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Abstract
In this work, InP nanowire (NW) array solar cells with different axial p-i-n junction designs
were investigated. The optical properties of the different NW structures were characterized
through a series of micro-photoluminescence measurements to extract important material
parameters such as minority carrier lifetimes and internal quantum efficiencies. A glancing
angle sputtering deposition technique has been developed to enable a direct visualization of the
p-n junctions in the vertical array of InP NW solar cells (NWSCs) using electron beam induced
current (EBIC) technique. Based on EBIC and electrical simulation, it is found that the
background doping in NWSC significantly affects the junction position. By modifying the
junction design, the width and position of the p-n junction can be varied effectively. By
employing a p-p--n structure, a high junction position (> 1 μm from the substrate) and wide
depletion width have been achieved as confirmed by EBIC measurement. Moreover, the NW

growth substrate does not show any influence on the device behavior due to the fully decoupled junction position, indicating a promising structural design for future development of
high-performance, low-cost flexible NW devices.
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1. INTRODUCTION
With their unique structural, optical and electrical properties, III-V semiconductor
nanowires (NWs) have shown great potential for novel nanoscale device applications,
such as light-emitting diodes (LEDs),1 lasers,2-4 photodetectors5-7 and solar cells.8-10 In
particular, semiconductor NWs are considered to be highly promising for nextgeneration photovoltaic devices due to: 1) their intrinsic antireflection effect for
enhancing light absorption; 2) their small footprint efficiently relaxing the latticemismatched strain and thus enabling the construction of multi-junction cells with
optimal band gap combinations as well as the growth on different substrate materials
such as silicon and thus potential integration with the existing silicon-based industrial
infrastructures;11,12 and 3) significant cost reduction due to much less material usage.
With a suitable and direct bandgap, superior carrier mobility and well-developed
synthesis techniques, significant progress has been made in solar cells fabricated from
III-V NW arrays

8,13-19

. Especially for axial p-i-n junction based array NW solar cells

(NWSCs), top-down approach led to a record efficiency as high as 17.8%.20 In terms of

bottom-up approach, 15% and 15.3% has been achieved in InP21 and GaAs18 array
NWSCs respectively by Au-assisted vapor-liquid-solid growth. Up to 6.35% efficiency
has also been demonstrated in radial junction InP array NWSCs grown by selective-area
metalorganic vapor phase epitaxy (SA-MOVPE),15,19 however there has been no further
report on selective area epitaxy (SAE) grown axial junction InP array NWSCs. Pure
wurtzite (WZ) InP NWs with low surface recombination velocity (SRV) (~161 cm/s)
has been demonstrated by SA-MOVPE.3,22 With a careful optimization of junction
design (in terms of width and position), growth and device fabrication, it is expected
that high performance axial junction InP array NWSCs by SAE can be achieved.
For InP array NWSCs, it has been shown that by varying the length of the bottom p+segment23 and the top n-segment8 the solar cell performance can be optimized,
highlighting the importance of junction position for efficient light absorption and carrier
collection in NWSCs. Normally for planar axial junction solar cells, the p-n junction
design can be optimized relatively easily through a few growth calibration cycles.
However, due to the complex nature of NW growth, background doping, growth rate
and dopant diffusion may vary greatly during the growth of different NWSC structures
with different p, i, n-segment designs. As a result, the junction position and size may
significantly deviate from the original design24,25 and moreover, the material quality
(both optical and electrical) of the NWSC structures may also vary significantly, making
it challenging to understand and optimize the NWSC performance. Therefore, it is
highly desirable to employ a technique which is able to directly visualize the width and
position of the p-n junction for device optimization. Electron beam induced current

(EBIC) measurement which uses electron beam to excite the carriers and measure the
short circuit current flowing in a material is commonly used to identify junction position
and estimate minority carrier diffusion length in planar photovoltaic devices.26,27 Due to
the inherent structural characteristics of NWs such as high aspect ratio, cylindrical shape
and difficulties in making electrical contacts, it is challenging to apply EBIC to NW
device applications. So far there have been a few reports on EBIC measurements of pn junction of single NWs,21,25,28-30 however very little has been reported on EBIC of
NWs in vertical array configuration31-33 where additional information could be obtained
such as identifying the possible substrate influence on NWSCs as well as evaluating the
uniformity of electrical performance of a large number of NWs. In this paper, we
demonstrate for the first time direct junction characterization and analysis of SAEgrown axial junction InP NW array solar cells based on EBIC measurements and
electrical simulation.
It is well known that due to background impurity doping, the unintentionally doped
InP grown by MOVPE is normally n-type.34 We also found that the InP NWs grown by
the SAE technique exhibit a relatively high background doping density24 of ~1017 cm-3,
which has to be taken into consideration when designing p-n junction for solar cell
applications. In this work three different InP NWSC structures grown on p-doped InP
substrate by SA-MOPE, namely i(n-)-n, p-i(n-)-n and p-p--n, were designed and
characterized using EBIC technique. We show that compared with the other two
structures, by introducing a lightly p-doped middle segment, the depletion region in the
p-p--n structure can be successfully shifted closer to the top of the NWs which is more

favorable for light absorption and carrier separation.8 More importantly, it is also
revealed that in the p-p--n structure the influence from the NW growth substrate has
been completely eliminated, allowing the assessment of the true performance of the NW
array solar cell devices. This structure also presents the most suitable device design for
future development of flexible NW devices by detaching them from the substrate using
flexible polymer materials and reusing the substrate to reduce cost. Despite a slightly
reduced carrier lifetime and internal quantum efficiency (IQE) in the junction
(depletion) region due to p-dopant incorporation as indicated by time-resolved
photoluminescence (TRPL) measurements, a good efficiency of up to 9.23% has been
obtained from the p-p--n structure without any surface passivation. Our results
emphasize the importance of a comprehensive electrical structure and material design,
providing a good guidance for development of future high-efficiency, low-cost, flexible
NWSC devices.

2. EXPERIMENTAL DETAILS
To grow the InP NW arrays, p+ (111)A InP substrates were firstly deposited with a 30
nm-SiOx layer by plasma enhanced chemical vapor deposition and then patterned by
electron beam lithography. Wet chemical etching was used to open up holes followed
by InP NW growth in a horizontal low pressure (100 mbar) MOVPE system (Aixtron
200/4) at the growth temperature of 730 ºC. Trimethylindium (TMIn) and phosphine
(PH3) were used as precursors for the group III (In) and group V (P) elements,
respectively. Flow rates were set at 6.1×10-6 and 4.9×10-4 mol/min, respectively for

TMIn and PH3, corresponding to a V/III ratio of 80. For n-doped segment, silane was
introduced during the growth at flow rate of 3.1×10-7 mol/min with all other parameters
kept constant. Diethylzinc was used as p-dopant,35 and the flow rate of 2.5×10-7 and
2.0×10-5 mol/min were used for p- and p-doped segment, respectively.
For PL and time-resolved PL measurements, the NWs were excited using a 522 nm
(frequency doubled) pulsed laser source with pulse width of 300 fs and repetition rate
of 20.8 MHz. The laser beam was focused using a 100 × (NA 0.75) microscope objective
lens on the middle of the NWs, with a spot size of 0.72 µm estimated by vector
diffraction calculation.36. The emission was detected by a single photon avalanche
diode, which was connected to the time-correlated single photon counting (TCSPC)
system (Picoharp 300). The minority carrier lifetime was extracted from a single or
double exponential fitting of time-resolved photoluminescence (TRPL) decay curve
measured by the TCSPC system.
For EBIC measurements, an indium tin oxide (ITO) layer was deposited on top of the
NW array by glancing angle sputter coating to obtain a complete coverage of ITO only
on the tip of the NWs (n-region) to enable good electrical connection. This method has
been developed to avoid the planarization of the NW array. EBIC measurement was
carried out in a FEI Helios 600 Nanolab dual beam FIB system equipped with Kleindiek
NanoControl NC40 nano-manipulators and low current measurement units. The top
electrode and bottom electrode of the sample were contacted to the nanomanipulator
and sample stage respectively, allowing electrical current to flow and pass through a
current amplifier.

3. RESULTS AND DISCUSSION

3.1. Photoluminescence and time-resolved photoluminescence
The InP NW array design has been optimized by the finite-difference time-domain
(FDTD) simulation to achieve maximum light absorption with 200 nm-diameter NWs
arranged in a hexagonal array with 400 nm spacing.37 Three InP NWSC samples with
the same array parameters but different structural designs have been grown on p+ InP
substrates and illustrated schematically in Figure 1A. Sample I (i-n+) was grown with
an undoped section for 7 min on the p+ substrate followed by a heavily n-doped section
for 2 min. Sample II (p-i-n+) shows the InP NW array with a p-doped section (1.5 min)
firstly grown on the p+ substrate followed by an undoped section (5 min) and a heavily
n-doped section (1.5 min). Sample III (p-p--n+) was grown with a p-doped section (1.5
min) on the p+ substrate followed by a lightly p-doped section (5 min) and a heavily ndoped section (1.5 min). The doping concentrations of both n-doped and undoped
sections were calibrated based on our previous doping study.24 However despite a high
doping concentration aimed for the bottom p-region for samples II and III, we find it
difficult to determine the p-type doping concentration using both the photoluminescence
(PL) and electrical measurements which were previously used to determine the n-type
doping concentration with great success,24 implying that the p-region of our NWs may
be only lightly doped (< 1×1017 cm-3) despite that a high diethylzinc (DEZn) flow rate
was used. This may be due to the relatively high growth temperature of 730 ºC used for

the NW growth which is known to be unfavourable for incorporation of Zn-dopant by
MOVPE. Figure 1B shows the scanning electron microscopy (SEM) image of the NW
array taken from Sample I. The typical diameter of the NWs is ~200 nm and the average
length of the NWs is ~1.4, 1.5, 1.8 µm for Samples I, II, III, respectively. The different
NW length is mainly due to the slight variation of the device structural design as well
as the different doping conditions that could largely affect the NW growth rate. High
resolution transmission electron microscopy (TEM) examination along the length of the
NW shows that even with different types and levels of doping, all three samples are pure
WZ phase (See Figure S1, Supporting Information).
After growth, some NWs were mechanically transferred from the array to a SiNx
coated Si substrate for micro-PL and TRPL measurements, to allow direct probing of
the middle segment of the NWSC structure. More than ten NWs were measured for each
sample. Figure 2A shows the typical room-temperature single NW PL spectra from the
three NWSC samples. All spectra feature a main peak with a shoulder at higher energy,
which can be fitted with two Gaussian peaks at the energy of 1.42 and 1.44 eV,
respectively (See Figure S2, Supporting Information). We attribute the lower energy
peak to the band edge emission (A band) from WZ InP NWs and the higher energy peak
to the split off valence band (B band).38,39 The PL spectra are normalized to the peak
intensity of Sample I NW. It can be seen that Sample I exhibits the highest PL peak
intensity and Sample III shows the lowest PL peak intensity. The full width at halfmaximum (FWHM) of Samples I, II and III are 32, 41 and 47 nm, respectively.

The room-temperature minority carrier lifetimes are also extracted from the three
different NW samples by fitting their TRPL spectral decays. For Samples I and II, the
TRPL decay can be fitted well with mono-exponential decay, as shown in Figure 2B,
with minority carrier lifetimes of 1.64 and 1.37 ns, respectively. For Sample III, an
initial sharp decay followed by one with much slower decay rate has been observed. The
sharp decay may be attributed to a rapid field-assisted trapping of photon-injected
minority electrons at the surface of NWs,40 while the slower decay is dominated by the
minority carrier lifetime of the p-doped NW. Hence for Sample III, the spectrum is fitted
with double exponential decays and a minority carrier lifetime of ~1.22 ns is obtained
from the slow decay portion of the curve. Again compared with Sample I, the minority
carrier lifetimes in Samples II and III are found to be reduced. Finally, as a quantitative
estimation of the material optical quality, the IQE for NWs from Samples I, II and III
were measured based on the method described by Fan et al.24 (See Figure S3, Supporting
Information). From Figure 2C, the highest IQE has been obtained for Sample I (~58%)
followed by ~37% for Sample II and ~26% for Sample III.
As suggested from the above PL (intensity/FWHM), minority carrier lifetimes and
IQE results, Sample I shows the best optical quality, followed by Sample II and Sample
III. It is well-known that the PL properties of semiconductor materials strongly depend
on the growth conditions (methods and parameters), doping concentrations, and
impurity species. We ascribe the degraded optical properties in Sample II and Sample
III to the effect of Zn diffusion and/or doping, which is a well-recognized problem for
InP growth by MOVPE, especially at high growth temperatures.19 Since both Samples

II and III were grown with an intentionally p-doped segment first at a relatively high
DEZn flow rate (2.0×10-5 mol/min) and growth temperature (730 °C), Zn could
outdiffuse from the p-segment and/or due to the “memory effect” in the reactor to
incorporate into the middle undoped (Sample II) or lightly p--doped (Sample III)
segment during its growth. Indeed, it has been found from studies of p-doped InP layers
by thermal diffusion41 that Zn diffusion proceeds via an interstitial-substitutional kickout mechanism42-45 and consequently leads to a high concentration of interstitial Zn
atoms. Similarly during the MOVPE growth of Samples II and III, Zn incorporation into
the middle segment of the NWSC structure may likely form some Zn interstitials in
addition to achieving of a low p-doping concentration. Zn interstitials have been
identified as the main reason causing a degraded PL in Zn-doped InP NWs.46 P-doping
could also lead to broadening of the FWHM of the PL spectrum due to the impurity
band that merges with the valence band edge as band tail states and thus broaden optical
transitions between the conduction and valence bands.47 Furthermore, it is well known
that doping may cause reduced carrier lifetime and mobility as a result of ionized
impurity scattering.48,49 Therefore, compared with Sample I, increasingly degraded PL
intensity, FWHM and carrier lifetime are observed from Samples II and III.

3.2. EBIC measurements
EBIC measurements provide a direct visualization of the p-n junctions in the three
NWSC structures. Our EBIC measurements were performed under an SEM column at
1 kV with a beam current of ~86 pA. The maximum penetration depth of electrons in

the sample is calculated to be ~30 nm at 1 kV using the Casino simulation software (See
Figure S4, Supporting Information). During the measurements, the NW samples were
unbiased, such that the EBIC signal is solely due to the separation of the electron beam
generated nonequilibrium carriers by the built-in field of the junction and the diffusion
of minority carriers from each side of the p-n junction reaching the field. Figure 3 shows
the SEM images (the first column) and their corresponding EBIC images (the second
column) taken from Samples I, II and III, in comparison with the electric field
distribution profiles determined by Comsol Multiphysics simulations (See Supporting
Information Section 3.2) of their respective p-i-n structure designs. The relative EBIC
intensity is presented by the red curve along the center of the NW as obtained from
ImageJ Processing Software. As mentioned earlier, based on our previous study24
undoped InP NWs are normally n-type with a doping concentration of ~1×1017 cm-3.
Therefore, from the EBIC image which shows a number of NWs of Sample I (Figure
3B), consistently bright contrasts can be observed at all NW/substrate interfaces, which
is a clear indication of the built-in electric field formed between the undoped (n-type)
segment and p-type substrate. Weaker EBIC signal contrasts can also be observed above
the bright regions in the NWs due to the minority carrier diffusion. Electrical modelling
was performed to estimate the electric field distribution in the NWSC based on a doping
profile of highly doped p+ substrate (5×1018 cm-3)-i (n- ~1017 cm-3)-n+ (3×1018 cm-3) with
the doping concentrations calibrated by our previous work.24 The result shown in Figure
3C clearly indicates the formation of the electric field within the NW (as a result of high
p+ doping in substrate and lower n background doping in the NW) with a depletion width

of ~135 nm in the NW from the NW/substrate interface which is consistent with EBIC
results.
The SEM image of Sample II and its corresponding EBIC image are shown in Figure
3D and Figure 3E, respectively. As displayed in Figure 3E, a bright contrast can be
observed in the middle of the NW. It is clearly found the built-in electric field region is
formed between the undoped segment and bottom p-type segment, and the undoped
segment is slightly n-type despite that possible Zn diffusion may also have occurred
during its growth. Above and below the bright depletion region, slightly weaker EBIC
signals are also obtained, which can be again ascribed to minority carrier diffusion
currents, i.e., arising from the electron beam generated electrons and holes that diffuse
towards the depletion region of this sample. The simulation results in Figure 3F show
the formation of an electric field region with an estimated depletion width of ~110 nm
in the NW (based on a p (~5×1016 cm-3)-i (n- ~1×1017 cm-3)- n+ (3×1018 cm-3) junction),
which agrees well with the EBIC results.
By lightly p-doping the middle segment, Sample III has a depletion region which is
the closest to the top of the NWs as evidenced by the bright contrast of the EBIC signal
shown in Figure 3H. There are also two regions with less signal intensity being observed
from each side of the junction, which can again be attributed to the electron beam
induced minority carrier diffusion. Based on a doping profile of p (5×1016 cm-3)-i (p~1×1016 cm-3)-n+ (3×1018 cm-3), a depletion width of ~300 nm in the NW (across the p/n+ interface) is estimated from the electrical simulation (shown in Figure 3I), which is
consistent with the EBIC measurement shown in Figure 3H. The EBIC results suggest

that among the three NWSC structures the most promising junction design is that of
Sample III, where a longer depletion region has been produced closer to the top of the
NW (just below the n+ segment) to enable an effective light absorption and carrier
separation.
Minority carrier diffusion length is an important parameter indicating carrier
collection probability of solar cells. It has been found that surface recombination plays
an important role on carrier diffusion length in both Si50 and III-V NWs. For example,
GaAs NWs have been reported with very short carrier diffusion lengths (< 100 nm)
compared with surface passivated GaAs NWs with AlGaAs shell (~1000 nm)51 due to
the high SRV of GaAs. Similarly, GaN/AlGaN core-shell NWs have been reported with
long carrier diffusion length for holes (Lp, 1200 nm) whereas that of the uncapped GaN
NWs is significantly shorter (130 - 710 nm).52,53 Based on the EBIC results from Figure
3, carrier diffusion lengths for electrons (Ln) and holes (Lp) were extracted by
exponentially fitting the EBIC signal as a function of the illumination position along the
NW.29 As shown in Figure 4, a hole diffusion length Lp of 553 and 193 nm were
extracted from the undoped i-side (n-) for Samples I and II respectively. The longer Lp
on the undoped i-side (n-) of Sample I compared to Sample II corresponds well with the
PL and minority carrier lifetime results, indicating the influence of Zn diffusion. An
electron diffusion length (Ln) was extracted to be 228 nm on the p--side for Sample III.
Compared with previously reported p-n InP NWs which have Ln and Lp of 160 and 65
nm (with the doping concentration for p-doped and n-doped segments of 5×1018 and
1×1019 cm-3, respectively),28 the longer Ln and Lp obtained from our NWSC structures

may be due to the much lower doping concentration as well as the defect-free pure WZ
crystal phase of the NWs.
As clearly indicated from the EBIC measurements, since both Samples I and II have
low junction positions, minority carriers generated from the substrate could diffuse to
the junction to contribute to the photocurrent making it hard to differentiate the
contribution from the NW and the substrate; whereas in Sample III (p-p--n structure)
due to its higher junction position (> 1 μm from the substrate) and limited carrier
diffusion length, we may exclude the possibility of photocurrent generation from the
substrate. This will allow us to assess the real device performance of the NWSC array,
which is critical for enabling their future applications as flexible/wearable devices where
the NW array needs to be detached (or peeled off) from the substrate.54,55

3.3. Solar cell performance
An n-p--p sample (the same as Sample III) containing six 200 μm by 200 μm NW arrays
was grown and fabricated into solar cell devices through photoresist (AZ 5214E)
planarization, oxygen plasma etching to uncover the NW tips, transparent contact ITO
deposition (~500 nm) using sputtering technique and Ti/Au contact deposition (10
nm/200 nm) using electron-beam evaporation. Figure 5A shows the schematic diagram
of the device structure. The solar cell performance was characterized by current-voltage
(I-V) measurements under dark and light (1 sun AM 1.5G) conditions, the results of
which are shown in Figure 5B. From the J-V results, an open-circuit voltage of 0.55 V,
a short-circuit current density of 22.5 mA/cm2, and a fill factor of 0.75 were obtained,

leading to an overall conversion efficiency of ~9.23%. It should be noted that during the
device fabrication process, no chemical treatment
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and/or oxide surface

passivation8,20,21 was performed. It is expected that with a further optimization of surface
passivation, the device performance can be significantly improved. Figure 5C presents
the room-temperature electroluminescence (EL) spectrum of the solar cell device
measured at 2.59 mA, displaying a strong EL peak at 1.42 eV. This corresponds to the
bandgap of pure WZ InP NW57,58 and again confirms that the depletion region in the np--p sample is de-coupled from the zinc blende (ZB) InP substrate such that no substrate
related EL peak23 is observed. Based on our work, it is believed that by further
optimization of the p-p--n NWSC structural design and growth based on EBIC
measurement and device simulation (e.g., significant reduction of the length of the top
n-segment,8 fine tuning of the doping and length of p and p- segments) as well as device
fabrication (implementation of surface passivation), large improvement in device
performance can be achieved in our SAE grown axial junction InP NWSCs.

4. CONCLUSION
In conclusion, EBIC measurements combined with electrical simulation and optical
characterization have been carried out to characterize three InP NWSC samples with
different axial p-i-n junction designs. It is shown that by varying the doping profile of
the solar cell structures, the junction position and width can be adjusted and placed
towards the top of the NWs by employing a p-p--n structure, where more efficient light
absorption and carrier collection can be achieved. With the junction positioned away

from the NW growth substrate, the parasitic photocurrent generation from the substrate
was also effectively eliminated. This will allow us to evaluate the true performance of
the NW array solar cells without any influence from the NW growth substrate.
Moreover, this structural design can also be used as a suitable device platform for
fabricating flexible/wearable devices in the future by detaching the NW array from the
substrate and at the same time enabling a re-usable substrate for repeated NW growth
to significantly reduce material cost. Despite slightly degraded optical properties of the
NWs due to Zn-diffusion and/or doping, up to 9.23% solar cell efficiency has been
achieved in the p-p--n NW arrays without any surface passivation. Our study provides
important insights into the key issues of material growth and junction design critical for
the development of next generation high-performance, low-cost, flexible NW solar
cells. The understanding gained from this work can also be further extended to a wide
range of nanowire or other novel low dimensional material (such as the emerging 2D
materials) based optoelectronic devices including LEDs, lasers, and photodetectors for
numerous future applications.

SUPPORTING INFORMATION
Supporting Information (transmission electron microscopy, optical properties, and simulation)
is available from the Wiley Online Library or from the author.
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FIGURE 1. (a) Schematic of the three samples used in this study with different p-n
junction designs. Due to the background impurity doping, the unintentionally doped InP
i-region grown by MOVPE is normally n-type (n-). (b) SEM image at 45° tilt view of
the as-grown InP NWs. Inset shows the top view SEM image.

FIGURE 2. Optical properties of Samples I, II and III. (a) Typical room-temperature
PL spectra of single NWs from Samples I, II and III. (b) TRPL decays measured at the
peak emission wavelength of NWs from Samples I, II and III. (c) The IQE as a function
of excitation power from Samples I, II and III. The curves are calculated from fitting the
carrier rate equation using the method described by Fan et al.24

FIGURE 3. SEM, EBIC and simulation results of Samples I, II and III. (a-c), (d-f) and
(g-i) present the results for Samples I, II and III, respectively. (a), (d) and (g) are SEM
images at 1 kV. The ITO deposited on top of InP NW arrays using glancing angle sputter
coating can be clearly observed in each image. (b), (e) and (h) are the corresponding
EBIC signals of Samples I, II and III, respectively. Red curves are the relative EBIC
intensity along the center of each NWs processed using ImageJ software. (c), (f) and (i)
are electric field simulation results of Samples I, II and III, respectively. The scale bar
is 500 nm and all micrographs have the same magnification.

FIGURE 4. EBIC signal intensity profile along the center of the wire for (a) Sample I, (b)
Sample II and (c) Sample III, respectively. The carrier diffusion lengths are extracted by
analyzing the exponential decay of the current signal. The position at 0 µm represents the top
of the NWs.

FIGURE 5. (a) Schematic layout of the fabricated solar cell device. Photoresist (PR) is
used as the planarization layer, ITO as the transparent top contact and Ti/Au as the
bottom contact layer. Ti/Au is deposited on top of ITO in a small area (outside the NW
array) to allow external connection for electrical measurements. (b) The J-V
characteristics under dark (black curve) and 1 Sun @ AM1.5G illumination (red curve)
conditions measured from Sample III device. (c) Room-temperature EL spectrum of the
solar cell device.
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