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Abstract

Numerous applications would be enabled by pixels for multispectral imaging whose spectral
responses can be dynamically tuned and that can be potentially manufactured at low cost. Here,
we show such a capability, by experimentally demonstrating arrays of vertically-oriented
germanium-silicon heterojunction nanowires with graphene top contacts. Our devices present
opportunities for multispectral imaging because their responsivity spectra can be tailored by choice
of nanowire radius for enhanced absorption at certain wavelengths across the visible to short-wave
infrared. Importantly, these responsivity spectra can also be dynamically tuned by bias voltage.
We demonstrate this experimentally by tuning the responsivity peak of a single pixel across the
visible region by varying the bias voltage and by showing that this would allow red/green/blue
channels to be reconstructed. This opens the exciting prospect of a single pixel that can resolve
color (i.e. replacing the three red/green/blue pixels of traditional approaches) or even resolve
several bands for multispectral imaging.
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The rise of the internet-of-things, mobile computing, mobile communication technologies, and
robotics (machine vision) is producing a surging demand for sensors with low cost, reduced form
factor, high performance, enhanced functionality, and wide spectral response. Therefore, recent
years have seen a trend toward image sensors with ever-smaller pixels due to tremendous market
demand for small cameras with high pixel counts. At the time of writing, image sensors have been
produced whose small pixel size (sub-micron) makes cross-talk between adjacent pixels
inevitable?!, partly due to the limitations of traditional color filters based on absorptive dyes. Filter-
less image sensor pixels based on nanowires? have emerged as a promising alternative technology.
In such devices, separation of different spectral channels is enabled by the fact that the spectral
responsivities of the nanowires can engineered by appropriate choice of their radii, making filters
not needed. In the fabrication process, the spectral responsivities of multiple devices with different
properties can be defined in a single lithographic step, which is advantageous for simplifying the
manufacturing process.

In addition to the nanowire approach, filter-less photodetectors achieving wavelength selectivity
have been demonstrated using organic and perovskite materials. *® In these demonstrations, the
active media were purely organic materials,* ® purely perovskite materials,® or a combination of
organic and perovskite materials.® In some of these studies, surface defects played a central role to
the wavelength-selective photoresponse.®® Organic and perovskite materials, however, often face
stability challenges that could pose an obstacle to the commercialization of these devices '8
Wavelength-selective filter-less photodetectors produced in standard materials platforms are thus
desired, but the nanowire devices we previously demonstrated were silicon? ® and thus unsuitable
for many applications in multispectral imaging for which longer wavelength response is needed.
We recently demonstrated spectrally-selective germanium nanowire photodetectors in the visible
to short-wave infrared (SWIR).° These nanowires were on germanium substrates however. The
germanium-on-silicon platform on the other hand presents interesting opportunities as a platform
for multispectral imaging devices. It is compatible with current silicon technology, thereby
substantially reducing its cost compared to the use of germanium substrates. Photodetectors based
on germanium-on-silicon have been furthermore demonstrated with high speed response (> 30
GHz)-14 Spectrally-selective photodetection with germanium-on-silicon nanowires has not been
previously demonstrated however. The use of nanowires furthermore allow us to take advantage
of the advances that have been made in the fabrication and device physics of photodetectors based
on nanowires*®2° and related structures®-22,

Here we demonstrate a new type of multispectral imaging pixel that comprises vertical
germanium-silicon heterojunction nanowires with a suspended graphene top electrode. The pixels
are spectrally-selective, i.e. have responsivity spectra exhibiting peaks whose positions are
controlled by appropriate choice of nanowire radius. We furthermore demonstrate that the
responsivity spectrum of a single pixel can be tuned dynamically by voltage during operation. This
capability originates from a combined effect of the nanowire’s photonic resonances and surface
states. The dynamic tuning capability could potentially reduce the pixels needed for color imaging
from three to one, or even be used for multispectral imaging with a single pixel. Furthermore, we
note that our pixels cover a wide spectral range that extends from ultra-violet (350 nm) to short-
wave infrared (1500 nm).



Device Fabrication

Fabrication of our device starts with a silicon wafer (100), doped n+ with arsenic (resistivity: 0.001
to 0.01 Ohm-cm). Thin films of germanium (Ge) are then grown epitaxially. The first layer is
intrinsic Ge, with a thickness of 1000 nm. This serves as the active layer of our device, from which
photogenerated carriers are collected. The next (top) layer is p+ Ge, doped with boron at 5x10'8
cm3. This yields the structure shown schematically as Fig. 1a. The wafer is cleaned in hydrofluoric
acid (1%), and titanium (5 nm, for adhesion) and gold (100 nm) films are evaporated on the
backside. The wafer is then covered with photoresist and diced into 14 mm by 14 mm chips for
subsequent processing.

We next remove the photoresist by soaking the chip in acetone and rinsing it in isopropanol for
one minute. Electron-beam lithography resist (ZEP520A, Zeon Corporation) is then spin-coated
onto the chip to a thickness of 150 nm. The chip is then baked on a hotplate for 3 minutes (at 180
°C). Following that, the chip is patterned by electron-beam lithography (EBPG5000plusES,
Vistec), with a dose of 200 pC/cm?. The exposed chip is then developed (ZED-N50, n-Amyl
acetate) for 60 seconds and rinsed.

A stack of metals is then deposited on the chip by electron beam evaporation. In order of
deposition, the stack comprises Ti/Au/Ni/Al at thicknesses of 10nm/30nm/20nm/10nm,
respectively. Each metal layer has a specific purpose. Aluminum is the etch mask, for the
subsequent reactive ion etching step to form the nanowires. The nickel layer serves to block
diffusion between the gold and aluminum layers. The purpose of the gold layer is to provide good
electrical contact to the graphene monolayer that is later transferred to the chip and serves as a top
electrode. The titanium layer serves to promote adhesion with the Ge substrate.

After metal deposition, the lift-off process is performed, resulting in a two-dimensional array of
metal disks on the chip (Fig. 1b). These arrays are generally chosen to have extents of
200 x 200 um, and the disks range in radii from 75 nm to 150 nm. The disks are in square arrays
with periods of 800 nm.

Inductively-coupled plasma reactive ion etching (ICP-RIE, Oxford Plasmalab 100) is then
performed on the chip, resulting in arrays of nanowires with vertical profiles (Fig. 1c). A modified
Bosch process is used. In this process, instead of cycling between a deposition process with CsFg
gas and an etching process with SFe gas, the two gases are simultaneously introduced into the RIE
chamber.2%2 The nanowires have heights of 1500 nm, with the top part (1200 nm) being
germanium and the bottom part (300 nm) being silicon. The aluminum mask is then removed by
ICP-RIE.

Immediately after the etching, the chip is transferred to a plasma-enhanced chemical vapor
deposition (PECVD) system (Oxford Plasmalab 100), and silicon dioxide is deposited to a
thickness of 1000 nm (Fig. 1d). Photoresist is then spun onto the chip, and photolithography is
performed to define a circular opening (100 um diameter) that is centered over the nanowire array.
ICP-RIE is then performed to etch the silicon dioxide in a directional fashion. A modified Bosch
process is again used, with C4Fs and SFs introduced simultaneously® 2® This leads to the silicon
dioxide being removed from the tops of the nanowires (exposing the germanium). In between the
nanowires, the silicon dioxide is etched down to the flat silicon surface. By appropriate choice of
the process parameters used in the etching step, a silicon dioxide coating can be left on each



nanowire or completely removed (as depicted in Fig. 1e). As we discuss later, this layer provides
electrical passivation of the nanowire surface.

We next deposit gold to a thickness of 4 nm by electron-beam evaporation (at rate of 2 A/s) onto
a piece of copper foil covered by a monolayer of graphene grown by chemical vapor deposition
(CVD). This substrate with graphene is procured from Graphenea Inc. The graphene monolayer
(with gold coating on top) is then transferred to the Ge-Si nanowire chip via wet transfer. The gold
coating on the graphene has two functions. First, it enhances the conductivity. Second, it provides
mechanical support that helps the graphene transfer process. After transfer, the suspended
graphene sheet extends out from the active region (where it contacts the tops of the nanowires) to
the silicon dioxide platform (Fig. 1f).

We now consider our choice for the top electrode (graphene with thin gold layer) by comparing it
with two alternatives. We perform this comparison by simulating external quantum efficiency
(EQE) spectra for various configurations. In these calculations, the EQE is taken as the fraction of
incident light absorbed in the nanowire intrinsic regions. This is an appropriate assumption for
these calculations, whose purpose is to compare different choices for the top electrode. In these
simulations (Fig. 1g), the nanowires have radii of 90 nm, and the SiO coating is 80 nm thick. For
the graphene-only case (blue curve), it can be seen that the peak EQE exceeds 90%. As discussed,
we previously demonstrated photodetectors consisting of arrays of vertical silicon nanowires?. In
that work, the spaces between the nanowires were filled with poly-methyl methacrylate (PMMA),
to provide mechanical support to the top electrode, the transparent conductor indium tin oxide
(ITO). From Fig. 1g (red curve), however, it can be seen that filling the spaces between the
nanowires with PMMA reduces the EQE (in comparison to the graphene-only case). This is a
consequence of the reduced refractive index contrast between the nanowire and its surroundings.
It would also be difficult to extend this device concept to the ultraviolet (UV) with the PMMA
filling layer due to absorption, which is detrimental because it reduces the optical transmission and
affects long-term stability. Furthermore, at longer wavelengths (e.g. 800-2000 nm), PMMA has
significant absorption peaks from the vibrational overtones of C-H bonds, which limits optical
transmission.?* Graphene on the other hand does not face these challenges, is mechanically
strong, and is stable under intense UV irradiation for prolonged periods.?

To facilitate the process of transferring the graphene to the nanowire chip, increasing its thickness
with an additional layer is in general helpful. PMMA is commonly chosen as this additional layer
but would be difficult to remove after transfer. From simulations (data not shown here), we also
find that when the top electrode consists of graphene with a PMMA film, the device’s EQE curve
exhibits oscillations. For a top electrode consisting of graphene with a thin gold layer, the EQE
spectrum (orange curve of Fig. 1g) shows some oscillations, but these are not large. We thus
choose gold-covered graphene as the top electrode because it is practical from a fabrication
standpoint, does not have pronounced Fabry-Perot oscillations, is stable in the wavelength range
of interest, and has competitive EQE. It furthermore offers good electrical conductivity.

Passivation by silicon dioxide

Surfaces play significant roles in nanostructures, due to their inherently high surface-to-volume
ratios. Indeed, surfaces can change the nature of?”, amplify?® or diminish?® properties observed in
bulk materials. For nanowire devices such as metal-oxide-semiconductor field-effect transistors
(MOS FETs)%®, the understanding and control of interfacial states is an essential part of the device
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design process. The consideration of interfacial states is particularly important for our devices
because the oxidation of germanium does not help to passivate its surface,3-3? unlike the situation
for silicon, whose native oxide is intrinsically stable and provides excellent passivation. This
motivates us to investigate the use of silicon dioxide to passivate our Ge-Si nanowires.

For comparison, we fabricate nanowire devices with and without a silicon dioxide layer. The un-
passivated devices (termed NW PD) are illustrated as Fig. 2a-c, while those passivated with
PECVD grown silicon dioxide (p-NW PD) are shown as Fig. 2d-f. It can be seen from the SEM
image of Fig. 2b that the etched nanowires are slightly undercut, which is consistent with previous
reports on nanowires etched using metal masks.3 SEM images of the un-passivated and passivated
devices after graphene transfer are shown as Figs 2c and 2f, respectively. Although the spacing
between nanowires is quite large, it can be seen that the graphene sits on the tops of the nanowires
as a flat sheet, rather than bowing down to the substrate between the nanowires.

We next perform electrical characterization of the fabricated devices by measuring the current-
voltage (I-V) characteristics without illumination (Fig. 3). It can be seen that the I-V characteristic
for the p-NW PD device (radius 100 nm) are distinctly diode-like (rectifying), while the NW PD
shows characteristics like that of an Ohmic conductor, although the two devices have the same
radius and identical processing parameters other than the passivation. This confirms the
importance of surface passivation for these devices. As shown before,® un-passivated germanium
nanowires in air can have poor consistency in electrical properties due to the fact that germanium
oxide is unstable and easily modified by the ambient environment.

Result for a p-NW PD with a nominal radius of 75 nm is also shown in Fig. 3. It can be seen that
the leakage current (reverse bias current) is larger for this device than for that with radius 100 nm.
We attribute this to the greater surface-to-volume ratio of the smaller radius nanowires. Charge
carriers accumulate at the surface due to band-bending. This effect is more pronounced for the
smaller radius nanowires and leads to a steeper reverse current slope.

In the inset of Fig 3., we compare the electrical characteristics of a p-NW PD device before and
after annealing. We find that annealing in forming gas (hydrogen and nitrogen) at 350 °C increases
the forward current by more than 50 times. We attribute this to improved electrical contact between
the metal on the tops of the nanowires and the graphene, as well as further passivation of surface
states on the sidewall of the nanowires.**3¢

Responsivity Measurement Results

Zero Bias

We next measure the responsivities of our p-NW PD devices, by illuminating them with
monochromatic light swept in wavelength from the visible to the short-wave infrared while
measuring photocurrent. Details of the experimental set-up are provided in the Supplementary
Information (SI). Experimental results for p-NW PD devices with radii ranging from 75 to 150 nm
are shown as Fig. 4a. It can be seen that the responsivity spectra exhibit peaks that red-shift with
increasing nanowire radius. These arise from interplay between coupling of the incident light to
the waveguide modes supported by the nanowires and subsequent absorption of the coupled light,
a mechanism that has been discussed in previous work.®” Simulated responsivity spectra are shown
as Fig. 4b. These are obtained by simulating the fraction of incident light absorbed in the nanowire
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intrinsic region as a function of wavelength. This is then multiplied by gA/(hc) to obtain the
responsivity, where q is the electron charge, 4 is the wavelength, h is Planck’s constant and c is
the speed of light in vacuum. Further details on the simulation method are provided in the SI. It
can be seen that, like the experiments, the simulated responsivity spectra show peaks that shift to
longer wavelengths with increasing nanowire radius. To illustrate this further, the simulated
responsivity spectra of Fig. 4b are also provided in normalized form in the SI.

While the experiments (Fig. 4a) and simulations (Fig. 4b) show consistent trends, there are some
differences that we now discuss. The first difference is that the simulated nanowire devices have
smaller radii than their experimental counterparts. It should also be realized that the radii quoted
for the latter are nominal values, being the design values used in the electron-beam lithography
step. This can be partly attributed to the actual radii of the nanowires being smaller than these
nominal radii, due to undercut in the etching process. The presence of the undercut is confirmed
by the SEM images (Fig. 2b and Supplementary Figure S-5 of the SI). The second difference is
that the simulated devices with different radii have similar values for peak responsivity. The peak
values of the responsivity spectra of the actual devices show variation however. We attribute this
to fracturing of the graphene layer, which varies from device to device. Efforts to mitigate this are
currently underway. Note that this cannot be seen from Fig. 4a, as the curves are all normalized so
that each has a peak value of unity. This is necessary to allow comparison of the shapes of the
responsivity spectra. The third difference is to do with the widths of the responsivity spectral peaks.
The widths of the responsivity peaks measured for p-NW-PD devices with nominal radii of 113
nm and above are in reasonable agreement with their simulated counterparts. The devices with
radii of 83 nm and 100 nm have measured responsivity peaks that are broader than their simulated
counterparts. This is also the case for the device with nominal radius 75 nm. For this device, the
experimental measurements also show a responsivity peak that is blue-shifted with respect to the
simulations. This is discussed further in the next section. As discussed in the Sl, the nanowires
exhibit inverted tapering, i.e. their radii vary along the nanowire length, being narrower at the
bottom than at the top. For the nanowire with nominal radius 75 nm, for example, the actual radius
varies from 50 nm (at the top) to 45 nm (at the bottom, Supplementary Figure S-5). As discussed
in previous work,® tapering can broaden the spectral peaks. It is possible that the spectral
broadening is due to nanowire tapering.

Dynamic Tuning

Although passivation has been performed, surface states at the interface between silicon dioxide
and germanium still exist and can act as traps. The surface area-to-volume ratio increases of course
as the nanowire radius is reduced. The thinner nanowires thus have leakage currents that are higher
and also vary more strongly under reverse bias, as discussed in previously (Fig. 3). On the other
hand, as we discuss further below, surface states present the opportunity for nanowire array devices
to have dynamically-tunable spectral response. Surface traps result in an electrical potential being
established from the nanowire center to the surface. This potential directs optically generated
electrons or holes to the surface and recombination occurs. Photo-excited carriers closer to the
surface thus have a higher probability of recombination. However, when a bias is applied, an
addition electrical potential is generated along the long axis of the nanowire, orthogonal to the
radial direction, subsequently, the charge collection rate increases for the photo-generated
electrons and/or holes.



One might expect this effect to become more significant as the nanowire radius decreases. We thus
choose to study this in-depth for the p-NW-PD with the smallest radius (nominal value 75 nm,
simulated value 35 nm). Fig. 5a shows the measured spectral responsivities of this device under
different bias voltages from the ultraviolet (350 nm) to the near-infrared (900 nm). It can be seen
that spectral responsivity changes significantly with bias. The unbiased sample has a responsivity
peak at A~490 nm. When the top electrode is biased negatively at 0.5 V, the peak shifts to A ~600
nm. After switching the polarity to forward bias (0.5 V), a distinct peak at A ~390 nm is observed.
This measured behavior is consistent with our optical-electrical model (Fig. 5b) and originates
from the strong dependence of the internal quantum efficiency (IQE) spatial map with bias voltage
(Fig. 5¢). As presented in the S, this effect is far less pronounced for larger radius nanowires.
Before discussing our physical interpretation, however, we discuss a potential application in
imaging.

This dynamic tunability of spectral peak across the visible region presents the interesting
possibility of a photodetector pixel with a dynamically-tunable response. Such a pixel could
replace multiple (red/green/blue) pixels in a color image sensor. The advantages could be even
more pronounced for multispectral imaging systems, whose larger numbers of spectral channels
often necessitate bulky instrumentation such as rotating filter wheels. To explore this concept, we
demonstrate the reconstruction of the X, y, z responsivity curves of CIE 1931 standard observer
function®® as Fig. 5d-f. Each responsivity curve consists of the weighted sum of responsivity
spectra measured from the nanowire photodetector pixel with smallest radius (nominal value 75
nm, simulated value 35 nm) under eight different bias voltages. The weightings are chosen to
minimize the difference between the reconstructed and ideal results. It can be seen from Fig. 5d-f
that reconstructed and ideal spectra are in reasonable agreement. It can be expected that these
differences would decrease if the number of voltages employed in the reconstruction were to be
increased. This might be an interesting topic for future investigations.

We next discuss our physical interpretation of the dynamic tuning properties of our nanowire
photodetectors. We first note that measurements from our nanowire devices with slowly-
modulated illumination reveal that the photocurrent drifts over time (see Supplementary
Information). In these experiments, the illumination is switched at 0.1 Hz with a 50% duty cycle,
i.e. with on and off times of 5 seconds each. The long decay time observed may be attributed partly
to the discharging route being un-optimized, and partly due to slow surface states of the type
discussed previously.®> These slow surface states originate from slow moving charged ions that
respond with a time constant of minutes or longer. To mitigate the influence of the slow states
upon our analysis, we modulate the illumination at a rate (450 Hz, see SI) much higher than the
characteristic rates of these slow states. The results of Fig. 4 and 5 are based on this approach.

We attribute the bias-dependent photoresponse to mediation by surface traps. At the semiconductor
nanowire surfaces, termination of the crystal lattice inevitably produces mid-gap surface states.**-
5 For germanium, this leads to an effect known as Fermi level pinning (FLP) that results in the
Fermi level being fixed (pinned) at about 0.09 eV above the valence band edge, with what is on
the other side of the interface having very little effect.*® This energy level is close to the Charge
Neutrality Level (CNL), which is the level at which a balance between donor-like trap states and
acceptor-like trap states results in charge neutrality. Fermi-level pinning (FLP) causes band
bending at the nanowire surface (Fig. 5¢, bottom panel). A spatially extended space-charge layer
thus exists at the nanowire surface. As we discuss further below, when the device is forward biased,
the holes that accumulate at the nanowire surface region enable it to function as a photoconductor.



In other words, the core of our device can be thought of as acting as a photovoltaic detector, while
its surface can be thought of as acting as a photoconductor.

In order to confirm the hypothesis proposed above, we perform a multi-physics simulation in
COMSOL Multiphysics, which couples electrical simulations of the semiconductor transport with
electromagnetic wave simulation (see the Sl for the detailed setup). In the simulations, we
implement FLP by fixing the surface Fermi level near the CNL. A good match is obtained between
the simulated and experimental responsivities as shown in Fig. 5a and 5b.

We use the same simulation to understand the mechanism of the bias-dependent photo-
responsivity by generating a spatial-resolved IQE map of the nanowire, as shown in Fig. 5¢c. Due
to the high surface area-to-volume ratio, the whole nanowire is at the same potential except at the
interface between Si+ and germanium region, at which there is a high potential drop. Due to the
latter, photogenerated carriers there are readily collected via drift, resulting in high IQE. Reverse
bias mainly increases the band—offset around the interface, rather than being evenly distributed
across the whole nanowire. This leads to two effects. First, it expands the region with high potential
drop. Second, it increases the gradient of the potential drop. These effects lead to changes in the
EQE spectrum. As shown in the upper middle panel of Fig. 5¢, under reverse bias (500 mV), the
high quantum efficiency region at Ge-Si interface becomes longer. This results from the depletion
region becoming elongated along the NW axis due to higher potential drop that now occurs, in
comparison to the zero-bias case. We next consider what happens under forward bias (500 mV).
It can be seen (Fig. 5c¢, right panel) that the surface has a much higher quantum efficiency than the
NW center, and that this efficiency exceeds unity. In other words, the device functions as a
photoconductive detector under forward bias. The responsivity spectrum of a nanowire
photodetector is determined by the fraction of incident photons that are absorbed and the
photocurrent at the device terminals that subsequently results from for example photovoltaic or
photoconductive mechanisms. In other words, it is given by the combination of the spatial map of
absorption and the spatial map of IQE. For the nanowire considered in Figure 5, it is the control
provided by the bias voltage upon the IQE spatial map and thus the responsivity spectrum that
allows the device to be dynamically reconfigurable. Lastly, we note that our model is based on the
NW only, and does not include the Si substrate. While the responsivity spectra predicted by our
model (Fig. 5b) are in reasonable agreement with experiment (Fig. 5a), we cannot rule out the
possibility that substrate absorption may also contribute to photocurrent. This might be an
interesting topic for future investigation.

Conclusions

We demonstrate dynamically tunable multispectral pixels based on a hybrid architecture
combining 1-D (graphene) and 2-D (nanowire) materials. The latter are based on materials (silicon
and germanium) that have been used in a combined fashion for decades in the semiconductor
industry. We anticipate that the ability to tailor responsivity spectra from visible to short-wave
infrared wavelengths would be advantageous for multispectral imaging applications. We show that
this can be achieved in both static (i.e. via nanowire radius) and dynamic (i.e. via bias voltage)
modes of operation. We lastly note that while the continuing trend toward smaller and smaller
pixels is largely motivated by consumer demand for image sensors with ever increasing pixel
counts, this work reveals that other phenomena occurring at sub-wavelength scales have potential
applications.
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Figure 1. (a) — (f): Process flow for fabrication of Ge nanowire photodetectors with free-standing
graphene top contact. (g) External quantum efficiency (EQE) vs wavelength, simulated for Ge
nanowire photodetectors. Blue curve (“Gr only”): graphene electrode suspended on nanowires
with no filling. Red curve (“PMMA fill”): graphene electrode on nanowires with PMMA filling.
Orange curve (“Gr with gold”): top contact is graphene with thin gold layer (3 nm) suspended on
nanowires with no filling. Nanowires have radii of 90 nm and are in square arrays (period 800
nm). Nanowires are 1500 nm tall, with top section being Ge (1200 nm) and bottom section being

Si (300 nm). Substrate is Si. EQE represents fractional absorption in intrinsic region of Ge

nanowire (200 nm from top and extending 1000 nm). SiO- coating is 80 nm thick.
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Figure 2. (a) Side-view schematic of NW-PD. (b) SEM image of NW-PD before graphene transfer
(view tilted by 52 degrees). (c) Top-view SEM after graphene transfer. (d) Side-view schematic of
p-NW-PD. (e) SEM image of p-NW-PD before graphene transfer (view tilted by 30 degrees); (f)
Top view SEM of p-NW-PD after graphene transfer. Scale bars have length 1 micron.
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Figure 3. I-V characteristics of nanowire photodetectors with (p-NW PD) and without passivation
(NW PD). All three devices shown are final devices after annealing. Magnitude of current (|1]) is
plotted. Insert: 1-V characteristics of passivated nanowire photodetectors (r = 100 nm) before and
after annealing.
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Figure 4(a). Measured responsivity spectra for p-NW-PD devices with different design radii. Due
to large variation of responsivity, spectra are scaled for clarity of visualization. Scaling factors are
(13, 300, 22, 180, 12, 1, 25) times, in order of increasing nanowire radius. (b). Simulated
responsivity spectra for p-NW-PD devices. Note that radii used in simulations are different to
experimental design radii.
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Figure 5. (a) Measured and simulated (b) responsivity spectra for p-NW-PD device at different
bias voltages. (c). Upper panel: spatial IQE map at zero, reverse (-0.5 V) and forward bias (0.5 V).
Vertical (z-axis) and horizontal (r-axis) axes of map indicate position along nanowire long axis
and along radial direction, respectively. Left colorbar is for unbiased and reverse bias plots. Right
colorbar is for forward bias. Bottom panel: schematic illustrations of nanowire device (left) and
band diagram (right). (d)-(f). Original (blue curves) and reconstructed (orange curves) CIE 1931
observer X, y and z photoresponses. Each reconstructed photoresponse comprises weighted sum of
responsivity spectra measured from a single nanowire device (75 nm radius) under eight different
voltages. Further details in Supplementary Information.
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Synopsis: This TOC entry consists of an artistic rendering of our photodetector device, which
consists of germanium-silicon nanowires with a graphene top contact.
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