N

N

Investigation of the effect of the doping order in GalN
nanowire p-n junctions grown by molecularbeam epitaxy
Omar Saket, Junkang Wang, Nuno Amador-Mendez, Martina Morassi, Arup

Kunti, Fabien Bayle, Stéphane Collin, Arnaud Jollivet, Andrey Babichev,

Tanbir Sodhi, et al.

» To cite this version:

Omar Saket, Junkang Wang, Nuno Amador-Mendez, Martina Morassi, Arup Kunti, et al.. Investiga-
tion of the effect of the doping order in GaN nanowire p-n junctions grown by molecularbeam epitaxy.
Nanotechnology, 2020, 10.1088/1361-6528/abc91a . hal-03019946

HAL Id: hal-03019946
https://hal.science/hal-03019946
Submitted on 23 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03019946
https://hal.archives-ouvertes.fr

IOP Publishing

Nanotechnology

Nanotechnology XX (XXXX) XXXXXX

https://doi.org/XXXX/XXXX

Investigation of the effect of the doping order in
GaN nanowire p-n junctions grown by molecular-

beam epitaxy

Omar Saket’, Junkang Wang', Nuno Amador-Mendez', Martina Morassi’,
Arup Kunti', Fabien Bayle’, Stéphane Collin', Arnaud Jollivet', Andrey Babichev?,
Tanbir Sodhi', Jean-Christophe Harmand®, Francois H. Julien’, Noelle Gogneau'

and Maria Tchernycheva®’

! Centre de Nanosciences et de Nanotechnologies (C2N), UMR 9001 CNRS, Université Paris Saclay,

91120 Palaiseau, France
2ITMO University, 197101 St. Petersburg, Russia

E-mail: maria.tchernycheva@c2n.upsaclay.fr
Received xxxxxx
Accepted for publication Xxxxxxx

Published xxxxxx

Abstract

We analyse the electrical and optical propreties of single GaN nanowire p-n junctions grown
by plasma-assisted molecular-beam epitaxy using magnesium and silicon as doping sources.
Different junction architectures having either a n-base or a p-base structure are compared using
optical and electrical analyses. Electron-beam induced current microscopy of the nanowires
shows that in the case of a n-base p-n junction the parasitic radial growth enhanced by the Mg
doping leads to a mixed axial-radial behavior with strong wire-to-wire fluctuations of the
junction position and shape. By reverting the doping order p-base p-n junctions with a purely
axial well-defined structure and a low wire-to-wire dispersion are achieved. The good optical
quality of the top n nanowire segment grown on a p-doped stem is preserved. A hole
concentration in the p-doped segment exceeding 10" cm™ was extracted from electron beam
induced current mapping and photoluminescence analyses. This high concentration is reached
without degrading the nanowire morphology.

Keywords: nanowires, GaN, doping, EBIC, PAMBE

1. Introduction

The discovery of the p-type doping of nitride
semiconductors using Magnesium (Mg) impurities in 1989
[1-3] enabled novel optoelectronic applications, the main one
being the developement of energy saving solid state lighting
[4]. However, reaching high hole concentration in nitrides is
challenging due to the limited solubility of Mg in GaN, to the
high activation energy of the Mg acceptor and to
compensation problems [5—7]. The nanowire (NW) geometry

XXXX-XXXX/ XX/ XXXXXX

is favorable for nitride p-doping thanks to a decreased
formation energy of defects at the surface [8] and to the
possibility to relax the compressive strain induced by Mg
incorporation [9, 10]. In addition, the small NW footprint is
also favorable for achieving dislocation-free growth on a
variety of lattice-mismatched substrates like Si [11] or non-
conventional substrates [12, 13], which is particularly
important for device applications. A large number of studies
has been dedicated to the plasma-assisted molecular-beam
epitaxy (PAMBE) growth of Mg-doped GaN NWs [14-19]. It
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was shown that Mg doping incorporation may be
inhomogeneous over the NW volume with a tendency to
segregate at the NW lateral surfaces [20, 21]. Nevertheless,
the NW morphology was confirmed to be favorable for Mg
incorporation and a high hole concentration was reported not
only in GaN NWs [22, 23] but also in a more challenging case
of Al-rich AlGaN alloys [18, 24-28].

Due to the NW nanoscale diameter, doping quantification
in NWs is not straightforward. Hall measurements are indeed
extremely challenging in NWs [29-31]. The most popular way
to estimate the NW doping concentration is based on contact-
free optical methods, namely luminescence or Raman
spectroscopy [32-38]. However optical methods require a
separate calibration, for example using photoelectrochemical
measurements [23]. Scanning probe microscopy can also be
used to assess doping: e.g. Kelvin probe force microscopy and
the electron beam induced current microscopy (EBIC) were
successfully applied to assess carrier concentrations in GaN
NW p-n junctions [22, 39].

It was reported by different groups, that high Mg doping is
accompanied with a morphological degradation of the NWs,
promoting in particular a shell formation [22, 23]. Apart from
a few exceptions [40, 41], most of the axial junction nitride
NW devices use a p-n or a p-i-n junction with the p-segment
grown on top [42—45]. The parasitic p-doped shell formed
during the top segment growth may be an issue for these
devices since it changes the current injection / extraction path
[46] and also makes difficult the doping quantification using
electrical methods. Reverting the doping order can solve these
problems. Memory effects are known to be reduced in the
MBE growth of nitrides compared to the Metal-Organic
Chemical Vapour Deposition (MOCVD) [47], so an abrupt
doping profile can be obtained by growing an n-doped
segment on top of a p-doped one. However, one may expect
that if the morphology of the p-doped segment is degraded by
the Mg incorporation, the material quality of the top segment
may be compromised.

In the present work we investigate this open question by
comparing the electrical and optical properties of n-base and
p-base p-n junction GaN NWs. The NWs are grown by
PAMBE on Si (111) substrate using Mg and Si as doping
sources. The NW morphology and optical properties are first
assessed on a series of homogeneously Mg-doped samples.
Then individual NWs containing n-base and p-base p-n
junctions are analyzed by cathodoluminescence (CL) and
EBIC. For the n-base junction, the analyses reveal a parasitic
radial shell resulting in a mixed axial and radial behaviour and
a high wire-to-wire inhomogeneity. When the doping order is
inverted, purely axial junctions are achieved characterized by
a lower wire-to-wire dispersion. The analysis of the EBIC
profiles provides an estimate of the hole concentration in
excess of 10'® cm™. For this high hole concentration, the NWs

preserved a cylindrical morphology and exhibited good
optical properties.

2. Nanowire growth

Self-assembled GaN NWs were grown on a conductive
oxide-free Si(111) substrate by PAMBE, active nitrogen (N)
being supplied by a radiofrequency plasma cell. Prior to the
growth of GaN NWs, a 2.5 nm thick AIN buffer layer was
deposited on the substrate [48, 49] to allow for a better control
of the NW nucleation, density and orientation [50-54]. The
GaN NW growth was performed under N-rich conditions with
an N/Ga ratio of about 1.36, a high growth rate of 0.7
monolayers/sec and at a fixed substrate temperature of 800
°C. The n-type and p-type doping of GaN NWs was achieved
by using Si and Mg, respectively, the doping level being
modulated by adjusting the dopant cell temperature.

Two sets of samples were investigated. First, a series of five
homogeneously p-type doped GaN NW samples was grown
during 3 h under identical condition except for the doping
level. The Mg cell temperature Ty, was increased by
increments of 50°C from 225°C to 425°C. In addition, an
undoped reference NW sample and one homogeneously n-
type doped NW sample using the Si cell temperature Tg; of
1150°C were grown.

The resulting doped GaN NWs are vertically oriented with
a predominantly hexagonal shape. Figure 1 displays cross-
sectional scanning electron microscopy (SEM) images of the
undoped reference sample (panel a), p-doped GaN NWs with
Twmg of 375 °C and 425°C (panels b and c) and n-doped NWs
(panel d). The average NW diameter for the undoped reference
sample is 40 nm and the length is 1.1 pm. For the Si doped
sample the NW morphology and in particular the diameter
remain similar to the undoped case, while the average NW
length is reduced to 0.86 um. In the literature, the Si doping
was reported to delay the NW nucleation and to reduce the
axial growth rate [14], which is consistent with the observed
length reduction. For very high doping levels, Si doping may
lead to inverse tapering [14, 15] and even trumpet shape
formation [55]. In our study, this high doping level was not
reached and a cylindrical NW shape with a diameter close to
the one in undoped reference was preserved.

For the Mg doped NWs an increase of the diameter is
observed, which increases up to 80 nm for the higher doping
cell temperature, while the average NW length slightly
decreases to 1 um. These observations are consistent with
previous publications, where the Mg doping was reported to
speed up the NW nucleation, while leading to a decrease in the
NW growth rate and to a strong increase of the NW diameter
[14]. It is important to note that up to a Mg temperature of 425
°C, the NWs preserve a cylindrical shape with only limited
coalescence between adjacent NWs.

We note that it is difficult to precisely analyze the radial
growth. It can be done by transmission electron microscopy
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(TEM) by introducing AIN marker layers during the NW
growth [48, 56, 57], however the marker layers create
potential barriers and cannot be applied in samples dedicated
to electrical measurements.

After morphological and optical analyses of Mg-doped
NWs (detailed in the next section), a second set of two samples
containing p-n junctions with a different doping order was
grown. The Si cell temperature was fixed at 1150°C. For the
Mg cell temperature the highest value Ty, =425 °C was
chosen. The “n-base” p-n junction consists of a bottom n-
doped segment grown for 3 h and a top p-doped segment
grown for 2 h. The “p-base” p-n junction consists of a bottom
Undoped

' 500 nm

Si doped T=1150°C

Mg doped T=375°C

n-base p-n junction

p-doped segment grown for 1.5 h and a top n-doped segment
grown for 3 h. The Si(111) substrate was also changed from
n-type to p-type to match the substrate doping type with the
NW base doping type. The corresponding cross-sectional
morphologies of the “n-base” and “p-base” p-n junctions are
shown in Figure 1(e) and (f), respectively. Focusing first on
the “n-base” p-n junction (figure 1(e)) one can notice a
widening of the NWs in their upper part. Such sort of inverse
tapering results from an enhancement of the radial growth
induced by the Mg incorporation during the growth of the p-
part [22, 23, 27, 39].

Mg doped T=425°C

p-base p-n junction

Figure 1. Cross-sectional SEM images of GaN NWs grown with different doping profiles. (a) Undoped NWs; (b) Mg-doped
NWs with Ty,=375°C; (c) Mg-doped NWs with Ty,=425°C; (d) Si doped NWs with Tgi=1150°C; (e) n-base p-n junction NWs;

(f) p-base p-n junction NWs.

For its “p-base” counterpart (figure 1(f)), although a mild
coalescence can be found in the upper side, which is typical
for long dense NWs, the shape of individual NWs has almost
no inverse tapering.

3. Photoluminescence analyses of the nanowire
ensembles

The optical properties of the p-doped GaN NW series and
of the n-doped sample were investigated by low-temperature
photoluminescence (PL) spectroscopy. The characterization
was performed at 10 K by exciting the NW ensembles with a
continuous-wave laser emitting at 266 nm. The laser was
focused on the top surface of the NW ensembles to a spot of 3
um diameter using an ultraviolet objective with a numerical
aperture of 0.36. The PL spectra were analyzed in a 460 mm
focal length grating spectrometer equipped with a liquid
nitrogen cooled charge-coupled device (CCD) camera.

Figure 2(a) presents the PL spectra collected from the GaN
NWs grown with different Mg cell temperatures. The signal
was dispersed by a 600 grooves/mm grating, allowing for a
spectral resolution of around 1 meV. For the sample grown
with the lowest Mg cell temperature Ty, = 225 °C, the spectra
present a dominant near band edge (NBE) excitonic emission
with a peak energy located at 3.47 eV. Two additional lower
intensity peaks around 3.45 eV and 3.42 eV were also
observed. The former one at 3.45 eV is well-known for
nominally undoped GaN NWs grown on Si substrates, which
is usually assigned to be the excitonic recombination in
presence of inversion domain boundaries [58, 59]. The latter
one at 3.42 eV can be associated with the recombination of
excitons bound to plane stacking faults [60]. The NBE
emission exceeds by two orders of magnitude any residual
signal in the 3.0-3.3 eV energy band, so for the lowest Mg cell
temperature no optical features evidencing the p-doping could
be observed. We note that the spectrum of the n-doped NW
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Figure 2. (a) — Low-temperature PL spectra in logarithmic
scale of p-doped GaN NWs grown with different TMg. (b) —
The integrated emission intensity ratio Ingg/Img in logarithmic
scale as a function of Tyy,.

sample (figure 1S in supplementary material) presents similar
features as the Ty, = 225 °C doped sample, namely the DX,
excitonic line and a strong emission from inversion domain
boundaries at 3.45 eV.

With the increase of the Mg cell temperature in p-doped
NWs, the NBE emission peaks broaden and merge into one
asymmetric peak starting from Ty, = 325°C. Moreover, a wide
emission band peaked around 3.27 eV together with its
phonon replicas starts to show up at Ty, = 275 °C, which is
associated with the donor-acceptor pair (DAP) transitions. At
larger Ty, the DAP emission becomes preponderant while the
NBE emission weakens. For Ty, = 425 °C, the DAP intensity
exceeds the NBE by two orders of magnitude.

The observed modification of the spectral shape points to
the increase of the Mg incorporation in the GaN NWs with

increasing Ty,. It has been reported [23] that the relative
intensity of the DAP emission can be used to estimate the p-
doping. In the following, the integrated intensity of the
emission from the Mg-related DAP transitions is referred to as
Img and the integrated intensity of the rest of the NBE
transitions is called Ixgg.

By plotting the ratio of the Ingg by Im, as a function of the
Mg cell temperature, we find a quasi-linear relationship in

semi-logarithmic scale between Ixgg/Img and Ty, as depicted
in figure 2(b). The value of Inge/Im, decreases from 0.55 for
Twme = 225 °C down to 3.75x10™ for Ty, = 425 °C. Similar
range of Inge/lmg Was reported for GaN NWs in ref. [23],
where the hole concentration in GaN NWs was quantified by
using photoelectrochemical methods and correlated with the
optical signatures.

Applying their calibration, the hole concentration in our
NWSs can be estimated as approx. 6.0x10'7 cm™ for Tyg =225
°C going up to approx. 1.2x10" ¢cm™ for Ty = 425 °C. We
note that this high hole concentration is achieved for
morphologies preserving the NW shape while the
morphological degradation happens for higher Mg fluxes. For
the same hole concentration, the NW shape reported in
previous studies is much more affected by radial growth and
coalescence [23]. We speculate that the better NW
morphology for high Mg-doping in our investigation may be
due to the high growth rate of 0.7 monolayers/sec, which
modifies the growth kinetics.

4. Cathodoluminescence analyses of the p-n junction
individual nanowires

The optical properties of the p-n junction NWs were
analyzed by CL. To enable spatially resolved measurements,
the NWs were dispersed on a silicon substrate. The
experiments were performed in an Attolight Chronos
microscope, recording the luminescence with an Andor
Newton 920 CCD camera (1024%256 pixels, pixel width 26
um) installed on a Horiba iHR320 dispersive spectrometer
with 150/500 grating. The spectral resolution for the GaN
NBE is estimated to be 2.3 nm. The measurements were
performed at 10 K with an acceleration voltage of 6 kV and
impinging current of ~10 nA.

Figure 3 displays CL spectra of individual p-n junction
NWs with the n-base (panel (a)) and the p-base (panel (b)).
The spectra are integrated over the NW length. In both spectra,
DAP and NBE contributions are observed in agreement with
the presence of n-doped and p-doped regions, however the
relative intensity of the two peaks is different. For the n-base
p-n junction NW, the intensity of the DAP transition
(highlighted in red in figure 3) dominates the spectrum, while
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Figure 3. CL spectra of (a) n-base and (b) p-base single NW p-n junctions at 10 K. Normalized CL spectra for different
excitation points along the NW axis for (c) n-base and (d) p-base NW junction. Color bands highlight the NBE (green) and the
DAP (red) spectral ranges. The insets show SEM images acquired simultaneously with CL spectra showing the excitation

positions corresponding to spectra in (c) and (d).

for the p-base junction NW the spectrum is dominated by the
NBE transition (highlighted in green in figure 3). This change
of the relative intensity points to the higher volume of the p-
doped material in n-base p-n junction NWs. The full-width-at-
half-maximum (FWHM) of the NBE peak also differs: it is
equal to 10 meV for the n-base junction and to 5 meV for the
p-base junction.

To analyze the localization of the two contributions, CL
spectra in different regions were examined. Figure 3(c) shows
the normalized CL spectra at different points along the NW
axis from the bottom to the top for the n-base NW junction.
The excitation positions are indicated on the corresponding
SEM image in the inset. It is observed that a strong DAP
emission is present everywhere along the wire axis. The DAP
completely dominates over the NBE in the top p-doped
segment and slowly decreases in the n-doped base segment.
The NBE peak is broad with a FWHM close to 10 meV over
the entire NW length. The observed presence of the DAP peak

over the entire NW length may be understood if we suppose
that a p-doped shell is present around the n-doped base. This
hypothesis will be further supported by EBIC investigation
discussed in the next section.

The same analyses were performed for the p-base junction
NW as shown in figure 3(d). The DAP emission also
dominates over the NBE in the bottom p-doped segment.
However, in the top n-doped segment the GaN NBE emission
becomes preponderant. The broadening of the NBE peak
narrows towards the NW top going from 10 meV in the lower
part to 5 meV in the top n-doped segment. These observations
are consistent with the nominal structure of the p-base junction
NW.

5. EBIC characterization of GaN n-base and p-base p-n
junction nanowires

Hitachi SU8000 SEM microscope equipped with a
Kleindiek micro probe-station composed of 4 mobile nano-
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probes was used for the NW analyses. All EBIC
measurements were made using the acceleration voltage of 10
kV and the impinging current of 60 pA [61, 62]. To perform
single NW EBIC measurements, the sample is cleaved without
disconnecting the NWs from their substrate and the cross
section is exposed to the electron beam. The individual NWs
are contacted on their top by a nano-probe, while the bottom
contact is provided by the substrate connected to the ground.
To measure the induced current, a low noise current
preamplifier SR570 coupled with a Gatan Digiscan system is
used. The EBIC map is constructed point by point by scanning
the sample surface.

First the n-base p-n junction NWs were analyzed. Figure 4
presents the NW schematic (panel a)), examples of EBIC
maps of different NWs (panels b) — e)) as well as an example
of a single NW current-voltage (I-V) characteristic recorded
with a blanked electron beam (panel f)). The EBIC maps
reveal the junction activity as a bright contrast. The I-V curve
presents a typical diode-like shape with the opening voltage
around 3.5 V in agreement with the expected p-n junction
structure of the NW. The leakage current remains low for
reverse biases up to -5 V.

We note that the EBIC signal from the NW junctions is
weak or absent without external bias (cf. figure S2 in
Supplementary Material showing the EBIC maps under
different external biases). This is attributed to the presence of
a Schottky barrier between the NW and the nano-manipulator.
Indeed, for a forward bias, a dark contrast is observed in the
vicinity of the contact point (cf. figure S2 in Supplementary
Material), proving the Schottky nature of the contact [62].
This Schottky barrier can be flattened by applying a negative
bias thus revealing the p-n junction signal.

Figure 4(b), (c), (d) and (e) displays SEM images and the
corresponding EBIC maps under -5 V external bias for four
individual NWs. A strong difference is observed with respect
to the nominal NW structure schematically illustrated in figure
4(a). The junction signal is markedly displaced toward the
substrate with respect to the expected position of the junction
according to the growth rate calibration. In addition, the EBIC
signal shows an irregular shape, which does not correspond to
the one expected for an axial junction NW. The signal position
and shape strongly vary from wire to wire. In particular, the
extension of the region producing the induced current varies
from 400 nm up to 1 pm.

These observations deviating from the nominal NW
structure can be explained by the parasitic radial growth,
which is enhanced in presence of Mg dopants. During the
growth of the Mg-doped upper segment, the lateral
overgrowth leads to the lateral deposition of a p-doped shell
around the n-doped NW base. This shell has an irregular shape
[48, 63] which depends on the local environment of the NW
due to shadow effects or eventual coalescence of the
neighbouring NWs. As a result, a mixed axial and core-shell

p-n junction is formed in the NWs, which explains the
extended irregular EBIC signal and the difficulty to define the
position of the junction. The hypothesis of a p-doped parasitic
shell is coherent with the previously described CL results,
which showed a strong DAP signal not only in the top p-doped
part, but also in the bottom n-doped segment.

The growth analyses have suggested that the problem of the
radial parasitic growth can be reduced by inverting the doping
order. To test this hypothesis, p-base NW junctions were
analyzed under the same experimental conditions. Figure 5
presents an example of a single NW EBIC map and an I-V
curve for a representative p-base NW junction (other examples
confirming good wire-to-wire reproducibility are shown in
figure S3 of Supplementary Materials). The p-n junction
signal in p-base NWs is given by a dark contrast in EBIC
maps, which reflects the opposite direction of the built-in field
and thus of the induced current compared to the n-base wires,
as expected for the inverted doping order. The change of the
doping order also results in the I-V curve inversion as
illustrated in figure 5(c). We note that the absolute value of the
current in the I-V curve is reduced compared to the n-base NW
(cf. Fig. 4(f)) which may be related to the difference in the
junction area between these two cases: a mixed axial and
core/shell junction in the n-base NWs and a purely axial
junciton in the p-base NWs.

The EBIC signal from the junction was observed under an
external bias above 1 V (for this doping order, positive bias
corresponds to the reversely polarized p-n junction). No signal
was observed without an external bias, which may be
attributed either to the Schottky contact with the nano-
manipulator or to the potential barrier at the NW/substrate
interface. (Indeed, for some NWs, an induced current was
observed close to the substrate indicating that the carrier
collection may be difficult through the p-GaN/p-Si interface.)

The EBIC signal of the junction in p-base NWs has a
regular shape, which is reproducible between different NWs
(cf. figure S3 in Supplementary Materials). The junction
location can be approximated by the maximum of the induced
current, its position is similar for different NWs and
corresponds to the nominal one.

The regular shape of the EBIC signal in the p-base NW
junction shows that contrary to the n-base NWs, it behaves as
a regular axial junction. We cannot completely exclude the
parasitic radial growth during the deposition of the top Si-
doped segment, however it should be much weaker than for
the case of a p-doped top segment. This is consistent with the
cylindrical morphology of Si-doped NWs as described in the
growth section. The EBIC does not reveal any electrical
activity of this hypothetical n-doped shell, therefore, if this
latter exists it should be depleted.

Thanks to the regular shape of the EBIC signal, p-base NW
junctions can be used for doping estimation. The doping
concentration can be assessed using the model proposed by
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Tchoulfian et al. [64], in which the EBIC profile is analyzed
to extract the depletion region width. By fitting the signal
decay, the minority carrier’s diffusion lengths can also be
estimated. The analyses of a typical EBIC profile along the
NW axis collected under reverse bias of 2 V are illustrated in
figure 6(a). The EBIC profile can be divided into three parts:
the diffusion current in the p region, the diffusion current in
the n region and the drift current in the space charge region.
The induced current is theoretically modelled as a convolution
of the generation function with the probability of charge
collection. This latter can be approximated to unity in the
depletion layer, elsewhere the collection probability can be

written as:
X

Q(x)=e La, (1)

where L, is the diffusion length of the corresponding minority
carriers [62]. Based on this expression the minority carrier
diffusion lengths are extracted by the exponential fitting of the
decay of the current from either side of the depletion region
edge. By analyzing different NWs, the electron diffusion
length in the p-doped region is estimated to be 59 £ 6 nm,
while the hole diffusion length in the n-doped segment is 49 +
5 nm. Compared to the literature reports for n-base p-n
junction NWs [22] (giving values 40 - 77 nm for holes and 122
- 170 nm for electrons), the hole diffusion length in our NWs
is comparable, while the electron diffusion length is shorter.

a) b)

SEM_NW1

Nominal structure EBIC

Si-n

The space charge region can be estimated as the part of the
NW where the EBIC profile deviates from the exponential
decay [64]. By analyzing several NWs, the space charge
region is extracted to be equal to 65 £ 6 nm. To estimate the
electron and hole concentrations we need to measure the
depletion region extension in the n- and p-doped parts of the
junction, which requires a precise knowledge of the junction
position. To localize the interface between the p- and n-doped
segments, a common method is to analyze the secondary
electron contrast which depends on the doping type [62].
However, in the present case the NWs are very thin and the
contrast difference between the p- and n-doped parts is
insufficient to localize the junction interface with precision.
The junction position may be estimated by searching the
maximum of the EBIC profile, however this method can be
erroneous especially in the case when the space charge region
is narrow and its extension is comparable with the
beam/matter interaction volume. For these reasons, we should
not rely on the EBIC peak position and the electron and hole
concentrations cannot be separately extracted from the present
EBIC experiments. However, we can estimate their minimal
values and their respective dependence. The correlation
between the electron and the hole concentrations is obtained
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Figure 4. (a) — Schematic of an n-base NW p-n junction showing the expected position of the junction. (b), (¢), (d) and (e) —
SEM images and the corresponding EBIC maps of four different NWs. (f) — Single NW I-V curve recorded with a blanked
beam.
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Figure 5. (a) — Schematic of a p-base NW junction. (b) — SEM image of an individual NW and the corresponding EBIC map
under +2 V. (c) — Single NW I-V curve recorded with a blanked beam.
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Figure 6. (a) — EBIC profile along the NW axis under reverse (+2 V) bias and the exponential fit of the current decay (inset
shows a close-up on the induced current peak); (b) — Extracted hole concentration as a function of the electron concentration.
The dashed line shows the lowest limit of the hole concentration.

by assuming the interface coordinate in different positions
along the space charge region starting from x, (coordinate of
the space charge region boundary with the p-doped segment)
to X, (coordinate of the space charge region boundary with the
n-doped segment). x, and x, are determined as positions at
which the EBIC profile deviates from the exponential decrease
in the p- and n-doped segments of the junction. For each
assumed junction position, the carrier concentrations are
calculated using the electrostatic model of the p-n junction as
detailed in [62]. The computed electron and hole
concentrations are plotted in figure 6(b).

Considering the error bars on the xn and xp values extracted
from the experimental profile, for each electron concentration
the lowest, the highest and the average hole concentrations are
traced. The lowest limit for the hole (electron) concentration
is determined as the horizontal (vertical) asymptote of the
curves. These limits correspond to the hypothesis that the full
space charge region is located in the p-doped (n-doped)

segment. The lowest limit for the hole concentration
corresponds to 10'™ ¢cm™, while the actual concentration can
be higher.

The optical estimation described in section 3 for the Mg cell
temperature of 425 °C used for the p-n junction growth yielded
hole concentration of 1.2x10' cm™. Therefore, the low
boundary for the hole concentration obtained from EBIC
analyses is compatible with the estimation based on the PL
spectra. It is important to note that this high hole concentration

is achieved without deterioration of the NW morphology.

Conclusions

In conclusion, the electrical and optical properties of n-base
and p-base p-n junctions in PAMBE grown GaN NWs were
investigated. For the n-base junctions, a parasitic radial shell
accompanying the top p-doped segment growth results in a
mixed axial and radial behaviour and a large wire-to-wire
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inhomogeneity. Abrupt purely axial p-n junctions with a good
wire-to-wire reproducibility are demonstrated for an inverted
doping order, which is favourable for axial NW devices such
as photodetectors or LEDs. An active hole concentration in the
10" cm™ range was achieved without degrading the wire
morphology.
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