Electrically driven silicon resonant light emitting
device based on slot-waveguide
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Abstract: An dl-silicon in-plane micron-size electrically driven resonant
cavity light emitting device (RCLED) based on dotted waveguide is
proposed and modeled. The device consists of a microring resonator
formed by S/SO, slot-waveguide with a low-index electroluminescent
material (erbium-doped SIO,) in the dot region. The geometry of the slot-
waveguide permits the definition of a metal-oxide-semiconductor (MOS)
configuration for the electrical excitation of the active material. Smulations
predict a quality factor Q of 6,700 for a 20-um-radius electrically driven
microring RCLED capable to operate at a very low bias current of 0.75 nA.
Lasing conditions are also discussed.
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1. Introduction

Recent breakthroughs [1-7] have boosted the interest in Si microphotonics as a technology for
integrating optical and electronic components on a single S chip. In particular, the
demonstration of a continuous-wave optically-pumped S laser [7] has been of special
relevance. However, such a device is optically-pumped and emits at 1.686 um wavelength,
limiting its practical applications. An electrically-driven Si light emitting device (LED) is
desirable since it can be considered as the natural interface between photonics and electronics.
In addition, emission at 1.55-um-wavelength is also required for applications in the
telecommunication field.

Among the different approaches for achieving an electrically-pumped Si-based light
emitting material at 1.55 um compatible with the CM OS technology, Erbium (Er)-doped SO,
has been shown to be a promising option [8]. S LEDs based on metal-oxide-semiconductor
(MOS) structures with Er implanted in the thin gate oxide have shown external quantum
efficiencies as high as 10%, which is comparable to that of standard I11-V semiconductors
LEDs. By current injection through the MOS structure, energetic (hot) electrons can excite Er
ions by impact ionization and generate el ectroluminescence a 1.54 um.

An optical cavity can increase the brilliance of a LED and it is an essential element for a
laser. In order to be employed with the af orementioned Er-doped SO, active material for on-
chip applications, an optical cavity should: 1) permit electrical injection, 2) present a high
optical mode-active material overlap, 3) be made of CMOS-compatible materials, 4) be
micron-size, and 5) exhibit a high quality-factor Q. A planar waveguide-based cavity, such as
a ring resonator, is a good choice for this purpose since it can provide a long light-matter
interaction path. However, Er-doped SO, has low refractive index and, therefore, a
conventional strip waveguide using this material as the core would present two important
drawbacks. a) waveguides would require a large cross-section area, which makes difficult
current injection through the thick oxide, and b) the low-index-contrast system SiO,/air does
not facilitate miniaturization.

A novel guided-wave dlot structure, first proposed in Ref. [9], overcomes the
aforementioned drawbacks. This waveguide enables to concentrate a large fraction of the
guided mode into a thin low-index layer (slot) sandwiched between two high-index strips.
Thus, if the slot-waveguide geometry consists of two doped S strips (electrodes),
sandwiching a thin Er-doped-SiO, slot layer (gate oxide), current injection through the gate
oxide can be achieved, generating light in the oxide-slot region where the guided-mode is
strongly confined. Thus, the aforementioned requisites 1, 2 and 3 are fulfilled. The feasibility
of requisites 4 and 5 has been demonstrated in [10], reporting 50-um-diameter high-Q
(~20,000) optical resonators in silicon-on-insulator based on slot-waveguides with losses as
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low as 10 dB/cm. In this work, we show how by using these advantageous characteristics of
the dot-waveguide geometry, compact electrically-driven resonant cavity light-emitting
devices (RCLED) for S microphotonics can be obtained.

2. Structures and model

Fig. 1(a) shows a schematic diagram of the proposed device. It consists of a microring
resonator formed by slot-waveguides. Schematic cross-section of the slot-waveguide forming
thering is illustrated in Fig. 1(b). A silicon-on-insulator (SOI) platform is assumed. A 60-
nm-wide Er-doped-SiO, region (slot) is sandwiched between two 300-nm-tall and 180-nm-
wide p-type doped (N.=10" cm®) S stripes. Thin 50-nm-thick slabs are introduced for
defining highly doped p-type (N.=10" cm™) Si regions (electrodes) [3,11].
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Fig. 1. (8) Schematic top view of an electrically-driven microring light emitting device based
on Si/SIO, dot-waveguides. (b) Schematic cross-sectional view of the MOS dlot-waveguide
that forms the ring. The dashed blue arrows indicate the flow of eectrical current when the
deviceis biased (Vanode-V cathode>0).
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Thus, the optical structure is also a MOS configuration that enables current injection
through the gate Er-doped oxide (dlot). SO, covers the whole device. A practical realization
of the proposed structure may involve two etching steps: first, the slot can be etched down to
the BOX, as achieved in Ref. [10], and second, after alithographic process, the Si device layer
can be partidly etched in order to leave a thin slab of S for electrical contacts, as
demonstrated in Ref. [3]. The gate oxide could be either thermally grown, by proper
optimization of the oxidation temperature, or deposited by using a low deposition rate
technique such as low pressure chemical vapor deposition (LPCVD). After the formation of
the oxide gate, Er ion implantation can be carried out with a posterior thermal annealing for
the activation of the Er ions[8].

The optical mode characteristics of the slot-waveguide were calculated by employing the
beam propagation method (BPM) [12]. The transmission characteristics of the bus-coupled
microring were calculated by using the transfer matrix method [13]. The refractive indexes of
undoped S and SO, (Er-doped SIO,) were assumed to be 3.48 and 1.46, respectively. The
real refractive index and absorption coefficient of the doped S regions due to the free-carrier
dispersion are calculated by using the relations [14]:

An=An_+An, = -8.8x10% - AN +85x107 - (AP)*°] ey

Aa=Ao,+ A, = 85%x107® - AN + 6.0x107% . AP (2
where

Ang isthe refractive index change due to electron concentration change;
An,, istherefractive index change due to hole concentration change;
AN isthe electron concentration change in cm®;

AP is the hole concentration change in cm’>;

Adi (in cm™) is the absorption coefficient variations due to AN;

Aai, (in cmY) is the absorption coefficient variation due to AP.

The self-absorption coefficient in the Er-doped SO, region has been assumed to be 0.1
cm?, that is 0.43 dB/cm, which results from the product of typical values for the absorption
cross section and ion concentration, 10%° cm? and 10" cm?, respectively, of erbium in
SO,.[15].

A two-dimensional (2-D) semiconductor device modeling software, ATLAS from
SILVACO [16], was employed to calculate the dc electric-field across the gate oxide of the
biased structures.

3. Results and discussion
3.1 Optical characteristics

Figure 2 shows the optical field distribution for the quasi-TE (mgor E-field component
perpendicular to the S/slot interface) for the proposed slot-waveguide. The operating
wavelength is 1.54 um. The optical field is strongly confined in the low-index slot region.
The normalized power in the slot (with respect to the total power in the waveguide) was
estimated to be around 30%. The effective refractive index was calculated to be
Ne=1.99+j9.7x10°. The imaginary part of ng; represents an absorption coefficient of 0;:=3.4
dB/cm. Note that the latter value is smaller than the bulk material losses (due to free-carrier
absorption) exhibited by the doped (P=10" cm?®) Si rails (6 dB/cm). This is because only a
small fraction of the optical mode is located in the highly lossy Si regions, as revealed in Fig.
2. Asaconsequence of this small overlap between the doped regions and the optical field, the
imaginary part (transmission loss) of the effective refractive index of the waveguide becomes
smaller than the bulk doped-Si material losses. Thisis aunique feature of the slot-waveguide
that enables to place high-index lossy materials (for example, highly doped semiconductors
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for defining electrodes) close to the maximum value of the guided optical field without
introducing excessive optical losses, which is especially useful in the design of high
performance electro-optic devices.
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Fig. 2. Transverse E-field amplitude (contour) of the quasi-TE optical mode.

Figure 3 shows the quasi-TE optical mode distribution in a bent slot-waveguide turning to
the left (-x axis) with aradius of curvature of 20 um. It is seen that the optical field is still
strongly concentrated in the slot region and slightly shifts to the right side (+x axis) due to the
bending effect. Bending radiation losses (oweng) Were calculated by monitoring the optical
power of the quasi-TE mode in the bent waveguide as a function of the propagation distance,
resulting radiation losses of 2.25 dB/cm for aradius of curvature of 20 um. Thisradius value
has been chosen as a trade-off between low radiation losses and short ring length. Low
radiation losses are necessary in order to achieve a high cavity quality factor; however an
excessively large radius (long optical path) would enhance the effect of the optical losses and
reduce the output power.
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Fig. 3. Transverse E-field amplitude (contour) of the quasi-TE optical mode for a bent slot-
waveguide turning to the left (-x axis) with aradius of curvature of 20 um.
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In order to estimate the performance of the microring resonator illustrated in Fig. 1(a), the
following parameters were used: radius (R) = 20 um, power-coupling coefficient (|x]?) = 0.1,
and optical 10SSeS 0=0teeat0licHOleng:  Olecat FEPrESENtS the optical losses in the slot-waveguide
due to scattering at the sidewalls of the S rails, which has been experimentally determined to
be ~10 dB/cm [10]. Thus, o= 15.6 dB/cm and the total internal loss in the ring, A= 02nR =
0.2 dB. Thering radius must satisfy the condition 2rtR=m(A¢/2ns), where mis an integer, in
order to have a resonance at the emission wavelength A= 1540 nm. Figure 4 shows the
transmittance characteristics of the microring. The calculated quality factor Q, defined as the
ratio of the resonance frequency (w;) to the full width at half maximum of the resonance (A®),
is Q=w,/Aw = 6.7x10°. This value is one order of magnitude higher than that exhibited by
vertical Fabry-Perot cavities formed by multilayer Si/SiO, Distributed Bragg Reflectors
(DBR) [17]. Note that the calculated Q corresponds to a passive ring; if optical gain is
achieved in the active material a narrower resonance peak, and higher Q, could be obtained
[13].

Laser oscillation would occur if the following condition is satisfied: (I'g-o)L=-In(1-x),
where I is the confinement factor, L is the length of the ring and g the active material gain. If
alow value of [k]* such as 0.025 is used in order to increase the ring Q and decrease the factor
-In(1-[«f%), the modal gain equals T'g= 5.7 cm™ for aring radius of R=20 um. Since I'=0.3, the
active material optical gain needed for lasing would be g=19 cm™. Although this value can be
reduced by increasing the ring radius, that is, the active region length, the condition
I'g>0=3.64 cm™' must be always satisfied. At present, the material system Er** in SO, has
exhibited optical gain when optically pumped [15, 18], and the maximum total gain achieved
so far (around 0.14 cm™ [15]) is much smaller than the calculated here. Nevertheless, the high
values of cross section of excitation obtained by electrical pumping of Er® in SO, [8] suggest
that higher gains can be achieved by electrical excitation. In any case, for lasing, the
waveguide losses must be significantly reduced through improvements in the processing of
the slot-waveguides in order to reduce scattering, which is estimated to be the main source of
loss in the proposed structure. The feasibility of laser emission in Er-doped SO,
microcavities has been demonstrated by Polman et al. [18] by using low loss toroidal
microresonators. The smooth surface of the SO, toroidal resonator resulting from the
fabrication procedure permits to reduce significantly scattering losses allowing lasing by using
small optical pump power.
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Fig. 4. Calculated spectral transmittance of the ring resonator shown in Fig. 1(a). The quality
factor Qs 6,700.
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3.2 Electrical characteristics

Carrier transport through the gate oxide in the studied device can be attributed to Fowler-
Nordheim (F-N) tunneling [8], which depends on the barrier height between S and SO, and
the applied electric field (E) across the oxide. For F-N tunneling, the E-field across the slot
oxide must be in the range of 7.5 MV/cm to 10 MV/cm (breakdown voltage of oxide), that is,
between 45 V and 60 V. Figure 5 shows the 2-D distribution of the dc electric field for an
applied voltage (Vanode-Veahoge) Of 55 V. The transverse electric field in the slot region is
nearly uniform and most of the applied voltage drops across the Er-doped S O,. This assures
auniform current injection through the gate oxide. The experimental value of the F-N current
density needed to produce electroluminescence saturation (maximum concentration of excited
Er ions) in Er-doped SO, MOS devices is J= 2 mA/cm? [8], therefore the bias current for the
dot-waveguide ring LED would be 1=JAq=(2 mA/cm?)-(2r20um0.3um) = 0.75 nA, where
Aing is the area of the vertical surface of the active region (slot). Thus, if the needed voltage
to achieve such a current density is 55 V, the power consumption would be only 41.2 nW.
Thissmall power consumption arises from the small area of the active region.

MOS Slot-Waveguide
Applied voltage 55V

alo |
>y

a)

03

-0z

Fig. 5. (@) 2-D distribution of the applied electric field for a bias voltage of 55 V. (b) 2-D
profile of the applied electric field.
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Fig. 6. (@) Schematic cross-sectional view of a horizontal MOS slot-waveguide. The dashed
blue arrows indicate the flow of injected el ectrons through the active gate oxide. (b) Transverse
E-field amplitude (contour) of the quasi-TM optical mode.

3.3 Other configurations

It should be mentioned that, besides the vertical slot-waveguide configuration of Fig. 1(b), a
horizontal configuration as that shown in Fig. 6(a) could be also used. In this case, the device
would operate under quasi-TM polarization (major E-field component perpendicular to the
Si/dot interface), as illustrated in Fig. 6(b). The complex refractive index of the dot-
waveguide shown in Fig. 6(a) was calculated to be ng=2.16+j1.21x10°°, which corresponds to
an absorption coefficient of 3.9 dB/cm. Thisvalueis dightly larger than that exhibited by the
vertical configuration due to the presence of more doped S regions. The horizontal
configuration can be advantageous in order to reduce scattering losses induced by
imperfections at the S/S O, interfaces. This is because a horizontal slot-waveguide could be
fabricated by ion implantation (oxygen [19] and erbium ions [8]), poly-Si deposition, lateral
overgrowth epitaxy [20] and wafer bonding [21] techniques, which would lead to much
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smoother interfaces than that produced by reactive ion etching techniques, used for the
fabrication of vertical slot-waveguides [10]. The reduction of scattering losses would be of
great importance in order to achieve laser emission, as shown in [18]. In addition, a
horizontal configuration would enable the implementation of rings with smaller radius of
curvature since the width of the S rails (along the x-axis) forming the horizontal dot-
waveguide is larger than that of the S rails in a vertical configuration, and therefore, the
optical field is more confined (lower radiation losses) in the S regions of the horizontal
structure that in those of the vertical one when the waveguide is bent in the plane of the
device.

Finaly, it should be noted that, besides a microring resonator, a Fabry-Perot (F-P)
microcavity defined by DBRs, as that shown schematically in Fig. 7, could be considered for
optical feedback. Similar F-P cavities based on conventional strip photonic wire have been
demondtrated on SOl substrates, exhibiting Q> 1400 [22]. A F-P cavity would be
advantageous in order to creste a RCLED based on the Purcell effect, since extremely small
modal volumes can be obtained [23], whereas the modal volume in aring resonator is limited
by the minimum tolerable radius of curvature before the optical mode in the bend is not
guided and getsradiated. Thus, it can be stated that a F-P resonator isideal to get small modal
volumes (which is good for Purcell effect- based devices), whereas a ring (or disk) resonator
is an excellent structure for achieving high quality factors (which is good for increasing LED

brilliance and obtain laser emission).
/ Light out

Bragg Active
reflector material

Light out

Fig. 7. Fabry-Perot microcavity LED based on a slot-waveguide. Two DBRs defined the
resonant structure. A MOS diode is defined in the cavity region for electrical pumping of the
active material.

4, Conclusions

A novel in-plane Si electricaly-driven RCLED based on a S/SO, slot-waveguide
microresonator with electroluminescent Er-doped SO, in the slot region has been proposed.
The geometry of the slotted waveguide permits the definition of a MOS diode for the
electrical excitation of the active material. The small percentage of the optical mode contained
in the doped Si rails enables to reduce waveguide losses due to free-carrier absorption. On the
other hand, the high percentage of the optical mode contained in the electroluminescent dot-
region allows for high interaction between the active material and the guided light.
Simulations indicate that a microresonator based on the MOS-slot configuration is capable to
exhibit a quality factor of 6,700 and it is able to emit light at 1.54 um with a bias current of
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only 0.75 nA. With further improvements in processing and active materials, the proposed
electro-optical dot-waveguide-based resonant architecture may be a promising candidate for
the fabrication of an electrically-pumped S laser.
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