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emiconductor nanowires (NWs), in

particular those based on wide-band-

gap materials, have recently attracted
great interest as they are very promising for
a variety of applications such as optoelec-
tronic, high-power, and high-operation-
temperature devices, which could definitely
change the scene of future technology.

The high surface-to-volume ratio of
semiconductor NWs can dramatically alter
the fundamental properties with respect to
the corresponding bulk samples. Size can
be therefore considered a key parameter,
controlling the material properties as well
as subsequent performance of the device.

Even though sophisticated NW device
structures have already been demonstrated
based on group Il nitrides,"™* many funda-
mental questions regarding the effect of the
large surface with respect to the bulk and
size-dependent transport phenomena re-
main open to a large extent. In this context,
previous investigations on GaN
nanowires™® revealed the effect of surface
Fermi-level pinning and its interplay with
the nanowire dimensions on the recombi-
nation behavior of photogenerated carriers.
Particular emphasis has been given to the
investigation of effects due to space charge
layers in order to use them as design param-
eters for device performance.

Device optimization and engineering can
be achieved only with a profound knowl-
edge of the role of defects as well as their spa-
tial distribution, their behavior, and their for-
mation conditions. Indeed, many effects
observed in bulk GaN can be partially as-
cribed to specific defects whose electronic
levels lie within the large forbidden gap.”™®
Deep levels, defined as defect-related energy
levels located near the center of the band
gap, may act as trapping or recombination
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ABSTRACT GaN nanowires with diameters ranging between 50 and 500 nm were investigated by electrical
and photoinduced current techniques to determine the influence of their size on the opto-electronic behavior of
nanodevices. The conductivity, photoconductivity, and persistent photoconductivity behavior of GaN nanowires
are observed to strongly depend on the wire diameter. In particular, by spectral photoconductivity measurements,
three main sub-band-gap optoelectronic transitions were detected, ascribed to the localized states giving rise to
the characteristic blue, green, and yellow bands of GaN. Photoconductivity with below-band-gap excitation varies
orders of magnitude with the wire diameter, similarly to that observed for near-band-edge excitation. Moreover,
yellow-band-related signal shows a superlinear behavior with respect to the band-edge signal, offering new
information for the modeling of the carrier recombination mechanism along the nanowires. The photoconductivity
results agree well with a model which takes into account a uniform distribution of the localized states inside the
wire and their direct recombination with the electrons in the conduction band.
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centers for the free carriers, and therefore
they may affect the carrier dynamics. The
electrical transport mechanisms as well as
the optoelectronic and optical behavior of
NW structures can be completely exploited
only after taking into account the defect-
related electronic levels present in the forbid-
den gap. Notwithstanding the large amount
of specific studies in bulk GaN,'® the nature
and the properties of the main defects are still
under debate, especially with respect to GaN
NWs. The aim of the present study is there-
fore a detailed investigation of the electrical
and optoelectronic behavior of GaN NWs and
its modeling in correlation with the deep lev-
els detected.

All investigations reported here have
been carried out on a set of more than 20
nanowires with diameters ranging between
50 and 500 nm.
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RESULTS AND DISCUSSION

Conductivity Measurements. GaN nanowires
analyzed in this work were grown by molec-
ular beam epitaxy (MBE) on a Si(111)
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trodes. Nanowire diameter, 90 nm.
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substrate.’'? The as-grown sample showed a wide dis-
tribution of hexagonal wires with diameters d ranging
from 20 to 500 nm, and lengths from 0.3 to 2 um, as
shown in Figure 1a.

Figure 1b shows the secondary electron micro-
scope image of a typical nanowire belonging to the
set of the analyzed samples. Current-voltage character-
ization, carried out with and without ultraviolet (UV) il-
lumination, shows a strong size dependence: dark con-
ductivity o, proportional to the free carrier density, is
shown to increase exponentially with the diameter up
to about 100-150 nm and approximately saturates for
larger whiskers, as reported in Figure 2. A similar curve
is obtained for UV photoconductivity.” Thereby, the
electrical transport of carriers can be externally tuned
just by making use of the nanowires’ size.

Concerning the physical mechanism invoked for
size-dependent conductivity, it has been proposed
that the band bending, due to the Fermi-level pinning
at the surface, creates depletion layers with an exten-
sion on the order of 50-100 nm, depending on dop-
ing concentration, and hence inhibits free carrier trans-
port in thinner nanowires, which consequently behave
as insulators. With increasing thickness, a thin conduc-
tive channel in the core of the nanowire may allow for
conduction.® In addition, this space-charge layer model
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Figure 2. Dark conductivity as a function of wire diameter. The lines
are guides for the eyes.
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Figure 1. (a) SEM lateral side view of GaN nanowires as-grown. (b) SEM top view of a
single nanowire device fabricated on a Si/SiO, host substrate, with Ti/Au contact elec-

helps to explain the diameter dependence
of the photocurrent obtained by above-
band-gap illumination.

Persistent Photoconductivity vs Thickness.
Complementary to the observation of the
size dependence of dark conductivity, both
photoconductivity and persistent photocon-
ductivity effects are enhanced when increas-
ing the nanowires’ size, allowing a critical di-
ameter, of approximately 80-100 nm, to be
identified.” In the present paper, we were
able to measure nanowires with a diameter
down to 50 nm, while below this size the
photocurrent drops under the measurement
limit.

Persistent photoconductivity (PPC) is observed
when the signal, after the removal of the UV light exci-
tation, exhibits a noticeable delay before coming back
to the dark value: the light-induced change in the free
carrier concentration may also persist after switching off
the optical excitation for minutes or hours.'®> PPC is a
typical feature of GaN: it has been explained by a distri-
bution of capture barriers with a mean capture barrier
height of 0.2 eV, due to the presence of bistable de-
fects'® or multiple charge-state defects related to nitro-
gen antisites and/or gallium vacancies.'>'®

In GaN nanowires, the recovery to initial conditions
is quasi-instantaneous for thin wires (with a donor con-
centration of 6.25 X 10'” cm ™2 and diameter up to 80
nm) and becomes slower with increasing wire diam-
eter.®

The analysis of the photoconductivity Al as a func-
tion of time t follows the stretched exponential model,
commonly used for materials characterized by a nonex-
ponential nature of the photoconductivity decay.'” Ac-
cording to this model, the photoconductivity decay is
described by the equation

Al = Alyy exp(—t/7) m

where Al = [(t) — I(d) and Alyy = I(t=0) — I(d), I(t) be-
ing the current value at time t after the light is turned
off, I(d) the current measured keeping the sample in
dark, and /(t=0) the current after excitation. B is the
stretching exponential, and 7 is the decay time. In Fig-
ure 3, the photoconductivity relaxation diagrams for
two nanowires of diameter 90 and 500 nm, respec-
tively, are shown. The stretching exponential 3 is on
the order of 0.11-0.18, while the values of T range from
7 s in wires with diameter of about 90-100 nm, up to
20 s for wires as thick as 500 nm. Wires with diameter
smaller than 80 nm do not show any photopersistent
effect.

Although the space-charge layer effects® have been
invoked to explain the diameter-related PPC behavior,
defects can also contribute to the long time relaxation
of photocurrent in thick samples. It is therefore neces-
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Figure 3. Current transient after 1 min of UV illumination
(15 W/cm?), acquired at a bias voltage of 2 V.

1000

sary to study possible correlations between PPC and
the defect density as well as the role played by the re-
combination mechanism of bulk-located defects. Pho-
topersistence effects in gallium nitride have often been
correlated to the main defect-related band, known as
the yellow band, and located about 2.2-2.3 eV below
the conduction band.”® Hence, it is appropriate to ana-
lyze the relationship between PPC and the NWs de-
fects density as well as the role of defects in the recom-
bination mechanisms.

Spectral Photoconductivity vs Thickness. Spectral photocon-
ductivity (SPC) is a very efficient tool to investigate de-
fect states responsible for optically induced transitions of
carriers from defect-related bands to the conduction or
valence bands in wide-band-gap materials.'>'82°

In the present set of NWs, in particular, SPC has been
already revealed as a useful tool to evidence the pres-
ence of the Franz—Keldysh effect® and to detect
interface-related defects.'® Figure 4 shows the photocon-
ductivity spectrum measured for the nanowire of Figure
1b, which has a diameter of about 90 nm and gives the
highest signal-to-noise ratio among all samples.

The multi-gaussian fitting allows for analyzing the
different transitions detected in detail. The double
structure of the yellow band (YB) is clearly evident. The
highest contribution, centered at 2.30 eV, corresponds
to the yellow band zero phonon line (hvyg) transition,
while the shoulder peak at 2.38 eV is likely due to the
longitudinal optical phonon replica (hvyg + fiw o),
where fiw o = 92 meV.2"*? As a matter of fact, the
strong phonon-electron coupling of deep levels in
GaN has been reported.'® Concerning the nature of
this band, the scientific community is devoting major
efforts toward definitely identifying its atomic structure,
spatial distribution, and related transitions as well as
properties of surface or bulk-related states,** 2 since
all these items are still under debate.

The blue band (BB), located at about 2.85 eV, is the
second highest contribution, and its presence in un-
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Figure 4. Spectral photoconductivity measurements in the
visible range and relevant Gaussian deconvolution (green
and red curves). Nanowire diameter, 90 nm.

doped and unintentionally doped MBE-grown GaN
compact layers has been suggested to be related to sur-
face states.?®

The green band (GB), located at 2.52 eV, is clearly dis-
tinguished in photoconductivity spectra, while its de-
tection by luminescence is sometimes difficult.'® In
nanowires it has already been studied in terms of its re-
lationship with the interface region. Its contribution
in non-nanometric samples is often comparable to that
of the yellow band, while in nanowires it is reduced.
We already suggested that, due to the bulk character
of the green band, the high surface-to-volume ratio
would be responsible for this low signal.’®

What is important to focus on, however, is the be-
havior of such defect-related transitions in NWs and
their evolution with sample size. Since blue and yellow
bands are often invoked as being responsible for the
PPC effects, we carried out spectral photoconductivity
measurements on the set of samples with diameters
ranging from 50 to 500 nm. In order to evidence the ori-
gin of the difference in electric transport, we need to
compare the contributions of defective bands in differ-
ently sized nanowires.

The analysis procedure requires photoconductivity
recording for each nanowire and subsequent normal-
ization to the photon flux. As already observed, how-
ever, conductivity and photoresponse are different
from wire to wire. It is therefore necessary to establish
a method of comparison, as widely adopted in lumines-
cence experiments: after the normalization to the pho-
ton flux, the signal is normalized to the peak intensity
value at the band-gap energy. The ratio between defec-
tive band and band-gap signal is thus an estimation of
the weight of a specific defect.

Figure 5 shows the photocurrent spectra obtained
in wires of different diameters, from 50 to 350 nm, cho-
sen in the sample set as representative of the general
behavior. An interesting trend was observed concern-
ing the presence of deep-level-related bands and their
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Figure 5. SPC spectra of four nanowires with different diam-
eters. The photoconductivity signal is normalized to the
band-edge peak intensity.

contribution to the photocurrent spectra as a function
of the nanowire size. Apart from the band tail occurring
for energies just below the band-to-band transition, all
spectra show similar features, in which yellow- and
blue-band-related transitions dominate. Concerning
the green band, located at 2.52 eV, its signal is better re-
vealed in some wires, as represented in the spectrum
shown in Figure 4. We recently demonstrated'® the
strong localization at the interface of the green-band-
related defects, enhanced in the NW bottom section.
The detection of such a band is therefore strictly related
to the electrode position, i.e., if the contact does in-
clude the interface region. Moreover, since the yellow
band defects are homogeneously distributed along the
whole wire, their contribution partially covers the local-
ized contribution of the green band.

In the following we focus on the analysis of the
blue- and yellow-band-related singals referring to the
whole set of nanowires: (i) in thin wires (from 50 to 100
nm thick), the percent ratio between the yellow band
and band edge, YB/BE, ranges from 0.2% to 0.4% and
the percent ratio between blue band and band edge,
BB/BE, from 0.1% to 0.2%; (ii) in thick wires (from 150
nm to 500 nm thick), YB/BE ranges from 2% to 4%, while
BB/BE ranges from 0.5% to 2%.

It is worth noting that, with respect to the band-
edge PC signal, both yellow and blue band intensities
decrease by more than 1 order of magnitude when the
diameter decreases below 100 nm.

To explain the observed increase of defect-induced
SPC signal, a model is proposed in the following.

Modeling Results. To understand SPC behaviors, we
have to consider different carrier recombination mecha-
nisms subsequent to above-band-gap and sub-band-gap
illumination. The physical mechanism that accounts for
band-to-band transition by band-edge or above-band-
gap illumination, explaining both photoconductivity and
persistent photoconductivity behavior, is schematically
shown in Figure 7a. The Fermi-level pinning at the sur-
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Figure 6. Ratio of the yellow band to band-edge contribu-
tion as a function of wire diameter. The dotted line corre-
sponds to the theoretical fit.

face of the GaN nanowire creates upward band bending
and a surface depletion. Wires with diameter smaller than
the depletion layer are expected to be completely de-
pleted, and those with larger diameters may have a con-
ducting channel.® This is the reason for the very strong de-
pendence of the dark conductivity on the wire diameter
in Figure 2. In addition, a hindered surface recombination
due to the spatial separation of the carriers because of
the band bending elucidates the persistent photocurrent
for wires with diameters larger than the depletion layer.
Further shrinking of the dimensions, however, causes less
band curvature and therefore a reduction of the barrier
for surface electron-hole pair recombination, which is
thus enhanced.

The dependence of the photocurrent on wire diam-
eter d can be evaluated considering generation and re-
combination of the photogenerated carriers. The gen-
eration rate at band-edge illumination is proportional
to the probed volume, i.e., proportional to the square of
the wire diameter d. The photogenerated electrons
move to the NW lateral surface to recombine with the
photogenerated holes that, due to depletion layer field,
reside already at the surface. Therefore, the recombina-

Figure 7. Energy band schema for GaN nanowires. The rela-
tive energetic locations of the trap E, E,, and E; are not to
scale. (a) The detail on the right shows the surface recombi-
nation mechanism of the photoexcited carriers. (b) Direct re-
combination of a hole localized in the bulk, trapped at a
yellow- or blue-band-related defect, with a free electron in
the wire core.
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tion rate S, is proportional to the surface, i.e., propor-
tional to the diameter, and it is proportional to the to-
tal amount N of photogenerated carriers. For steady-
state conditions, the generation rate G and
recombination rate S, of the photogenerated carriers
are in equilibrium. Considering the relations G = S, G
« d?, and S, « dN, we obtain N « d.

A more elaborate approach gives the following de-
pendence of the photocurrent on d:

PCge O d(G/ 4n,S,) exp (eV,/ kT) (2)

where PCg; is the photocurrent at band-edge illumina-
tion, n, the total carrier density in the wire center, and
V, the surface potential relative to the center.

For sub-band-gap illumination, due to the fact that
holes are localized and cannot drift to the wire surface,
the recombination process is different than that for
band—band processes. Only the photogenerated elec-
trons can drift toward the wire center and must come
back to the generated localized position to recombine
with the localized holes.

To model the recombination of holes trapped at
the acceptor-like defects responsible for yellow and
blue bands at sub-band-gap illumination, we have as-
sumed a uniform distribution of defects in the NW and
consider the nanowire as containing two regions: the
region in the center of the NW and the region close to
the surface. In the latter region, due to the surface po-
tential barrier and reduced probability for electrons to
come back to the generated localized position, the re-
combination time for YB might be so large for a low de-
fect density that the generated signal does not re-
spond quickly to the PC chopped light. The localized
states become almost empty, and generation is re-
duced. Thus, this region does not contribute to the al-
ternating current signal. Therefore, only the core where
the generation—recombination can follow the chopped
light excitation contributes to the YB-PC signal. The car-
riers localized at the deep traps in the core are excited
into the conduction band. The recombination between
a hole localized in the core, trapped at a yellow- or blue-
band-related defect, and a free electron is schemati-
cally shown in Figure 7b. Photoconductivity would be
proportional to the volume of the core.?”

Neglecting the difference between core and wire di-
ameter, the photocurrent is almost proportional to the
square of the diameter:

PCs O d° 3)

As a consequence, the ratio of the photocurrents due
to sub-band-gap and BE illumination (PCs/PCyg) is pro-
portional to the diameter. For a better fit of the experi-
mental data, a bimolecular recombination term (a re-
combination path of direct electron—hole
recombination) was included in the recombination for-
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mula of the BE photocurrent, and nanowires for which
the surface recombination of the BE effect has a domi-
nant contribution were considered. The fitting curve for
YB-to-BE ratio is shown in Figure 6 (dotted line) up to
a diameter of 400 nm. As already mentioned, noise- or
geometry-related conditions affect the blue and green
band signals; we therefore treat in detail only the mech-
anisms concerning the yellow band.

Due to the low density of the carrier in the conduc-
tion band within the surface depletion region (photoex-
cited electrons are separated from the original localized
states by the internal electric field), the photoelectrons
generated within this region by sub-band-gap illumina-
tion have a long recombination time and cannot respond
to the chopped light excitation (3-5 Hz in our experi-
ments). The photoconductivity produced within the
depletion region contributes to a sub-band-gap PPC sig-
nal; therefore, only the effect restricted to a core region of
the wire was taken into account in our model (see Figure
7b). A potential value increase of 0.1 eV relative to the wire
center was used to delimit the core-region-related alter-
nating current contribution in the photocurrent signal,
and a critical diameter of 80 nm for a complete depleted
wire was considered.

The diameter dependence of the ratio of defect-
related and band-edge photoconductivity is a conse-
quence of different recombination mechanisms and
does not imply a size dependence of the defect den-
sity in the nanowires. Accounting for the electric field
in the wire due to the surface band bending, the
generation—recombination processes for BE and
defect-related PC were modeled, and the dependence
of the defect-to-BE photoconductivity ratio was evalu-
ated as a function of the wire diameter.

Furthermore, electrical and photoelectrical proper-
ties such as conductivity and persistent photoconduc-
tivity of nanowires are mainly controlled by phenomena
related to the depletion region of the NWs and do not
correlate to the defect density.

FINAL REMARKS

In conclusion, we reported on conductivity and pho-
toconductivity measurements carried out on GaN
nanowires of diameters ranging from 50 to 500 nm,
strongly dependent on the nanowire size.

We observed deep-level contributions in sub-band-
gap photoconductivity as for compact layers: blue,
green, and yellow bands. Under constant measure-
ment conditions, the photoconductivity increases by
many orders of magnitude with NW diameter. A model
is proposed concerning the mechanism of carrier re-
combination for defect-related transitions, which, in
contrast to band-to-band recombination, occurs di-
rectly between the free electrons in the wire core and
the holes localized in the bulk and trapped at the yel-
low or blue bands.

VOL.2 = NO.2 = 287-292 = 2008

\NO

N\

291



EXPERIMENTAL METHODS

Material Synthesis and Preparation. GaN nanowires were grown
by radio frequency plasma-assisted MBE on Si(111) substrates.
N-rich conditions give rise to the wire structure.'® The wires’ den-
sity and diameter, ranging between 20 and 500 nm, can be con-
trolled by monitoring the Ill/V ratio.

To carry out electrical conduction experiments, the nanow-
ires were released from the native silicon substrate by exposure
to an ultrasonic bath and deposited on a Si(100) host substrate
covered with an insulation layer of SiO, (300 nm). Ohmic con-
tacts of Ti/Au are patterned by electron beam lithography.”

Current-Voltage Measurements. The current-voltage as well as
the time-dependent characteristics were studied on individually
contacted wires by an HP4145B semiconductor parameter ana-
lyzer. UV illumination was provided by a mercury—xenon arc
lamp whose light was directed to the device via a quartz fiber.
The illumination power was approximately 15 W/cm?,

Photoconductivity Measurements. A direct current voltage is sup-
plied in order to keep a constant electric field driving the carri-
ers through the electrodes and maintaining similar conditions of
operation for all measurements.

A Xe lamp light source was used, entering a monochroma-
tor: from the output slit, the monochromatic beam is focused
onto the sample, and hits the GaN surface with a chopper fre-
quency of 3-5 Hz.

The photon flux ranges between 10'* and 10'® photons/
cm? - s, depending on the wavelength. The photocurrent signal
was collected by a lock-in amplifier. While the spectral range of
wavelengths between 330 and 650 nm is covered, the variation
of current signal due to the release of photogenerated carriers
from deep traps evidences deep center-to-band transitions. De-
pending on the excitation wavelength, the carriers can gain
enough energy to jump from a deep level to their respective
bands, respectively from valence to conduction bands. Since the
photocurrent is an image of the electrical conductivity, all transi-
tions in the valence or conduction bands are observed, indepen-
dent of their radiative or nonradiative character.

Photocurrent spectra have been subsequently normalized
to the photon flux in order to quantitatively define the ampli-
tude of the bands with respect to the band-gap-related
transition.

The energy resolution is on the order of 0.01 €V in the range
of the main defect bands (from 2.0 to 3.0 eV).
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