using photolithography. The response
of these single wire radiation sensors was then studied under irradiation with 2 MeV protons.
Severe degradation of the majority of devices only sets in for fluences above 4 x 10'® protons
cm™?

revealing good radiation resistance. During proton irradiation, a clear albeit small

current gain was observed with a corresponding decay time below 1s. Photoconductivity
measurements upon irradiation with UV light were carried out before and after the proton
irradiation. Despite a relatively low gain, attributed to significant dark currents caused by a
high dopant concentration, fast response times of a few seconds were achieved comparable to
state-of-the-art GaN nanowire photodetectors. Irradiation and subsequent annealing resulted
in an overall improvement of the devices regarding their response to UV radiation. The
photocurrent gain increased compared to the values that were obtained prior to the irradiation,
without compromising the decay times. The results indicate the possibility of using GaN
microwires not only as UV detectors, but also as particle detectors.

Keywords: GaN, microwires, radiation detectors, photoconductivity, ion beam induced

conductivity, proton irradiation

(Some figures may appear in colour only in the online journal)

1. Introduction

GaN is a wide direct bandgap semiconductor and has been
applied in high efficiency ultraviolet (UV) light-emitting and
sensing applications since the nineties [1, 2]. More recently,
its nano- and microwire configurations have attracted intense
attention for application in UV photodetectors due to their
high crystal quality and high surface to volume ratio [3, 4].
Two relevant parameters to create commercially inter-
esting sensors are gain and response time. In comparison to
their bulk counterparts, GaN nanowire-based photodetectors

1361-6463/18/175105+10$33.00

have achieved higher photoconductive gain [3]. Nonetheless,
these devices also present limitations such as limited temper-
ature stability [1] as well as the existence of a persistent pho-
tocurrent (PPC), i.e. an increased current level that persists
even when the external stimulus is switched off [4], which
leads to long decay times. In general, in nanowire sensors,
a fundamental trade-off between the photoconductive gain
and speed of photodetectors exists, as the increase of one of
these parameters usually decreases the other [5]. Furthermore,
when assembling a device, special care must be taken when
depositing the contacts as typically processing will modify

© 2018 IOP Publishing Ltd  Printed in the UK
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surface state properties, which can harm the reproducibility
characteristics of the radiation sensors [6]. Recently, efficient
UV detection based on InGaN/GaN coreshell microwires was
demonstrated including the possibility of integrating these
devices in flexible substrates [7, 8].

The potential of GaN nano- and microwires as a base mat-
erial for photodetectors has already been demonstrated; how-
ever, no reports exist on their sensing capabilities for heavy
particles such as protons, neutrons and ions. Ion beam induced
conductivity was measured in zinc oxide nanowires. Devices
containing wires with diameters between 150 and 250nm
were irradiated with He ions while measuring their conduct-
ance at constant bias [9]. It is therefore desirable to extend the
characterization of GaN microwire radiation sensors to irra-
diation with heavy particles. The assembly of such a device
can potentially fill the gap that currently exists.

Particle detectors based on GaN thin films, on the other
hand, have been successfully realized. Polyakov et a/ [10] and
Xu et al [11] were able to successfully detect a-particles using
a Schottky structure while Vaitkus et al [12] achieved similar
results with ohmic behaviour. GaN is an interesting material
to be applied in high energy radiation detectors because,
beside its wide bandgap, it also possesses a large displace-
ment energy, high thermal stability, as well as strong defect
mobility at room temperature, leading to dynamic annealing
during irradiation, which make GaN a radiation hard medium
[13, 14]. This property is especially important in harsh
environments, where high temperatures and energy deposi-
tion can cause the rapid degradation of the standard materials
used for detectors, such as silicon. The radiation hardness of
GaN films to proton and neutron radiation was studied by
Grant et al [15] and they point out a number of issues, mainly
related to the thickness of available material and large density
of defects produced during the growth process. These defects
are mainly related to the lattice and thermal expansion mis-
match between GaN and the sapphire substrate. Other groups
also reported that the high dislocation densities in GaN het-
eroepitaxial films limit carrier mobility and increase leakage
currents [16, 17]. Using microwires can solve these problems
to a great extent as defect densities produced due to the lat-
tice mismatch are significantly reduced. GaN microwires can
be considered as almost dislocation free along their length
because lattice-mismatch (misfit) dislocations occurring at
the Al,O3/GaN interface are bent to the sidewall surface very
close to the bottom of the wire [18]. On the other hand, inver-
sion domains are frequently observed [19] and stacking faults
have been reported at the interface between doped and nomi-
nally undoped parts [18].

The improved crystalline quality of dislocation free
microwires is expected to decrease leakage currents compared
to thin film devices. Additionally, compared to nanowires, the
larger volume of microwires makes them better suited for the
detection of high energy particles and x-rays. In this way, the
idea is to settle a compromise between the better crystalline
quality associated to wire-based GaN and the larger volume of
GaN layers. However, surface defects are often seen to dom-
inate the behaviour of nanowire devices due to Fermi level
pinning at the surface. This leads to surface band bending

and the formation of a depletion region at the nanowire sur-
face. Indeed, a detailed study of the influence of the nanowire
diameter on UV detection, for nanowires grown by molecular
beam epitaxy, showed that Fermi level pinning yields a full
depletion of nanowires with small diameters explaining high
gains and fast response. However, above a critical diameter
of ~80nm, a conductive core is maintained and devices show
higher dark currents, a lower gain and stronger persistent cur-
rents [20]. In particular, the surface band bending causes the
separation of irradiation induced electrons and holes which
then suppresses their recombination when the irradiation is
switched off leading to persistent current. Nevertheless, this
effect should be much smaller in heavily doped wires like
those used in the present study. Indeed, our results suggest
that the behaviour of the microwire devices discussed here is
quasi-bulk, i.e. surface defects do not play a major role in the
observed response of the radiation sensors.

2. Experimental methods

GaN wires were grown by catalyst-free metal organic vapour
phase epitaxy (MOVPE) as reported previously [21]. The
c-plane sapphire substrate is first baked in situ under H, at
1040 °C and nitridated with NH3 (2000 sccm) for 30s to form
a thin AIN surface layer. Then, by injecting simultaneously
SiHy (45sccm) and NH3 (4000scem) for 100s a SiN, layer
is deposited. Following these steps, the GaN seed nucleation
is achieved at 1000 °C by injecting the respective precursors,
trimethylgallium (TMG) (135 gmol min~') and NH3 (2.232
mmol min~!), into the chamber under a N, carrier gas flow.
The vertical growth is initiated immediately after seed nucle-
ation keeping the same temperature and small V/III molar ratio
but with an additional injection of silane (200 nmol min~").
The silane flux is fundamental to initiate the vertical growth
of long wires by MOVPE as reported in [21]. When the wires
are approximately 13 pm long, the silane flux is turned off and
vertical growth continues for approximately another 7 pum.

The resulting microwires present diameters ranging from
1 ym to 2 pum and a length of approximately 20 pm. The
silane flux causes the incorporation of Si donors into the
bottom part of the grown wires, leading to a highly doped sec-
tion with a doping concentration in the 10'°-10?° cm~ range.
Additionally, due to the silane, a thin shell (<3 nm) of SiN, is
formed around this part of the wire. In the upper part, since
no silane flux was used during growth, unintentionally doped
n-type GaN, with a lower carrier concentration (~10'® cm™3)
[22], is grown and no SiN, sidewall layer exists [23]. As will
be demonstrated in the following section, this discontinuity in
the doping concentration will influence the electrical proper-
ties of the devices.

A full description of the growth process can be found in
[21]. A bird-view scanning electron microscopy (SEM) image
of the as-grown microwires is shown in figure 1(a) accompa-
nied by a schematic in figure 1(b). They are single crystals and
essentially dislocation free as demonstrated by high resolution
transmission electron microscopy [8] and are in a well-defined

epitaxial relationship with sapphire (1 10 0] can// [1210] Sapp
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Figure 1. (a) SEM image with a magnification of 901 x of the
as-grown microwires; (b) schematic of a single microwire (not on
scale).

and [0001]g,y //[0001]g,,, within less than one degree of
twist and tilt) [21]. The crystalline quality has also been dem-
onstrated recently by nanoprobe coherent x-ray diffraction
very sensitive to all structural defects revealing that the main
defects are inversion domain boundaries i.e. the coexistence of
domains of different polarity [19].

To fabricate the radiation sensors, a methodology con-
sisting of three main phases was followed. Firstly, with the
knowledge that the placement of the microwires by dispersion
on a substrate is random, a grid needs to be deposited. Thus a
TiW metal grid consisting of an array of 10 x 10 um? squares
was deposited on the silicon substrate and subsequently cov-
ered by SiO,. The way this grid will aid to locate the microw-
ires is as follows. Each small square represents a position
(defined by a set of coordinates) in the matrix of squares. After
the dispersion of the microwires, the sample is inspected with
an optical microscope and the location of single microwires is
defined according to the coordinates of the grid. These coor-
dinates then define the location to deposit the metal contacts
by a further lithography step. In detail, the structure of the
grid consists of 150 A thick TiW squares, deposited on top of
silicon covered by a thin oxide layer due to the exposure of the
wafer to ambient conditions. To draw the desired pattern, pho-
tolithography was done with a Direct Write Laser Heidelberg
2.0 system and, finally, to avoid contact between the wires and
the TiW, an insulating layer of 2000 A SiO, was deposited in
a Alcatel SCM 450 sputtering system. The conditions for this
deposition were a RF power of 190W, a pressure of 4 mTorr
and a deposition rate of 11.97 A min~!. The second stage is
the dispersion of the microwires. This was done by primarily
detaching them from their Al,O3 growth substrate via ultra-
sound treatment for 15 minutes. Afterwards, some droplets of
the resulting suspension of microwires in isopropyl alcohol
were deposited on the SiO,. By optical microscopy and with
the grid as a reference, their position was defined. In the third
step, a metal lift-off process was used to deposit the contacts.
Contact paths were drawn using photolithography, which was
followed by the deposition of 300 A of Cr and 4000 A of Au
by magnetron sputtering in a Alcatel SCM 450 machine. The
conditions for this deposition were an RF power of 200W, a
pressure of 3‘mTorr and a deposition rate of 55.6 A min~!,
The lift-off was achieved by immersing the substrate into a
microstrip solution which was then placed, subsequently, in
a heat bath (60 °C) and in an ultrasound bath (60 °C) for 4 h.
Finally, the substrates were integrated on a chip carrier in

Step 1 - Square definition by
physical etching

Step 2 - SiO deposition by sputtering
and chemical wire dispersion

Cr/Au =

Step 3 - Au pads definition by metal
lift-off

(a) (b)

Figure 2. (a) Optical microscopy image of a microwire device
after the lift-off step. The squares of the grid have a lateral size of
10 pm and the width of the contact paths is 20 gm. (b) Schematic
representation (not on scale) of the three fabrication steps: metal
grid definition by physical etching of the TiW layer on silicon,
SiO; deposition by sputtering and wire dispersion, and Cr/Au pads
definition by metal lift-off.

order to allow in situ measurements while performing proton
irradiation. Figure 2 shows an optical microscopy image of
a single sensor that was successfully fabricated as well as a
schematic of the device processing steps.

Electrical and opto-electrical characterization were per-
formed using a two-probe configuration, connected to an
Agilent B1500A semiconductor device analyser. For the pho-
toconductivity measurements a high-power UV LED with
a dominant wavelength of 365nm and with a typical output
power of 360 mW was used. Excitation energy dependence,
gain and decay time of the photocurrent were studied through
photoconductivity spectroscopy, steady-state I-V and tran-
sient [-V measurements, respectively [24].

The proton irradiation was carried out at the nuclear micro-
probe facility at IST/LATR. The energy of the proton beam
used in the experiments is 2 MeV and during the measure-
ments, the beam area was set to 20 x 20 xm? and the current
to 300 pA, which corresponds to a flux of 5 x 10'* protons
(cm~2 s 1). This flux was maintained during the entire proton
irradiation experiment. The fluence is then calculated by mul-
tiplying this flux by the irradiation time. It should be noted
that the focused beam is quite intense leading to high fluences
in just few minutes of irradiation i.e. for the highest fluence
of 1.2 x 10'7 protons cm~2 only four minutes of irradiation
were required. Taking into account the surface area of the
microwires, which is obtained by multiplying their diameter
and length, approximately 10® protons impact a single wire
each second. The main goals of the measurements are to ana-
lyse how the wires react to the proton irradiation in terms of
induced conductivity but also to see how the wires are affected
in terms of defect creation. SRIM simulations (stopping and
ranges of ions in matter) [25] for a 2 MeV proton beam on a
planar GaN substrate, using displacement energies of 45eV
and 109eV for Ga and N respectively [26], yield a projected
range of ~24 um and suggest that we can safely assume that
no hydrogen implantation occurs. Although slight discrepan-
cies are expected due to the non-planar nature of the microwire
samples, the simulations indicate that the ionization profile
will be constant across the entire microwire cross-section (see
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Figure 3. SRIM simulation for 2 MeV protons hitting a planar GaN target. The red dashed line represents the depth corresponding to
a typical GaN microwire diameter; (a) the energy loss due to ionization plotted versus the target depth; (b) number of vacancies plotted

versus the target depth.
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Figure 4. Experimental I-V curves obtained for four different samples. The I-V characteristics are (a) almost linear (129D), (b) almost

symmetric (102U), (c) asymmetric (216U) and (d) rectifying (326D).

figure 3(a)). Finally, the plot relative to the collision events,
shows that there will be some damage creation, but since the
protons cross the wires, the number of created defects will not
be large (see figure 3(b)).

3. Results and discussion

3.1. Electrical characterization

The I-V measurements showed that not all the devices pre-
sented identical I-V behaviour. We can divide the results into

four types of curves: almost linear (figure 4(a)), almost sym-
metric (figure 4(b)), asymmetric (figure 4(c)) and rectifying
(figure 4(d)). The most commonly obtained curves (18 out
of 23) are almost symmetric or asymmetric. However, after
annealing the devices at 400° for 60s, the almost symmetric
curves tended to become more asymmetric, while the asym-
metric curves were not altered. The reason devices fabricated
in the same way present different responses is probably due
to unavoidable processes that occur during fabrication which
may alter the metal-semiconductor interface properties.
Additionally, the oxidation of the GaN surface, which can
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Figure 5. [-V characteristics of the devices 105U (a) and 216U (b) measured under dark (black curve) conditions and when irradiated with

the high-power UV LED (magenta curve).

be inhomogeneous from wire to wire might also influence
the contact properties. The polarisation inversion domains
observed in these microwires [19] may also contribute to
distinct I-V characteristics from wire to wire. In GaN layers
they were suggested to modify the transport properties across
Schottky barriers [27]. Similar results were also obtained by
Zhang et al when performing electrical measurements on
Bi,S3 nanowires and attributed to variations of the intrinsic
parameters of the nanowires and to different contact geom-
etries and properties such as the contact area and Schottky
barrier height [28]. In the present case, the asymmetry in the
I-V curves can be attributed to the discontinuity of charge car-
riers along the microwire due to the doping profile. As is well
known, the thickness of the depletion width is proportional to
the inverse square root of the donor concentration (Ny) [29].
Thus, for a higher N, the tunnelling of electrons through the
barrier becomes more significant, yielding a higher current.
Consequently, for the highly doped end a more ohmic like
contact is expected while for the top of the wire, the type
of contact depends on whether the doping concentration is
or not below the semiconductor metal transition. As said, in
our samples mostly Schottky contacts were obtained for the
moderately doped section. It is also important to notice that
the devices present high dark conductivity, in agreement with
the high Si doping level. Microwires grown by an identical
process as those used in this investigation but with a homo-
geneous high doping concentration along the wire axis were
studied by Tchoulfian et al [30, 31] and they also reported a
very high conductivity and estimated carrier concentrations
above 10%° cm~3.

3.2. Photoconductivty

To study the photoconductive properties of the devices,
spectroscopy, static I-V and transient [-V measurements
upon irradiation with light were performed. As expected, pho-
toconductivity spectra showed that the photocurrent is low
for excitation below the bandgap and absorption increases for
wavelengths close to the bandgap for all tested devices (not
shown).

In figures 5(a) and (b) -V curves obtained during irradia-
tion with the UV LED are compared with those obtained in the

0 Te—

0 200 400 600 800 1000 1200

Time (s)

Figure 6. Transient [-V curve measured with device 216U for a
bias of 3V; the light was turned on at = Os and off at = 100s;
the blue line corresponds to the experimental data and the red line
corresponds to the fit of the decay. The y-axis corresponds to the
current gain calculated according 100 x (I(¢) — Iqark ) /Idark-

dark for samples 105U (almost symmetric) and 216U (asym-
metric). As can be seen, the increase in current due to photo-
excitation, albeit small, is clearly observed for positive bias,
while for negative bias effects are less evident, especially for
device 216U. Low photocurrent gain for heavily doped GaN
nanowires was already observed previously [32-34]. A pos-
sible explanation for this is that heavy doping limits the deple-
tion width in dark environment to already very small values.
Consequently, irradiation with UV light will not drastically
improve the electron transport through the wire as it does,
for example, in fully depleted wires [32]. The fact that we
obtained a higher gain factor when the more ohmic like con-
tact dictates the behaviour (i.e. when it is polarized in reverse
bias) of the device is surprising, as typically a lower dark cur-
rent is more advantageous in terms of detection efficiency. A
possible reason for this is the existence of the SiN, shell at
the n++ extremity, which is not present at the n extremity
and may improve the detection efficiency. However, due to
the size of the devices, which are smaller than the spot size
of the used light source, we cannot say with certainty if the
UV detection occurs mainly in the depletion region formed at
the metal-semiconductor interface or in the depletion region
created by the surface states of the wires. Consequently, to
address this issue, a deeper analysis of the detection mech-
anism must be made in future work.
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Figure 7. I-V characteristics, for the same devices (105U and 216U) as measured in figures 5(a) and (b), measured under dark (black
curve) conditions and when irradiated with protons (green curve). We notice that the dark current for sample 216U has decreased by 60%
in comparison to the dark current during photoconductivity measurements since this device was already exposed to some irradiation before

performing the measurement.

In figure 6 a transient measurement done with the device
216U at a 3V bias is shown. After turning the light on, the cur-
rent increases abruptly and then stabilizes with a gain factor
of approximately 28%. Once the current reaches a stable value
the light is turned off again. To extract the decay time, the data
was fitted using the following equation [35]

¢ B
Al = Alyexp | — () ,
Td

where, Al = (I(t) - Idark)/ldark’ Al = (Iuv - Idark)/ldark7
the decay time is given by 7; and ( represents the exponential
stretching parameter.

The obtained decay time for the presented curve is
0.88 £ 0.01 s while the exponential stretching parameter
yielded 0.1510 = 0.0004. The values obtained for other
devices and with different applied bias in the range of 1 to 4V
are of the same order. The values obtained for [ are in agree-
ment with some of the previously reported results for both
GaN thin films and nanowires [36, 37]. Higher values of beta
(usually a sign of less defective crystals) have been reported
for GaN films measured by contactless microwave probed
photoconductivity [38]. The low beta values found here for
wires with high crystalline quality may therefore be due to
defects formed in the contact regions.

Regarding 7,4, for a typical photodetector, a decay time
of the order of a second is quite large. The long times are a
consequence of the effects of PPC, which have been widely
reported in GaN thin film and nanowire devices. Decay times
obtained for c-axial nanowires with a diameter of 500 nm
were longer than 120s [4] and for MBE grown thin films
around 130s [39]. Photocurrent decay studies were also
performed with the same kind of microwires as used in this
investigation, but containing five core-shell InGaN/GaN mul-
tiquantum wells. The obtained decay time was of the order of
3000 s and the exponential stretching factor yielded 0.35 [40].
Compared to these results our decay times are thus relatively
fast. In a-plane GaN thin films similar decay times have been
observed as obtained here [41]. Nonetheless, the best values
regarding the decay time, 26 ms, were obtained with a-axial
GaN nanowires [42]. The fast response was attributed to the

ey

used Schottky configuration which was also implemented in
this work and can therefore partly explain our results rela-
tive to the reports where a different configuration was used.
Additionally, the superior crystalline quality of microwires
when compared to thin films and reduced influence of the
surface when compared to nanowires can also improve the
response times.

3.8. Proton irradiation

The following step in the study of the sensors consists of
exposing them to proton irradiation to test their radiation resist-
ance and applicability as particle detectors. The first experi-
ments consisted of measuring the change in current due to the
ionizing irradiation. In figure 7(a) we compare the obtained
I-V curves for sample 105U in the dark and when irradiating
it with protons. We observe that the result is very similar as
that obtained during photoconductivity measurements. In
figure 7(b) we show the same measurement for device 216U.
In this case, the sample had been already exposed to radiation
with a fluence of 7.4 x 10'® protons cm~2 prior to the mea-
surement which caused a decrease in the dark current. In com-
parison to the dark current shown in figure 5(b), it decreased
by 60%.

When exposing the sample to protons, we observe a
slightly higher increase in current for positive bias compared
to the photoconductivity measurement of the unirradiated
device, while maintaining a small gain at negative bias. The
fact that we did not observe this for sample 105U suggests that
the lower dark current has a significant influence on the higher
gain. However, the higher excitation density and excitation
depth for proton irradiation may also play a role.

To verify the effects of the irradiation on the overall perfor-
mance of the devices, two devices were continuously exposed
to protons for a longer time interval. At the same time, their
I-V characteristics were being measured continuously. The
ensemble of I-V curves is represented in figure 8(a). The
resistance for some curves was estimated by fitting the linear
region which typically exists between between 3V and 5V.
The data shows an increase from approximately 1 k{2 before
exposure to irradiation, to over 120 k(2 after 150 s of exposure
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Figure 8. (a) The I-V curves of sample 105U taken while being exposed to proton radiation. The legend indicates the fluences of the
coloured curves. The saturation at high voltage is a consequence of the limitation of the current compliance to 2 mA, which was set at this
value to protect the devices; (b) the resistance plotted versus the proton fluence.

to irradiation with a total fluence of 7.5 x 10' protons cm 2

as can be seen in figure 8(b). The decay in conductivity is a
consequence of the creation of defect levels in the bandgap by
the irradiation. Additional acceptor states will trap electrons
and decrease the carrier concentration [43]. On the other hand,
at the metal-semiconductor interfaces, the Schottky barrier
heights typically increase [44] which can drastically change
the preferential mechanism of electron transport through
the device. Nevertheless, the strong increase of resistance
for the majority of the devices only starts at fluences above
~ 4 % 10'® protons cm~2, which confirms the high radiation
resistance of GaN devices. In fact, for proton irradiation of
thin film devices under similar conditions, a strong decrease
of the exponential stretching factor in transient measurements
has been reported already for two magnitudes lower proton
fluences [38]. As shown below, this is not the case for the
microwire devices pointing to increased radiation resistance
possibly due to the low density of native defects which can
interact with irradiation induced defects.

The decay in conductivity as a consequence of irradiation
makes it harder to perform stable transient -V measurements.
However, since the response time of our devices is relatively
fast, this could be overcome by only turning the beam on for
a short time, short enough to avoid significant defect crea-
tion and long enough to reach the saturation current. The
obtained curve for sample 229U is depicted in figure 9. The
final dark current is still below the initial dark current, but
the difference is small. Equation (1) was used again to fit the
curve and the resulting decay time is 7; = 0.628 + 0.009
s, with a stretching parameter of /5 = 0.2293 + 0.0008.
Transient photoconductivity measurements prior to the irra-
diation done on the same sample yielded 7, = 3.97 £ 0.02
with §=0.2117 £ 0.0002. Results obtained by Johannes
et al when irradiating ZnO nanowires with He™ ions yielded
an increase in current of approximately 400% during a first
implantation and an increase in current of approximately
100% during a second implantation [9]. The current increase
in our case is thus significantly lower. Nonetheless, the decay
time of the persistent ion beam induced current in the case
of the ZnO nanowires is significantly larger, and especially
slow when the sample is subjected to vacuum. Typically, band

40
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Figure 9. Transient I-V curve with an applied bias of 3V
representing the response to proton radiation after a short pulse for
sample 229U. The blue line corresponds to the experimental data
and the red line corresponds to the fit result.

bending due to surface defects causes the adsorption of O,
molecules at the surface which desorb during the measure-
ment and persistent currents are strongly enhanced when the
measurement is done in vacuum [9, 45]. In our samples we
do not verify this effect, since decay times during the photo-
conductivity measurements (done in ambient atmosphere) and
proton measurements (done in vacuum) are of the same order
of magnitude. This suggests that surface states do not play a
major role in the processes that govern the current decay after
excitation.

3.4. Proton irradiation effects on photoconductivity

As observed, the ionizing radiation has severe consequences
on the overall conductivity of the sensors. It is therefore inter-
esting to redo the photoconductivity measurements in order
to see whether the response of the devices is maintained. This
was done for device 216U which was irradiated with a total
fluence of 1.2 x 10'7 protons cm~2. To recover some of the
defects created by the proton irradiation, first an annealing step
at 600 °C for 120s was done in flowing nitrogen atmosphere.
We compared the dark current measured immediately after the
proton irradiation and the dark current after the annealing step
with the dark current prior to the irradiation. The current after
irradiation represented 7% of the initial dark current where
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Figure 10. (a) I-V curves for sample 216U after irradiation with a total proton fluence of 1.18 x 10'7 protons cm~2 and rapid thermal
annealing, while illuminating the device with UV light, are shown. The black curve corresponds to /4, and the magenta curve to I,y;
(b) transient -V measurement performed at a bias of 3V with sample 216U; (c) transient I-V measurements at —3 volts for the 216U
device. Since the decay time for negative bias is fast, the UV light was turned on and off several times. The blue dots correspond to the

experimental data and the red lines to the respective fits.

after annealing the current represented 12% of the initial dark
current. We note that no measurable alterations in the con-
tact properties were observed for such annealing conditions
in unirradiated devices. Then, the same I-V measurements as
prior to the irradiation were done (see figures 5(b) and 6). The
obtained results are shown in figures 10(a) and 10(b).

If we compare the responsivity of the devices to the UV
light before and after the irradiation, we can see that it has
been improved for the latter case. Prior to the irradiation, the
gain at a bias of 3V was 28.13 £ 0.04% while afterwards it
increased significantly to a value of 50.6 = 0.5%. The most
significant difference is seen for negative bias though, where
prior to the irradiation the gain was negligible, after proton
irradiation it reaches values up to 40%. The increase in the
photocurrent gain can be explained following the carrier
removal due to the defects created by the irradiation. As the
amount of carriers in the dark case is now smaller, the amount
of excess carriers generated when the excitation occurs, repre-
sents a bigger fraction, hence the increased gain factor.

Additionally, the decay time at a bias of —3V is surpris-
ingly fast as the fit result yields 7, ~ 0.03 s, which is one
order of magnitude below the decay times at positive bias
(see figures 10(b) and (c)). Unfortunately, no measurements at
V < 0V could be done before the irradiation due to the low
response, so we cannot directly say that the fast decay times
are a consequence of the irradiation. Nonetheless, a decrease
of the decay time after exposure to protons has been observed
previously for thin films [46]. The partial removal of the deep
acceptor states by the proton irradiation was suggested as a
possible cause because a quenching of the yellow band, typi-
cally associated to transitions between deep acceptor states
and the conduction band was observed as well while per-
forming photoconductivity spectroscopy measurements after
the irradiation [46]. The results of the transient photoconduc-
tivity measurements for samples 216U and 210U at a 3V bias
are summarized in table 1 where they are also compared with
the results obtained prior to the proton irradiation. We note that
the total fluence of the irradiation to which sample 210U was
exposed is smaller, 3.2 x 10'® protons cm 2, in comparison

Table 1. Results obtained by fitting equation (1) to the obtained
curves with transient I-V measurements at V = 3 V for samples
210U and 216U with UV excitation, before and after the irradiation
with protons. Sample 216U was irradiated with a total fluence of
1.18 x 107 protons cm~2 while sample 210U was irradiated with a
total fluence of 3.2 x 10'¢ protons cm ™2,

Sample  Parameter  Before irradiation After irradiation
210U 7a (s) 0.61 +0.01 2.04 +0.03
3 0.1828 4+ 0.0004 0.1388 4+ 0.0005
Al (%) 7.24 £0.02 26.71 4+ 0.08
216U 74 (8) 0.88 £ 0.01 0.55 £0.02
16} 0.1510 4 0.0004 0.1591 + 0.0009
Al (%) 28.13 £ 0.04 50.6 £0.5

to the fluence to which other samples were exposed. This is
due to the fact that, for this sample, the decay in current was
more pronounced. The difference in decay times, albeit large
for sample 210U, can be considered as approximately equal
considering that the used model is relatively general such
that 7, and [, in the absence of other supporting evidence,
cannot easily be associated with specific material parameters.
Regarding the photocurrent gain, Al we can clearly see that
the results after irradiation are significantly better than before
the irradiation for both samples.

4. Conclusions

Radiation sensors based on GaN microwires were processed
and their capability to detect UV light and protons dem-
onstrated. The performed opto-electrical characterization
revealed a fast response to irradiation with UV light above the
GaN bandgap. Minimum decay times below one second were
measured which is faster than most previously reported studies
on GaN nanowires or thin film based photodetectors. The pho-
tocurrent gain of the fabricated photodetectors is, however, still
too low to be interesting for application in actual devices. The
main cause for this occurrence is probably the high doping
concentration, as this leads to a very large dark current.
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Our findings based on the proton-irradiation studies of the
devices revealed promising results. Measurements performed
on an unirradiated sample revealed a similar ionocurrent gain
when compared with the photocurrent gain measured with the
same device. Ion beam induced current measurements per-
formed on a device that suffered proton irradiation with a flu-
ence of 7.4 x 10'® protons cm~2 showed higher current gain
factors upon proton irradiation and, after excitation, the time
it took the devices to return to the stable dark current was of
the same order of magnitude as the photocurrent decay time.
These results indicate that GaN microwires have the potential
to be applied in particle detectors in the same way as they
are already applied in UV photodetectors. Furthermore, our
results indicate that GaN microwire devices are even more
radiation resistant than their thin film counterparts. Finally, the
irradiated devices were annealed and tested again regarding
their UV detection potential. The results indicated overall
improved responses and the photocurrent gain increased to
approximately twice the values obtained prior to the irradia-
tion. Promising results regarding significantly faster photocur-
rent decay times, 7; ~ 0.03 s for a negative bias of —3V, were
also obtained in the proton irradiated samples.

Despite the low gain achieved, the present work provides
the proof of principle showing that GaN microwires are prom-
ising building blocks for particle detectors. The main restric-
tion for the present device design is due to the high carrier
concentrations in MOVPE grown microwires even in the
unintentionally doped section. According to previous studies
[7, 8] we expect that significant improvements in the device
performance can be achieved by using p-n junctions with low
carrier concentrations in the depletion layer leading to lower
dark currents in reverse bias. The addition of the junction may
therefore significantly improve the detection efficiency of the
devices as well as supress persistent currents.
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