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ABSTRACT: A solar-blind UV photodetector is designed and
fabricated based on a nanophotonic metal-oxide-semiconductor
(MOS) structure. A large potential barrier of ~3.8 eV at the met-
al/oxide interface enables solar-blind UV detection by blocking
the electrons excited by visible photons while allowing UV-
excited hot electrons to pass through. By selecting metal absorb-
ers with high density of states near the Fermi level and employing
photon management in self-assembled pseudo-periodic metal
nanostructures, we managed to achieve ~74% spectrally averaged
UV absorption at A=200-300 nm. Furthermore, such a high UV
absorption is achieved within the hot electron mean free path of
~50 nm from the metal/oxide interface, effectively facilitating the
ballistic transport of the UV-excited hot electrons across the inter-
facial barrier and improving the overall photocurrent. The device
has demonstrated a responsivity of 29 mA/W and an internal
quantum efficiency of ~18% at A=269 nm, a significant advance
compared to ~1% internal quantum efficiency of existing hot
electron photodetectors. The photoresponse to visible light is 3-4
orders lower than the UV responsivity, implementing solar-blind
UV detection. These results indicate that photon management in
metal absorbers with high density of states near the Fermi level
can drastically improve the quantum efficiency of hot electron
detectors by >10x compared to existing metal/semiconductor
Schottky photodetectors. The same device principle can also be
extended to cover other spectral regime inaccessible to conven-
tional Si-based photodetectors.
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Solar-blind ultraviolet (UV) detection refers to photon detection
specifically in the UV wavelength range of 200 nm to 320 nm'*
without responding to visible light. With minimal background
noises from solar radiation, it has broad applications from home-
land security to environmental monitoring,'>*® including ozone-
hole monitoring, flame and electrical discharge detection,**!°
furnace and engine control, chemical and biological reagent sens-
ing,'" as well as UV astronomy.'? Currently, there are three tech-
nical approaches to achieve solar-blind UV detection: photocon-
ductors/photodiodes based on wide band gap (WBG) semiconduc-
tors,”®!3 solar-blind band-pass UV filters coupled with Si photo-
detectors.'* !¢ and photoemissive detectors based on UV photo-
cathodes.!”'® However, these detectors face various disad-
vantages. For example, the WBG semiconductors for solar-blind
UV detection need a band gap larger than 3.8 eV. This require-
ment poses a significant technical challenge to high quality crystal
growths (e.g. diamond and AliGa;«N with x>0.3) and dopants
activation.®”'”-' Moreover, the high growth temperature (~1000
°C) 202! also makes these WBG materials incompatible with Si
microelectronics processing technology. For solar-blind band-pass

UV filters, the lack of high quality optical materials at A=200-300
nm has made the design and fabrication difficult, limiting the
optical bandwidth to ~20 nm.'* This narrow bandwidth is not
enough to cover the entire solar-blind UV regime of A=200-300
nm. The delicate optical alignment of such filters with Si photode-
tectors also negatively affects its performance in field work where
vibration and percussion are inevitable. Finally, photoemissive
detectors are bulky and fragile vacuum electronic devices and
require high operation voltages (>>100 V) to achieve a high quan-
tum efficiency. Such drawbacks have greatly limited the applica-
tion of these traditional solar-blind UV detection methods.

To address the challenges of existing technologies for solar-blind
UV detection, here we present a new scheme utilizing UV-excited
hot electrons in a nano-photonic metal-oxide-semiconductor
(MOS) structure to generate photocurrent via internal photoemis-
sion across the metal/oxide interfacial potential barrier of ~3.8 eV.
Electrons excited by visible light, on the other hand, are blocked
by this high interfacial barrier and generate no photocurrent,
thereby achieving solar-blind UV detection. To overcome the
relatively low quantum efficiency (~1%) of existing hot electron
photodetectors, we adopt 3 major approaches. (1) Enhancing hot
electron generation. Tin (Sn) nanostructures are chosen as the
metallic UV absorber due to the significantly higher density of
states (DOS) near the Fermi level compared to commonly-used
plasmonic metals such as Au and Ag. This feature offers more
available electronic states for generating hot electrons with ener-
gies greater than the metal/oxide interfacial barrier upon UV exci-
tation. (2) Facilitating hot electron transport via photon man-
agement. We further explore the design and fabrication technique
of self-assembled pseudo-periodic Sn nanodot arrays as a two-
dimensional (2D) metal grating in the MOS structure in order to
maximize the UV absorption within the distance of hot electron
mean free path (~50 nm) from the metal/oxide interface. Such
photon management facilitates the ballistic transport of hot elec-
trons across the metal/oxide potential barrier upon UV excitation,
enhancing the quantum efficiency of the device. (3) Enhancing
hot electron collection. The adopted nanophotonic MOS structure
provides much better interfacial defect passivation at the SiO,/Si
interface compared to metal/semiconductor interfaces in hot-
electron Schottky detectors, thereby increasing the hot electron
collection efficiency across the interface. Simulation based on
finite-element-method (FEM) is applied to calculate the optical
performance of the Sn nanostructures, which is verified by exper-
imental results. Finally, photocurrent measurement of Sn nano-
dots/SiO,/n-Si nanophotonic MOS devices under visible and UV
excitation demonstrates the solar-blind UV detection capability,
with a UV responsivity ~3 orders of magnitude higher than that of
the visible light. Thanks to the high DOS near the Fermi level and
the photon management that facilitates hot electron transport, a
responsivity up to 29.3 mA/W and an internal quantum efficiency



(IQE) of 18% has been achieved at A=269 nm, representing a
>10x improvement in the IQE compared to existing met-
al/semiconductor Schottky photodetectors. The same device prin-
ciple can be further extended to cover other spectral regimes be-
yond the capability of conventional Si-based photodetectors.

RESULTS AND DISCUSSIONS

Device Structure and Working Principle. Fig. 1 schematically
shows the band diagram and the working principle of the device.
It consists of Sn nanostructures as the active UV absorber, thin
SiO; as the insulating layer (~10 nm thick), and n-type Si as the
substrate (Fig. 1a). The potential barrier height at the Sn/SiO»
interface, given by ¢p=W-y, defines the cutoff wavelength of
detection (Fig. 1b). Here the work function of Sn is W=4.7 eV
(more details in Supporting Information Section 2) while the elec-
tron affinity of SiO, is ¥=0.9 eV.?> Therefore, we have ¢pp=4.7-
0.9=3.8 eV in these devices. Without UV photon excitation at
hv>3.8 eV (A<326 nm), there is no electrical conduction between
the metal and the n-Si region due to a thick enough SiO; insula-
tion layer (10-15 nm thick) and the high potential barrier at the
Sn/SiO; interface, which prevent direct tunneling even with the
excitation of visible photons. Note that even if visible photons are
directly absorbed by Si, the insulating SiO, will still leave the
circuit open. Therefore, truly solar-blind behavior can be
achieved. Upon UV excitation with #v>3.8 eV, the excited hot
electrons in the Sn nanostructure gain enough energy to overcome
the Sn/SiO; interfacial barrier and reach the conduction band of n-
Si on the other side of the oxide layer. A positive bias is applied
on n-Si to facilitate the hot electron transport (Figs. la and b).
Furthermore, previous study has shown that Sn has a relatively
high density of states (DOS) near its Fermi level compared to
other metals such as Au?® (Fig. S1 in the supplemental infor-
mation), thereby offering more available electrons for the internal
photoemission upon UV excitation to enhance the responsivity.
This excitation and hot electron transport process leads to a pho-
tocurrent between the metal and the n-Si region. Interestingly,
when the high energy hot electron relaxes to the conduction band
of Si, in principle the excess kinetic energy of >3 eV is large
enough to induce impact ionization and generate another free
electron in the conduction band (Fig. 1b).>* While the prototype
device presented in this paper is too simple to implement and
sustain such multiplication gain, this process could be further
engineered in future device design to increase the quantum effi-
ciency and detectivity.
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Fig. 1 (a) Schematic cross-sectional profile of the proposed nano-
photonic MOS solar-blind UV detector with metallic nanostruc-
tures/gratings as the UV absorber. (b) Schematics band diagram of the
MOS solar-blind UV detector in (a) under a small positive bias on n-
Si. It also shows the process of a hot electron generation upon UV
excitation, its transport through the metal/oxide interfacial barrier, and
the impact ionization process induced in the semiconductor region
due to the excess energy of the hot electron.

Another reason for choosing Sn as the active UV absorber is its
high extinction coefficient and plasmonic properties in the UV
regime since the efficiency of the proposed nanophotonic MOS
photodetector is directly influenced by the UV absorption in the
metal region.>>2° Note that the metal layer thickness is limited by

the relatively short mean free path of hot electrons with an excess
kinetic energy of a few eV.?’?° Thus, it is highly desirable to
introduce nanophotonic structures in the metal region to enhance
UV absorption close to the metal/oxide interface. While
nanogratings fabricated by electron beam lithography**-*! or nano-
sphere lithography*>** have been studied, the relatively high cost,
slow process and low yield bring challenges into scalable fabrica-
tion. In this work, we utilize self-assembled pseudo-periodic Sn
nanostructures as a 2D nanophotonic grating, which has high UV
absorption in a broad wavelength range and can be produced more
conveniently on wafer scale. This fabrication step can be incorpo-
rated into the low-temperature back-end-of-line processing during
metallization to accommodate the low melting point of Sn.

Self-assembled 2D Nanophotonic Structures. Due to the bal-
ance of surface energies, Sn deposited on SiO./Si would form
nanodots with a thin wetting layer below, following Stranski—
Krastanov growth mode.’***> The shape and size of as-deposited
Sn nanodots are determined by the nominal thickness and the
deposition rate. Figs. 2a-c show scanning electron microscope
(SEM) images of thermally evaporated Sn with various nominal
thickness at the same deposition rate of 0.05 A/s, as determined in
situ with a calibrated quartz crystal monitor. At this relatively low
deposition rate (0.05 A/s), Sn nanodots are formed in all cases.
The 2D Fast Fourier Transformation (FFT) spectra, shown in the
insets of Figs. 2a-c, reveal the pseudo-periodic character of the Sn
nanodots, which becomes more apparent as the nominal thickness
increases. The period can be determined by identifying the inten-
sity peak of the first order ring in the FFT spectra, which is simi-
lar to the diffraction pattern. Fig. 2d shows that the average period
and diameter of the Sn nanodots increase almost linearly with the
nominal thickness. With atomic force microscopy (AFM), the
profile of the Sn nanodots can be extracted and the average height
of Sn nanodots can be estimated. For example, evaporated Sn
nanodots with a nominal thickness of 50 nm have an average
height of 100 nm. This provides a guideline of fabricating 2D
gratings for various working wavelengths.
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Fig. 2 SEM images of Sn nanostructures with different nominal
thicknesses at a deposition rate of 0.05 A/s: (a) 5 nm, (b) 20 nm and
(c) 50 nm. The insets show the FFT spectra of each figure, indicating
the average period in each case. (d) Linear fit of Sn dot diameter (the
black line) and period (the blue line) versus nominal thickness.

On the other hand, higher deposition rate makes Sn dots larger in
size and less circular in shape. For example, for the same 20 nm
nominal thickness, Sn deposited at 0.2 A/s has a period of 180 nm
and an average diameter of 150 nm, compared to 140 nm and 80
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nm at a deposition rate of 0.05 A/s (Fig. S3 in supplemental in-
formation). This provides another handle to control the period and
size of Sn nanodots for desirable optical performance.

Device Modeling

With the geometry and dimensions of Sn nanostructures revealed
by microscopy, modeling of Sn nanostructures is performed using
finite element method (FEM, COMSOL Wave Optics Module).
Hexagonally arranged Sn pellets are used to represent the pseudo-
periodic Sn nanodots. As shown in Fig. 3a, the period, radius and
height of Sn nanodots are 180 nm, 75 nm and 40 nm, respectively,
based on SEM (including FFT analyses) and AFM analyses. Note
that similar approximation based on the FFT analysis of pseudo-
periodic self-assembled structures has been proved successful in
previous literature 337 because the length scale of the ordering
(~pm in this case) is already much larger than the wavelength of
interest (~200-300 nm). It is similar to the way that Bloch wave
approximation still works well for microcrystalline materials even
though the potential is no longer perfectly periodic. Our previous
work has also shown clear advantages of using Sn nanostructures
vs. continuous thin films in enhancing the UV absorption near the
metal/oxide interface to facilitate hot electron transport.’® For the
simulation, normal incidence of transverse-magnetic (TM) polar-
ized light is used. However, due to the symmetric geometry for
normal incidence, the result is actually independent of polariza-
tion. Fig. 3b shows an example of the simulated normalized mag-
netic field distribution for the Sn nanostructures on SiO; (10 nm
thick)/Si illuminated at A=250 nm.
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Fig. 3 (a) Schematic figure of the model for Sn nanodots evapo-
rated at 0.2 A/s with a nominal thickness of 20 nm. The red rectangle
shows the unit cell for modelling. The period of the structure is 180
nm and radius of the Sn nanodots is 75 nm, as revealed by SEM. The
height of Sn dots is 40 nm, as revealed by AFM. The substrate is 10
nm thermally grown SiO; on Si. The simulation results in (b)-(d) are
based on the geometry in (a). (b) Normalized magnetic field distribu-
tion around Sn/SiO,/Si structure with normal incident TM polarized
light at a wavelength of 250 nm. (c) Simulated and measured reflec-
tance (in blue) and transmittance (in red) spectra of the Sn nanodots
on quartz sample. (d) Simulated and measured reflectance spectra (in
blue) of the Sn nanodots on SiO»/Si. The red dash line shows the
simulated absorption of Sn on SiO,/Si.

The simulated reflectance and transmittance spectra of Sn nandots
on quartz agree well with the experimental data (Fig. 3c), so is the
reflectance spectrum of Sn nanodots on SiO,/Si (Fig. 3d). Such a
good agreement between modeling and experiment allows us to

evaluate the UV absorption of Sn nanostructures on SiO»/Si via
modeling with reasonable accuracy (see the dashed red line in Fig.
3d), even though it is not possible to tell the absorption of the Sn
nanostructures from that of the Si substrate solely from the exper-
imental data. Based on the simulation results, the spectrally aver-
aged UV absorption of the pseudo-periodic Sn nanostructure on
Si0,/Si is 74.1% in the range of A=200-300 nm, quite remarkable
considering that the thickness/height of Sn nanodots is only 40
nm. Note that this thickness is within the mean free path of hot
electrons, which greatly facilitates the transport of UV excited hot
electrons across the metal/oxide potential barrier, as will be dis-
cussed later. To elucidate the mechanism of the high UV absorp-
tion, Fig. 3b further shows that the optical field around Sn nano-
dots is greatly enhanced as a result of the strong localized surface
plasmon resonance, thereby contributing to the high UV absorp-
tion of the Sn nanostructures. This is further supported by the
absorption peak at A~250 nm in Fig. S5 of the Supplemental In-
formation.

Photocurrent Measurement and Analysis. Photocurrent meas-
urement is performed by measuring current-voltage (I-V) charac-
teristics with a modulated light source and a lock-in amplifier to
minimize the background noise (Fig. 4a). A photo of an exempla-
ry sample with various device sizes is shown in the inset of Fig.
4a. The UV source is provided by a UV light emitting diode
(LED) with an emission peak at A=269 nm and a spectral full
width of half maximum of 12 nm. The output power of the LED is
0.71 mW and the light spot area is 0.28 cm?. Since the UV LED
has a hemispherical collimator lens with a beam divergence of <6°
and it is kept closed to the sample, the UV light can be considered
evenly distributed within the spot. For the visible light source, a
fluorescent white light source with a color temperature of 4100 K
and a 650 nm wavelength red laser are used. The optical power
density of the fluorescent white light source is measured to be
0.98 mW/cm?, on the same order as that of the UV LED (2.54
mW/cm?). The spectrum of the fluorescent light is shown in Fig.
S6 of the Supporting Information. The output power of the red
laser is 3.75 mW and the Gaussian beam spot size is 0.04 cm?.
The MOS device is placed on a Cu plate with top and bottom
probe tips collecting the current. To determine the effective de-
vice area, we also measure the capacitance of the device while
keeping the same probe position as the I-V measurement. By
comparing the experimental and theoretical capacitance values of
the Sn nanodot/Si0O,/Si nanophotonic MOS structure, the effective
device area used for optical responsivity measurements is deter-
mined to be S=4.2x10* ¢cm?, or ~200x200 um?. Then the respon-
sivity of the device under various illumination can be calculated
from the photocurrent and the incident optical power on the de-
vice area (Fig. 4b).
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Fig. 4 (a) Schematics of the setup for photocurrent measurement
with a lock-in amplifier. The inset of the figure shows the photo of an
exemplary sample with different device sizes. (b) Responsivity of the
Sn nanodot/Si0,/Si device under UV LED, red laser, and fluorescent
white light excitation (color temperature=4100 K). (c) Comparison of
the theoretical and the experimentally measured voltage dependence
of the UV photocurrent.

With increasing bias voltage, the responsivity under UV excita-
tion steadily increases as a result of the internal photoemission
process of the UV-excited hot electrons, reaching 20.7 mA/W at
3V bias. On the other hand, the responsivity under visible light
excitation is 2-3 orders of magnitude lower, i.e. 0.03 mA/W at 3V
bias for the red laser and 0.18 mA/W for the fluorescent white
light. In fact, the photocurrents measured under the red laser and
the fluorescent white light source are both similar to the dark cur-
rent background, which is on the order of 0.1 nA at 3-4 V bias.
Therefore, this visible responsivity is likely limited by the back-
ground noise from the electronic equipment. We also find that
adding a second layer of Sn nanodots can further improve the UV-
to-visible selectivity up to four orders of magnitude, although the
absolute UV responsivity is decreased. The details can be found in
the Supporting Information, Figs. S8 and S9.

The voltage dependence of the photocurrent agrees with the image
force potential well model developed by Berglund and Powell.>*#°
The theory points out that, for photoinjected electrons with suffi-
ciently large energy (such as the hot electrons excited by UV pho-
tons in our case), the voltage dependence of the photoinjected
current can be written as:

I = Aexp [—(Vo/V)"2], (L.1)

where
Vo = qd/16ms;l? and V=V,+¢,— ¢,

Here A is the scale factor, q is the electron charge, d is the oxide
thickness, ¢; is the dielectric constant of the oxide, V, is the ap-
plied voltage, ¢, and ¢, are the barrier energies at the two oxide
interfaces (Sn/SiO, and SiO,/Si, respectively), and / is the mean
free path for photoinjected electrons in the oxide.

In our case, we modify the applied voltage V. by an effective
voltage offset V. This voltage offset is due to the relatively poor
contact between the backside of the device substrate and the cur-
rent collecting probe. The value of V; shall be smaller or near
zero as we improve the backside contact in future (such as care-
fully metallizing the backside of the Si wafer for wire bonding).
Now the theoretical photoinjected current is written as:

1
_ _ Yo 2
I'=Aexp{ [(Va+¢1—¢z—v1)] b (1.2)

Fig. 4c shows the experimental and theoretical photocurrent I-V
characteristics for our Sn nanodot/SiO,/Si nanophotonic MOS UV
detector, which agrees well with each other. The SiO, thickness d
is 10 nm and dielectric constant for SiO; g; is 3.45 x10"!! F/m.
The Sn-Si Schottky barrier height is 0.7 eV according to our
measurement in Fig. S2 (see Section 2 of the supporting infor-
mation), which also equals to (¢, — ¢,)/e. The fitting parame-
ters are A=0.089 pA, /=0.6 nm and V;=0.6 V. Previous work
shows that for a photoinjected electron with an energy of 5.0 eV,
the estimated mean free path in SiO, is /=2.6 nm.*’ Our result
indicates a less ideal oxide quality with a smaller mean free path
for electrons at similar energy (4.6 eV). Therefore, the hot elec-
tron transport and the corresponding UV responsivity could be
further improved by optimizing the thin thermal oxide layer.

A UV responsivity of 29.3 mA/W is achieved at 4 V bias. This
gives an estimated device external quantum efficiency of
EQE=13.5% and an IQE of ~18.0 %, considering the 75.0% UV
absorption at A=269 nm. This performance far exceeds the IQE of
typical Schottky interface-based hot electron photodetectors,
which is ~1%.4""* This result proves the effectiveness of the pho-
ton management using Sn nanophotonic structures with high DOS
near the Fermi level, which greatly improves the UV absorption
near the metal/oxide interface to maximize the hot electron excita-
tion and transport process. Compared to metal/semiconductor
Schottky detectors, the surface passivation by the 10 nm-thick dry
oxide may also play a notable role in reducing interfacial traps
and enhancing hot electron transport across the interface.

The noise-equivalent power (NEP) of the device is mainly limited
by the dark current due to the less ideal oxide quality, as men-
tioned earlier in evaluating the mean free path of photo-generated
hot electrons in the oxide. It is given by *°

NEP =2(hv/EQE)(Ip/@)"/?, 2.1)

where hv is the UV photon energy, EQE is the external quantum
efficiency, Ip is the dark current, and q is the electron charge. The
corresponding specific detectivity (D) is given by *°

D* = (S+B)Y?/NEP, (2.2)
where S is the device area and B is the bandwidth. Usually NEP
and D" are evaluated at B=1 Hz.
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Fig. 5. Specific detectivity vs. applied voltage for the device under an
UV excitation wavelength of A=269 nm.

The specific detectivity vs. applied voltage at a UV excitation
wavelength of A=269 nm is shown in Fig. 5 for a device area of
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S=4.2x10* cm?. A detectivity on the order of 10'! cm Hz!'> W is
achieved at 2-4 V bias. This performance is 1-3 orders better than
the metal-semiconductor-metal (Schottky junctions) and metal-
insulator-semiconductor solar-blind UV detectors reported earli-
er,’® demonstrating the effectiveness of our new approach. As
mentioned earlier, further improving the oxide quality should
reduce traps in the oxide, thereby reducing the dark current and
increasing the photocurrent. The absorption enhancement can also
be further improved by directly defining gratings on Si substrates
and reducing overall metal layer thickness, as suggested by our
theoretical modeling. ** Future design of avalanche gain within
this nanophotonic MOS UV detector, or integration with Si quan-
ta image sensor with room-temperature photon-counting capabil-
ity,’ can further improve the sensitivity of these devices.

Conclusions. We demonstrate a nanophotonic solar-blind UV
detector that makes use of hot electron excitation and transport in
a MOS structure. The potential barrier at the Sn/SiO, interface
successfully rejects photoresponse from visible photons, enabling
a UV responsivity 3-4 orders of magnitude higher than that of the
visible light. Self-assembled pseudo-periodic nanostructures of
thermally evaporated Sn have been fabricated with desirable peri-
ods and sizes to optimize the UV absorption. The high DOS of Sn
near the Fermi level and the photon management in the Sn
nanostructures greatly improve the efficiency of UV absorption.
Strong absorption (~75%) of UV light from 200 nm to 300 nm
has been achieved within 40 nm of the Sn/SiO; interface to facili-
tate hot electron excitation and transport across the Sn/SiO, inter-
facial barrier. Thanks to the photon management of the Sn
nanostructures, the IQE at A =260 nm reaches up to 18%, >10x
higher than existing metal/semiconductor Schottky photodetec-
tors. This device utilizes simple, Si-process compatible materials
and facilities, making it easy to fabricate and integrate with Si
read-out integrated circuits (ROICs) compared to existing solar-
blind UV detection schemes. The same device principle can be
further extended to hot electron MOS IR detectors to cover the
spectral regimes inaccessible to conventional Si-based photode-
tectors.

Sn Nanodot Deposition. Sn nanodots are thermally evaporated
on SiO»/Si substrates using a Kurt Lesker Lab 18 physical vapor
deposition system. The base vacuum of the system is ~3x10%
Torr.

Morphological Characterization. Tescan Vega3 thermionic
emitter scanning electron microscope (SEM) is used in the ge-
ometry and dimension characterization of Sn dots, i.e. Fig. 2a-c.
Statistical data of the diameters of Sn nanodots and the gaps be-
tween the Sn nanodots (i.e. Fig. 2d) are obtained by FFT. The
results have been furthered confirmed by manually measuring
random Sn dots on the SEM images of each sample.
Veeco/Digital Instruments Dimension 3100 Atomic Force Mi-
croscopy (AFM) is used in the morphological characterizations,
i.e. Fig. S4. Tapping mode is used in all cases.

Device Fabrication. We fabricate the devices in the following
procedure: first, 10 nm SiO; is grown on RCA cleaned n-Si (001)
substrates (average resistivity=0.04 ohm-cm) by dry oxidation at
1000 °C for 15 minutes, followed by N, annealing at 1000 °C for
1 hour to improve the interface quality.*® Then Sn nanostructures
with a nominal thickness of 20 nm is evaporated at 0.2 A/s onto
the SiO, layer. For solar-blind UV detectors, the Sn nanostruc-

tures are deposited through various sizes of mask openings rang-
ing from 50x50 um? to 2x2 mm?. The deposition rate and nominal
thickness have been chosen to achieve the desired nanostructures
(i.e. nanodot diameter and period). The same deposition has also
been carried out on quartz substrates for optical characterization
of the Sn nanodots. From SEM and AFM images, the average
period, nanodot diameter, and height of the Sn nanostructures are
characterized (see Fig. 2 and Figs. S3 and S4 in the Supporting
Information).

Device Optical Characterization. The transmittance and reflec-
tance spectra from A=200 nm to 300 nm are measured by a Jasco
V-570 spectrometer equipped with a Jasco ISN-470 integrating
sphere. The absorption is derived as:

Absorption = 1-transmittance-reflectance (1.3)
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Photoemission spectra from the valence bands of Sn and Au
demonstrating the DOS of electrons in these materials, I-V char-
acteristics of Sn/Si Schottky diodes for deriving the Schottky
barrier height, SEM images of nominally 20 nm-thick Sn with
different deposition rates, AFM analyses on patterned Sn to de-
termine the heights of the Sn nanodots, absorption spectrum of the
20 nm Sn/quartz sample in a broader spectral regime of A=200-
800 nm, emission spectrum of the fluorescent white light source,
comparison of the measured C-V curve with the theoretical one
for a Sn/SiO»/Si MOS structure, SEM image and optical spectra
of two-step deposited Sn nanodot samples, and the UV and visible
responsivity of a typical two-step deposited Sn/SiO,/Si device are
presented in Fig S1-S9, respectively.
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1. The Density of States (DOS) of Sn near the Fermi level

8.0k Fermi Level
% &
@)
c O 6.0k] '
= = \
N ©
€S L
3 T 4.0k- - ;.o %
O 8. %Ooo dl'".&°°°o’ ¥
o 3 o~ N i
DL_ Sn 003? .000 i
~ 2.0k- °*° :’%wwooag

1230 1235 1240 1245 1250 1255
XPS Photoemission Energy (eV)

Fig. S1. Photoemission spectra from the valence band of Sn compared to that of Au. The intensity of the photoemission (in counts/min) is
proportional to the density of states (DOS). The data are collected from Fig. 3 in Ref. 23 and replotted here. This figure shows that Sn has a
relatively high density of states near the Fermi level compared to Au, meaning that that there are a large number of electrons available for
the UV excitation and injection across the Sn/SiO; interface, as schematically shown in Fig. 1b of the main text. Therefore, the high DOS
near the Fermi level in Sn enhances the absorption of UV photons with energies close to the metal/oxide barrier height (Dg).



2. Measuring the Work Function of Thermally Evaporated Sn

Although one study gives the work function of Sn as Ws,=4.42 €V,5! the actual result is dependent on several factors, including sample
surface morphology, crystallinity, facet of the contact plane, and method of measurement. In Ref. S1, Sn is a polycrystalline thin film with
unknown thickness and the method is to measure contact potential difference with Al. Another study performs scanning Kelvin probe
measurement and ultraviolet photoelectron spectroscopy on bulk polycrystalline Sn, obtaining a work function of 4.47+0.008 eV and
4.14+0.19 eV, respectively.5?> With different preparation methods, surface morphology of the sample and measurement methods, the actual
value of Sn work function could be different. 52-° So it is necessary to measure the work function of the Sn nanostructures fabricated and
tested in this work.

To determine the work function of Sn, Sn on Si Schottky junction samples are prepared. The substrate is phosphorus-doped N-type <100>
Si with an average resistivity of 0.04 ohm-cm. This gives an n-type doping concentration of 3.4x10'7 cm?. The electron affinity of Si is
%si=4.03 eV. Based on the Schottky barrier height of Sn/Si junction, given by ®s,-si=Wsn-)si, the work function of Sn can be calculated.

The fitting is based on the conventional Schottky barrier thermionic emission theory model: 3
(V-IRs)
I=1, [exp(%)—l], (SL.1)

where Iy is the saturation current, n is the ideality factor and R is the series resistance. The saturation current Iy is given by

lo = AA'T2exp (—*22)

kT (S1.2)

where A is the contact area, A* is the Richardson constant and ¢g is the Schottky barrier height.

For nominally 50 nm and 100 nm-thick Sn deposited on Si, the Schottky barrier heights obtained by fitting the I-V data in Fig. S2 are 0.73
eV and 0.71 eV respectively. This means the work function of Sn should be around 4.74~4.76 eV. The higher work function compared to
the bulk Sn material is likely due to the formation of Sn nanodots in our case.
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Fig. S2. -V characteristics of two Schottky junctions: 50 nm Sn and 100 nm on Si. The curve fitting using Eq. S1 yields Schottky barrier
heights of ~0.7 eV in both cases.



3. Morphology of Sn nanodots deposited at various rates.

Fig. S3 shows SEM images of Sn deposited at different rates for the same nominal thickness of 20 nm. The deposition rates are 0.05 A/s,
0.1 A/s, 0.2 A/s and 0.4 A/s, respectively, for Fig S3a-c. For Sn deposited at relatively low rates (0.05~0.1 A/s), the average diameter is 80
nm and period is around 140 nm. With increasing deposition rate, the average diameter increases to 140~150 nm and the period also in-
creases to 180~200 nm.

We believe this is result of the annealing affect during evaporation. Previous research has shown that surface temperate will affect Sn mor-
phology during deposition,*® as well as post-deposition annealing of deposited Sn. >’ In this work, faster deposition rate means less surface
diffusion of Sn atoms, thus less annealing effect. Therefore, Sn deposited at higher rate (0.2~0.4 A/s) appears less circular and more flat-
tened.

Fig. S3. Nominally 20 nm-thick Sn deposited on SiO»/Si at various rates: (a) 0.05 A/s, (b) 0.1 A/s, (c) 0.2 A/s and (d) 0.4 A/s. The insets
of the figures show the Fast Fourier Transform (FFT) images of the SEM images, indicating the pseudo periodicity of the self-assembled
Sn nanodots.
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4.  AFM measurement of Sn nanostructures.

AFM measurement provides information about the surface morphology of the deposited Sn nanostructures and the height of the Sn nano-
dots. The sample is patterned by photolithography and lift-off process. This leaves trenches where no Sn is deposited so that the height of
the Sn dots can be precisely measured by investigating the surface profile across the boundary between the regions with and without Sn
nanodots (see lines 1-3 in Fig. S4). This profile extraction shows that the average height of Sn nanodots is ~40 nm.
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Fig. S4. (a) AFM measurement on patterned Sn nanodots. Lines 1-3 indicate the locations of three measurements across the boundary
between the regions with and without Sn nanodots. (b) Surface profile extraction across the boundary between the regions with and with-
out Sn nanodots at lines 1-3 in (a).
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5. Absorption spectrum of the 20 nm Sn/quartz sample in a broader spectral regime
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Fig. S5. Absorption spectrum of the 20 nm Sn/quartz sample at A=200-800 nm. An absorption peak is clearly observed at
A~250 nm.

6. Optical Emission Spectrum of the Fluorescent White Light Source
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Fig. S6. Optical emission spectrum of the fluorescent white light source with a color temperature of 4100 K.
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7.  Capacitance-Voltage Measurement

Capacitance-voltage (C-V) characteristics of the Sn nanodots/Si0,/Si MOS device is measured and compared with the theoretical value to
determine the effective contact area of the device. Theoretical C-V is calculated using MOSCap, a simulation tool for MOS capacitor mod-
elling.5'° The dielectric constant of the gate oxide is set to 3.9 while the work function of Sn is set to 4.7 eV (according to the results in
Fig. S2). The doping level for N-type Si substrate is set to 3.4x10'7 cm™ based on the resistivity of the Si substrate (0.04 ohm-cm on aver-
age).

To maintain the same condition of electrical contacts as the photocurrent I-V measurements, we perform C-V measurement right after each
photocurrent measurement, keeping the probe tip at exactly at the same position. In this way, the effective device area can be derived from
the C-V data for each photocurrent measurement, which is then used to calculate the responsivity and quantum efficiency.

Fig. S5 shows an example of the measured vs. the simulated C-V curves. The metal contact is consisted of two-step deposited Sn (20+20
nm). The metal contact size is 4 mm x5 mm. The C-V measurement is carried out with a LCR meter (HP 4284A). The frequency is set to
1000 Hz. The general trend of C-V agrees well with theoretical result, indicating that the oxide of the device has reasonably good electrical
quality.
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Fig. S7. Comparison of measured C-V curve with theoretical C-V curve of a Sn/SiO,/Si MOS structure
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8. Two-step Sn deposition and Optoelectronic Characterization.

We attempted a two-step deposition method to further engineer the UV selectivity. After the sample is deposited with Sn and cools down
to room temperature, the same deposition process is repeated as a second-step deposition. Compared to continuous deposition which forms
larger nanodots, this method produces two groups of Sn nanodots with similar pseudo-periodic characteristics (Fig. S6a). FFT result shows
that the two-step deposition has a period of 160 nm, slightly larger than that of the single-deposition case in Fig. 2b (140 nm). With Sn dots
in the second step of deposition filling the gaps of first step, the coverage of Sn dots is improved to reduce the direct exposure of Si to visi-
ble photon excitation, which could generate a small amount of tunneling current assisted by visible photons. On the other hand, we did
observe some stacked Sn dots which could unwantedly increase the transport path length of UV-excited hot electrons. Overall, we would
expect a higher UV-to-visible spectral selectivity at the cost of lower absolute responsivity. This expectation has been confirmed by exper-
imental results, as will be discussed shortly.

Similar modelling and optical characterization have also been carried out on the two-step deposited Sn samples (Figs S6 b-d). The result
shows that it has a spectrally averaged absorption of 75.6% from 200 nm to 300 nm.
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Fig. S8. (a) SEM image of two-step deposited Sn sample. The FFT analysis in the inset shows a pseudo period of 160 nm. (b) Model for
two-step deposited Sn with parameters from SEM and AFM measurements. (¢) Simulated and measured reflectance and transmittance of
Sn on quartz sample. (d) Simulated and measured reflectance of Sn on SiO,/Si sample. The red dash line is the simulated absorption of Sn
on SiO,/Si.

As expected, photocurrent measurement in Fig. S7 on two-step deposited Sn samples indeed shows higher UV-to-visible spectral selectivi-
ty at the cost of smaller responsivity compared to the samples with single-step deposited Sn nanodots. The responsivities for UV and visi-
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ble light are 1.33 mA/W at A=260 nm and 0.25 pA/W at A=650 nm, respectively. On the other hand, the selectivity between UV and visi-
ble is improved, up to 4 orders of magnitude versus 3 orders in single-step deposited Sn samples. The trade-off between UV responsivity
and spectral selectivity can be further optimized by tuning the height of the Sn nanodots via the nominal Sn layer thickness.

The voltage dependence of photocurrent is similar to one-layer Sn, too (Fig. S7b). The fitting parameters are 1=1.24 nm, A=0.0055 pA and
V1=0.97 V. The different estimated mean free path of hot electrons in SiO, in two-step vs. single-step deposited Sn nanodot samples also
indicates that there is variation of SiO, quality from different devices, which can be further improved and optimized.
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Fig. S9. (a) UV and visible responsivity of a typical two-step deposited Sn/SiO,/Si device. (b) Comparison of theoretical and measured
voltage dependence of UV photocurrent.
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