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ABSTRACT

The spatially resolved photoelectric response of a single axial GaAs nanowire pn-diode has been investigated
with scanning photocurrent and Kelvin probe force microscopy. Optical generation of carriers at the pn-junction
has been shown to dominate the photoresponse. A photocurrent of 88 pA, an open circuit voltage of 0.56 V and
a fill factor of 69% were obtained under AM 1.5G conditions. The photocurrent followed the increasing
photoexcitation with 0.24 A/W up to an illumination density of at least 90 W/cm?, which is important for potential

applications in concentrator solar cells.
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1. Introduction

In recent years, semiconductor nanowires have
attracted considerable attention for the fabrication
of nanoscale optoelectronic devices. The nanowire
approach allows for a combination of highly
mismatched -V compound semiconductors [1-4] and
their co-integration with standard silicon technology
[5, 6]. The enhanced light collection efficiency with
respect to conventional thin film devices [7, 8] together
with the freedom of integrating multiple p—n junctions
with optimized spectral response to the solar spectrum
[9, 10] makes -V nanowires quite attractive for the
development of high performance photovoltaic (PV)
devices.

The material mostly used for PV nanowire devices
is Si [7, 11, 12]. Intensive research efforts over the
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last few years have led to an open circuit voltage of
Voe =519 mV, a short circuit current density of |, =
16.8 mA/cm?, a fill factor of FF =61% and an efficiency
of 17=5.3% being reported for Si core-shell nanowire
pn-diode arrays [7]. Tandem homojunction PV devices
were demonstrated for axial Si nanowire pin-diodes, in
which Si nanowire tunnel diodes were used to connect
single p—i—n-junctions in series [12].

In contrast to Si, lI-V compound semiconductors
(i) are often direct semiconductors implying significantly
enhanced absorption coefficient, (ii) have bandgaps
spanning a wide spectral range, and (iii) allow for
overcoming the Shockley—Queisser limit by tandem
approaches, which facilitates integration of multiple
hetero junctions into a single device [13]. In layered
thin film devices, however, their flexibility is limited
by strain restrictions. This has strongly triggered efforts
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to develop -V nanowire PV devices having either
axial or radial pn-junctions [9, 10, 14-18].

Planar concentrator multijunction solar cells with
efficiencies exceeding values of 30% are often based on
GaAs subcells, as GaAs allows for lattice-mismatched
growth on Ge [19]. Furthermore, its bandgap (1.42 eV)
makes it suitable for the use as middle subcell on
which GalnP- or AlGalnP-based top subcells can be
grown lattice-matched [19, 20]. Therefore, there is
an immense interest in the realization of GaAs based
nanowire-PV devices.

Until now, however, only a few successful demon-
strations of GaAs-nanowire PV devices have been
reported. For this type of nanowire device, efficiencies
ranging from 0.83% [18] for coaxial nanowire diode
arrays up to 4.5% [17] for a single coaxial nanowire
diode have been reported. Axial p—n nanowires, in
contrast, allow multijunction devices to be fabricated
more easily than core-shell approaches. In addition,
they are expected to exhibit lower leakage currents
and therefore should possess a superior rectifying
behavior compared to radial p—n junction nanowire
diodes. However, to date there have been no reports of
the photovoltaic performance of axial GaAs nanowire
PV devices.

In this work we investigate the photoelectric
performance of single axial nanowire pn-diodes
using scanning photocurrent and Kelvin probe force
microscopy. These techniques enable us to visualize
an axial doping modulation, to determine the extension
of the depletion region and to localize the position
of maximal photoresponse in a single nanowire
pn-junction.

2. Experimental

Axial nanowire pn-junctions were synthesized via the
Au-nanoparticle catalyzed vapor-liquid—-solid (VLS)
growth method by use of low pressure metalorganic
vapor phase epitaxy (MOVPE) (50 mbar). Axial mo-
dulation of the doping was achieved by subsequent
switching of doping precursors without any growth
interruptions. A mean hole concentration of 2 x 10* cm™
was realized with zinc for p-doping, while n-doping
with a mean electron concentration of 1 x 10" cm™ was
obtained using tin. The carrier concentrations in the

nanowires were determined by a mobility vs. carrier
concentration model discussed elsewhere [21, 22].

The as-grown pn-junctions were of zinc blende
structure with few stacking faults. No structural change
was observed along the whole length of the nanowire
diodes. Since the axial growth rate was at least 1500
times higher than the radial growth rate, the typical
nanowire diodes investigated here were practically
non-tapered. More details about the growth and the
structural properties of the nanowire pn-junctions can
be found in the literature [23].

For the optoelectronic characterization the nanowires
were scratched off the substrate, dispersed in isopropyl
alcohol and transferred to pre-patterned insulating
substrates. Electrical contacts were defined by electron
beam lithography and evaporation techniques.
Pt/Ti/Pt/Au was used to contact the p-GaAs nanowire
area. To achieve ohmic contact behavior, rapid thermal
annealing was carried out at 360 °C for 30 s. Pd/Ge/Au
annealed for 30s at 280 °C was used as an ohmic
contact for the n-doped nanowire area. In this work,
measurements on two typical nanowire diodes D1
and D2 are presented. Nanowire diodes D1 and D2,
respectively had diameters of 200 nm and 100 nm,
and nanowire lengths of 16 ym and 12.5 pm between
the electrical contacts.

3. Results and discussion

For a first demonstration of the device performance of
the axial nanowire pn-diode, the electroluminescence
of a forward biased nanowire pn-diode was monitored
at 300 K using an optical microscope. A liquid N,-cooled
charge-coupled device (CCD) camera operating in an
imaging mode was used as a detector. The setup and
a SEM picture of the nanowire diode D1 are shown
in Fig. 1(a). Figure 1(b) shows a CCD camera image
of the diode biased at 3 V in the forward direction. To
highlight the position of the contacted nanowire, the
sample was illuminated by scattered light from the side.
Bright electroluminescence directly at the pn-junction
was observed for the contacted nanowire. The intensity
of light emission increased with the applied bias,
showing a threshold voltage of 1.4 V (see the video in
the Electronic Supplementary Material (ESM)). The light
emission lies in the near infrared range of 1.4-1.5eV
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Figure 1 (a) Schematic illustration of the setup for spatially resolved electroluminescence investigations. The lower inset shows a

SEM micrograph of the investigated nanowire diode D1. (b) Optical microscope image of the nanowire pn-diode showing pronounced
electroluminescence at 300 K under forward bias of 3 V. The electrical contacts to the nanowire device are indicated by dashed lines

and originates from band-to-band recombination at
the pn-junction as discussed in detail elsewhere [24].
A pronounced room temperature electroluminescence
indicates the high crystalline quality of the axial pn-
nanowire diode.

In order to directly visualize the axial doping
transition in the pn-nanowire diode and to get access
to the local voltage drop in the operating device,

Kelvin probe force microscopy (KPFM) [25] was used.

This technique allows access to the contact potential
difference (CPD) between a tip and the device without
any mechanical contact. As the CPD depends on both
the work function difference between the tip and the
sample, as well as the applied voltage bias to the
sample, the potential distribution along the nanowire
and thus the local voltage drop can be extracted [26,
27]. In fact, KPFM has been used to measure potential
profiles of biased pn-junctions [26, 27], to localize and
analyze doping transitions in II-V nanowires [28, 29]
and to determine quantitatively the doping distribution
along the axial and radial direction of VLS-grown
silicon nanowires [30, 31].

The measurements were performed on a nanowire
device D2 under an applied bias as schematically
shown in Fig. 2(a). The voltage was applied to the
p-contact, while the n-contact was grounded. The
topography (Fig. 2(b)) shows the nanowire between
the n- and the p-contact on the left and the right
side, respectively. The nanowire showed no tapering,
meaning that the nanowire diameter for this device

(~100 nm) was constant over the whole nanowire length
(~12.5 pm). Additionally, no topographic features can
be seen between the contacts, meaning that changes
observed in the KPFM measurement are caused only
by changes in the electronic properties of the nanowire.
Figure 2(c) (top) shows the simultaneously measured
Kelvin voltage for the same area as shown in the topo-
graphy plot (Fig. 2(b)). The nanowire was measured
under reverse bias, i.e,, -2 V was applied to the p-contact.
A sharp contrast in the Kelvin voltage distribution
between the n-doped and the p-doped parts of the
nanowire can be seen, enabling us to localize the
position of the pn-junction with an accuracy of less
than 50 nm. This can be seen more clearly in the lower
part of Fig.2(c), where an enlarged line scan of the
Kelvin voltage distribution is depicted for the area
around the pn-junction. From the derivative of the
Kelvin voltage we are able to extract the local electric
field and thus the extension of the depletion region
under reverse bias can be estimated (see inset of
Fig. 2(c)) [32]. A value of approximately 540 nm is
obtained.

We then operated the device D2 at different bias
voltages ranging from —2 V to +2 V and recorded the
potential distribution along the nanowire by KPFM.
The local voltage drop can be achieved by subtracting
the Kelvin voltage distribution for the unbiased case
(i.e., when all contacts are grounded) from the Kelvin
voltage profiles obtained with an applied bias [26, 27,

33]. The result is shown in Fig. 3, where the voltage
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Figure 2 (a) Schematic setup for the KPFM measurements. The n-contact was grounded, while the bias was applied to the p-contact of

the nanowire. (b) Topography of the contacted single nanowire diode D2. (c) Kelvin voltage, measured simultaneously with the

topography. The n-contact is on the left side and the p-contact on the right side. The measured area shown is 9 um x 16.5 pm. The color

scale for topography and Kelvin voltage represents 520 nm and 2.9 V, respectively. The lower part of (c) shows a line scan of the KPFM

measurements obtained in the vicinity of the pn-junction for reverse bias (—2 V). The inset represents the derivative of the Kelvin

voltage and shows a depletion length of about 540 nm
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Figure 3  Plots of local voltage drop versus tip position for various
applied biases (device D2) in reverse and forward directions. The
voltage drop was calculated by subtracting the Kelvin voltage
obtained at zero bias from the measured Kelvin voltage profiles
obtained under applied bias. The inset shows the derivative of the
voltage profiles and reveals that the voltage drop is more localized
for reverse bias than in case of forward bias

drop along the nanowire is depicted for the same
region as in Fig. 2(c).

It is obvious that for all biases, in reverse as well as
in forward directions, the voltage mainly drops in the
region of the pn-junction. Again, the derivatives of the
measured voltage drop were calculated and plotted
against the nanowire position in order to get access
to the local electric field extension (see inset of Fig. 3).
As expected, the lateral extension of the field along the
wire, which is controlled by the space charge region,
increases with increasing reverse bias. A significant
enhancement of the field extension is obtained in the
forward direction, in contradiction to what is expected
for an ideal abrupt pn-junction. We attribute this to a
deviation from an abrupt junction, e.g., caused by the
presence of a small compensated region, resulting
in an additional serial resistance becoming important
if the device is operated under forward bias. The
presence of the compensated region in the axial GaAs
nanowire diodes is believed to originate from the
memory effect of the Au-seed during VLS growth.
This is in agreement with previous investigations using
spatially resolved photoluminescence [24].
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After proving the high quality of the axial pn-junction
in the GaAs nanowires, we are now in a position to
evaluate the photoelectric response of the devices and
to estimate their potential for PV applications. For this
purpose, we performed spatially resolved photocurrent
spectroscopy in order to gain access to the mechanism
of carrier photogeneration in the nanowire pn-diodes.
The ideality factor n of the investigated device was
/nkT) to be 1.9 in
the low voltage range. The I(V) characteristics of

estimated from I =1,exp(q- V.,
the nanowire pn-diode D1 were measured, while
the nanowire was locally illuminated by a focused
continuous wave (CW) laser (1 = 532 nm) at different
positions (Fig. 4(a)). The laser light was focused by an
objective lens with a numerical aperture (NA) of 0.5
yielding a spot diameter of ~1.5 um. The step size was
reduced at the expected position of the pn-junction,
to achieve higher measurement resolution.

As can be seen in Fig. 4(b), the photocurrent is
maximal when the nanowire is illuminated directly at

the position of the pn-junction (position 5 in Fig. 4(a)).

This correlates nicely with the position of maximum
electroluminescence (Fig. 1(b)), observed at the same
device. No photocurrent was detected either in the
vicinity of the contacts or in the p- and n-doped areas
of the diode for any device investigated in this study.

Current (nA)

This demonstrates that charge separation by an electric
field takes place only in the vicinity of the depletion
region, while the p- and n- doped nanowire regions
are field-free and the contacts have pronounced ohmic
character. The estimated length corresponding to the
distance between positions 4 and 6 in active absorption
device was 1.8 um. The absorption device length is
composed of a depletion region extension as visualized
by KPFM, and diffusion lengths of minority carriers,
which lie in the range of 0.7-1 um for highly doped
GaAs [34, 35]. The area of 1.8 um x 200 nm is con-
sidered as the active absorption area in the subsequent
calculations.

The charge separation efficiency was estimated from
n=1/(q-¢), where ¢ is the absorbed photon flux, I is
the photocurrent and g is the elementary charge. The
number of photons absorbed by the nanowire per
second was estimated to be 1.6 x 10 s™. The photon
flux ¢ absorbed by the nanowire was estimated from
the relation ¢ =Q,, .- I, - @ 7 1oy -d,... /v adopted from
Ref. [36] and modified to account for the light scattered
by the nanowire. Here =10° cm™ is the absorption
coefficient of GaAs at 532 nm [37], raw = 100 nm is the
radius of the investigated nanowire and d

laser
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is the diameter of the laser spot and I, =152 W/cm?
is the incident laser power density. Qus=0.8 is the
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Figure 4 (a) Schematic illustration of the setup for photocurrent microscopy. The lower picture shows a SEM micrograph of the
investigated nanowire D1 with the contacts. (b) /(V) characteristics of the GaAs nanowire pn-diode illuminated by a focused laser spot
at different positions. /(¥) curves from all positions except for position 5 are superimposed. The upper inset shows the photocurrent as a
function of the laser spot position. The corresponding positions are denoted by numbers on the SEM image in (a)
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absorption efficiency calculated using the Mie theory
for an infinite right circular cylinder [38], nonpolarised
monochromatic light (1=532nm) and the case of
perpendicular illumination. More details about the
calculation of absorption efficiencies for the nanowires
can be found in Ref. [39]. The maximum photocurrent
at the position of the pn-junction was [=128nA,
yielding a charge separation efficiency of 50%. The
charge separation is limited by the recombination of
carriers during transport to the contacts via radiative
recombination as well as non-radiative losses due to
surface traps. The other feature degrading charge
separation is the Fermi level pinning at the nanowire
surface and the resulting surface depletion region.
Note that these factors limiting the effective charge
separation in the nanowire PV device can be sig-
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nificantly improved by reducing the wire length and/or
by coating the nanowire surface with a passivation
shell, as demonstrated in [40].

To determine the solar conversion efficiency of the
fabricated nanowire photovoltaic device, I(V) measure-
ments under standard AM 1.5 G conditions provided
by a Voss Electronic solar simulator operating with
100 mW/cm? (1-sun) illumination intensity were carried
out (Fig. 5(a)). A short circuit current of 88 pA and an
open circuit voltage of 0.56 V were obtained yielding
a fill factor of 69% under 1-sun conditions. Assuming
that only the active absorption area contributes to the
photocurrent, an apparent short circuit density of
24 mA/cm? was obtained. The achieved fill factor of
69% is similar to the value of 65% reported for a single
GaAs coaxial nanowire pn-diode [17].
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Figure 5 (a) Dark and 1-sun homogeneously illuminated /() characteristics of nanowire pn-diode D1. (b) /(V) characteristics of the
nanowire pn-diode D1 measured under monochromatic homogeneous laser illumination (4 = 532 nm) for various illumination power
densities. (c) Photocurrent as a function of illumination power (4 = 532 nm). The line is a linear fit to the data. (d) Power dependence of
the open circuit voltage and the fill factor measured under monochromatic homogeneous laser illumination (1 = 532 nm)
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The power conversion efficiency of the nanowire
photovoltaic device under standard illumination was
estimated using the formula n=V_ -1 -FF/P, to be
9%. P, was calculated from the product of the
illumination power density with the active projected
absorption area of the nanowire device. This power
conversion efficiency is one of the best reported values
for a nanowire photovoltaic device. Estimation of the
photovoltaic efficiency of a single nanowire device
based on the active projected absorption area as
obtained by scanning photocurrent microscopy is
commonly used by many research groups [9-12, 17].
If, instead, an overall projected area of the device
(16 um = 200 nm) was used for the estimation, the con-
version efficiency would be 1%. This value represents
the lower bound for our devices.

To investigate the photovoltaic properties of the
nanowire diodes under homogeneous higher illu-
mination intensities, the laser spot was expanded to
26.6 um so that it covered the whole nanowire device
with a homogenous laser illumination (4 =532 nm).
Power-dependent photocurrent measurements (Fig. 5(b))
demonstrated the linear scaling of photocurrent with
illumination intensity (Fig. 5(c)). This demonstrates
that the photosensitivity of the nanowire diode
does not change with increasing photoexcitation. The
photocurrent follows the increasing photoexcitation
with 0.24 A/W up to an illumination density of at least
90 W/cm?. The remarkably large open circuit voltage
of 0.85V remains almost constant over the entire
intensity range (Fig. 5(d)), representing the maximal
achievable photovoltage. This value is larger than
that (V,.=0.56 V) measured under 1-sun conditions,
demonstrating that saturation of the open circuit voltage
was reached within the investigated intensity range.

The fill factor is virtually independent of the
illumination power and stays at the level of ~72%
(Fig. 5(d)). The independence of the open circuit
voltage and fill factor with respect to the illumination
power in the investigated high intensity range is
technically important for application in concentrator
solar cells. It should be noted that the maximum
photovoltage is lower than the bandgap of GaAs at
room temperature (1.4 eV). The open circuit voltage
is a measure of recombination in the nanowire pn-
junction and has been shown to be strongly dependent

on the surface trap density for single nanowire diodes
[41]. For that reason, reduction of both the surface
defect states and the surface depletion effects is the
key to increasing the open circuit voltage in future
nanowire photovoltaic device.

4. Conclusions

We have investigated the photoelectric performance
of axial GaAs nanowire photovoltaic devices grown
via VLS growth mode in MOVPE. Nanowire pn-
diodes have demonstrated strong electroluminescence
directly at the position of the pn-junction. The axial
modulation of the doping was visualized by the KPFM
technique and a depletion length of about 540 nm could
be determined for a reverse bias of -2 V.

Spatially resolved photocurrent microscopy shows
that optical generation of carriers took place only in
the vicinity of the pn-junction dominating the entire
photoresponse of the nanowire photovoltaic device.
The charge separation efficiency was estimated to be
42% and power-dependent photocurrent measurements
demonstrated a linear scaling of the photocurrent with
illumination intensity.

The photovoltaic performance of the fabricated
nanowire device was investigated for two operation
regimes. Under 1-sun AM 1.5 G illumination conditions,
a short circuit current density of about 24 mA/cm?, an
open circuit voltage of 0.56 V, a fill factor of 69% and
an energy conversion efficiency of 9% were obtained.

Under homogenous high intensity monochromatic
illumination (4=>532 nm), the photocurrent follows
the increasing photoexcitation with 0.24 A/W up to an
illumination density of at least 90 W/cm?®. The open
circuit voltage of 0.85V and fill factor of 72% were
shown to be independent of the illumination intensity
over a broad intensity range, which is important for
potential applications in concentrator solar cells.

Further improvement of the photovoltaic perfor-
mance of axial nanowire pn-diodes can be achieved
by passivation of the nanowire surface and fabrication
of the contacted nanowire diode arrays in topographies
which concentrate light on the junction region. An
increase of the open circuit voltage may be attained
by the combination of single nanowire pn-diodes

into a multijunction nanowire device [10, 12]. The
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fundamental performance studies of the single
nanowire diodes presented here should promote
further development of nanowire-based photovoltaic
and photonic devices.
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