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Effective light emission from low-dimensional silicon

materials such as porous silicon, silicon nanocrystals, and

superlattices has been demonstrated at room temperature in

spite of the indirect bandgap nature of bulk silicon.[1–5] In

particular, silicon quantum dot (Si QD) light-emitting diodes

(LEDs) have recently been investigated as a promising light

source for the next generation of optical interconnections.[6–8]

However, the quest for highly efficient Si QD LEDs remains

unfulfilled. To achieve this goal, new LED structures are being

developed to enhance the external quantum efficiency (hext),

which is a product of the light-extraction efficiency (hextraction),

radiative efficiency (hrad), and current-injection efficiency

(hinj).[9] Among the new approaches, increasing the radiative

recombination rate by coupling QDs to surface plasmons (SPs,

collective charge oscillations at the interface between a metal

and a dielectric material) has attracted a great deal of

attention.[10–12] Although enhanced photoluminescence (PL)

of SP-coupled nanostructures such as QDs[13–17] and quantum

wells (QWs)[18] has been reported, there has been no report

concerning the enhancement of electroluminescence (EL) in Si

QD LEDs through a Si QD–SP coupling effect. Here, we show

the first evidence of enhanced hext in a Si QD LED resulting

from the coupling between Si QDs and localized surface

plasmons (LSPs) and effective current tunneling into Si QDs

from an Ag layer containing Ag particles inserted between the

Si QD layer and Si substrate.

Surface plasmon excitations in bounded geometries, such as

nanostructured metallic particles, are LSPs. The resonant

excitation of LSPs on the surface of nanostructured metallic

particles by an incident electromagnetic field (light) causes

strong light scattering and absorption, and enhanced local

electromagnetic fields. LSPs are generally used in many
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applications such as ultrafast switches, optical tweezers,

labeling biomolecules, optical filters, biosensors, surfa-

ce-enhanced spectroscopies, plasmonics, and chemical sen-

sors.[19–22] SPs are evanescent waves that exponentially decay

with distance from a metal surface. Si QDs located within the

near-field of the metal surface can be effectively coupled to SP

mode.[13,18,19] In order to keep the close distance between Si

QDs and the metal layer for Si QD–LSP coupling, we propose

a Si QD LED structure with an Ag layer containing Ag

particles inserted between the silicon nitride layer containing

Si QDs and the Si substrate layer, as shown in Figure 1.

Figure 2a and b shows cross-sectional transmission electron

microscopy (TEM) images of Si QD LEDs with and without

an Ag layer. Figure 2a depicts the interface between the silicon

nitride and Si substrate of a reference Si QD LED. Figure 2b is

an image of the interfaces between the silicon nitride layer, Ag

layer, and the Si substrate. The silicon nitride film deposited on

the Ag layer was similar in thickness to the silicon nitride layer

in the reference Si QD LED. The TEM image of the Si QD

LED with an Ag layer in Figure 2b indicates that the Ag layer

consists of Ag particles. The average height and diameter of Ag

particles deposited on a Si substrate were measured to be

8� 2 nm and 98� 59 nm, respectively, by using atomic force

microscopy (AFM) analysis. The average Ag particle height

was in good agreement with the thickness of the Ag layer in the

TEM image of Figure 2b. This result indicates that the surface

of Ag layer is rougher than that of the flat Si substrate owing to

the formation of Ag particles. To check the atomic mixing at

the silicon-nitride/Si and Ag/silicon-nitride interfaces, depth

profile analyses of Si QD LEDs were performed by using the

Si 2p, N 1s, and Ag 3d peaks from X-ray photoelectron

spectroscopy (XPS). The results, depicted in Figure 2c, indicate

that atomic intermixing between the silicon nitride layer and

the silicon substrate did not occur in the reference Si QD LED.

Figure 2d demonstrates that in the device containing an Ag

layer, Ag atoms did not diffuse into the silicon nitride.

To understand the effect of the Ag layer on PL emission in Si

QD LEDs, PL spectra of Si QD layers with and without an

Ag layer were measured at room temperature, as shown in

Figure 3a. The average size of the Si QDs (3.78 nm) was

estimated from the band gap of Si QDs using the relationship

E(eV)¼ 1.13þ 13.9/a2,[23] where E and a are the energy band

gap measured from the PL peak position and the diameter of

Si QDs, respectively. Figure 3b shows a plot of the PL
H & Co. KGaA, Weinheim 1
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Figure 1. Schematic diagram of a Si QD LED with an Ag layer containing
Ag particles. The SiNx film contains Si QDs.

Figure 2. Cross-sectional TEM images of a) a reference Si QD LED, and
b) a Si QD LED with an Ag layer. The Si QD layer is a SiNx film containing Si
QDs. X-ray photoelectron spectroscopy (XPS) depth profiles for Si, N, and
Ag elements in c) the reference Si QD LED and d) the Si QD LEDwith an Ag
layer.
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enhancement factor, IAg(l)/Iref(l) where IAg(l), and Iref(l) are

PL intensities for the Si QD layers with and without an Ag

layer. A maximum PL enhancement factor of 1.93 was

observed at 530 nm, as shown in Figure 3b. Figure 3c shows

absorption spectra of (i) SiNx/Ag/Si, (ii) Ag/SiNx, (iii) Si, and

(iv) SiNx layered structures on glass substrates. The absorbance

of the SiNx/Ag/Si layered structure is rapidly increased from

450 nm to the high-energy-side owing to the absorbance of the

20 nm thick Si layer and the SiNx layer containing Si QDs, as

shown in Figure 3c. Absorption spectra of SiNx/Ag/Si and Ag/

SiNx layered structures show the nearly same maximum

absorption peaks at 535 nm and 538 nm, respectively. These

maximum absorption peaks are due to the change of SP

resonance energies by localized SPs in Ag particles,[24–27]

which are evidenced by TEM and AFM analyses. The PL

enhancement band may shift because the light generated at the

interface between Si QD layer and Ag layer is reabsorbed and

re-emitted in upper Si QDs. However, this possibility was

excluded owing to the low absorbance of the Si QD layer in the

visible range, as shown in Figure 3c. Therefore, the similar peak

positions of PL enhancement factor and absorption strongly

indicate that the maximum PL enhancement factor of 1.93 is

attributed to Si QD–LSP coupling due to charge density

oscillations of confined SP modes in the Ag layer containing Ag

particles. The radiative recombination rate (Grad) for exciton

dipoles of Si QDs is given by Fermi’s golden rule,

Grad ¼ 2p
�h r f m � Ej jih ij j2,[28] where r is the photon density of

states and f m � Ej jih i is the matrix element for the interaction.

When exciton dipole moments (m) of Si QDs strongly couple to

the local electric field (E) of LSPs in Ag layer, the Si QD–LSP

coupling increases the Grad, resulting in an increase in hrad. To

further confirm that the large PL enhancement factor is not due

to the increase of reflectance of the Ag layer or the surface

roughness of the Si QD layers, the change of reflectance and

surface roughness of Si QD LED with and without the Ag layer

were measured. The reflectance change resulting from addition

of the Ag layer was measured by comparing the reflectance of a

10 nm thick Ag layer deposited on a silicon substrate to that of

a bare silicon substrate as shown in Figure 3d. Deposition of an

Ag layer increased the reflectance at 530 nm by only 8.6%.

Another possible explanation for the PL enhancement factor

would be an increase in the surface roughness of the Si QD

layer, since increased surface roughness may lead to increased

light extraction. The root mean square (RMS) surface rough-

ness of a Si QD layer on an Ag layer was 2.25 nm, while a Si QD

layer grown directly on the Si substrate had a roughness of

2.45 nm. Therefore, these results strongly suggest that the PL

enhancement factor of 1.93 at 530 nm observed in Figure 3b is

not due to the slight increase in reflectance from the Ag layer

or to the surface roughness of the Si QD layer. We also

prepared a single sample of silicon nitride film containing Si

QDs on the sapphire substrate and covered half of it with an Ag

layer to measure the PL and absorption spectrum in order to

avoid any artifacts due to different Si QD concentration. The

results were in good agreement with those of Si QD LED with

and without an Ag layer shown in Figure 3, suggesting that the
& Co. KGaA, Weinheim Adv. Mater. 2008, 9999, 1–5
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Figure 3. a) Normalized PL spectra of Si QD layers with an Ag layer (top curve) and without an Ag layer (bottom curve) at room temperature. b) PL
enhancement factor (PL intensity ratio of samples in (a)). c) Absorbance of (i) SiNx/Ag/Si, (ii) Ag/SiNx, (iii) Si, and (iv) SiNx layered structures.
d) Reflectance increment of the Ag layer. The SiNx films contain Si QDs.
Ag layer did not influence the Si QD concentration in the Si

QD LED. Therefore, the PL enhancement factor shown in

Figure 3b was attributed to the enhanced hrad of Si QDs due to

Si QD-LSP coupling.[13,14,29]

The EL spectra of Si QD LEDs with and without an Ag layer

were measured as a function of injection current, as shown in

Figure 4a and b. Figure 4c depicts the integrated EL intensities

of Si QD LEDs with and without the Ag layer in the visible

region as a function of injection current. The integrated EL

intensities of the Si QD LEDs with and without the Ag layer

increased with increasing current. Figure 4d shows a graph of

the EL enhancement, which is the ratio of integrated EL

intensities of Si QD LEDs with and without the Ag layer, as a

function of injection current. To understand the EL enhance-

ment in Figure 4d, the EL enhancement factor, IAg(l)/Iref(l) as

a function of injection current, was measured as shown in

Figure 4e. IAg(l) and Iref(l) are the EL intensities from Si QD

LEDs with and without an Ag layer as shown in Figure 4a

and b. A maximum EL enhancement factor of 4.34 was

observed at 538 nm at a current of 20 mA as shown in Figure 4e.

The wavelength of maximum EL enhancement factor at a

current of 20 mA is very close to that of maximum PL

enhancement factor as shown in Figure 3b, indicating that the

PL and EL enhancement factors originate from the same

source of Si QD-LSP coupling. Figure 4d also shows that the

maximum EL enhancement of 3.2 was observed at a current of

20 mA and the EL enhancement was rapidly decreased until

leveling off at approximately 2.0 as the current approached

40 mA. This result can be explained by the screening effect of

excess charges in Si QDs with increasing current, resulting in a
Adv. Mater. 2008, 9999, 1–5 � 2008 WILEY-VCH Verlag
decrease of exciton dipole coupling with LSPs as shown in

Figure 4e. To further understand the observed EL enhance-

ment in Figure 4d, the current–voltage (I–V) characteristics of

Si QD LEDs with and without the Ag layer were compared as

shown in Figure 4f. The threshold voltage was 9.1 V for a Si QD

LED with an Ag layer and 14.2 V for the reference Si QD

LED. The low threshold voltage indicates that addition of an

Ag layer significantly enhances the carrier injection into Si

QDs. The increase in carrier injection is attributed to the rough

surface of the Ag layer containing Ag particles, which enhances

the inhomogeneous local electric fields at the interface

between the Ag layer and the silicon nitride matrix.[30–32]

The enhanced inhomogeneous local electric fields can increase

the tunneling probability of carriers into Si QDs through the

silicon nitride. Therefore, an Ag layer is believed to greatly

increase hinj in Si QD LEDs. The EL enhancement factor in

Figure 4e is also much larger compared to the PL enhancement

factor of 1.93 as shown in Figure 3b. The large EL

enhancement factor is due to the enhancement of hinj by the

effective tunneling of carriers into Si QDs. These results

indicate that the significant EL enhancement can be attributed

to an increase in hext due to Si QD-LSP coupling and an

effective carrier tunneling process by an Ag layer in Si QD

LEDs.

We have demonstrated that the EL intensity of a Si QD

LED with an Ag layer containing Ag particles can be enhanced

by 434% relative to a Si QD LED without an Ag layer. The

large EL enhancement was attributed to an increase in hrad as a

result of Si QD-LSP coupling and increased hinj through

improved carrier tunneling into Si QDs.
GmbH & Co. KGaA, Weinheim www.advmat.de 3
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Figure 4. Normalized EL spectra of a) a Si QD LED with an Ag layer and b) a reference Si QD LED as a function of injection current. c) Integrated EL
intensity in the visible range as a function of injection current. d) EL enhancement (EL intensity ratio of LEDs shown in (c)). e) EL enhancement factor (EL
intensity ratio of EL spectra shown in (a) and (b)) as a function of injection current. f) I–V characteristics of Si QD LED with an Ag layer (solid line) and
reference Si QD LED (dashed line).

4

Experimental

Fabrication: To investigate the effect of an Ag layer containing Ag
particles on the hext of a Si QD LED, we deposited a 10 nm thick Ag
layer by e-beam evaporation on a p-type Si wafer (100) with a hole
concentration of ca. 1015 cm�3. A 37 nm thick amorphous silicon nitride
film containing Si QDs was grown on the Ag layer by plasma-enhanced
chemical vapor deposition (PECVD) using ammonia and nitrogen-
diluted 5% silane as the reactant gas sources. The flow rates of
ammonia and silane were 10 sccm and 190 sccm, respectively. The
pressure, growth temperature, and plasma power were maintained at
1.0 Torr, 300 8C, and 10 W, respectively. To measure the absorbance of
a Si QD layer over an Ag layer, Ag (10 nm) and Si (20 nm) layers were
deposited on a glass substrate by e-beam evaporation, and a 37 nm
thick SiNx containing Si QDs was grown on the Ag/Si layers by
PECVD. For comparison measurements, 20 nm thick Si and Ag/SiNx

layered structures on glass substrate were deposited. To measure the
electrical and optical properties of Si QD LEDs containing an Ag layer,
a transparent metal contact consisting of Ni (5 nm), Au (5 nm), and
indium tin oxide (ITO, 100 nm) was deposited on the silicon nitride film
by e-beam evaporation. To ensure transparency, the deposited ITO
layer was annealed at 400 8C in the air and nitrogen atmospheres for
30 s, respectively. A Ni (20 nm)/Au (100 nm) contact was deposited on
the backside of the Si substrate. For comparison measurements, a Si
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
QD LED without an Ag layer was also fabricated as a reference Si QD
LED.
Measurement: A charge-coupled device was used for PL and EL

spectral measurements at room temperature, using a He-Cd 325 nm
laser as the excitation source for PL. The I–V characteristics of the
LEDs were measured using an HP 4155A semiconductor parameter
analyzer.
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