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Silicon-based electrically driven
microcavity LED

J. Potfajova, J.M. Sun, S. Winnerl, T. Dekorsy, W. Skorupa,
B. Schmidt, M. Helm, S. Mantl and U. Breuer

A silicon pn-diode was embedded into a microcavity composed of a
buried metal silicide as bottom reflector and a Si/SiO, Bragg mirror as
top reflector. Spectral narrowing and an increased intensity of the Si
bandgap electroluminescence was observed.

Introduction: The realisation of Si-based, electrically driven light
emitters is a key requirement for the implementation of low-cost
Si-based optoelectronics [1]. Realising Si-based light sources in
a process technology compatible with mainstream microelectronics
technology is one of the big challenges of semiconductor technology.
Because of its indirect bandgap Si has a low radiative recombination
rate, leading to efficiencies of the bandgap electroluminescence (EL)
in the range of 107 [2, 3]. Recently, different approaches have led to
an increase of the power efficiency of the bandgap EL by more than
three orders of magnitude up to values of 0.1-1% [4-6]. These
approaches are based on pn-diodes, where either the non-radiative
lifetime is increased by using high-purity floatzone Si, combined with
surface texturing to improve the outcoupling efficiency [5], or where
specific defects introduced by ion implantation enhance the radiative
recombination rate through carrier confinement effects [4, 6].
However, the spectral width and temporal response of these devices
still constrains their practical application. One possible route for a
further enhancement of the efficiency of these devices is a photonic
confinement of the emitting layer. I[II-V semiconductor based LEDs
gained significantly in performance by incorporation into microcav-
ities (MCs) [7]. Planar MCs enhance the brightness, efficiency and
directionality of the emission from a high-index material and lead to
more than an order of magnitude increase in the spectral power
density [8]. An MC consists of a cavity with i x Zyc/2n thickness
(i integer, Ay;c resonance wavelength of the MC, n refractive index of
the cavity material) embedded between two highly reflecting mirrors.
For III-V LEDs molecular epitaxy growth allows the deposition of
Bragg mirrors, which act simultaneously as electrical contacts to the
active layer. This is a technological problem for Si-based devices,
where the Bragg mirrors have to be fabricated from insulating
dielectric materials thus inhibiting to electrically drive the active
layer. Previously, electrically driven MCs were realised, where
the active layer and the Bragg mirror consisted of porous Si [9, 10].
These devices suffered from the low stability of porous Si under high-
voltage current injection. Here we present a proof-of-principle of an
electrically driven MC based on bulk Si as active layer.
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Fig. 1 Schematic diagram of Si-based microcavity

Device preparation: The device structure is shown schematically in
Fig. 1. It consists of a buried CoSi, layer, which acts as the bottom
mirror and the bottom electrical contact, the active layer containing
the pn-diode, and a top Bragg mirror consisting of 2.5 pairs of
Si/Si0,. The CoSi, layer is formed by ion beam synthesis based on
Co™ implantation into n-doped (100) Si and subsequent annealing
(1100°C for 20s) [11]. The top crystalline Si layer is overgrown
using molecular beam epitaxy to a total thickness of 370 nm,
corresponding to 1 x Ayc/n at a wavelength of 1115 nm. The Si
layer is uniformly n-doped (1.8 x 10'” cm™>) by implanting P ions

and subsequent annealing. The Si pn diode is formed by B* ion
implantation (25 keV energy, dose of 4x 10" cm™?) and high-
temperature annealing (1050°C for 10 min) into the MBE grown n-
doped Si top layer. An Al ring contact of 1 mm inner diameter is
lithographically patterned into the evaporated contact layer. The top
Bragg mirror is fabricated by sputter deposition of alternating SiO,
layers of 185nm thickness and amorphous Si layers of 75 nm
thickness. Locally the top Bragg mirror is removed above the Al
ring to contact the diode from the top, while the bottom diode contact
is provided through the back to the low-resistivity n-type substrate
and the CoSi, layer.

Electrical characteristics: Rather than being diode-like the current—
voltage characteristic shows a nearly ohmic behaviour with a resis-
tivity of approximately 3 Q. Secondary ion mass spectroscopy of the
diode reveals that this is related to B diffusion from the projected
range of 60 nm down to the CoSi, contact, probably due to a high
defect density of the MBE grown Si layer. Nevertheless, EL is only
observed when a forward bias larger than 1.2V is applied to the
diode, as expected for current injection into the pn diode. In
comparison to diodes with 0.1% power efficiency prepared by the
same technique on high-quality Si, the EL intensity of devices without
top Bragg mirror at the same current densities dropped by two orders
of magnitude, owing to the almost short-circuited pn-diode.
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Fig. 2 Electroluminescence spectrum of Si pn-diode
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EL spectra: Fig. 2 shows the room-temperature EL spectrum of
devices without and with Bragg mirror at a current of 500 mA.
Additionally the reflectivity spectrum measured within the Al ring
contact of a diode is shown, exhibiting the clear signature of a
microcavity. The top Bragg mirror has a reflectivity of 94%. At the
position matching Ay,c= 1115 nm the reflectivity drops to 60%. This
spectrum agrees with the modelling of the MC using a value of 75% for
the reflectivity of the Si/CoSi, interface. The bandgap EL spectrum of
the device without Bragg mirror shows the same spectrum as
previously reported for high-efficiency diodes [4, 6]. The linewidth
of the spectrum is 84 nm. With the top-Bragg mirror the linewidth is
decreased to 35 nm while the peak intensity is significantly increased at
Aprc. The maximum of the EL is shifted by 10 nm to lower wavelengths
as compared to the dip in the reflectivity spectrum. This shift is within
the range of scattering of the reflectivity minimum position over the
processed wafer owing to non-uniformity of the layer thicknesses in the
sputter-deposited Bragg mirror.

Conclusions: We have demonstrated a proof-of-principle of an elec-
trically driven Si microcavity LED. Several possibilities for a further
improvement of the output of the MC can be envisioned: because of
the B diffusion the pn-junction is spread across the MC active layer;
the optimum coupling of the light emission into the microcavity
mode, is achieved, however, when the pn-junction is placed in an
antinode of the electric field distribution in the MC. This can be
achieved by using rapid thermal annealing after the B* implantation,
which prevents the strong B diffusion as observed in the present case.
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Further improvement is expected by better matching of the bottom
and top reflectivity of the microcavity, e.g. with a SiO,/Si3Ny top
mirror, which allows more accurate balancing of the top mirror
reflectivity due to the lower refractive index contrast as compared to
Si/SiO,. An improvement of the top Si quality with a longer non-
radiative lifetime could be gained by wafer-bonding methods. A three-
dimensional confinement could be achieved by lateral patterning of
the active layer of the MC into a photonic crystal structure.
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