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ABSTRACT: Due to recent breakthroughs in silicon photonics, sub-band-
gap photodetection in silicon (Si) has become vital to the development of
next-generation integrated photonic devices for telecommunication systems.
In particular, photodetection in Si using complementary metal-oxide
semiconductor (CMOS) compatible materials is in high demand for cost-
effective integration. Here, we achieve broad-band near-infrared photo-
detection in Si/metal-oxide Schottky junctions where the photocurrent is
generated from interface defects induced by aluminum-doped zinc oxide
(AZO) films deposited on a Si substrate. The combination of photoexcited
carrier generation from both interface defect states and intrinsic Si bulk defect states contributes to a photoresponse of 1 mA/W
at 1325 nm and 0.22 mA/W at 1550 nm with zero-biasing. From a fit to the Fowler equation for photoemission, we
quantitatively determine the individual contributions from these effects. Finally, using this analysis, we demonstrate a gold-
nanoparticle-coated photodiode that has three distinct photocurrent responses resulting from hot carriers in the gold, interface
defects from the AZO, and bulk defects within the Si. The hot carrier response is found to dominate near the band gap of Si,
while the interface defects dominate for longer wavelengths.
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■ INTRODUCTION

Near-infrared (NIR) photodetection has attracted a great deal
of attention for a broad range of applications including optical
communications,1,2 optical interconnects,3,4 and energy
conversion.5,6 More specifically, NIR photodetection in Si
photonics is essential for efficient optical to electrical
conversion,7 and therefore the demand has led to the
development of photodetection techniques with numerous
material platforms including germanium (Ge),8 III−V
compound semiconductors,9 and silicon−germanium
(SiGe).10 Even though these approaches successfully provide
efficient photodetection at telecommunication wavelengths,
they have struggled with several practical issues such as
incompatibility with complementary metal-oxide semiconduc-
tor (CMOS) technology, narrow bandwidth, and high
manufacturing cost.11,12

Recently, hot-carrier-assisted photodetection in Si/metal
junctions emerged as a promising approach to NIR photo-
detection in Si with enhanced light absorption in the metal
through the support of nanoscale antennas for plasmonic
resonances13−15 or thin metal films for Fabry−Peŕot-like
resonances.16 Photodiodes with hot carrier injection from
metal into Si have several technological advantages such as
design flexibility on spectral selection and reduction of device
size.17 Nonetheless, nanoscale patterning of metal films is
costly, time consuming, and generally not scalable for large-
area devices, and so far, the Febry−Peŕot resonant thin metal

films have low photoresponse at the wavelengths beyond 1.55
μm.
Alternatively, sub-band-gap Si photodetection can be

obtained from defect-mediated absorption.18 NIR photodiodes
based on intrinsic bulk defects within the Si band gap by ion
implantation or Au implantation have demonstrated the
potential of defect-mediated photodetection systems;19,20

however, the impact of surface or interface defect states on
NIR photodetection in Si remains elusive. Defects introduced
on the surface of Si by foreign atoms or deposited materials
can modify the surface electronic states in Si, and those defects
can contribute to carrier generation from sub-band-gap
illumination.
Metal oxides known as transparent conducting oxides can be

alternative metallic components for metal/Si Schottky
junctions. They are widely used in optoelectronic devices
due to their transparency in at visible wavelengths and their
compatibility with standard CMOS fabrication procedures.21

Even though the short mean free path of metal oxides (below 3
nm)22 can limit the hot carrier injection from the metal oxides
into Si, the tunable electrical and crystalline properties are
promising for the development of NIR photodetectors with
interfacial defect states at the Si surface.
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In this work, we report sub-band-gap photodetection in
lightly doped n-type silicon from interface defects induced by
aluminum-doped zinc oxide (AZO) thin films. We observe a
drastic enhancement of the photoresponsivity (PR) of
photodiodes through the modification of the Schottky barrier
(SB) and the density of interface defects introduced by
controlling the material properties of AZO films. Particularly,
we quantitatively distinguish the response from Si bulk defects
and interface defects by fitting the photoresponse with the
Fowler emission equation and confirm the role of interface
defects for photoexcited carrier generation by exciting the
epsilon near-zero (ENZ) mode in AZO thin films with the
oblique incidence of p-polarized light. Finally, we design a
photodiode with gold (Au) nanoparticles cladded with an
AZO thin film to enhance the responsivity and to identify the
impact of hot carrier injection from Au nanoparticles on the
photodetection of Si/AZO Schottky junctions. Considering
the numerous possible uses of metal oxides in optoelectronic
and nanophotonic devices as conducting materials, plasmonic
components, epsilon near-zero media, and active components,
our work can make an enormous impact on the next
generation of Si-photonic-based on-chip technologies.21,23−28

■ DISCUSSION
As sketched in Figure 1a, we present planar photodiode
devices consisting of 50 nm thick AZO films deposited on n-

type Si and an aluminum (Al) ohmic contact. The devices were
fabricated in a simple four-step process: (1) removal of native
oxide on Si, (2) deposition and annealing of an Al layer for the
ohmic contact to Si, (3) removal of the resulting thermally
grown oxide on Si, and (4) deposition of an AZO film with
pulsed laser deposition (PLD). Further details are described in
Methods. Figure 1b,c schematically illustrates the energy band
diagram of Si/AZO Schottky junctions with two kinds of

defect trap states in the intrinsic Si bulk of the depletion region
and at the AZO/Si interface, respectively. Sub-band-gap light
(hν < 1.1 eV) illuminating the AZO through the Si substrate
excites electrons from the valence band to available defect
states, and the internal electric field from the upward band-
bending in the depletion region forces the electrons to emit
into the conduction band. Therefore, the SB (ΦB) is a critical
factor for determining the available energy states for photo-
excited carriers, and it can be approximated using a modified
Schottky−Mott relationship

E E( ) ( )

B AZO Si

AZO Si c f, AZO c f,Si

χ χ

ϕ ϕ

Φ = −

= − − Δ − Δ− − (1)

where χAl:ZnO is the electron affinity of AZO, χSi is the electron
affinity of Si, ϕSi is the work function of Si, ϕAl:ZnO is the work
function of AZO, ΔEc−f,Al:ZnO is the electrochemical potential
difference between the conduction band (Ec) and Fermi
energy (Ef) in AZO, and ΔEc−f,Si is the chemical potential
difference between the conduction band (Ec) and Fermi
energy (Ef) in Si. For simplicity of analysis, we ignore the
potential of Fermi level pinning, which is usually observed in
metal−semiconductor interface.29

To determine the impact of the SB on photoresponsivity
(PR), we prepared five photodiodes with a 50 nm AZO layer
deposited with varying PLD laser power densities to engineer
the Si/AZO SB. The laser power density modifies the AZO
material properties including the crystallinity and Al dopant
concentration. The PLD laser intensity was 0.5, 0.7, 1.0, 1.3,
and 1.5 mJ/cm2, which corresponds to Al dopant concen-
trations of 1.2, 1.5, 1.7, 1.9, and 2.1 wt %, respectively (see
Figure S1 for EDS measurement). The deposition temperature
was set to 400 °C. We first measured the work function
difference between the AZO films and Si substrate (ΔqVKPFM =
ϕAZO − ϕSi) using Kelvin probe force microscopy (KPFM),
which is a versatile method to characterize the surface potential
of diverse materials.30−32 As shown in Figure 2a, the KPFM
signal (qVKPFM) corresponds to the chemical potential
difference between the platinum (Pt) tip and the surface of
the measured material (qVKPFM = ϕPt − ϕSi or AZO). Figure 2b
shows the spatially resolved KPFM maps for the five different
AZO films and the Si surfaces in a 30 μm × 30 μm area. The
KPFM signals were uniform over the Si and AZO surfaces with
signal deviations of less than ±30 mV, which can be attributed
to the signal noise and surface roughness (see Figure S2 for the
histogram of KPFM signal).
Next, we calculated both ΔEc−f,Si and ΔEc−f,AZO to estimate

the SB from the measured ΔqVKPFM (Figure 2c). ΔEc−f,Si
(=0.24 eV) was calculated from the Si resistivity (ρ ≈ 3Ω m),
and ΔEc−f,AZO was estimated from the carrier densities of the
AZO (nAZO) films (see Methods for the calculation of nAZO).
The extracted nAZO as a function of Al dopant concentration is
plotted in Figure 2d. We observe that nAZO is saturated above a
1.5 wt % Al dopant concentration because of Al dopant solid-
solubility limits in ZnO, suggesting that the Fermi energy of
1.2 wt % AZO is lower than that of other AZO films. After
compensating for the larger ΔEc−f of the 1.2 wt % AZO, Figure
2c shows the calculated SB heights of the photodiodes (see SI
for the calculation of ΔEc−f). Notably, the SB of the
photodiodes gradually increases as the dopant concentration
is increased, and this relationship is verified by the decrease in
reverse bias current with increasing dopant concentration

Figure 1. Device design and photoexcited carrier generation
mechanism of a Si/AZO photodiode. (a) Schematic of a Si/AZO
photodiode (out-of-scale for clarity). (b, c) Energy band diagram of
Si/AZO Schottky junctions with two different sources for the
generation of photoexcited carriers: (b) Si bulk defect states and (c)
interface defect states. Evac, Ec, Ev, Ef, and Et refer to the energy of the
vacuum level, the conduction band, the valence band, the Fermi level,
and the defect state level, respectively.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b14953
ACS Appl. Mater. Interfaces 2019, 11, 47516−47524

47517

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14953/suppl_file/am9b14953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14953/suppl_file/am9b14953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b14953/suppl_file/am9b14953_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b14953


shown in the current−voltage (I−V) measurements in Figure
2e.
X-ray diffraction (XRD) measurements were used to

determine an explanation for the change in the SB with
dopant concentration. As shown in Figure 2f, the XRD peak is
shifted to a lower angle with increasing dopant concentration.
This behavior indicates that the electron band structure of
AZO is modified by the planar stress and expansion of crystal
lattice with increased dopant concentrations, resulting in the
change of the energy level of the conduction band or band-gap
renormalization.33−36 Furthermore, increasing the PLD laser
intensity during film growth, which can induce point defects at
the AZO/Si interface such as interstitial Zn, can cause a band
hybridization.37,38

Figure 2g shows the spectral photoresponse of the Si/AZO
photodiodes under NIR illumination compared to those of the
bare Si and Si/50 nm-thick Au films (see Methods for
characterization details). As the Al dopant concentration
increases, the PR of the Si/AZO photodiodes is drastically

enhanced and extended well into the sub-band-gap regime of
silicon, to at least 1.9 μm. In comparison, there is no sub-band-
gap response from the bare Si, and the photoresponse of Si/Au
photodiode vanishes near the wavelength of 1.55 μm. Note
that the maximum photoresponse and device bandwidth of the
Si/AZO devices increase with increasing SB; this is in contrast
with the photocurrent generated from the internal photo-
emission of a traditional hot-carrier-based Schottky photo-
diode.39 This result suggests that the increase of the SB
enhances the strength of the internal electrical field and
increases the available defect states at both the interface and
bulk Si due to the extended width of the depletion region. The
linear power dependence of photocurrent, shown in the inset
of Figure 2g, verifies that the photoexcited carrier generation in
the devices is not the result of nonlinear transitions such as
carrier multiplication and two-photon absorption (TPA).13,20

To determine the sources of light absorption contributing to
the carrier generation, we quantitatively compare a ratio of the
PR and absorption (Ab) in the AZO, depletion region of Si,

Figure 2. Performance characteristics of Si/AZO photodiodes with varying Al dopant concentrations. (a) Energy diagram of a Si/AZO Schottky
junction and platinum (Pt) tip for KPFM characterization. KPFM measures the surface potential difference between Si and Pt (qVKPFM,Si), and
AZO and Pt (qVKPFM,Si). (b) KPFM measurements on Si and AZO surfaces on photodiodes consisting of AZO with different doping
concentrations (controlled by KrF excimer laser intensity for PLD growth) in a unit area of 30 μm × 30 μm. The KPFM signal is overlaid on the
topography measurements of the Si substrate and AZO thin films. (c) Schottky barrier (ΦB) of the Si/AZO junctions and the potential difference
(ΔqVKPFM) between AZO and Si. Schottky barriers are calculated by the Schottky−Mott rule from the measured KPFM signal. (d) Extracted
carrier density of AZO as a function of Al dopant concentration. The charge carrier densities are determined by the Drude model of dielectric
functions of AZO films. (e) Dark I−V curves of the Si/AZO photodiodes. The curve for 1.2 wt % AZO/Si photodiode is plotted with a dashed line
for better comparison with 1.5 wt % AZO/Si data. (f) X-ray diffraction (ω − 2θ) patterns for AZO with varying Al dopant concentrations. (g)
Spectral photoresponsivity of the Si/AZO photodiodes, bare Si, and a 50 nm-thick Au/Si photodiode. The inset is the photocurrent as a function of
laser power at two different telecommunication wavelengths, 1.375 and 1.55 μm.
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and interfacial regions (Wi is 2 nm depth from the Si surface)
under front- and back-illuminations as depicted in Figure 3a.
As shown in Figure 3b, the light absorption in the photodiode
with 1.7 wt % AZO is monotonically increasing as a function of
wavelength, while the bare Si substrate absorbs less than 1% in
NIR spectral range. Using numerical simulations, we modeled
the extinction coefficient (k) of the bulk Si substrate (see
Figure S4). For interfacial regions, we assume that this region
has a 10 times higher extinction coefficient than the bulk Si
substrate because the surface of Si can have many defect states
from broken bonds and introduced impurities, which can
behave as scattering or absorbing centers for incident light.40

The 10× higher extinction coefficient in the interfacial region
is only an approximation, and it is estimated from the total
absorption as shown in Figure S3b. The simulated absorption
spectrum for each illumination direction (dotted lines in
Figure 3b) is well matched with the experimental data, and we
confirm that the AZO film dominantly absorbs the incident
light, and Si absorbs less than 1% similar to bare Si (see Figure
S4). Figure 3c shows the PR ratio (rPR) of front- to back-
illumination along with the calculated absorption ratio for the
depletion region in Si (rAb_Si), AZO (rAb_AZO), and interfacial
regions (rAb_IF). The depletion width (Wd) in Si is estimated as
600 nm from the Si surface using the equation

W qn2 /( )d si B siε= Φ , where εsi is the dielectric constant of
Si, and nsi is the carrier density of Si. From the resistivity
measurement of Si, we calculate nsi = 2 × 1015 cm−3. Below
1.15 μm of wavelength, rPR is well matched with rAb_Si,
suggesting that the photoexcited carriers are generated from
the interband absorption in the Si substrate. However, rPR
abruptly increases at the wavelengths of 1.15 μm and it does
not follow the trends of any of the absorption ratios for the

wavelength >1.15 μm. From this result, we assume that the
carriers are generated from light absorption in multiple regions
for longer wavelength illumination, namely, a combination of
the interfacial region and depletion region as illustrated in
Figure 3d.
According to the Fowler theory for photoemission, which

quantifies the probability that a photoexcited carrier can be
collected through a barrier in the presence of an electric field,
there is a linear relationship between the Fowler yield
( hPR ν· ) and photon energy, i.e., hvPR· hv( )B∝ − Φ .41,42

From a fit to the Fowler yield for back-illumination, we
observed that the PR can be decomposed into two distinct
linear fits, suggesting that the PR is generated from two sources
(Figure 3e). Because rPR approaches rAb_IF for wavelengths
>1.5 μm, the PR generated from the lower barrier energy (Et =
0.65 eV) is likely from interface defects. After subtracting the
fit to the Fowler equation for Et = 0.65 eV from the PR, we
extract the second linear response (blue solid line in Figure
3e), which corresponds to the photoexcited carriers via Si bulk
defect states. The decomposed fits each have their own barrier
energy (Et,interface = 0.65 eV and Et,Si = 0.76 eV), suggesting that
the barrier is determined by the energy level of the defect state
(Et) available for the photoexcited carriers. The decomposed
Fowler yields in Figure 3e can be converted to PRs as plotted
in Figure 3f. Using the two different contributions to the PR
obtained from the back-illumination experiment (Figure 3f),
the PR with front-illumination (PRF) can be calculated as PRF
= PRB_IF/rAb_IF + PRB_Si/rAb_Si, where PRB_IF and PRB_Si are
the PR from the interfacial states and depletion states with
back-illumination, respectively. The ratio of the calculated PRF
to PRB (red dotted line in Figure 4b) is in good agreement to
the measured rPR (see Figure S5 for the cases with different Al

Figure 3. Decomposition of photoresponsivity (PR) in the 1.7 wt % Si/AZO photodiode. (a) Schematic illustrating the illumination direction and
the spatial regions at the interface. The interface (Wi) is defined as a 2 nm depth from AZO/Si surface, and depletion width (Wd) is calculated as
600 nm. hνfront and hνback refer to the illumination from the frontside and backside of the device, respectively. (b) Experiment (solid) and simulated
(dashed) absorption spectrum of bare Si and Si/AZO photodiodes under front- and back-illuminations. (c) Ratio of PR (rPR) and the ratio of
absorption in AZO (rAb_AZO), depletion region of Si (rAb_Si), and at the interface (rAb_IF) between front- and back-illuminations. A red dashed line is
the calculated ratio of PR from its decomposed PR. (d) Schematic diagram for the flow of photoexcited carriers via the different defect states from
the interface and bulk Si of the depletion region. The measured PR is the summation of the carrier generation from both sets of defect states. (e)
Fowler yield and (f) corresponding PR of the Si/AZO photodiode. The measured PR (All) is fit to an orange straight line (IF) for the
decomposition of PR from interface defects, and the subtracted PR (PRall − PRIF) is fit to a blue straight line (Si) for the decomposition of PR from
bulk defects.
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dopant concentrations). Furthermore, the position of the
energy levels of the interfacial defect states can explain the
large jump in the photoresponse that occurs between samples
with 1.5 and 1.7 wt % AZO (Figure 2). The SB in 1.5 wt %
AZO is 0.44 eV, as shown in Figure 2c; hence, the defect states
located at Ec,Si −0.45 eV cannot be affected by the internal
electrical field, resulting in the lower responsivity. However, for
the defect states located above Ec,AZO, the photoexcited carriers
at these defect states can be injected to Si.
We confirm our analysis by measuring the relationship

between the PR and absorption at the ENZ mode of the AZO
films. As displayed in Figure 4a,b, p-polarized light illuminated
with an oblique incidence from the top or bottom direction
enhances the absorption in AZO films due to the excitation of
the ENZ mode.43,44 Figure 4c,d shows the absorption of the
1.7 wt % AZO photodiode with front- and back-illuminations,
respectively. Regardless of the direction of incidence, the
absorption in the AZO is enhanced at the ENZ wavelength of
AZO (λENZ = 1.3 μm) with an increasing angle of incidence.
However, the ratio of the PR with oblique incidence (θ) to the
PR with normal incidence (θ = 0) under front-illumination
gradually decreases as shown in Figure 4e, because of the
decrease of absorption at the Si interface. The intensity of the
PR was reduced 60%, while the absorption in AZO is
enhanced 6 times at ENZ wavelength, verifying that the PR is
not generated from photoexcited carriers in the AZO. Even
though hot carrier excitation has been reported in metal

oxides,45−48 it is expected that AZO has a prohibitively short
mean free path, because of high scattering and recombination
preventing photoemission from metal oxides.49

In contrast to the PR from front-illumination, the PR ratio
for back-illumination increases at the ENZ wavelength as the
incident angle increases (Figure 4f). When the angle of
incidence becomes closer to Brewster’s angle (θBrewster = 75°)
and the ENZ mode in the AZO is excited, the reflectivity of the
Si/AZO interface increases, which, in turn, increases the
absorption at both the Si/AZO interface and depletion region
(see Figure S6). For both front- and back-illuminations, the
estimated PR ratio of oblique incidence (θ) to normal
incidence (θ = 0) is in good agreement with the experimental
data, confirming that the generation of photocurrent can be
decomposed into two sources: interface states and Si trap
states.
We further study the role of interface defects by fabricating

photodiodes with AZO films deposited at different temper-
atures ranging from 200 to 600 °C with a constant PLD laser
power of 1.5 mJ/cm2. The SB of those devices was
characterized using the same procedure stated above (see
Figure S7 for carrier density). Figure 5a displays ΔqVKPFM and
the SB of the photodiodes. When varying the substrate
temperature for a constant Al dopant concentration of 2.1 wt
%, the variation of the SB (ranging from 0.55 to 0.65 eV) is
comparably smaller than the previous results varying the
dopant concentration. This result is consistent with the
significantly smaller reverse bias (Figure 5b) compared to
the photodiodes with lower Al dopant concentration. The shift
in the XRD peaks measured from the AZO films (0.23°)
shown in Figure 5c is also comparably smaller than the shift
when varying the dopant concentration (0.67°), suggesting
that the SB of a Si/AZO junction can be estimated by
determining the peak position (lattice parameter) of AZO.
The PR of the constant dopant concentration photodiodes,

shown in Figure 5d, notably decreases as the substrate
temperature increases. The photodiode with AZO film
deposited at 200 °C provides the highest responsivity
corresponding to external quantum efficiencies (EQEs) of
8.7 × 10−4 and 1.8 × 10−4 for the wavelengths of 1325 and
1550 nm, respectively. This result is better than previously
reported Au-implanted Si photodiode under five reverse bias,
which has achieved the EQEs of 2.8 × 10−4 and 9.3 × 10−5 for
the wavelengths of 1310 and 1550 nm, respectively.20 The
decrease in the PR is likely a result of changes in the number of
interface defect states as the AZO changes from amorphous to
crystalline with increasing substrate temperature. The dis-
ordered crystallinity of AZO introduces point defects such as
interstitial Zn, oxygen vacancies, and excess Al dopant at the
interface, increasing the available defect states for photoexcited
carrier generation. Figure 5e illustrates the changes in the
interfacial defect states for AZO films deposited at 200 and 600
°C. Even though the two samples have similar SB heights, the
PR of the amorphous photodiode is roughly 3 times the PR of
the crystalline photodiode at a wavelength of 1.55 μm,
indicating that amorphous AZO induces more defects at the
interface for sources of carrier emission.
Finally, we examine the performance of Si/AZO Schottky

photodiodes when incorporating Au plasmonic nanoparticles
to gain insight into the impact of hot carrier injection on the
PR. Here, the PR is generated from a combination of hot
carrier injection from the Au nanoparticles, interface defects
from Si/AZO interface, and Si bulk defects of the depletion

Figure 4. Absorption and photoresponse (PR) of the 1.7 wt % Si/
AZO photodiode at the ENZ mode in the AZO film. Schematic
illustrating the oblique incidence of p-polarized light from the (a)
frontside and (b) backside of the photodiode. Absorption spectrum of
the photodiode with different angles of incidence from the (c)
frontside and (d) backside of the photodiode. The ratio of the PR at
oblique incidence (θ) and normal incidence (θ = 0) from the (e)
frontside and (f) backside of the photodiode. The solid lines are
experiment and the dashed lines are simulation.
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region in the Si. As shown in the SEM image in Figure 6a, we
fabricated Au nanoparticles on a Si substrate by annealing 7
nm-thick Au films at 425 °C. The size of Au nanoparticles
varies from 20 to 100 nm, and the Au nanoparticles cover 65%
of the Si surface. Figure 6b shows the absorption of the Au
nanoparticles on the Si substrate when illuminating from the
backside. Compared to bare Si, Au nanoparticles enhance the
absorption up to 1.7 μm. Figure 6c shows the calculated
absorption, using finite difference time domain (FDTD,
Lumerical) simulations, for nanoparticles ranging from 40 to
100 nm. The electric field profile of a nanoparticle with a
diameter of 80 nm and a height of 30 nm at a wavelength of
1.2 μm shows enhanced fields at the base of the particle
suggesting a localized surface plasmon (LSP) resonance. When
the LSP decays, it generates a hot electron in the nanoparticle,
which is then injected into the Si over the Au/Si SB. Because
the particles are randomly distributed over the surface, we
assume that the absorption from particles with different radii
from 40 to 100 nm is equally contributed to the overall
absorption. Therefore, we take an average on the simulated
absorption spectrum of particles with different radii from 40 to
100 nm. The average absorption of Au nanoparticles with
varying sizes are well matched with measured absorption.
After depositing a 50 nm AZO film at 200 °C with a 2.1 wt

% dopant concentration, we measured the PR (Figure 6d) and
found that the PR decays rapidly compared to the photodiode
without Au nanoparticles. For a better understanding of this
behavior, we decomposed the PR into three components using
a similar procedure as the Si/AZO photodiodes (see Figure
S8). Figure 6e,f shows the decomposed PRs with and without
the Au nanoparticles, respectively. Considering that the PR of
the Au thin-film photodiode shown in Figure 2g vanishes at
∼1.55 μm, the decomposed PR, which vanishes at the

wavelength 1.51 μm, is assumed to be hot carrier injection
from the Au nanoparticles. Therefore, the enhancement of the
PR above 1.5 μm can be attributed to the additional carrier
generation resulting from hot carrier injection from the Au
particles, and the reduced PR below 1.5 μm is likely due to the
decrease in the AZO/Si interfacial surface area. Additionally,
we expect that the increase in PR contributed from bulk Si
defects is due to the localized electric field enhancement
around the Au nanoparticles. Consequently, as depicted in
Figure 6g,h, the Au nanoparticles improve the responsivity
below the Au/Si SB wavelength of 1.5 μm, but it is not
beneficial for extending detection bandwidth.

■ CONCLUSIONS
We report sub-band-gap photodetection in Si/AZO Schottky
junctions resulting from the interface and bulk Si defects.
Through quantitative analysis, we determined the contribution
of each source of carrier generation for NIR illumination and
determined that the PR of the photodiodes can be controlled
by modifying the SB and the density of interface defects. This
work represents new approach to achieve high efficiency, sub-
band-gap optoelectronic response in Si devices via engineering
the interface defect states, which is scalable and compatible to
CMOS technology. Furthermore, we find that low-temperature
deposition for amorphous films increases the device response,
suggesting that this is a promising approach for cost-effective
manufacturing of NIR Si photodiodes. The Si/metal-oxide
photodetectors can be further improved by optimizing the
device architecture for CMOS integration. In addition, we can
further improve the devices’ performance by ion-implanting
other materials to create additional deep-level interfacial
defects and bulk defects for broadening the spectral range.
Quantum well or gain media can also be embedded to achieve

Figure 5. Performance characteristics of Si/AZO photodiodes with varying density of interface defect states. (a) Schottky barrier (ΦB) of the Si/
AZO junctions and the potential differences (ΔqVKPFM) between AZO and Si. The AZO films are deposited on Si at different substrate
temperatures. (b) Dark I−V curves of the photodiodes and (c) X-ray diffraction (ω − 2θ) patterns. The XRD signals of AZO film deposited at 200
and 300 °C are multiplied three times (×3) to more clearly show the peak position. (d) Spectral photoresponsivity of the Si/AZO photodiodes. (e)
Schematic showing the impact of the density of interface defect states with similar Schottky barrier heights. The I−V characteristic, XRD pattern,
and photoresponsivity of the photodiode with the AZO film grown at 400 °C and 1.2 wt % Al dopant concentration are provided for comparison
(dashed line in (b), (c), and (d)).
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photocurrent multiplication by the avalanche effect. Therefore,
further investigation is needed to determine a theoretical
model for the light absorption near the interface where the
photocurrent is generated to provide additional information
such as the internal quantum efficiency (IQE) and a greater
understanding of the defect energy states. A theoretical model
would provide guidance for the design of materials to develop
improved interface defect-mediated Si photodiodes. Funda-
mentally, Si/AZO photodiodes consume little energy due to
zero-biasing; therefore, these photodiodes would be advanta-
geous for use in energy-efficient optical interconnects in on-
chip Si photonics in the telecommunication regime.

■ METHODS
Sample Preparation. All devices were fabricated on 300 μm-

thick, double side-polished, ⟨100⟩ n-type silicon wafers (>2 Ω cm).
The wafers were cleaned in buffered oxide etch (BOE) to remove the
native oxide. To make the ohmic contacts to the Si substrate, 150 nm
aluminum (Al) films were deposited, using electron beam
evaporation, in a thin strip on the top surface of each device, using
a shadow mask, and annealed at 425 °C in a forming gas of 96% Ar
and 4% H2. The annealed sample was cleaned with BOE again to
remove the native oxide, which can be formed during annealing, using
photoresist to protect the Al contact layer. Finally, 40−50 nm-thick
aluminum-doped zinc oxide (AZO) films were deposited on the back

surface of the Si substrate with pulsed laser deposition (PLD). The
substrate temperature and laser intensity were varied to control the
properties of the films while the base pressure was controlled at 1 ×
10−6 Torr. For the fabrication of the Au nanoparticles, we deposited a
7 nm Au film, using electron beam evaporation on the backside of a Si
substrate after depositing the Al ohmic contact to the Si. The Au
nanoparticles were formed during the Al anneal at 425 °C in a
forming gas of 96% Ar and 4% H2.

Optical Characterizations. The optical properties of the 50 nm-
thick AZO films were characterized by variable angle spectroscopic
ellipsometry (V-VASE, J.A. Woollam) in the optical bandwidth from
0.2 to 1.7 μm. The dielectric functions of the films were retrieved by
fitting a Drude + Tauc−Lorentz oscillator model to the ellipsometry
data. The ellipsometer was also employed to measure the absorption
spectrum of each photodiode. For photocurrent measurement,
specific wavelengths were selected from a supercontinuum source
(Fianium WhiteLase) using an acousto-optic tunable filter (AOTF). A
1.1 μm longpass filter was used to measure the photoresponsivity
from 1.1 to 1.2 μm, and a 1.2 μm longpass filter was used to measure
the photoresponsivity from 1.2 to 1.9 μm to completely block the
high-order harmonic radiation emitted from the AOTF. The
photocurrent from the Si/AZO detectors was measured using an
SR830 lock-in amplifier. The power incident on the sample was
measured using a calibrated InGaAs photodiode to calculate the
responsivity. The intensity of our laser source dropped sharply at 1.95
μm; therefore, we measured the PR of each device up to 1.9 μm to
maintain a high signal-to-noise ratio (noise level ≈0.1 μA/W).

Figure 6. (a) SEM image and schematic of the Au nanoparticles embedded in the Si/AZO photodiodes. (b) Experimental absorption spectrum of
bare Si and the Au nanoparticles on Si. (c) Simulation of the absorption in Au nanoparticles with a 30 nm height with diameters ranging from 50 to
100 nm. The red solid line is the average of the absorption spectrum of Au nanoparticles with different sizes. (d) Spectral photoresponsivity (PR)
of the Si/AZO photodiode with and without Au nanoparticles. The decomposed PR of (e) the Au nanoparticles embedded within a Si/AZO
photodiode and (f) the original Si/AZO photodiode without Au nanoparticles. The contribution of each source (hot carrier, interface defects, and
bulk defects) to overall photoresponsivity in the Si/AZO photodiode (g) with Au nanoparticles and (h) without Au nanoparticles.
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Calculation of Carrier Density of AZO (nAZO). From the
extracted dielectric functions of the AZO films, we calculated nAZO
from the plasma frequency (ωp) fitting parameter in the Drude model
using the equation ωp

2 = e2nAZO/(ε0ε∞me* m0), where ε0 is the
permittivity of free space, ε∞ is the high-frequency dielectric constant,
m0 is the mass of an electron, and me* is the effective mass of the
electron. (See Figure S3 for the dielectric function of AZO films.)
KPFM Measurement. KPFM is a scanning probe method that

measures surface potential by applying an AC voltage between the tip
and the sample to generate a signal proportional to the DC voltage
difference between them. A feedback loop then applies a bias to the
probe to minimize the oscillation, and the bias is recorded to produce
a map of the surface potential. Heterodyne KPFM is a variant that
mixes the driving AC voltage with the mechanical oscillation of the
cantilever to quickly image samples with high resolution. A Cypher
AFM (Asylum Research) with HQ:CSC37/Pt probes was used to
scan the KPFM signal. An AC voltage is applied to a conductive Pt
probe, which, in turn, causes the probe to oscillate, generating a signal
proportional to the difference between the voltage of the probe and
the surface. An applied AC voltage of 5 V at a driving frequency of
392.37 kHz and a detection frequency of 196.68 kHz was used.
Simulations. We validated the experimental absorption spectra

with numerical simulations using a commercially available software
based on the finite element method (COMSOL Multiphysics, Wave
Optics Module). The absorption calculation of the nanoparticle was
simulated with finite difference time domain (FDTD, Lumerical)
simulations.
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