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We propose top-down processes to make silicon multiple quantum wells called fins for a light-

emitting diode. The silicon fins are formed vertically to a substrate and embedded in a Si3N4

waveguide. By current injections into silicon fins, we have observed stimulated emission spectra

peaked at the wavelengths corresponding to the periodic structures of fins. The near-field mode

profiles obtained at the edge of the waveguide qualitatively agreed with theoretical calculations. It

has been turned out that both transverse-electric and transverse-magnetic fields can contribute to

the optical gain. VC 2011 American Institute of Physics. [doi:10.1063/1.3605255]

Quantum mechanical confinements of semiconductor

nanomaterials drastically change their physical properties

from those in the bulk.1 In silicon (Si), the confinements

change its band structure from indirect to direct one, making

efficient radiative recombinations possible.2–7 In fact, the

stimulated emissions were observed in Si nanocrystals by op-

tical pumping.8 To make these nanostructures, the bottom-up

processes were usually employed such as electro-chemical

etching,2,3 molecular beam expitaxy (MBE),4,5 or annealing

of Si implanted SiO2. While the electro-chemical etching of

sigle crystal Si2,3,9 to make porous Si is rather close to the

top-down approach, fabrication processes must be carefully

monitored to control the size of nanostructures9 and the

chemical bonding configurations for the surface passiva-

tion.10 On the other hand, the rapid progress of the Si nanoe-

lectronics enables us to make such structures by top-down

processes.11–18 By the thermal oxidation of silicon-on-insula-

tor (SOI) substrates, Si single quantum wells (SQWs) were

formed and the excellent Si/SiO2 interfacial quality were

confirmed by photoluminescence.11–13 The electrolumine-

cence (EL)14–18 and stimulated emissions17 were also dem-

onstrated by lateral current injections into Si SQWs.

The next requirement towards a practical Si laser diode

for Si photonics6 is to enhance the effective gain value

obtained by the evanescent coupling between the guided op-

tical mode and the Si SQW.17 The obvious approach is to

increase the number of QWs from SQW to multiple quantum

wells (MQWs). However, it is not easy to deposit Si MQWs

whose surface was covered with amorphous SiO2 by epitax-

ial growth.19 Unlike compound semiconductor technologies,

vertical stacks of MQWs are difficult to make in planar Si

processes. The purpose of this work is to fabricate Si MQWs

by standard top-down Si processes and examine their poten-

tial abilities as a monolithic light source integrated on a chip

towards the convergence of electronics and photonics.

The proposed Si fin light-emitting diode (FinLED) is

shown in Fig. 1(a). Instead of a lateral SQW, MQWs are

formed perpendicular to the substrate. Each side of MQWs is

connected with a heavily doped Si electrode, forming a lat-

eral pin diode. In this FinLED, thousands of QWs can be

integrated by simple lithography and etching processes. The

similar multi-fin device structure known as a FinFET was

proposed as a double gate field-effect-transistor (FET).20

The differences between a FinLED and a FinFET are impu-

rity profiles and absence/presence of gate processes. There-

fore, it is possible to integrate both devices solely from the

small modification of process steps. The practical challenge

for the FinLED is that the width of fins should be sufficiently

small to expect the efficient light emission by quantum con-

finements, while for the FinFET, the width should be larger

to avoid the threshold voltage increase.

The fabricated Si FinLED is shown in Fig. 1(b). The fin

with the width of 20 nm and the height of 50 nm was formed

FIG. 1. (Color online) Si FinLED. (a) Schematic device structures. Active

channel width (length) is 500 (1) lm, and cavity length (width) is 500 (0.6)

lm. (b) Transmission electron microscope (TEM) images after processing.

Inset shows single Si (100) fin.a)Electronic mail: shinichi.saito.qt@hitachi.com.
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after the dry etching, and the width was further reduced by

the subsequent oxidation processes down to 5 nm or below.

We prepared two devices with different fin pitch K of 230

nm and 300 nm for comparisons. After the formation of

multi-fins, the heavily doped electrodes are formed by ion

implantations and the activation. Then, the Si3N4 film with

the thickness of 250 nm was deposited by a chemical-vapor-

deposition process and patterned to become a core of a wave-

guide located at the center of Si fins. The cavity length Lcavity

is 500 lm. After the metallization by Al/TiN, the H2 anneal-

ing is performed to passivate the interface traps. All optical

and electrical measurements were made by constant current

conditions at room temperatures.

The EL spectra taken from the edge of the Si3N4

waveguide of Si FinLEDs are shown in Figs. 2(a) and 2(c).

The emitted wavelengths were wide range from 600 nm to

1000 nm, suggesting there are a few nm variations of the

widths of the fin due to the line-edge roughness as well as

the variations among different fins due to process fluctua-

tions. The maximum of the broad spectrum background of

�750 nm corresponds to emissions from Si fins with widths

of around 1.0 nm according to our theoretical calculations.7

Several peaks are observed in the spectra, and the peak

wavelengths are different between devices with different K.

By extracting the peaks by the Gaussian forms, we have

found that the peaks developed super-linearly with injected

currents, as shown in Figs. 2(b) and 2(d). These data indi-

cates that stimulated emissions from Si fins have been

induced under high currents.17 On the other hand, the emis-

sions from the broad background also developed after the

onset of the peaks, and therefore, the maximum current lev-

els are close to but still below the lasing thresholds.

Increasing the currents further broke the devices, and the

devices become completely open, suggesting chain reac-

tions at the breakdown.

In order to understand these spectral peaks, we observed

near field beam profiles at the edge of the waveguide and

compared with theoretical calculations as shown in Fig. 3. In

the FinLED with K of 230 nm (Fig. 3(a)), the lowest cavity

modes of TE00 (Fig. 3(c)) and TM00 (Fig. 3(h)) with the

higher effective index n0 were dominated. Both transverse-

electric (TE) and transverse-magnetic (TM) fields can con-

tribute, since MQWs of Si fins are located perpendicularly to

the optical propagation direction in the waveguide. On the

other hand, in the FinLED with K of 300 nm (Fig. 3(b)), the

near field image shows that the beam spreads vertically to

the substrate, although the horizontal width of the waveguide

(600 nm) is much larger than the thickness (250 nm). There-

fore, the higher modes spreading on the buried-oxide (BOX)

layer would be responsible.

For each propagating mode, we have estimated stimu-

lated emission wavelength kth by an index and gain coupled

distributed-feedback (DFB) structure model.21 Assuming

the refractive index, n ¼ n0 þ n1 cos(2pz/K), and the gain,

g ¼ g0 þ g1 cos(2pz/K), are modulated along the cavity z,

the lasing threshold condition becomes
FIG. 2. (Color online) Stimulated emissions from Si FinLED. EL spectra

from FinLED with K of (a) 230 nm and (c) 300 nm. Single and multiple

peaks dominated at 745.1 nm in (a) and at 734.4 and 802.4 nm in (c). Peak

intensity from FinLED with K of (b) 230 nm and (d) 300 nm.

FIG. 3. (Color online) Near-field images from Si FinLED. Experimental EL

images from FinLED with K of (a) 230 nm and (b) 300 nm. Images were

obtained with integration time of 10 s under constant currents of 100 mA

and 85 mA for K of 230 nm and 300 nm. Calculated mode profiles for (c)

TE00, (d) TE01, (e) TE10, (f) TE11, (g) TE02, (h) TM00, (i) TM01, (j) TM10,

(k) TM11, and (l) TM02.
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scoshðsLcavityÞ þ i dbþ ig0

2

� �
sinhðsLcavityÞ ¼ 0; (1)

where s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðj1Lcavity � ig1Lcavity=4Þ2 � ðdbÞ2

p
, j1 ¼pn1/k0,

the Bragg wavelength k0 ¼ 2n0K, and the deviation db from

the Bragg vector b ¼ 2p/k0. kth is the longer wavelength of

the stop band edges and obtained from a solution of Eq. (1).

The calculated parameters including required threshold gain

value g1th for lasing are summarized in Table I. For the

FinLED with K of 300 nm, TM10 and TM11 are the most

probable modes to explain the observed spectra and near

field images. But, the other modes like TE10 and TE11 can

contribute to the peaks, and the broad spontaneous emissions

can be propagated by TE00 and TM00. The calculated wave-

lengths qualitatively agreed with experimental ones, regard-

less of neglecting the optical leakage to the substrate in

higher modes. These multiple modes would be responsible

to explain the spectra of Fig. 2(c) and the observed mode

profile of Fig. 3(b).

We have proposed a Si fin light-emitting diode to realize

multiple quantum wells fabricated by top-down Si processes.

The Si fins embedded in a Si3N4 waveguide worked as an

index and gain coupled distributed-feedback structure. By

lateral current injections into Si fins, stimulated emissions of

near-infrared radiations have been observed at the edge of

the Si3N4 waveguide. Si based light emitters should open up

a new opportunity for the convergence of photonics and elec-

tronics on a Si chip.
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TABLE I. Calculated device parameters of FinLED for various propagation

modes.

Parameters TE00 TE01 TE10 TE11 TE02

n0 1.682 1.388 1.376 1.299 1.275

n1 0.016 0.002 0.017 0.006 0.008

j1Lcavity 24.8 3.92 32.3 11.7 17.1

kth [nm]a 774.1 639.3 627.8 595.7 584.0

kth [nm]b 1013.3 833.9 818.9 776.9 761.8

g1th [cm�1]a 0.8 26.2 0.4 3.3 1.6

g1th [cm�1]b 1.27 40.4 0.8 5.6 2.7

Parameters TM00 TM01 TM10 TM11 TM02

n0 1.557 1.380 1.336 1.255 1.254

n1 0.022 0.001 0.009 0.017 0.004

j1Lcavity 38.3 1.4 17.9 8.5 36.3

kth [nm]a 720.3 634.9 616.0 577.3 580.1

kth [nm]b 939.6 828.1 803.5 753.0 756.6

g1th [cm�1]a 0.3 91.0 1.4 6.2 0.4

g1th [cm�1]b 0.5 103.7 2.4 10.3 0.6

aCalculated for K ¼ 230 nm.
bCalculated for K ¼ 300 nm.
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