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Abstract

Quasi one-dimensional semiconductor nanowires (NWSs) in either arrays or single free-standing forms
have shown unique optical properties (i.e., light absorption and emission) differently from their thin film
or bulk counterparts, presenting new opportunities for achieving enhanced performance and/or
functionalities for optoelectronic device applications. However, there is still a lack of understanding of
the absorption properties of vertically standing single NWs within an array environment with light
coupling from neighboring NWs within certain distances, due to the challenges in fabrication of such
devices. In this article, we present a new approach to fabricate single vertically standing NW
photodetectors from ordered InP NW arrays using the focused ion beam technique, to allow direct
measurements of optical and electrical properties of single NWs standing in an array. The light-matter
interaction and photodetector performance are investigated using both experimental and theoretical
methods. The consistent photocurrent and simulated absorption mapping results reveal that the light
absorption and thus photoresponse of single NWs are strongly affected by the NW array geometry and
related light coupling from their surrounding dielectric environment, due to the large absorption cross

section and/or strong light interaction. While the highest light concentration factor (~ 19.64) was obtained
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from the NW in an array with a pitch of 1.5 um, the higher responsivity per unit cell (equivalent to NW
array responsivity) of a single vertical NW photodetector was achieved in an array with a pitch of 0.8 um,
highlighting the importance of array design for practical applications. The insight from our study can
provide important guidance to evaluate and optimize the device design of NW arrays for a wide range of

optoelectronic device applications.
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Introduction

I11-V compound semiconductor nanowire (NW) arrays have attracted significant attention for
optoelectronic device applications such as light-emitting diodes,*® lasers,* ° solar cells,®®
photodetectors,®*? as well as biological detectors and sensors.*® Their unique one-dimensional
morphology and associated optical and electrical properties lead to interesting nanophotonic effects that
are not presented in their planar counterparts,'® *” as well as more efficient strain relaxation making it
easier for incorporation of heterostrutures and/or growth on different substrates such as Si for on-chip
photonic integration.'®2° In particular, vertically-aligned NW arrays have low reflection and strong
broadband absorption, which could be used as both an active and antireflection layer to couple light into
high index semiconductors more efficiently.?> 22 In addition, NW arrays may reduce the amount of
material usage to reduce cost while produce more functional devices.?>? Among different 111-V NW
materials, InP is particularly promising for optoelectronic applications due to its direct bandgap and very
low surface recombination velocity (161 cm/s),?% 27 with ideal electronic band gap energy of 1.344 eV for

near-infrared photodetectors and solar cell applications.??

Light-matter interaction in both NW arrays and a single NW have been investigated both theoretically
and experimentally, demonstrating distinctly different light absorption properties from their thin film or
bulk counterparts leading to enhanced performance?®-3® and/or functionalities?” 3! %2 for photodetector or

solar cell applications. It is well known that for a single NW lying horizontally on a substrate, light



absorption along the NW axis is uniform,®*3% whereas vertical NWs exhibit position-dependent light
absorption profile.®® Different resonance modes would also be supported in NWs that have different
configurations, such as whispering gallery modes or leaky modes in horizontal NWs and conventional
waveguide modes in vertical NWs.3" For example, for vertical NWs, Krogstrup et al. reported a single
standing NW solar cell with an apparent efficiency (defined by the current density from the NW physical
cross-section) of 40%.28 The reason for such high efficiency is the mismatch between the absorption cross-
section and the physical bounds of the NW, indicating an unexpectedly large absorption cross-section and
thus a high built-in light concentration of the vertical NW geometry. By using well-developed numerical
simulation methods, it is also revealed that the optical response in NWs is dominated by diffraction of
light due to their diameter that is comparable to the wavelength of light.>34° It means that the light that
travels adjacent to a single NW or between NWs could also be absorbed by NWs*® as demonstrated by
absorption measurements.?® 4! Therefore, in the case of NW arrays, constructive interference and thus
competition for photon absorption within NWs exist but diminish when the separation between NWs
increases.®® 40 A direct quantitative comparison of absorption in laterally and vertically oriented core-shell
InP NW p-i-n solar cell has been performed by a joint experimental-theoretical method, revealing that the
array pitch plays a determining role.*® Depending on the pitch, absorption in a vertical NW in an array
could be lower than, equal to, or higher than that in a horizontal single NW with the same dimensions.3®
It is also important to consider that increasing the NW array pitch size would decrease the number of NWs
per unit area, and subsequently reduce the overall solar cell or photodetector performance.®® All these
investigations indicate that the design guidelines for enhancing the light absorption in a device cannot be
directly transferred from a single (horizontal) NW to an NW array.*° On the other hand, while there are a
few limited experimental studies on single vertical NWs in an ordered NW array, such as the optical

absorption using fluorescence confocal microscopy*? and the electrical behavior contacted by a tungsten



nano-probe,*® 4 no experimental work has been reported to directly investigate their light-matter

interaction effect with different array pitch size, and the corresponding photodetector performance.

In this work, the focused ion beam (FIB) technique was employed to fabricate single vertical NW
photodetector devices from an ordered NW array, allowing for the direct characterization as well as the
comparison with the simulations of their light absorption and photocurrent generation properties. The
photocurrent maps of the single vertical NW devices in arrays were measured and simulated,
demonstrating a significantly larger absorption cross-section than their physical cross-section.
Consequently, a larger light concentration effect with the increase of array pitch is observed until it can
be treated as an isolated single NW. However, while small array pitch size would constrain the NW
absorption cross-section, the coupling between adjacent NWs in the array can localize light more
effectively within the NWs, leading to an optimum pitch size with an overall higher absorption than NWs
with larger pitch size (equivalent to a single free standing NW) and thus higher detector performance (i.e.,
responsivity and detectivity). Our work provides a new method to not only study the fundamental light-
matter interaction property of single vertical NWs, but also evaluation of their device performance, which

will be important for the design and optimization of NW array-based optoelectronic devices.

Methods

Nanowire synthesis: High-quality stacking fault-free and taper-free wurtzite (WZ) InP NWs were grown
in a metalorganic vapor phase epitaxy (MOVPE) reactor (AIXTRON 200/4) using the selective-area
growth technique?® 2" 3 as measured by transmission electron microscopy reported in Reference [26].
Firstly, a 30 nm SiO2 mask layer was deposited on a (111)A n-type InP substrate by a plasma-enhanced
chemical vapor deposition system. Electron beam lithography and buffered hydrogen fluoride etching
were then used to create hexagonal arrays of nanoscale circular holes in the oxide with a diameter of ~

200 nm and an array pitch of 0.8, 1.5 and 2.2 um. The NWs were grown at 730 °C for 5 min with
4



trimethylindium and PHj3 as the precursors at a flow rate of 6.1x10° and 4.9x10* mol/min, respectively,
corresponding to a group V/III ratio of ~ 80. After MOVPE growth, the NW morphology was
characterized using scanning electron microscopy (SEM). An optical characterization setup including a
micro-photoluminescence (U-PL) spectroscopy and a time-correlated single-photon counting system was
employed to assess the NW optical quality. A 522 nm solid-state pulsed laser with a pulse width of 300
fs, repetition rate of 20.8 MHz and beam diameter of ~ 610 nm through a 100x objective lens (NA 0.9)
was used as the excitation source for PL, time-resolved PL and power-dependent PL of single NWs lying
on a SiO2 (300 nm)-on-Si substrate at room temperature in air. Under this laser repetition rate, 1 mW
average laser power equals to an excitation pulse energy of 48 pJ. In order to avoid band filling and band
gap renormalization effects, low excitation powers of 0.025-2.45 pW (corresponding to < 0.2 pJ/pulse)

were used.

Single nanowire photodetector fabrication: A promoter (AP3000) layer was first spun onto the as-grown
sample at 4000 rpm for 30 s followed by several drops of benzocyclobutene (BCB) onto the surface as the
planarization layer. After 5 min settlement, the sample was spun at 4000 rpm for 1 min and baked on a
hot plate at 100 °C for 2 min. Then a vacuum oven was employed to hard bake the sample, with the
temperature ramping up from 100 to 250 °C, dwelling at 250 °C for 60 min and ramping down to 20 °C.
After all these steps, a dual-beam FIB system (FEI Helios 600 NanoLab) equipped with a Ga* ion beam
was used to etch back the BCB layer, so that the tips of the NWs were exposed. In this work, an ion beam
current of 28 pA was applied to slowly etch away the BCB at a selective area in NW arrays to expose the
tip of only one NW. The area size can be adjusted based on the NW diameter and array pitch, i.e., 0.8x0.8
um? for array pitch of 0.8 and 1.5 um, and 1x1 um? for array pitch of 2.2 um. After FIB etching, wet
chemical etching with 9% HCI for 1.5 min was conducted to remove the surface oxide, followed by the

deposition of a 500 nm-thick indium tin oxide (ITO) layer as transparent contact using a sputter coater



system. Finally, Ti/Au contact (10 nm/200 nm) was deposited on the back side and selected area of the

top ITO layer using an electron beam evaporator.

Characterization Method: The generated photocurrent from single vertical NWs was evaluated by
photocurrent maps measured by a WiTec alpha300S scanning microscopy system, where the light at 532
nm from a Fianium WhiteLase supercontinuum laser was focused by a 100x NA 0.9 objective lens with
a spot diameter of ~ 721 nm, and scanned across the sample using a piezo-driven sample stage. The
spectral response of the single NW detectors was measured under the illumination of a tungsten-halogen
lamp as a white light source with a spot size of 11 um in diameter through an Acton SpectraPro® 2300i
monochromator. In both systems, the photocurrent was measured using the conventional amplitude
modulation technique employing a digital generator or mechanical chopper at a frequency of 333 Hz, a

Stanford SR570 low-noise current pre-amplifier and a Stanford SR850 digital lock-in amplifier.

Results and discussion

Figures 1 (a)-(c) show the top and (d)-(f) 30° tilted SEM images of the InP NW array grown on a SiO>
patterned InP substrate with an opening hole diameter of 200 nm and a pitch of p = 0.8, 1.5 and 2.2 um,
respectively. Although all NWs are taper-free and stacking fault-free WZ crystal structures, their
morphology varies with pitch size. The NWs from the array with a pitch of 0.8 um have mostly regular
hexagonal cross-sections and are uniform in side-to-side diameter (~ 230 nm) and length (~ 2.6 um). The
NWs from the array with a pitch of 1.5 um have irregular and larger hexagonal cross-sections and less
uniformity in diameter (280-330 nm) and length (3-3.6 um). The NWs from the array with a pitch of 2.2
pum have the most irregular hexagonal or triangular cross-sections and large variation in diameter (280-
640 nm) and length (2.3-3.8 um). This is due to the increase of collection area around the openings of
SiO; layer with increasing pitch, which allows more adatoms to diffuse towards the NWs to contribute to

the lateral growth and cause increased irregularity and non-uniformity.?® 3% 45 Nevertheless, such
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Figure 1. (a)-(c) Top and (d)-(f) 30° tilted view SEM images of as-grown InP NW arrays with p = 0.8, 1.5, 2.2 um, respectively.
The scale bars are 1 um. (g) Normalized PL spectrum of a single horizontal NW at room temperature. The inset shows the
optical image of the NW. (h) PL intensity decay of the NW is fitted by a single exponential decay with lifetime of 1.1 ns. (i)
Power-dependent IQE extracted from the fits of the carrier rate equation.

morphology change does not adversely affect the optical properties of the NWs. Figure 1 (g) shows the
room temperature PL measurements of a single horizontal InP NW transferred from an array with a pitch
of 2.2 um. The NW exhibits a strong peak emission wavelength at around 874 nm (1.42 eV) which can
be attributed to the band edge emission from WZ InP.?® The time-resolved PL intensity decay of such NW
can be fitted by a single exponential decay with a lifetime of 1.1 ns, as presented in Figure 1 (h). The
power-dependent internal quantum efficiency (IQE) (Figure 1 (i)) is also a quantitative factor reflecting

the NW optical quality, which was extracted from the fitting of the carrier rate equation based on the
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Figure 2. (a) Schematic of a single vertical NW device by FIB etching. (b) Photocurrent of a single vertical NW photodetector
versus bias voltage, where a positive bias voltage applied on top of the NW is defined as a forward bias voltage. The inset
shows an SEM image of such single NW in the array with p = 0.8 um. (c) Photocurrent versus power with fitted curve of such
NW based photodetector from the array with p = 0.8, 1.5 and 2.2 um, respectively, under the laser illumination at wavelength
of 532 nm.

power-dependent PL measurement.®® A statistical investigation of the detailed PL study of NWs from all
three arrays is provided in Figure S1. The long minority carrier lifetimes (~ 1 ns) and high IQE (up to
50%) obtained from the three NW samples indicate their excellent optical quality and suitability for

optoelectronic applications.

Figure 2 (a) illustrates the schematic of the single vertical NW device fabricated by FIB etching. For
each NW array, a few single NW photodetectors have been fabricated to provide statistical data. The
current-voltage (I-V) characteristics of the single vertical NW devices after fabrication were measured in
dark (Figure S2) and under laser illumination. The photocurrent is extracted from the maximum value of
the photocurrent maps at different bias voltages. Under light illumination at the wavelength of 1 = 532
nm, with a fixed intensity of 1224 mW/cm?, a photocurrent exhibiting diode behavior is obtained (see
Figure 2 (b)) with good photoresponse under the positive bias from the single NW photodetector. A small
level of photocurrent generated at 0 V and reverse bias can also be observed, which may be due to a
Schottky junction formation at the ITO-NW interface with a low barrier height. The photocurrent with an
error bar of 0.38 + 0.12 nA is obtained by extracting the photocurrent of 6 single vertical NW
photodetectors in an array (p = 0.8 um) at 1 V. Photocurrent versus power intensity of the single vertical

8



NW photodetector in an array with a pitch of 0.8, 1.5 and 2.2 um under the 532 nm laser illumination is
shown in Figure 2 (c), respectively. It is found that the relationship between photocurrent and input optical

power can be expressed by a simple power law:* 4/

Iy « P%, (1)

where P is the excitation power and o is the power-law exponent with a fitted value of ~ 0.65, 0.68 and
0.52 for p = 0.8, 1.5 and 2.2 um, respectively, indicating similar material quality of the NWs from these
three different arrays. Such non-unity exponent is due to the complicated process of carrier generation,

trapping, and recombination within the NW.47-4°

To investigate the light-matter interaction experimentally, the photocurrent generated by the single
vertical NWs in arrays of p = 0.8, 1.5 and 2.2 um was spatially mapped, under a forward bias of 1 V.
Since the shape and size of the NWs in arrays with p = 1.5 and 2.2 um are not very uniform, relatively
small and hexagonal shaped NWs were chosen from these arrays for the mapping comparison with the
NW from a pitch of 0.8 um, as shown in the insets of Figure 3 (a)-(c). The normalized scanning
photocurrent maps in Figure 3 (a)-(c) were deconvoluted with the point-spread function (PSF) of the
diffraction-limited spot size (a Gaussian beam with a spot size of 721 nm in diameter).?® The detailed
deconvolution process using MATLAB is explained in Figure S3, to extract the photocurrent cross-section
from the single NW. The maps all show two-dimensional Gaussian-like photocurrent distributions, with
highest photocurrent generated in the NW center. Compared with single NWs from arrays with p = 1.5
and 2.2 um, the full width at half maximum (FWHM) of the peak photocurrent of the single NW from an
array with p = 0.8 um is much smaller, however a strong interaction of light with uncontacted surrounding
NWs can be observed from the photocurrent map as indicated by the light blue photocurrent contrast.
When the pitch is small, light absorption by the single NW interferes significantly with neighboring NWs

and thus limits its effective absorption cross-section.®® The regular shape of NWs from array p = 0.8 um
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Figure 3. Normalized scanning photocurrent map with a logarithmic scale color bar of single NW from array with pitch of (a)
0.8, (b) 1.5 and (c) 2.2 um, respectively. SEM images of as-measured NW devices are shown in the insets correspondingly.
The scale bars are 500 nm. The NWs are also highlighted by white dotted outlines. (d) Light concentration (C) of single NW
devices from arrays with p = 0.8, 1.5 and 2.2 um, respectively.

also results in a fairly regular photocurrent cross-section. When the pitch size increases, light absorption
of the single NW detector is less affected by the neighboring NWs and eventually the NW can be treated
as an isolated single NW when the pitch size is large enough.®® While there is a large area indicating non-
zero photocurrent, the main photocurrent is contributed by collecting light from the open area surrounding
the NW. The irregular and elongated (in the y-axis) shape of NWs from those arrays (p = 1.5 and 2.2 pm)
also leads to irregular shapes of their photocurrent cross-sections; while their larger physical cross-section
than that of p = 0.8 um would also result in larger photocurrent cross-section. Based on the deconvoluted
Gaussian-like maps, we define the area with photocurrent no less than half of the maximum photocurrent
as the effective absorption cross-section Saps = Sphys#7ab, Where Spnys IS the physical cross-section of the NW
and #ap is the absorption efficiency that is equal to a built-in light concentration C.?® Based upon these
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definitions/parameters, the absorption cross-section of the single vertical NW detector in Figure 3 from
the array with p = 0.8, 1.5 and 2.2 um is estimated to be 3.49x10°, 6x10° and 1.48x10® nm?, respectively,
indicating a larger effective absorption cross-section than their respective physical cross-section
(4.89x10% 7.21x10* and 9.23%10* nm?). The built-in light concentration factors obtained from multiple
NWs measured from the three NW arrays are presented in Figure 3 (d), all with a value higher than 1. The
highest light concentration factor of ~ 19.64 was obtained from an NW in an array with p = 1.5 pm.
However, for these three pitch sizes, they all show large variation of light concentration probably due to
the variation of NW morphology, material quality and device fabrication, indicating the challenges of
accurate control of NW growth and device fabrication. The average light concentration factor of the NWs
from an array with p = 2.2 um is ~ 16, which is similar to that obtained by Krogstrup et al. (~ 12) for a
single standing GaAs NW with a diameter of 380 nm (Sphys = 9.38x10* nm?),28 demonstrating the vertical

NWs’ ability to extend its effective absorption cross-section.

To compare and further understand the experimental mapping results, 3D FullWAVE finite-difference
time-domain (FDTD)* simulation was performed by scanning a light beam across the NW array with an
area of 4x4 um? to examine the absorption of the center NW in arrays with various pitch sizes. A Gaussian
plane-wave source in a diameter of 721 nm was used to simulate the laser beam. The NW hexagonal cross-
section was set to be the same as the size of experimentally examined NWs in Figure 3, as shown in the
contour maps of Figure S4. The vertical length (I) was set to be 2.6 um. The computational region was
terminated by perfectly matched absorbing regions. The grid sizes were Ax = Ay = Az = 20 nm and the
time step was set well below the stability limit. The absorption of the center NW was obtained by
normalizing the total power absorbed within the domain of a monitor including the whole center NW by
the input power. A deconvolution process has been taken with the PSF of the diffraction-limited laser spot
to obtain the absorption maps as shown in Figure 4 (a)-(c). Consistent with the experimental results shown

in Fig. 3, the simulated absorption map of a single NW in an array with p = 0.8 um shows that the

11



a 5 Absorption Absorption 10°
1 107"
—_ |
g 0 1072
>
1 1073
2 104

X (um)
C Absorption d
2 10° 10
' o
c
‘ 8l
1 o W o' 3
—_ s X
E B , &% X ¥
=20 10 o
> _ g 4l
§ . (&)
1B - =
10 .g_‘ 2
' |
-2 ’ 107 003 15 22
2 A 0 1 2 : o .
X (um) Pitch p (um)

Figure 4. Simulated absorption map with a logarithmic scale color bar of single NW from array with pitch of (a) 0.8, (b) 1.5
and (c) 2.2 um, respectively. The outline of the NWSs are shown by white dotted lines. The intensity color bar is in log scale.
(d) Light concentration (C) of single NW devices from arrays with p = 0.8, 1.5 and 2.2 um, respectively. The area with
absorption no less than half of the maximal photocurrent is defined as the effective absorption cross-section area.

absorption area of the center NW is rather confined within a radius of ~ 500 nm, but there are strong
interactions in between NWs, leading to some light absorption area overlapping with the positions of
surrounding NWs. The absorption map of a single NW from an array with p = 1.5 um also shows some
light interference with surrounding NWs but with much broader absorption cross-section; whereas the
map of a single NW from an array with p = 2.2 um exhibits almost an ideal two-dimensional Gaussian-
function absorption distribution, with nearly no interference with surrounding NWs. If we define the
effective absorption cross-section as the area with absorption no less than half of the maximum absorption,
an effective absorption cross-section of 2x10°, 4.66x10° and 1.48x10° nm? is obtained for p=0.8, 1.5 and
2.2 um, respectively, which is much larger than their physical cross-section (3.46x10% 7.21x10* and

9.23x10* nm?). The light concentration versus array pitch size is also shown in Figure 4 (d). As can be
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seen, for the simulation based on the real NW sizes, a single NW from an array with p = 1.5 um displays
the highest absorption, which is consistent with the experimental results, confirming again that both large
absorption cross-section and light interaction with surrounding NWs would affect the NW absorption and
thus lead to an optimal light concentration in NWs. It is noticed that despite a consistent trend, the
simulated C values (Fig. 4 (c)) are smaller than the ones obtained experimentally (Fig. 3 (d)). We ascribe
it to two main reasons. Firstly, as can be seen from the SEM images, the variation of individual NW shape
and diameter from SAE grown NW arrays becomes increasingly significant with the increase of array
pitch, which causes inevitable discrepancy between the experimental and simulated results. Secondly, due
to the FIB fabrication, a small trench (shown in Fig. 2 (b) and Fig. 3) was formed around the single NW,
which could lead to ineligible light scattering at the edge during photocurrent mapping causing additional

absorption in NW and contribute to the photocurrent signal.

The absorptance (A) of the NWs within arrays with various pitch sizes was also simulated by setting
a vertical NW in a unit cell with a plane wave of light illuminated onto the whole unit cell along the NW
axis through Lumerical software. The NW length was set as 2.6 um and side-to-side diameter d as 300
nm. In the simulations, the refractive index of zinc-blende (ZB) InP was used. Since our NWs should be
placed in a hexagonal array of period/pitch p, the simulation domain is marked by the dotted red line with
a width equaling to p and length equaling to \3+p using periodic boundaries as shown in Figure S6 (a),
which actually contains two NWs. Therefore, the modeled absorptance is defined as the fraction of
incident intensity absorbed by a vertical NW placed in the shaded hexagonal cell marked by the dark
dotted line whose area is half of the simulation domain, and thus the lattice area is Siatice = V3+p%/2, which
actually corresponds to the absorption/photocurrent per unit cell. To give a deeper insight on the
absorption properties of each NWs, we also calculated the absorption efficiency of our structure as shown
in Figure 5 (b), which is defined as (A«Siatice/Sphys),2® *° the ratio between the absorption cross-section of

NW in the array to its physical cross-section. It shows how much larger area than the geometrical cross-
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Figure 5. Simulated (a) absorptance and (c) absorption efficiency of a 2.6 um InP NW with diameter of D = 300 nm standing
in a hexagonal array of period p. (c) Absorptance (solid lines) and absorption efficiency (dotted lines) of the same nanowire at
the two peak wavelength of 505 and 660 nm as well as the experimental operating wavelength of 532 nm, extracted from (a)
and (b), respectively. (d) Absorptance versus wavelength for p = 0.8, 1.5 and 2.2 um extracted from (a). Electric field
distributions of the single nanowire from the array with period of 0.8 um for (e) Peak 1 at A = 660 nm and (f) Peak 2 at A = 505
nm, respectively.

sectional area our NW can absorb the incident light, corresponding to the light concentration per NW in
Figures 3 (d) and 4 (d). To efficiently absorb the light incident on each unit cell and maximize the
absorptance of our NWs array, this absorption cross section from the individual NW of each unit cell
needs to maximally cover and overlap with the unit cell. As shown in Figure 5 (c), under the illumination
of a wavelength of 660 nm, the absorptance at p < 0.94 um remains more than 90% and drops gradually
when p is larger than 0.94 um. For smaller illumination wavelengths, it shows the same trend with peak
absorption at smaller pitch size. Since the absorptance considers the absorption ability per unit area, the
results provide a direct implication of the current density produced by NW array detectors. As clearly
shown, as the pitch size increases from 0.8 to 2.2 um, the absorptance decreases largely, as a result of the
reduced number of NWs per unit area, implying that the largest photocurrent will be generated from the

array with a pitch of 0.8 um. On the other hand, the absorption ability shows increased absorption ability
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with increased p when it is small, then being saturated, and decreased to a constant level when the NWs
can be treated as isolated single NWs. It indicates that there is an optimal trade-off between vertical
configuration-introduced large absorption cross-section and strong light interaction among NWs in the

array.

To obtain the optimal pitch size for the NW with this diameter, we calculated the average absorptance

as shown below:

1

A=
A1—2o

[y AG)dA, @

where, Ao = 400 nm and A1 = 950 nm. As shown in Figure S6 (b), when p = 0.55 um, the average
absorptance can be as high as 88.3%. We then obtained the simulated absorption versus wavelength and
NW diameter for NW array with pitch of 0.55 um as shown in Figure S6 (c). After calculating the average
absorptance for each diameter as indicated in Figure S6 (d), we found that when the diameter is larger
than 180 nm, the average absorptance is all higher than 80% and reaches 88.6% when the NW diameter

is 295 nm.

Furthermore, two absorption peaks at A = 660 nm (Peak 1) and /4 = 505 nm (Peak 2) can be identified
in Figure 5 (d). The electric field distributions of each individual NW show that Peak 1 originates from
resonant absorption through the HE:> waveguide modes as indicated by Figure 5 (e), while Peak 2
corresponds to the HE13 waveguide modes as shown in Figure 5 (f). The mode distribution also
demonstrates that the large effective absorption cross-section is strongly related to the coupling of light
into weakly guided modes leading to strong absorption in and around the NWs. For vertically standing
nanowires, the waveguiding effect plays a critical role. The NWs support various resonant waveguide
modes which can be excited under the normal incidence of the pump light, and thus the absorption
characteristics of the NWs are mainly determined by the excitation of resonant waveguide modes

supported by the NWs. Furthermore, under the current configuration, only HE1n modes can be excited, in
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Figure 6. (a) Schematic of single vertical NW photodetector standing in an array. Photoresponse spectrum of (b) unit cell and
(c) single NW of as fabricated single vertical NW photodetector from the array with period of 0.8, 1.5 and 2.2 pum, respectively.

which the NW efficiency is determined by how strongly the fields are confined to the NW.3" A detailed
investigation on the absorption spectral feature with increasing nanowire radius can be seen in Section 6
of Supporting Information. The influence of the NW shape on the light localization and confinement in
the NWs has also been studied, as shown in Section 7 of Supporting Information. We found that with the
standard hexagonal shape, the NW absorptance could reach a maximum value near 100% when compared
with irregular hexagonal shapes, further highlighting the advantage of arrays with an optimal pitch size

(0.8 um in this case) and regular hexagonal shape that provides high absorption per unit area.

To evaluate the device performance of as-fabricated single vertical NW photodetectors in Figure 6 (a),

the spectral responsivity (R) of the NW from the array was obtained by the following equation: > !

R = b @3)

Pin1

where Iph is the photocurrent and Pin is the light power incident onto the pitch area (p?), which enables the
direct comparison of the NW array device performance with its planar equivalent while much-reduced
material is used. As shown in Figure 6 (b), the responsivity for the NW array with a pitch of 0.8 um at the
peak wavelength of 660 nm and a bias voltage of 1 V is 1.26 A/W, corresponding to the external quantum
efficiency (EQE = Z—;R x 100%)° of 2.37 x10%%, where h is the Planck’s constant, C is the speed of
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light, g is the elementary charge, and A is the wavelength of incident light. It indicates the strong resonance
and thus enhanced absorption in vertical NWs due to the coupling of incident light to HE1> guided modes.
So far, there is no report on InP NW array photoconductors and our detector has shown good performance
comparable to or even better than other reported 111-V NW array photodetectors.>® The absorption branch
due to the in-coupling of light into HE13 guided mode is also visible but at a much lower magnitude as
indicated by the resonance at 505 nm. The cutoff tail from 850 to 900 nm corresponds well to the band
edge absorption, as indicated by PL spectrum in Figure 1 (g). When the pitch size is increased from 0.8 to
2.2 um, the responsivity decreases gradually, consistent with the trend of simulated absorptance as shown
in Figure 5 (a) and (c). If Pin is assumed as the light power incident onto the physical cross-section of each
NW, the responsivity and EQE of the single NW in array with p = 0.8 um at 660 nm and 1 V is calculated
to be 16.45 A/W and 3.10x10%%, respectively, much larger than the values obtained from of our single
horizontal InP NW photodetectors (0.39 A/W and 73.41%) measured at similar conditions.?” High
responsivity per NW from all three arrays as shown in Figure 6 (c) is consistent with the simulated high
absorption efficiency of vertical NWs as shown in Figure 5 (b) and (c), confirming the high light
concentration in vertical configuration based NWs as well as strong light interaction in small pitch NW

arrays that could also help with the absorption boost.

Conclusions

In summary, in this work we developed a FIB based technique to fabricate single vertical InP NW
photodetectors in ordered NW arrays grown by SA-MOVPE. By employing a scanning photocurrent
imaging technique and FDTD simulation, we thoroughly studied the photocurrent generation from single
vertical InP NW photodetectors to unveil light-matter interaction of single vertical NWs standing in an
ordered nanowire array. It is shown that light absorption strongly depends on the array pitch size and NW
geometry. A significantly high light absorption was observed in single vertical NW photodetectors due to

the vertical configuration that results in a resonant increase in the absorption cross-section. It is also
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discovered that although the absorption cross-section and thus built-in light concentration is much
enhanced for NWs from larger pitch arrays, the maximum absorption efficiency of single NWs from arrays
and thus the photodetector performance is obtained by an optimal trade-off between vertical configuration-
introduced large absorption cross-section and strong light interaction among NWs in the array. Based on
our technique, a high responsivity and external quantum efficiency of 1.26 A/W and 2.37 x10%% were
obtained for the NW array with a pitch of 0.8 um (@660 nm, 1 V), indicating good performance of our
NW array photodetector device. Our study provides a new approach to study the fundamental optical

properties of both single NWs and NW arrays for optoelectronic applications.
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