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Abstract

Axial p-n and p-i-n junctions in GaAsg;Pg3 nanowires are demonstrated and analysed using
electron beam induced current microscopy. Organized self-catalysed nanowire arrays are
grown by molecular beam epitaxy on nanopatterned Si substrates. The nanowires are doped
using Be and Si impurities to obtain p- and n-type conductivity, respectively. A method to
determine the doping type by analysing the induced current in the vicinity of a Schottky
contact is proposed. It is demonstrated that for the applied growth conditions using Ga as a
catalyst, Si doping induces an n-type conductivity contrary to the GaAs self-catalysed nanowire
case, where Si was reported to yield a p-type doping. Active axial nanowire p-n junctions
having a homogeneous composition along the axis are synthesized and the carrier
concentration and minority carrier diffusion lengths are measured. To the best of our
knowledge, this is the first report of axial p-n junctions in self-catalyzed GaAsP nanowires.

l. Introduction

Today, the record in photovoltaic (PV) conversion efficiency is held by three and four junction
tandem devices based on IlI-V semiconductors [1,2]. However, the implementation of these devices is
very complex and expensive. To simplify the architecture and to benefit from the maturity of Si
photovoltaics, a strong effort is dedicated to the development of IlI-V on Si two junction tandems
[3,4,5]. The optimal bandgap for IlI-V on Si tandem devices is close to 1.7 eV [3,6]. Among different IlI-
V semiconductors, GaAsP has recently emerged as a promising material for the top subcell: it
demonstrates a record efficiency of 15.3% for GaAsP films grown on a Si(100) substrate, projecting
monolithic tandem devices to an overall efficiency higher than 25% [5]. Nevertheless, the growth of
high-quality IlI-V thin films on Si remains very challenging due to the large defect density induced by
the lattice mismatch between the materials. To overcome this issue, an architecture replacing the thin
film geometry of the top cell by nanowires (NWs) was introduced [7,8,9].

[1I-V semiconductor NWs have a number of advantages for PV devices. Due to their free lateral
surface, NWs can relax strain without forming dislocations, so that defect-free structures can be grown
on lattice-mismatched substrates and in particular on Si [10]. In addition, NW arrays are characterized
by a small optical reflectance and enhanced light diffusion, leading to an increased absorption with
respect to thin films [11,12].

Currently, NW solar cells demonstrate a record efficiency of 15.3% for bottom-up GaAs NWs [13]
and 17.8% for top-down InP NWs [14] and their efficiency is continuously growing. A first prototype of
a llI-V NW on Si tandem cell showing a voltage addition has been reported [15]. However, most of the
reported NW PV devices (including the above-mentioned GaAs/Sitandem cell [15]) are based on binary
GaAs or InP compounds [13,16,14], while the performance of ternary alloy devices remains far behind.



Recently, several investigations have targeted the synthesis of ternary (e.g. GaAsP or InGaP) NW arrays
with an optimal bandgap for IlI-V on Si tandems [17,18,19,20,21] and GaAsP NW radial junction solar
cells have been reported [22,23,24,25]. Still the control over the composition and doping of the ternary
alloy NWs remains a major challenge. In some cases, doping incorporation may affect the crystal
structure and composition of the NWs [21]. To push forward the efficiency of ternary alloy NW solar
cells, it is important to assess both the composition and the electrical properties of NWs down to the
nanometric scale level.

The doping profile is an important parameter for optimizing the solar cell efficiency. In the case of
2D layers, the carrier concentration can be easily assessed (e.g. by Hall effect, capacitance-voltage or
field effect measurements [26,27,28]). However, doping calibrations performed on thin films cannot
be easily extrapolated to the NWs because the growth conditions and the incorporation mechanisms
are different. For example, silicon which is a conventional n-dopant in planar GaAs (001) layers, is
reported to produce a p-doping in GaAs NWs grown by the Vapor Liquid Solid (VLS) mechanism [29].
Due to their nanoscale diameter, doping quantification in NWs is not straightforward. The electrical
method using Hall effect [30] yields a high accuracy, but requires a very complex fabrication procedure.
The most widespread electrical technique is based on field effect mobility measurements [31,32],
however it also requires several processing steps to define the source, drain and gate and its final
accuracy critically depends on the approximation errors in the computation of device capacitance. As
an alternative, optical contact-free techniques have been developed: Terahertz conductivity
spectroscopy (for a review see [33]), Raman spectroscopy [34,35,36], photoluminescence [36] and
cathodoluminescence [37]. Most of these methods rely on the measurements of the peak energy and
lineshape against a known reference. In the case of binary compounds, a high accuracy can be
obtained, whereas doping measurements of ternary alloys by optical methods remain challenging,
since spectral modifications induced by doping and alloy variations cannot be unambiguously
disentangled.

Electron Beam Induced Current (EBIC) microscopy [38, 39] is an effective alternative to be used for
doping investigation in NWs [40,41,20]. This technique consists in exposing a semiconductor to an
electron beam, which results in the generation of electron-hole pairs within a small interaction volume.
The carriers are drifted apart in presence of the electric field and are collected in an external circuit
creating an induced current [38,39,42]. The doping can be extracted from the measured width of the
depletion region [40]. Electrical contacts for EBIC can be provided by nanomanipulators without
complex lithographic and metallization steps, which allows for a high characterization throughput [20].

In this contribution, we analyze the electrical properties of self-catalyzed organized GaAsg;Po3 NWs
using EBIC microscopy. First, the doping type in NWs homogeneously doped with Be or Si is assessed.
We propose a method to investigate the doping type by analyzing the induced current polarity in the
vicinity of a Schottky contact. It is demonstrated that for the applied growth conditions using Ga as a
VLS catalyst, Si behaves as an n-type dopant (contrary to the reports on self-catalyzed VLS GaAs NWs
[29]). Next, axial p-n and p-i-n junction NWs are investigated. Energy dispersive X-ray spectroscopy
(EDX) analyses in a transmission electron microscope (TEM) show no influence of the doping on the
alloy composition. The EBIC maps of the NWs present an unambiguous signature of an active p-n
junction and allow to estimate the electron and hole concentrations. To the best of our knowledge,
this is the first report of axial p-n junctions in self-catalyzed GaAsP NWs.

Il.  Sample elaboration
Axial junction GaAsP NWs were synthesized on patterned n**-type Si (111) substrates by Molecular
Beam Epitaxy (MBE). For the substrate patterning, hexagonal arrays of nanoholes with a hexagon side
of 500 nm were defined by electron beam lithography in a 30-nm-thick silica (SiO,) layer deposited by
plasma-enhanced chemical vapor deposition on the Si substrate. To transfer the nanohole patterns



into the SiO, layer, a two-step procedure consisting of a reactive ion etching followed by wet etching
was applied. Subsequently, the patterned substrates were outgassed in ultra-high vacuum at 450 °C
for one hour prior to the NW growth [43].

The growth of GaAsP NWs was performed at 610 °C following the VLS mechanism catalyzed by Ga
droplets, i.e. in a self-catalyzed growth mode. The growth was started by a short deposition of Ga at
the growth temperature to form a liquid Ga droplet in the mask openings similar to the procedure
described in [43]. Then the Arsenic (As) and Phosphorus (P) shutters were opened simultaneously to
initiate the GaAsP NW growth. The Ga flux was set equivalent to a two-dimensional deposition rate on
GaAs (001) of 0.2 nm-s™, as calibrated from reflection high-energy electron diffraction oscillations.
Group V materials (As and P) were supplied by solid-source cells in the form of As, and P,. Both cells
were equipped with individual valves and shutters. The V-to-lll beam equivalent pressure (BEP) ratio
was set at 9 while the P,/(P,+As,) BEP ratio was adjusted to 0.2. The resulting P content in the GaAsP
alloy deduced from EDX analyses was close to 30%. The axial NW growth rate was in the 1.45 nm/s to
1.8 nm/s range.

Be and Si sources were used as dopant species. The temperature of the Si (Be) cell was set to 1150
°C (700 °C). As calibrated on GaAs (001) planar films grown at a deposition rate of 0.2 nm-s™, these cell
temperatures yield respectively n-doped (p-doped) GaAs layers with a doping concentration of 6x10®
cm™ (2x10") according to Hall measurements. By opening and closing the doping cell shutters during
the GaAsP NW growth, homogenously doped NWs and NWs containing axial p-n or p-i-n junctions
were synthesized. Homogeneously doped wires had a ~0.55 um height and a base diameter ~50 nm.
The p-n junctions were formed by growing first the n-doped segment and then switching without
growth interruption to the p-doped segment (the total NW height was ~1.3-1.4 um with nominally
identical n- and p- doped segments and a base diameter ~70 nm). For the p-i-n junction NWs, a n-
doped segment, an unintentionally doped segment and a p-doped segment were grown in a sequence
without growth interruptions (the total NW height was ~1.6-1.5 um with nominally identical n-, i- and
p- doped segments and a base diameter ~85 nm).

Figure 1 a) displays an SEM image of the p-i-n GaAsP NW array. It shows that NWs are highly
homogeneous and present a good verticality with a low density of defects in the pattern (about 80%
of vertical NWs).

Y Ive.l

Figure 1 a) 45° tilted SEM image of GaAsP NW array. Inset shows a high magnification image of the same sample; b)
STEM image of a GaAsP NW containing a p-i-n junction; c) high magnification STEM image of the same NW; d) EDX
maps of the arsenic concentration along the NW; e) Same for the phosphorous concentration.

It has been reported that the crystal structure and composition of ternary alloy NWs can be
affected by doping incorporation (e.g. p-doping with Zn in MOVPE-grown InGaP NWs [21]). To assess
the structure and composition of our NWs, individual NWs were transferred to a TEM grid and were
analysed in a FEI Titan Themis microscope operated in scanning TEM (STEM) mode and equipped with



EDX tool. Figures 1 b) and c) show STEM images of a GaAsP NW containing a p-i-n junction. The crystal
structure was analysed in high resolution in the n-doped, undoped and p-doped parts of the NW (an
example of a high-resolution image is displayed in panel 1c). All segments have a zinc-blende structure
with few twin defects. No significant modification of the twin density in the three segments was
observed. In addition, EDX compositional maps were acquired. Figures 1 d) and e) display the measured
P and As concentration. The composition is homogenous along the NW axis; it is equal to GaAsg;Pg3
(we note that this value is measured on the NW sidewall, so it gives a compositional average over any
eventual radial variations, which may appear in ternary NWs [44,45]). We conclude that in the MBE
grown GaAsP NWs, the dopant (Be, Si) incorporation does not influence the crystal quality or NW
composition.

1l. Doping type investigation

First, the doping type in homogeneously doped NWs was determined. For (001)-oriented GaAsP
thin films, Be (Si) doping results in a p-type (n-type) material [46]. However, in NWs the growth
mechanism is different with respect to thin films. The adatoms in a VLS growth are incorporated
through the Ga liquid catalyst. In these conditions, the incorporation of doping impurities can strongly
differ from the thin film case grown using group V overpressure. In addition, Si is an amphoteric
dopant, i.e. its electrical behavior depends on its incorporation site. In particular, Si was reported to
behave as a p-type dopant in Ga-catalyzed GaAs NWs [29]. For this reason, alternative doping
impurities such as Tellurium were explored for n-doping of GaAs NWs [36]. However, no investigations
of Si doping type in self-catalyzed ternary GaAsP NWs have been reported so far. Therefore, we first
analyze the doping type in homogeneously-doped GaAsP NWs to select appropriate doping impurities
for the p-n junction formation.

To investigate the doping type, we analyzed homogeneously-doped GaAsP NWs by EBIC
microscopy. Indeed, EBIC maps allow to detect the internal fields [47]. Therefore, to determine the
doping type we analyze the direction of the induced current in the proximity of a Schottky contact
which is voluntarily created using a nanomanipulator. Figures 2 a) and d) show schematic
representations of the electron beam exciting a Schottky contact on a n-type and a p-type
semiconductor, respectively. The difference between the two cases is the direction of the internal
electric field. For the n-type semiconductor, the bands bend upwards (figure 2 b)) which should lead
to a positive induced current, while for the p-type semiconductor the bands bend downwards (figure
2 e)) and a negative current should be produced.

To perform this assessment, the Schottky contact between the NW body and the catalyst Ga
particle contacted with a tungsten tip was analyzed. Single NW EBIC characterization was performed
using a Hitachi SU8000 SEM with a probe station PS4 from Kleindiek equipped with 4
nanomanipulators with tungsten tips (diameter ~200 nm). The induced current was amplified with a
Stanford SR570 preamplifier, the point by point acquisition of the EBIC maps was controlled with a
Gatan DigiScan system. As a result, the SEM image of the scanned surface and the corresponding
induced current cartography were acquired simultaneously. For all measurements, the acceleration
voltage was fixed at 7 kV and the impinging current was ~55 pA. During the EBIC acquisition, an external
DC bias ranging from -5 V to +5 V was applied to the NWs. This allows to change the band bending in
the structure (e.g. to flatten or enhance the electric field at the semiconductor/metal interface) and
thus to improve the signal to noise ratio in cases where the internal electric field is weak.
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Figure.2 a) Schematic of the e-beam excitation of a Schottky contact on a n-type semiconductor; b) Nextnano [48] simulation
of the corresponding band bending calculated for a barrier height of 0.7 V; c) Schematic, SEM image and the correspond EBIC
map of a GaAsP NW homogenously doped with Si (color scale bar in Amps); d) Schematic of the e-beam excitation of a Schottky
contact on a p-type semiconductor; e) Nextnano simulation of the corresponding band bending calculated for a barrier height
of 0.7 V; f) Schematic, SEM image and the corresponding EBIC map of a GaAsP NW homogenously doped with Be (color scale
bar in Amps).

In EBIC maps (figures 2 c) and f)) the direction of the current is coded by the colour contrast: the
dark contrast corresponds to a negative current while the bright contrast indicates a positive current.
In figure 2 c) we report the EBIC results for a Si doped GaAsP NW. The figure shows an SEM image of
an individual NW contacted via the catalyst droplet on the top with a tungsten tip. The corresponding
EBIC map collected under zero bias is also shown. A bright contrast is observed at the interface
between the catalyst droplet and the NW, which is a signature of a Schottky contact on an n-type
semiconductor. This proves that contrary to the GaAs NWs case [29], Si doping in Ga-catalysed ternary
GaAsP NWs can result in n-type conductivity. The same method was applied to the Be doped NWs, as
illustrated in figure 2 f). For this case, the EBIC signal at zero external bias was below the noise level.
To enhance the contrast, an external bias was applied. Under negative bias no induced current was
observed. However, under a positive bias, a dark EBIC contrast was evidenced localized at the interface
between the catalyst and the NW. An example of the EBIC map under +4 V external bias is shown in
figure 2 f). The positive external bias is expected to enhance the downward band bending at the
semiconductor/catalyst interface. The positive sign of the bias and the dark EBIC contrast observed in
this case is the signature of a Schottky contact on a p-type semiconductor (in agreement with the usual
behaviour of the Be doping [36]). It should be noted that a similar sample containing self-assembled
Be-doped NWs exhibited a dark EBIC contrast both under positive and under zero bias, which further
confirms that Be produces a p-type doping in GaAsP Ga-catalyzed NWs.

V. EBIC characterisation of GaAsP nanowires containing a p-n junction

After demonstrating the possibility to obtain p- and n- doping in NWs, axial p-n junctions were
grown and analyzed. EBIC maps were collected for individual NWs contacted on the catalyst droplet.
Figure 3 a) displays a schematic, an SEM image and an EBIC map of an individual p-n junction NW. From
the EBIC map the electrical activity of the junction can be visualized without any external bias. To
determine the position of the p-n junction, secondary electrons (SE) contrast in the SEM image is used



[40]. This contrast is barely distinguishable without external bias, but can be enhanced under reverse
bias [49] (it can be clearly seen in the SEM image of figure 3 a) acquired at an external bias of -4 V).

The IV characteristic of the same NW under identical contact configuration was acquired using a
Keithley 2636 sourcemeter (with a blanked electron beam). The curve displayed in figure 3 b) shows a
rectifying behaviour expected for a p-n junction. It exhibits a leakage current increasing with reverse
bias, which may arise from the surface conductivity [50].
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Figure.3.a) Schematic, SEM image and EBIC map of an individual NW containing a p-n junction contacted on the top (color
scale bar in Amps); b) Single NW IV characteristic in the dark; c) Same images as in panel a) for the same NW laterally
contacted in the top p-doped part; d) Same images as in panel a) for the same NW laterally contacted in the bottom n-

doped part.

Nano-manipulators enable EBIC measurements with a lateral contact at different positions along
the NW. Here a lateral contacting was used to confirm the doping type of the top and bottom NW
segments following the Schottky contact evaluation method described in the previous section. First,
the tip was placed laterally on the top segment above the junction and a forward bias was applied
(figure 3 c)). In these conditions, the bright EBIC contrast of the junction disappeared (the built-in field
was flattened by the external bias) and a dark EBIC contrast appeared in the vicinity of the contact with
the tungsten tip. This dark contrast is an indication of a Schottky contact on a p-type semiconductor in
agreement with the nominal structure. Then, the tip was placed laterally close to the NW base, a
negative bias was applied and a bright EBIC contrast was observed, which confirms that the base part
is n-doped. These experiments validate the nominal structure of the axial p-n junction.

In order to extract the carrier concentration and the minority carrier diffusion lengths, the axial
EBIC profile should be analysed. This profile is theoretically modelled as a convolution of the
generation function with the probability of charge collection [51]:



Igpic(x) = h(x) * Q(x), (1)
where Igg;c(x) is the induced current, h(x) is the spatial distribution of the generation, and Q(x) is
the probability of carrier collection. This latter can be approximated as unity inside the depletion layer.
Outside this region, the charge collection probabilities can be approximated as [51] :

X
X 2
QG = eI, 2)

where L, is the diffusion length of the corresponding minority carriers.

Combining expressions (1) and (2), the induced current is divided into three parts: the diffusion current
in the p-doped segment, the drift current in the depletion layer and the diffusion current in the n-
doped segment. The well-known diffusion current expression is given by:
X

Laipp(x) = Ipaxe . )
Therefore, the minorities carrier diffusion lengths can be obtained by fitting the decay of the induced
current in the p and n parts far from the depletion region with an exponential function. The analysis of
the EBIC profile inside and close to depletion region is more complex. Indeed, the EBIC profile strongly
depends on the spatial distribution of the generation function and its overlap with the depletion region
[51,52,53]. For excitation close to the depletion region edge it is difficult to separate the drift and the
diffusion components of the current [51,52]. To localize the space charge region edges with a high
accuracy, the deconvolution of the EBIC profile with the spatial distribution of the generation should
be computed. In this case, the generation function need to be calculated (for example, using beam-
matter interaction model based on a Monte-Carlo simulation of electron trajectories, which is not
straightforward for the considered complex 3D geometry of free-standing NWs). To avoid the
computation complexity, we have adopted another method to determine the depletion region
extension proposed by Kurniawan [51], which consists in computing the second derivative of the
natural logarithm of the induced current close to the depletion region edge and localising the minimum
point. We note that for the experimental EBIC profile the measurement noise compromises the
accuracy of both methods since this noise is amplified by making the deconvolution or by taking the
second derivative. This inaccuracy results in important error bars for the extracted values of the
depletion region edges, as seen below.

To determine separately the carrier concentration in the p- and n-doped segments, the respective
extension of the depleted region in two semi-junctions should be determined, which requires to
localize the junction position. This can be done by analysing the SE contrast [40]. To localise the
junction interface with a high precision, the noise of the experimental SE profile is filtered out and the
position of the junction interface is determined by the local minimum of its first derivative. Figure 4
displays the SE contrast under a reverse bias of -4 V, the filtered SE contrast, the derivative of the
filtered SE contrast, and the EBIC profile under zero bias along the NW axis. The junction is localized at
the minimum of the derivative of the SE contrast, which lies within the region with the highest EBIC
current (cf. figure 4 a)). For the displayed NW, the position of the junction is located at 0.63+0.01 um
from the NW base.

By combining the SEM and the EBIC profile analyses, the space charge region extension in the p
and in the n parts is measured. For the representative NW analysed in figure 4, the total depletion
region width is estimated to be around 95438 nm. Taken into account the error on the position of the
depletion layer edge and on the junction interface position, the extension of the space charge region
is estimated to be 39214 nm in the p part and 52+16 nm in the n part These values were used to
estimate the doping concentrations following the approach detailed in [40,20]. The electron and hole
concentrations were estimated to be around 6.7+3.3x10" cm™ and 9.3+4.9x10" cm?, respectively.



The error bars correspond to the doping levels calculated for the maximum and for the minimum
extension of the depletion region in the n- and p- parts. The high value of the error bars is mostly
related to the uncertainty in the determination of the depletion region edges by the method of
Kurniawan [51] and to a smaller extent to the uncertainty of the junction position. Several NWs from
the same pattern were analysed to evaluate the wire to wire variations of the W, and W,, however
statistical deviation was below the above-mentioned uncertainty of the method.
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Figure.4.a) Derivative of the SE contrast (the blue dashed-dotted line shows the ideal case); b) SE contrast profile
under -4 V external bias (W, and W, are respectively the maximum and the minimum of the estimated
depletion region width); c) EBIC profile under zero bias along the NW axis, the red line is the exponential fit of the
current decay in the NW. To reduce the noise, all line profiles are averaged over a 20 nm wide region in the
direction normal to the wire axis.

The extracted carrier concentrations show that for the chosen growth conditions and
temperatures of the doping cells, a p-n junction with well-balanced p- and n- doping levels is achieved.
To compare the extracted carrier concertation in the NW with the doping concentration measured on
the reference 2D GaAs films using Hall effect, a corrective factor arising from the growth rate difference
should be applied. For the considered example, the average NW growth rate is 1.75 nm/s (to be
compared with 0.2 nm/s growth rate used for the growth of the reference thin films). By applying a
corrective factor related to the difference in the growth rates, the doping concentration extrapolated
from the thin film case would be 6.8x10" ¢cm™ for the electrons and 2.3x10* c¢cm™ for the holes,
respectively. The extracted electron concentration in the n-doped segment of the NW is consistent
with the extrapolation from the thin film value. The hole concentration in the p-doped segment is
higher, however it remains within the right order of magnitude. We note that the reliability of the
estimation based on thin film doping values is limited because of the strong difference in growth
conditions between the NWs and the thin films.



To extract the minority carrier diffusion length, the current decay outside the depletion layer is
fitted with an exponential function. The electron diffusion length in the p-doped segment is estimated
to be around 568nm and the hole diffusion length in the n-doped segment is around 187+7nm. These
small diffusion lengths can be explained by a high surface recombination in these non-passivated NWs
[54]. Similarly, short diffusion lengths were reported in the literature for GaAs NW p-n junctions
(namely, 130+2nm for electrons and 1504+3nm for holes [41]).

V. EBIC characterisation of GaAsP nanowires containing an axial p-i-n junction
Due to the high surface recombination, the carrier collection region of the p-n junction NWs is very
narrow and cannot be applied to solar cell devices. To extend the active region, a p-i-n junction was
designed with doped p- and n- extremities having the same doping concentration as for the p-n
junction case and a nominally undoped region in between. The structure was grown and characterized
by EBIC and the results are illustrated in figure 5.

Figure 5 a) shows a NW schematic, an SEM image and a corresponding EBIC map under zero applied
bias. A bright EBIC contrast is observed in the lower part of the NW, which confirms the electrical
activity of the p-i-n junction. However, contrary to our expectations, the EBIC signal is not covering the
entire length of the intrinsic region. Contrariwise, the signal is localized close to the interface between
the n-doped and the nominally intrinsic segments. This means that the undoped GaAsP part exhibits a
p-type behaviour. To investigate the effective doping type of the intrinsic region, EBIC measurements
with a lateral contact at different positions along the NW were performed as shown in fig. 5 b), c) and
d). The contact positions are located in the 3 different regions, namely p-doped, intrinsic and n-doped
segments. In the first case, a dark EBIC contrast was observed under a forward bias (shown in fig. 5 b)),
while under zero or reverse bias a bright contrast was evidenced in the lower part of the wire at the
same position as in the fig. 5 a) case (not shown for the sake of space). These observations are
consistent with flattening of the junction potential under forward bias, in which case only the Schottky
band bending produces an induced current. Under zero or reverse bias the junction signal is collected
for the lateral contact similarly to the top contact case. Then the tip was positioned laterally on the
nominally intrinsic region and the experiment was repeated (Fig. 5 c)). The observations were identical
to those for the contact on the p-doped part. Namely, a dark EBIC contrast was observed under a
positive bias, however with a stronger noise level. This indicates that the nominally undoped GaAsP
segment presents a residual p-doping. This unintentional p-doping may arise from the Be incorporation
by radial growth or by Be diffusion [55] during the growth of the top Be-doped segment. Finally, the
bottom n-doped segment was laterally contacted (Fig. 5 d)). In this case, a bright EBIC contrast arising
from a Schottky contact with a tungsten tip is observed (only under reverse bias) localized close to the
contact position in agreement with the nominal n-doping of the base segment.

The EBIC profile of the structure (Fig. 5 e) shows that despite the undesired p-type behaviour of
the intrinsic region, the space charge region of the p-i-n junction is extended in comparison with the
p-n junction pointing out to a lower effective p-doping in the intrinsic segment compared to the
intentionally Be-doped segment. A two-fold increase is observed with the space charge region width
equal to 240440 nm.



Fig. 5 f) shows the IV characteristics of the same NW contacted on the top measured in dark and
under electron beam exposure in scanning mode. The IV curve shows a rectifying behaviour typical of
adiode with areverse leakage current independent of the bias lower than 0.1 pA. The IV under electron
beam irradiation shows a measurable short circuit current and an open circuit voltage estimated
around 0.8 V. Under forward bias, the dark and illuminated IV characteristics have the same slope,
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Figure.5.a) Schematic, SEM image and corresponding EBIC map of an individual NW containing a p-i-n junction contacted on
the top (color scale bar in Amps); EBIC map of the same NW contacted laterally b) on the top p-segment; c) on the intrinsic
region; d) on the bottom n-segment; e) The EBIC profile along the NW axis, Inset is the zoom on the flat EBIC signal; f) I-V
characteristics in logarithmic scale of the NW in the dark and under electron beam irradiation (insert shows the I-V curve in
linear scale).

which in particular shows the absence of photoconductive effects in NW doped extremities.

VI.  Conclusion

To summarize, we have demonstrated active axial p-n and p-i-n junctions in GaAsy7Po3 NWs and
analyzed their electrical properties using EBIC microscopy. Self-catalyzed NW arrays have been grown
by a vapour-liquid-solid method on Si patterned substrates by Molecular Beam Epitaxy. First, the
doping type has been assessed by analyzing a Schottky contact on NWs homogeneously doped with
Be or Si. We have concluded that for self-catalysed VLS grown GaAsP NWs, Be is a p-type dopant while
Si is an n-type dopant. Then EBIC has been used to probe the electrical activity of the axial GaAsP p-n
and p-i-n junctions. Based on the EBIC profile across the junction, the carrier concentrations have been
estimated to be 6.7+3.3x10"" cm™ for the electrons and 9.3+4.9x10" cm™ for the holes. In order to
extend the carrier collection region, a p-i-n junction has been elaborated. The EBIC analyses of the p-
i-n NWs have demonstrated that the nominally intrinsic segment presented a residual p-type doping,
leading to an internal field localization close to the n/i interface.
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