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forms of Schottky diodes, p—n diodes,

p—i—n diodes, and back-to-back
Schottky metal—semiconductor—metal (MSM)
PDs are widely used owing to their monolithic
integratibility with low-cost complementary
metal-oxide-semiconductor technology.’
Among them, MSM PDs exhibit attractive
applications in optoelectronic integration
circuits with advantages such as planar
device structure, easy fabrication processes,
and fast response. The broadband PDs have
been carried out with Ill-V semiconductors,
organic semiconductors/inorganic nano-
crystals, and carbon nanotubes/organic
semiconductors/Cgo.> % With the advan-
tages of CMOS-compatible processing and
reduced cost, the Si-based broadband de-
tectors are highly desirable.* Considering
the optical sensitivity of Si, the Si PDs have
some performance limitations, such as low
peak quantum efficiency and relatively weak
spectral responses in UV (<400 nm) and
near-infrared (NIR) wavelength (>700 nm)
regions. The lack of UV response associated
with the limited UV penetration depth im-
poses a crucial limitation in Si PD applica-
tions to astronomical detection and atmos-
pheric and space remote sensing.” The
weak photoresponse in the NIR region to-
gether with the interference fringes in the
long-wavelength response due to Fabry—
Perot resonance leads to the insufficient
NIR sensitivity, limiting Si PDs to imaging
applications.®”

To boost the responsivity by reducing the
surface reflection, most PDs are provided
with antireflection coatings (ARCs).2? Typi-
cally, a single-layer ARC is made by a quarter
wavelength (1/4) dielectric layer, e.g., MgF,,
SiN, TiO,, ZnO, or ZnS.'® However, the 1/4

Si—based photodetectors (PDs) in the
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ABSTRACT This study describes a strategy for developing ultra-high-responsivity broadband Si-

based photodetectors (PDs) using Zn0 nanorod arrays (NRAs). The ZnO NRAs grown by a low-

temperature hydrothermal method with large growth area and high growth rate absorb the photons

effectively in the UV region and provide refractive index matching between Si and air for the long-

wavelength region, leading to 3 and 2 orders of magnitude increase in the responsivity of Si

metal —semiconductor—metal PDs in the UV and visible/NIR regions, respectively. Significantly

enhanced performances agree with the theoretical analysis based on the finite-difference time-

domain method. These results clearly demonstrate that Si PDs combined with Zn0 NRAs hold high

potential in next-generation broadband PDs.
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ARC works only at a specific incident angle
and a single incident wavelength via the
destructive interference of waves reflected
from the top and the bottom of the ARC."
Recently the availability of nanofabrication
has enabled the engineering of materials with
desired antireflective characteristics.®'%'2~2°
For example, antireflective nanostructures
based on the effect of zero-order grating were
fabricated by etching techniques.'* '® De-
spite the superior antireflective properties,
the resulting surface defect states created by
etching processes could degrade the perfor-
mance of devices. Moreover, Schubert et al.
reported that nanostructured multilayers as
an ARC with a tailored refractive index profile
can be made using oblique sputtering®'®
However, the more complicated the fabrica-
tion used to improve the desired properties,
the higher the production cost. Recently ZnO
nanostructures also demonstrated exciting
possibilities for next-generation ARCs to sup-
press the Fresnel reflection effectively.'**'%2
Despite the many investigations on fabrica-
tions and optical characterizations of nano-
structure-based ARCs, more practical device
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Figure 1. (a) Optical microscopic top-view image, (b) sche-
matic of the Si MSM PD with ZnO NRAs, and (c) wafer-scale
photographs of the Si MSM PDs with ZnO NRAs and
polished Si.

applications are needed to demonstrate their feasibil-
ity. Moreover, one should note that ZnO nanowires
also exhibit ultrahigh UV sensitivity (for ~pW level light
detection) due to their special semiconducting, photo-
nic, and piezoelectric properties and pronounced sur-
face effects.?®

In this study, we demonstrated Si MSM PDs with ZnO
nanorod arrays (NRAs) as a top layer, which absorbs the
UV photons (photon energy > band gap of ZnO)
effectively and serves as an ARC layer, providing an
effective refractive-index gradient between Si and air
in the long-wavelength region (photon energy < band
gap of ZnO), enabling broadband detection with
greatly enhanced responsivity. The responsivity of Si
MSM PDs is increased by up to 3 orders of magnitude in
the UV region and by 2 orders of magnitude in the
visible/NIR regions due to ZnO NRA layers. The huge
enhancement of broadband detection by Si MSM PDs
with ZnO NRAs could allow the low-cost production of
photonic devices and extend the application potential
for Si-based optoelectronic devices.

RESULTS AND DISCUSSION

An optical microscopic image, a schematic of the Si
MSM PD with ZnO NRA ARCs, and a photograph of the
samples with large area (4-in. wafer), i.e., Si MSM PDs
with ZnO NRAs and polished Si wafer, are depicted in
Figure 1. As shown in Figure 1c, we demonstrate that
the large-scale ZnO NRAs can be grown on the p-Si
substrate using hydrothermal methods, and the Si
wafer with ZnO NRA/Si PDs exhibits a gray color due
to the lower reflectance of ZnO NRAs, while the
polished one exhibits a clear reflected image. SiO,
layers of 100 nm thickness were deposited on Si
MSM PDs before the ZnO NRA growth. SiO, as a
passivation layer can reduce the leakage current effec-
tively since the ZnO nanorods are not an insulating
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Figure 2. (a) Cross-sectional SEM image of the as-grown
ZnO NRAs on Si MSM PDs, (b) XRD pattern of as-grown ZnO
NRAs on Si MSM PDs, and (c) HRTEM image of the single ZnO
nanorod grown on Au electrodes. The inset in (a) is the low-
magnification SEM image of ZnO NRAs on the Si MSM PD
surface with a tilt angle of 45° with respect to the normal of
the sample.

material owing to a lot of intrinsic oxygen defects on
the surface.?* As shown in Figure S1 in the Supporting
Information, the dark current can be decreased by up
to 2 orders of magnitude under 15 V bias with the
presence of SiO, passivation layers. Figure 2a is a cross-
sectional scanning electron microscopy (SEM) image of
the NRAs on the Si MSM PDs, showing that large-scale,
well-aligned ZnO NRAs were successfully grown on the
Si MSM PDs by the hydrothermal approach. The den-
sity, diameter, and length of the ZnO NRAs on the Si
MSM PDs are approximately 1.6 x 10° cm ™2, 110 nm,
and 4.5 um, respectively. The X-ray diffraction (XRD)
spectrum of Si MSM PDs with ZnO NRAs in Figure 2b
shows that all peaks are indexed as a hexagonal
wurtzite ZnO structure. The high-resolution transmis-
sion electron microscopy (HRTEM) image of a single
ZnO nanorod, as shown in Figure 2c¢, indicates that the
ZnO NRAs are single crystalline and grow along the
[0001] direction. It has been reported that among
various growth methods of ZnO nanostructures, ZnO
nanorods/nanowires with high crystal quality can be
grown perpendicularly on any surface of devices/sub-
strates using the hydrothermal method with advan-
tages such as low-temperature process, large-area
growth, and high growth rate.?

In order to highlight the enhancement of the photo-
response using ZnO NRAs, conventional Si MSM PDs
were fabricated without ZnO NRAs as a comparison.
Figure 3 shows the current—voltage (/I—V) character-
istics of the pristine Si MSM PDs and Si MSM PDs with
ZnO NRAs measured in the dark and under 543 nm
He—Ne laser illumination (photon energy = 2.3 eV)
with a power density of 4.1 x 10 w/m? Under 15 V
bias, the photocurrent to dark current contrast ratio of
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Figure 3. |-V characteristics of the Si MSM PDs with and
without ZnO NRAs measured in the dark and under 543 nm
illumination. The light power density is 4.1 x 10% w/m?.

Si MSM PDs is increased from 2.5 to 380 by introducing
ZnO NRA layers. Note that the green light at 543 nm is
not absorbed by wide-band-gap ZnO (3.3 eV at room
temperature). In other words, the photocurrent en-
hancement of Si MSM PDs is due to the fact that the
antireflective ZnO NRA structures guide the photons
efficiently to create more opportunities for generating
the photocurrent in Si MSM PDs.

To further confirm the antireflective characteristics
of ZnO NRAs, the total reflection spectra were mea-
sured, as shown in Figure 4. ZnO NRAs drastically
reduce the reflection over a wide range of wave-
lengths. The reflectance of Si MSM PDs with ZnO NRAs
is decreased to below 1% in the UV region and 35% in
the visible/NIR regions due to the strong band gap
absorption of ZnO NRAs in the UV region and the
graded effective refractive index profile of the NRA
layers in the visible/NIR regions, which will be stated as
follows. When the energy of the incident photons is
near or larger than the band gap energy of ZnO, the
reflection in the UV region is related with band gap
absorption of ZnO, leading to the flat and low reflec-
tion spectra. As the wavelength of incident light is
above 368 nm (lower than the band gap of ZnO), the
imaginary part of the refractive index of ZnO is negli-
gible, and thus ZnO is nonabsorbing.?® Due to the
length variation of NRAs and the tapering shape of NRA
tips, the filling factor (the area ratio of NRs to the total
substrate surface) of the NRAs increases with the depth,
leading to a gradual decrease of effective refractive
index from the surface of Si MSM PDs to the air based
on the effective medium theory.#'%'>2'?7 The refractive
index gradient causes the incident light to be reflected
at different depths in ZnO NRA layers, where the light
waves with different phases partially or wholly cancel
one another through destructive interferences, giving rise
to the broadband antireflective characteristics in the
visible/NIR regions.

In order to reveal the light propagation nature across the
interfaces, the steady-state distribution of electromagnetic
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Figure 4. Reflectance spectra of Si MSM PDs with and
without ZnO NRAs.

fields within the PD structures was simulated by finite-
difference time-domain (FDTD) analysis based on Max-
well's equations, which are used to calculate the propaga-
tion of the electromagnetic wave. For FDTD simulation, the
simplified PD structures are available in Figure S2 in the
Supporting Information. Figure 5a—c visualize the time-
averaged TE-polarized electric field intensity (|E,|) distribu-
tion within Si MSM PDs at 543 nm. All calculated values are
normalized to the ones of the excitation source. The insets
of Figure 5a—c, where the region of Si surfaces is enlarged,
show that the nanorods, separated by air gaps, not only
help light propagate across the interfaces by avoiding the
abrupt index transition from air to Si but also widen the
field distribution within the device by increasing the light
scattering on the surface. The space charge region width in
our Si PDs for 15 V bias is about 1.20 um using W = [2¢,-
(Vi + VR)/eNgl"?, where the permittivity is &, = 1.04 x
10~ "?F/cm, the built-in potential is Vi; = 0.67 V, the reverse-
bias voltage is Vz = 15 V, and the doping concentration is
Ng=140 x 10" cm 328 In order to detect the optical power
in the space charge region in Si PDs, we set the detector at
0.6 um below the surface of Si in the simulation. Figure 5d
shows the optical power of TE-polarized light detected at
0.6 um below the surface of Si as a function of time in bare
Si MSM PDs, Si MSM PDs with ZnO films, and Si MSM PDs
with ZnO NRAs. The steady-state power values at 543 nm
for the bare Si MSM PDs, Si MSM PDs with ZnO films, and Si
MSM PDs with ZnO NRAs are 0.49, 0.57, and 0.65, respec-
tively, indicating that ZnO NRA layers can increase the
number of photons reaching the light absorption regions
and thus the possibility for generating photocurrents,
which agrees with the /—V enhancement under 543 nm
illumination seen in Figure 3. Similar results of TM-polarized
magnetic field intensity (|H,]) distributions are available in
Figure S3a, S3b, and S3c in the Supporting Information. The
steady-state power values of TM-polarized light at 543 nm
detected at 0.6 um below the surface of bare Si MSM PDs,
Si MSM PDs with ZnO films, and Si MSM PDs with ZnO
NRAs are 045, 048, and 0.53, respectively, as indicated in
Figure S3d in the Supporting Information, demonstrating
the importance of antireflective ZnO NRA layers as well.
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Figure 5. Time-averaged and normalized TE electric field, |E,|, distribution at 543 nm simulated by FDTD analysis (a) within the
bare Si MSM PDs, (b) with ZnO films, and (c) with ZnO NRAs. (d) Normalized optical power, detected at 0.6 «m below the
surface of Si, as a function of time. The insets in (a)—(c) are the enlarged images at the top Si surface.

To evaluate the spectral photoresponse, the Si MSM
PDs with ZnO NRAs were characterized by measuring
the responsivity in the spectral range from 300 to
800 nm under the bias of 15 V, as shown in Figure 6.
In addition to using a pristine Si MSM PD as a direct
comparison, we also had a control device by just
applying 100-nm-thick layers of ZnO. Except for the
difference in morphologies between ZnO NRAs and
ZnO layers, the two PDs were fabricated using the
same process flow. One can see that there are distinct
spectral responses. Pristine Si MSM PDs achieve poor
UV and NIR responses. A significantly improved photo-
response of the Si MSM PDs with ZnO NRAs from UV to
NIR regions indicates that the ZnO NRAs can not only
enhance the responsivity of Si MSM PDs but also
extend the detection region from UV to NIR. The
responsivity of Si MSM PDs is enhanced by over 2
orders of magnitude in the visible/NIR regions by ZnO
NRAs. Surprisingly, the responsivity is increased by up
to 3 orders of magnitude in the UV region due to the
introduction of ZnO NRAs. One should note that the
nanostructured Si PDs were fabricated by various
etching techniques.?*3° Despite their superior AR
properties, the resulting surface defect states created
by the etching process reduce the performance of
nanostructured Si PDs, restricting their practical appli-
cations in optoelectronics. Moreover, the nanostruc-
tured Si PDs still exhibit a weak sensitivity of UV
detection due to the physical limitations of Si.

As compared with those with ZnO NRAs, Si MSM PDs
with 100-nm-thick ZnO layers show a similar ability in
UV regions but poor ability to detect visible/NIR light,
distinguishing Si MSM PDs with ZnO NRAs as ultra-
high-responsivity broadband PDs. The authors suggest
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Figure 6. Comparison of the spectral responsivity under
15 V bias.

that the significant enhancement of broadband re-
sponsivity can occur via two distinct mechanisms
operating in different spectral regions (above and
below the band gap energy of ZnO). As the energy of
the incident photons is much lower than the band gap
energy of ZnO, more photons collected at the deple-
tion region of the p-Si/Au through the antireflective
ZnO NRAs contribute to the responsivity enhancement
in visible/NIR regions. The comparisons of the respon-
sivity spectra of Si MSM PDs with ZnO NRAs to Si MSM
PDs with only 100-nm-thick ZnO layers in visible/NIR
regions reveal the importance of the morphology on
antireflective performances. As incident photon en-
ergy is higher than the band gap energy of ZnO, the
incident photons can penetrate only a limited depth
near the air/Zn0O interface. Accordingly, the ultrahigh
UV responsivity of SiMSM PDs with ZnO NRAs is related
with the band gap absorption of ZnO, which is also

voL.5 = No.10 = 7748-7753 = 2011 ACSNJAN()

N\

WWww.acsnano.org

7751



supported by the flat and low reflectance in the UV
region in Figure 4. The ultrahigh UV responsivity of Si
MSM PDs with 100-nm-thick ZnO layers close to that
with ZnO NRAs also confirms the above rationale.

Note that the responsivity of Si MSM PDs in the UV
region can be increased with ZnO NRAs even though
there is an insulating SiO, layer between semiconduct-
ing ZnO and metallic Au electrodes. The reasons are
discussed as follows. Metal—insulator—semiconductor
(MIS)-based PDs, such as the ZnO metal—insulator—
semiconductor—insulator—metal (MISIM) UV PDs and
ITO/SiO,/GaN MIS UV PDs, exhibit the enhanced
photocurrent to dark-current contrast ratios due to
the reduced leakage current by adding the SiO, passi-
vation layers.3'*2 Moreover, H. Zhu et al. reported that
the responsivity of Au/MgO/MgZnO MIS structure UV
PDs can be improved via the carrier multiplication
process in the insulating MgO layer.* As shown in
Figure S4 in the Supporting Information, the thickness
of the SiO, layer is only approximately 50 nm at the
sidewall of Au contact. The estimated electric field in
the SiO, layer is 1.5 x 10° V/cm at 15 V bias using £ =
V/d, where E is the electric field, V is the bias voltage,
and d is the thickness of the SiO, layers. Under such
high intensity of the electric field on the relatively thin
SiO; layer, the UV photogenerated carriers can tunnel
through the SiO, layer.33~3°

For the ultrahigh broadband responsivity, we con-
clude that when the light is illuminated on Si MSM PDs
with ZnO NRAs, the electron—hole pairs are mainly
generated in Siand ZnO NRAs by low-energy and high-

METHODS

The MSM PDs adopted Au electrodes with interdigitated
fingers on the p-type Si(100) substrate with a resistivity of
1—100 Qcm using photolithography, as shown in Figure 1.
The 200-nm-thick Au fingers were designed to be 8 um wide
and 150 um long with 8-um-wide spacing and were deposited
by electron beam evaporation to serve as Schottky contacts. Au
contacts were annealed at 600 °C under N, ambient with the
rapid thermal anneal process for 30 s. The active area of the
whole device was 250 x 158 um?. A 100-nm-thick SiO, passiva-
tion layer was deposited on Si MSM PDs using plasma-
enhanced chemical vapor deposition, followed by the deposi-
tion of a 100-nm-thick ZnO seed layer using radio frequency
(rf) magnetron sputter deposition with a rf power of 40 W
and a working pressure of 5 mTorr under a flow of Ar gases. ZnO
NRAs were grown in aqueous solution containing zinc nitrate
hexahydrate (Zn(NOs),, 10 mM) and ammonia (NH,OH) solution
at 95 °Cfor 2 h.

After the growth process, the resulting products were col-
lected for phase identification using XRD with a fixed incident
angle of 0.5°. A morphological study of ZnO nanostructures has
been carried out with a JEOL JSM-6500 field emission SEM.
Microstructure analysis was investigated using a JEOL 2100
HRTEM operating at 200 kV. The reflection spectra were mea-
sured with a JASCO V-670 UV—visible spectrometer in the
spectral range from 300 to 800 nm. The Keithley 4200-SCS
semiconductor characterization system and the EQE-R3011
(Enli Technology Co., Ltd.) spectral response system were used

TSAI ET AL.

energy photons, respectively.3® The generated carriers
drift toward the electrodes because of the applied
electric field. The seemingly efficient broadband
photoresponse from Si MSM PDs with ZnO NRAs
suggests that the ZnO NRAs not only guide photons
effectively as an antireflective nanostructure in the
long-wavelength regions but also absorb photons as
an effective photoconductor in the short-wavelength
regions. It is worth noting that ZnO nanostrucutures
exhibit a UV photoconductive gain as high as
1082573037742 We believe that the growth of ZnO
NRAs for Si MSM PDs is not fully optimized. More works
on the optimization of length variation and shape of
ZnO NRAs to the responsivity are currently under
investigation.

CONCLUSION

In summary, Si MSM PDs with ZnO NRAs exhibit
ultrahigh broadband responsivity, while the responsiv-
ity in the UV and NIR regions was relatively weak for
pristine Si MSM PDs. ZnO NRAs absorb the UV photons
effectively in the short-wavelength region and provide
impedance matching between Si and air through an
effective index gradient to facilitate more photons
getting into the PDs in the long-wavelength region,
leading to ~3 and ~2 orders of magnitude increase in
the responsivity of Si MSM PDs in the UV and visible/
NIR regions, respectively. This study demonstrates that
Si MSM PDs incorporating ZnO NRAs hold promise for
potential applications in the next-generation broad-
band PDs.

to measure /—V characteristics and responsivity of the fabri-
cated PDs.

For FDTD simulation, the grid sizes are Ax x Ay = 0.01 x
0.02 um? in the space domain, and the time step is At = 0.024
fsin the time domain. The boundaries in x and y directions are
surrounded by the perfectly matching 0.5 um layers to absorb
the electromagnetic waves.** The electrode in the PD struc-
ture is neglected in FDTD simulation. The excitation source,
with the same width (4 um) as that of the simulated device
structure, is placed at 5.5 um from the upper boundary of the
interface of Si. For the Si PDs with ZnO NRAs, the number of
nanorods on the surface is decided by the linear density (d,) of
the ZnO NRAs, which can be obtained by the relationship d, =
da"?, where d, = 1.6 x 10° cm ™2 is the area density of ZnO
NRAs estimated from SEM images.
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Supporting Information Available: The |-V measurements
highlight SiO, passivation layers to reduce the leakage
current of Si MSM PDs with ZnO NRAs effectively. For FDTD
simulation, simplified PD structures and simulation results
of TM-polarized magnetic field intensity (|H,|) distributions
are available. The thickness of SiO, layers and definition of
sidewall step coverage are shown in the cross-sectional SEM
image. This material is available free of charge via the
Internet at http://pubs.acs.org.
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