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ABSTRACT: Plasmonic enhancement of photoluminescence from bulk silicon was
achieved by spectrally tailoring coupled localized surface plasmon resonance (LSPR) in
the AL O; cover/nanostructured platinum (nano-Pt)/Al,O; spacer/silicon multilayer
structures prepared by atomic layer deposition (ALD). Agreement between the
simulation and experimental data indicates that the plasmonic activity originates from
absorption enhancement due to coupled LSPR. Because of the optimized dielectric
environment deposited by ALD around the nano-Pt layer, absorption of the multilayer
structure was enhanced by the precise tuning of coupled LSPR to coincide with the
excitation wavelength. This accurate plasmonic multilayer structure grown by ALD
with high precision, tunability, uniformity, and reproducibility can be further applied in

efficient light-emitting devices.
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B INTRODUCTION

Because silicon (Si) is the most dominant material for
ultralarge-scale integrated circuits, the monolithic integration
of microelectronic and photonic devices in a single Si chip has
attracted considerable attention for high-speed optical inter-
connection.'™” However, few Si-based light-emitting devices
have been able to realize practical applications. In bulk Si,
where radiative transition is a phonon-assisted process due to
an indirect band gap, nonradiative recombination proceeds
much faster than radiative recombination, accordingly resulting
in a very low quantum efficiency (107°) of light emission from
bulk Si. In order to improve the light emission efficiency of Si-
based light-emitting diodes (LEDs), nonradiative recombina-
tion has to be suppressed to a low level both in bulk and at the
surface. Nonradiative recombination in bulk can be minimized
by using high-quality Si substrates, including those grown by
the float zone or magnetically confined Czochralski (CZ)
method.® Surface recombination can be reduced by depositing a
surface passivation layer. In our previous investigation, a thin
AlLO; surface passivation layer prepared by atomic layer
deposition (ALD) at a low temperature was demonstrated to
be instrumental in enhancing light emission from bulk Si.”
Apart from the efforts to reduce nonradiative recombination,
the light emission efficiency from Si can be enhanced based on
the Purcell effect that modifies the photonic density of states
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near the metallic nanostructures. An 8-fold enhancement of
electroluminescence was obtained from Si-on-insulator LEDs at
A =900 nm by excitation of the surface plasmon resonance in
silver nanoparticles, as demonstrated by Pillai et al.'® The
enhancement results from coupling with localized surface
plasmons, which offer an additional radiative decay route via the
metallic nanostructures. On the other hand, because the electric
field is concentrated in a local area, such as hotspots between
metallic nanostructures due to the dipole—dipole coupling,''
absorption of the light emitter can be significantly enhanced
according to Fermi’s golden rule. Plasmonic enhancement of
the photon—matter interaction provides a new way to
manipulate the photons at the subwavelength scale and hence
enables a broad variety of applications including plasmonic
enhancement of light absorption, emission, and Raman
scattering.lz’13

Recently, the remarkable progress in the fabrication of
metallic nanostructures contributes to significant advances in
plasmonics. The chemical synthesis of gold and silver
nanoparticles is the most popular method to fabricate metallic

14—16 . . . .
nanostructures. Vacuum deposition techniques including
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Figure 1. Schematic diagrams of the (a) nano-Pt/AL,O; spacer/Si and (b) AlL,O; cover/nano-Pt/Si multilayer structures.

evaporation and sputtering have also been applied to produce
metallic nanostructures on a substrate.”” On the other hand,
electron-beam lithography and focused-ion milling have been
extensively used to fabricate metallic nanostructures of
miscellaneous sizes and shapes.'®'® However, these nano-
fabrication techniques are usually restrained by low uniformity,
throughput, and reproducibility. ALD is another prospective
technique for fabricating high-quality plasmonic nanostructures
because of many benefits such as accurate thickness control,
conformal step coverage, excellent uniformity, low defect
density, and good reproducibility, as a result of the self-limiting
and layer-by-layer growth.”*>> Because the localized surface
plasmon resonance (LSPR) can be spectrally tuned by
engineering the dielectric environment of the plasmonic
nanostructures, the “digital” growth of the surrounding
dielectrics around the metallic nanostructures by ALD offers
an accurate way to tailor the LSPR wavelength.**’

However, the ALD processes for conventional plasmonic
materials such as gold and silver are not mature. By contrast,
the ALD process for platinum (Pt) has been well established.*®
Furthermore, because the Pt nanostructures are of great interest
for catalysis because of their high chemical potential and large
surface area,”” Pt is quite an attractive material in plasmonics
and LSPR-enhanced photocatalysis for further research. Our
previous study has demonstrated giant enhancement of light
emission in the ultraviolet (UV) region as large as 2 orders of
magnitude from nanoscale ZnO thin films by the plasmonic
activity of the nanostructured Pt layer.®® In this paper, the
plasmonic AlL,O; cover/nanostructured Pt (nano-Pt)/ALO,
spacer/Si multilayer structure was applied to enhance light
absorption and emission of Si, leading to an increase of the light
emission efficiency from bulk Si in the IR spectrum. The
plasmonic activity was provided by the coupled LSPR in the
nano-Pt layer. The nanoscale AL,O; and nano-Pt layers were
engineered “digitally” in a precise and well-controlled manner
by ALD. Therefore, the spectral peak of coupled LSPR can be
accurately tailored by the Al,O; thickness around the nano-Pt
layer to spectrally overlap with the excitation wavelength. In
addition, the self-limiting growth and wide process window of
ALD are beneficial to the fabrication of plasmonic nanostruc-
tures with high accuracy and reproducibility with wafer-scale
uniformity. A 7.2-fold plasmonic enhancement of photo-
luminescence (PL) from bulk Si was achieved at A = 1140
nm with high uniformity up to a 4-in. substrate.

B EXPERIMENTAL SECTION

Figure 1 shows the schematic diagrams of the nano-Pt/Al,O; spacer/
Si and Al,O; cover/nano-Pt/Si multilayer structures. The p-type CZ Si
substrate acts as the light emitter in this study. All of the layers upon
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the Si substrate were deposited by the thermal ALD system (Savannah
100, Cambridge Nanotech, Cambridge, MA). The Al,O; layers were
prepared at 180 °C, using trimethylaluminum [Al(CH;);] and H,O
vapor as the precursors. Trimethyl(methylcyclopentadienyl)platinum-
(IV) [(MeCp)PtMe;] and oxygen were used to grow the nano-Pt layer
at 270 °C. First, an Al,O; spacer layer was deposited on the Si
substrate. Next, 100 ALD cycles were applied to deposit the nano-Pt
layer on the Al,O; spacer. During the initial growth stage with a few
ALD cycles, the discrete Pt nanoclusters appeared on the sur-
face.”®*' 733 These Pt nanoclusters would not coalesce together to
form a continuous film if the Pt layer is not of sufficient thickness,
resulting in the formation of a nanostructured Pt layer. Afterward, an
Al,Oj5 cover layer was deposited on the nano-Pt layer. The thickness of
Al,O; and the morphology of the nano-Pt layers can be accurately and
“digitally” controlled by the number of applied ALD cycles. The
plasmonic multilayer structures without the Al,O; cover layer, as
shown in Figure 1a, were denoted as S-X according to the Al,O; spacer
thickness of X nm. Another group of samples without the Al,O; spacer
(Figure 1b) were designated as C-Y, in which Y stands for the
thickness of the Al,O5 cover layer (in nanometers). In order to obtain
the plasmonic EF of PL, the reference samples, named as S-X-R, were
also prepared. All of the thickness of each layer and the process
conditions of the reference samples S-X-R were the same as those of
each corresponding S-X samples, except that the nano-Pt layer was not
grown in the reference samples.

The cross section of Al,O; cover/nano-Pt/Al,O; spacer/Si
multilayer structures and the thickness of each layer were characterized
by high-resolution transmission electron microscopy (HRTEM; JEOL
JEM-2100F). The sample for cross-sectional HRTEM measurement
was prepared by a focused-ion beam (FEI NOVA-200 NanoLab
Compatible). The surface morphology of the nano-Pt layer was
examined by scanning electron microscopy (SEM; FEI NOVA
NanoSEM 450). The plasmonic multilayer structures were excited
by a continuous-wave diode-pumped solid-state laser at 1 = 532 nm to
measure the PL spectra. A spectrophotometer (Avantes AvaSpec-
2048L) with an integrated sphere was used to probe the absorbance
spectra of the plasmonic multilayer structures. The effective minority
carrier lifetime in Si covered with the multilayer structure was
measured by the quasi-steady-state photoconductance (QSSPC)
technique using a Sinton WCT-120 lifetime tester. The refractive
index and extinction coefficients of the multilayer structures were
extracted by a spectroscopic ellipsometer (Ellipso Technology Elli-SE)
at A = 633 nm.

B RESULTS AND DISCUSSION

Figure 2a shows the cross-sectional HRTEM image of sample
S-10 with an Al,O; cover layer. The thicknesses of the Al,O,
spacer, nano-Pt, and Al,O; cover layers are 10.2, 10.6, and 15.1
nm, respectively. The thickness of each layer is in good
agreement with the estimation according to applied ALD
cycles, revealing the excellent thickness controllability of ALD.
The undulation between the nano-Pt and AL, O; cover layers
suggests that the Pt nanoclusters are bundled together to form
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Figure 2. (a) Cross-sectional HRTEM image of sample S-10 with a 1§
nm Al O; cover layer. (b) SEM image of the nano-Pt layer.

the nano-Pt layer. The SEM surface morphology of the nano-Pt
layer without the Al,O; cover layer is shown in Figure 2b,
revealing the presence of uniformly dispersed Pt nanoclusters
of an average diameter of about 10 nm (which is close to the
SEM resolution). Because of the great difference between the
surface energy of Al,O; and Pt, the growth of the nanoscale Pt
layer follows the Volmer—Weber mode, and it aggregates to
form the Pt nanoclusters at the initial stage of ALD.’' The
observation of Pt nanocluster growth at the initial few ALD
cycles is consistent with the results reported by Novak et al,**
Aaltonen et al,*® and Baker et al.*’

In this study, the plasmonic EF deduced from the measured
PL intensity was calculated using the following methodology. In
the nano-Pt/Al,O; spacer/Si multilayer structure (S-X
samples), four factors influencing the PL intensity are
considered: (1) plasmonic enhancement by the LSPR in the
nano-Pt layer, (2) surface passivation due to the Al,Oy spacer
on the Si, (3) attenuation of light passing through the nano-Pt
layer, and (4) interference within the multilayer structure. The
measured PL intensities of the S-X and S-X-R samples are
denoted as PLg x and PLg x5, which can be expressed as

PLg , = I, Ty anEFyty

PLg xr = I Txanty
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where I, is the intensity incident laser beam at A = 532 nm, T}
and Ty represent the overall transmission coefficients of the
incident laser beam passing from the top through the S-X and
S-X-R multilayers into Si, and & and ty are the overall
transmission coefficients of the light emission from Si at 4 =
1140 nm passing through the S-X and S-X-R multilayer into the
air, respectively. EFY' is the plasmonic EF as a result of LSPR in
the nano-Pt layer at a spacer thickness equal to X nm. @ and 7
are the absorption coeflicient and light emission efficiency of Si
without plasmonic enhancement. Surface passivation by the
Al,Oj; spacer leads to the increment of # due to suppression of
the surface recombination, as a result of reduction in the
interfacial state density or a decrease in the minority carrier
concentration near the interface ascribed to the electric field
built by fixed oxide charges in the AL O, spacer.’>~>’

The effects of optical attenuation by the nano-Pt layer and
interference within the multilayer are included in the overall
transmission coefficients T, Ty, £, and t;, which were
calculated by the finite difference time domain (FDTD;
Solutions 8.6, Lumerical Solutions Inc.,, Vancouver, British
Columbia, Canada) method. The Drude—Lorentz model was
used to describe the dielectric function of Pt. The morphology
of the nano-Pt layer was depicted as randomly arranged
nanoparticles by the built-in function “uniform random particle
distribution”, with 10000 nanoparticles distributed in a 500 nm
X 500 nm X 10 nm space. The particle diameter was set with
the range from 8 to 10 nm, which is close to those shown in the
HRTEM and SEM images. In order to truncate the
computational domain, the simulation was performed with
the periodic boundary condition in the horizontal direction and
the perfectly matched layers in the vertical direction. The Yee-
cell size was selected as 0.25 nm®. A total-field/scattered-field
plane wave was used to introduce the incident laser beam.
Because the electromagnetic field near the plasmonic
nanostructure evanesces exponentially with a decay length on
the order of 10 nm,** * it is assumed that no plasmonic
enhancement exists in sample S-70, in which the spacer
thickness is as large as 70 nm. The measured intensities PLg
and PLg o of the S-70 and S-70-R samples are given by

PLg 0 = IoT)lzt=70“’7t)I;t=7o(EF§(t=7o =1)

PLg7or = IoTx=70¥tx=70
The ratio of PLg,, to PLgoz is

PL S-70
PL S-70-R

Pt Pt
_ Tx—70tx=70

TX= 70tX= 70

which contains information of optical attenuation by the nano-
Pt layer and interference within the multilayer without
plasmonic enhancement (EFY.,, = 1). On the other hand,
the ratio of PLg_y to PLg

Pt D
PLgyx Pt Ty'ty
—— =EFy——
PLg x r Tytx

involves plasmonic enhancement, optical attenuation by the
nano-Pt layer, as well as interference within the multilayer with
the X nm ALO; spacer. Then plasmonic EF} can be obtained
according to the following expression:
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PLgxr __ pt  Txtx
PLs0 B X Ty ofxero
PLs70r Tx=70tx=70 (1)

where the factor (PLgy/PLgxgr)/(PLg~o/PLgs0r) Was ob-
tained from the measured PL intensities and (T3ty/Txtx)/
(T 0ty70/ Txrotx—ro) can be calculated by the FDTD method.
Because the optical attenuation coefficient of the nano-Pt layer
is divided out in the factor (TRt5/Tytx)/(Txirotxiro/
Tx—otxro), the actual value of the optical attenuation is not
important in the calculation of plasmonic EF.

Figure 3 shows the experimental plasmonic EF (EFY, blue
line) deduced from the measured PL intensity of each sample
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Figure 3. Experimental plasmonic EF (blue line) and FDTD
simulation of the average electric-field EF (red line) of the S-X
sample as a function of the Al,O; spacer thickness. The inset shows
the typical room-temperature PL spectrum from the plasmonic
multilayer structure.

and eq 1 as a function of the Al,O; spacer thickness X ranging
from 0 to 70 nm, with an interval of 1 nm (from 0 to 10 nm)
and S nm (from 10 to 45 nm). The inset of Figure 3 shows the
typical room-temperature PL spectrum from the multilayer
structure, with a spectral peak around 1140 nm corresponding
to the transverse optical phonon-assisted interband transition in
Si. With an increase of the Al,O; spacer thickness from 0 to 70
nm, EFY drops rapidly and gradually approaches 1 when the
spacer thickness is greater than 10 nm. A 4.6-fold plasmonic EF
of PL was observed, with the nano-Pt layer directly contacting
with Si. Figure 3 also shows FDTD simulation of the average
electric-field EF at 4 = 532 nm (red line) in Si within the region
between the AL, O; spacer/Si interface and 10 nm depth
underneath the interface. In this simulation, the dielectric
function and morphology of the nano-Pt layer and the
boundary conditions of the computational domain are the
same as those mentioned above. Because the distance between
the nano-Pt layer and Si is up to 70 nm in sample S-70 in which
the plasmonic EF can be assumed to be 1, FDTD simulation of
the average electric-field EF shown in Figure 3 was obtained by
normalizing the average electric-field intensity of each sample
to that of sample S-70. In addition, the Purcell factor obtained
by FDTD simulation shows that no enhancement occurs at 4 =
1140 nm. Therefore, the excellent agreement between the
experimental plasmonic EF and FDTD simulation of the
average electric-field EF at 4 = 532 nm, as shown in Figure 3,
clearly indicates that plasmonic enhancement can be attributed
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to absorption enhancement due to the LSPR in the nano-Pt
layer. The rapid decrease of the plasmonic EF with the Al,O;
spacer thickness can be deduced from the exponential decay of
the electric field with the distance between the nano-Pt layer
and Si. Because the coupling to the high-order LSPR modes is
quite limited under the condition of low Purcell enhancement,
the quenching in plasmonic PL enhancement was not observed
in Figure 3 because the nano-Pt layer is close to the bulk Si
light emitter.

On the other hand, in order to elucidate the effect of
chemical enhancement resulting from charge transfer between
the nano-Pt layer and Si, the minority carrier lifetime in the S-X
sample was examined by the QSSPC method.*' Tt is expected
that charge transfer between the nano-Pt layer and Si may
result in variation of the minority carrier lifetime. Figure 4
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Figure 4. Minority carrier lifetime of the S-X sample as a function of
the Al,O; spacer thickness.

shows the minority carrier lifetime as a function of the Al,O;
spacer thickness. With an increase of the Al,O; spacer thickness
from 0 to 70 nm, the minority carrier lifetime increases rapidly
from ~2 ps and reaches a maximum of about 10 us at a spacer
thickness of 10 nm. Then the minority carrier lifetime drops
with the Al,O; spacer thickness and approaches a constant
value close to 5 us when the spacer thickness is greater than 30
nm. The variation trend of the minority carrier lifetime with the
Al,O; spacer thickness is completely different from that of
plasmonic EF shown in Figure 3. Thus, one can deduce that
enhancement does not originate from charge transfer between
the nano-Pt layer and Si (chemical enhancement). The Al,O4
thickness dependence of the minority carrier lifetime shown in
Figure 4 is consistent with the previous works reported by Sun
et al.** and Saint-Cast et al.** When the AL,O; spacer thickness
is below 10 nm, an increase of the minority carrier lifetime with
the spacer thickness can be attributed to a decrease in the
interfacial state density, i.e., the so-called chemical passivation
effect. On the other hand, the presence of a net positive oxide
charge in the Al,O; layer can account for a decrease of the
minority carrier lifetime with a spacer thickness greater than 10
nm, due to an increase in the minority carrier (electron)
concentration in p-type Si near the interface caused by a
positive oxide charge in ALO;.**

From Figure 3, one can see that the plasmonic EF decays
significantly with increasing AL, O; spacer thickness and
maximum plasmonic enhancement was achieved when the
nano-Pt layer is in direct contact with Si. Because the plasmonic
EF can further increase if the LSPR could spectrally match the
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excitation laser wavelength, an Al,O; cover layer was
introduced on top of the nano-Pt layer to tune the LSPR
wavelength. Figure 5 shows the plasmonic EF deduced from
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Figure 5. Experimental plasmonic EF (blue line) and FDTD

simulation of the average electric-field EF (red line) as a function of
the Al,O; cover thickness.

the measured PL intensities (blue line) and FDTD simulation
of the average electric-field EF (red line) in the C-0, C-10, ..., C-
90 samples, in which the thickness of the Al,O; cover layer
ranges from 0 to 90 nm. The measured PL intensities of the C-
Y and C-0 samples, as denoted by PLcy and PLq,, can be
expressed by

PLcy = I, Ty anEF'ty"
PLc, = IoTﬁloanEFglotllf)t:o

Similarly, the FDTD method was used to calculate the

overall transmission coefficients T5, £}, Th~o, and £%,. The ratio

PL(y/PL, can be used to calculate the plasmonic EF}':
P Pt P
Ploy _ EFy  Ty'ty
PLcy,  EFyL, Tylotyeo 2

where the optical attenuation of the nano-Pt layer is also
divided out in the factor Tty / Tht o, Because the structures
of the S-0 and C-0 samples are exactly the same, the plasmonic
EF of C-0 is identical with that of S-0, i.e,, EFi, = EFY. = 4.6.
Therefore, the experimental plasmonic EF can be deduced from
the measured PL intensities PL¢ y and PL¢ according to eq 2.
On the other hand, FDTD simulation of the average electric-
field EF was obtained after following the details as mentioned
above. It can be seen that the trend of the experimental
plasmonic EF (blue line) agrees quite well with that of the
simulated electric-field EF (red line). The plasmonic EF reaches
a maximum of ~7.2 in the multilayer structure with the ALD-
grown nano-Pt layer covered by a 60 nm Al,O; layer.
Maximum plasmonic enhancement, when the thickness of
the Al,O; cover layer equals 60 nm, as shown in Figure 5, can
be explained as follows. Figure 6 shows the normalized
absorbance spectra of the C-0, C-10, ..., C-90 samples obtained
from FDTD simulation and measurement, revealing good
consistency between the simulation and experimental data. In
the simulation, the incident light was introduced by a broad-
band total-field/scattered-field plane wave with a spectral range
from 400 to 1000 nm. In the C-0, C-10, C-20, and C-30
samples, the broad spectral envelope with a slight increase of
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Figure 6. FDTD-simulated and measured absorbance spectra of the C-

0, C-10, .., C-90 samples, where the data were normalized to the
maximum absorbance of sample C-90.

the absorbance from A = 400 to 1000 nm originates from the
bulk Si substrate. As for the samples C-40, C-50, .., C-90, a
absorbance peak was clearly observed, which can be deduced
from the coupled LSPR between the Pt nanostructures.
Generally, the LSPR wavelength of the Pt nanostructures
with a feature size of less than 100 nm is usually located in the
deep-UV region.***” The coupling of LSPR between the Pt
nanostructures leads to a red shift of LSPR to the visible
spectrum when polarization of the incident laser beam is
parallel to the dipolar near field between the coupled plasmonic
nanostructures.* Figure 6 also displays that the maximum
absorbance wavelength (A,,,) of the coupled LSPR gradually
red shifts from around 460 to 740 nm with increasing thickness
of the AL,O; cover layer. Because the effective refractive index
around the nano-Pt layer increases with the thickness of the
cover layer because of the higher refractive index of Al,O; than
than that air, such a significant red shift of the coupled LSPR
Amex €an be ascribed to an increase in the effective refractive
index of the surrounding dielectric around the nano-Pt layer.
The coincidence between the simulation and experimental
result, as shown in Figure 6, clearly demonstrates that the
coupled LSPR wavelength can be precisely tailored using ALD
by “digital” growth of the environmental dielectric around
plasmonic nanostructures. It should be noted that the coupled
LSPR A, of sample C-60 is very close to the excitation
wavelength at 532 nm, and thus sample C-60 has a maximum
absorbance at 532 nm. As seen from Figure 5, maximum PL
enhancement also takes place in the plasmonic multilayer
structure with an Al,O; cover layer of 60 nm thickness, clearly
indicating that the overlap of the coupled LSPR A, with the
excitation wavelength is essential to achieving maximum
plasmonic enhancement. On the other hand, it is seen that
the coupled LSPR wavelength ranges from ~460 to 740 nm,
which is far away from the Si light emission wavelength of 1140
nm. This is responsible for no Purcell enhancement as
mentioned above, and so the plasmonic PL EF can be deduced
from absorption enhancement as a result of coupled LSPR in
the nano-Pt layer.

Figure 7 shows the uniformity of the nano-Pt layer on a 4-in.
Si substrate, in which the pseudo refractive index (1) and
extinction coefficient (k) were extracted by the spectroscopic
ellipsometer at 4 = 532 nm. The percent nonuniformity can be
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Figure 7. Uniformity of the pseudo-n and -k of the nano-Pt layer on
the Si substrate over a 4-in. substrate.

obtained according to the 9-point map on the 4-in. area using
the following formula:

(max — min)/2

percent nonuniformity = X 100

mean

Thus, the percent nonuniformities of the pseudo-n and -k of the
nano-Pt layer on Si across the 4-in. wafer are +0.705% and
+1.318%, respectively. Because the pseudo-n and -k are
sensitive to the thickness and microstructure of the nano-Pt
layer, the result reveals high uniformity of the nano-Pt layer
prepared by ALD. This wafer-scale uniformity is attributable to
self-limiting growth, contributing to insensitivity to the
inhomogeneity of the precursors and substrate temperature in
the ALD process. Therefore, ALD shows excellent capability for
fabricating tunable plasmonic nanostructures with inherent high
accuracy, controllability, uniformity, and reproducibility over a
large area.

Bl CONCLUSION

The ALD technique was used to tailor the coupled LSPR in the
Al,O; cover/nano-Pt/Al,O; spacer/Si multilayer structure, to
achieve plasmonic enhancement of light emission from Si. The
plasmonic activity was supported by the uniformly dispersed
nano-Pt layer grown by ALD. Broad-band and precise tuning of
the coupled LSPR wavelength was accomplished by engineer-
ing the thickness of the dielectric around the nano-Pt layer.
FDTD simulation supports the theory that absorption
enhancement resulting from the spectral overlap between the
coupled LSPR and excitation wavelength contributes to
plasmon-enhanced PL. This plasmonic multilayer configuration
with high precision, tunability, uniformity, and reproducibility
can be used to accurately tune the LSPR to coincide with the
optical excitation or light emission wavelengths, for further
enhancement of the light emission efficiency in future studies.
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