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Abstract. In the race to realize ultrahigh-speed processors, silicon photonics research is part of
the efforts. Overcoming the silicon indirect bandgap with special geometry, we developed
a concept of a metal-oxide—semiconductor field-effect transistor, based on a silicon quantum
well structure that enables control of light emission. This quantum well consists of a recessed
ultrathin silicon layer, obtained by a gate-recessed channel and limited between two oxide layers.
The device’s coupled optical and electrical properties have been simulated for channel thick-
nesses, varying from 2 to 9 nm. The results show that this device can emit near infrared radiation
in the 1 to 2 ym range, compatible with the optical networking spectrum. The emitted light
intensity can be electrically controlled by the drain voltage V4 while the peak emission wave-
length depends on the channel thickness and slightly on V. Moreover, the location of the
radiative recombination source inside the channel, responsible for the light emission, is also
controllable through the applied voltages. © The Authors. Published by SPIE under a Creative
Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in
part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JNP.11
.036016]
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1 Introduction

The need for higher processing speed imposes a great technological challenge since reducing the
internal distance between the processor transistors increases RF interference phenomena due to
the electron-motion-induced electric field in the internal communication path. It is commonly
accepted that one of the best ways to overcome these interference problems is to use optical
communication instead of electrical ones since photons do not interact between them.'™
Therefore, great efforts are conducted to obtain light-emitting Si-based devices as building
blocks of integrated optical and electrical processing.*”’

Unfortunately, Si has an indirect bandgap that prevents electron recombination light
emission.® This is why the technology of electro-optic devices is based mainly on direct gap
III-V semiconductors, such as GaAs. However, even if GaAs high-quality devices already
exist, they still remain a great technological challenge to combine both Si- and GaAs-based
blocks in the same processor chip since it is difficult to grow high-quality GaAs layers on
an Si substrate.”

From the early times of microelectronic industries, microprocessors had been developed
using silicon as the starting wafer material. This technology has reached high maturity, and pro-
cessors can be made at very large scale production and at low cost. Therefore, it is highly pref-
erable to find a way to obtain optical emission from a silicon-based device rather than to combine
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Si- and GaAs-based devices since it seems that the future forecast is well oriented to silicon
photonics.*!° Despite silicon’s indirect bandgap nature, which makes it a very poor light emit-
ter,!' not only has electroluminescence been observed in ultrathin silicon,'? but photo-activated
silicon-based devices as well as light-emitting devices have also been recently developed.'*'*!3
This renewed interest in silicon photonics has top high-tech corporations investing more and
more efforts into developing these kinds of technologies.'® If electro-luminescence (EL)
from silicon metal-oxide-semiconductor (MOS) devices can be used for testing integrated cir-
cuits (ICs),'"~%0 practical silicon-emitting devices are still difficult to realize. Moreover, some
methods developed to obtain silicon-based photoemission devices are not efficient enough
or may induce some unacceptable device degradation through hot electrons’ injection mecha-
nism, causing threshold voltage shift, thermal emission, device lifetime reduction, and more.
Therefore, it is believed that the most efficient way to obtain Si-based light-emitting devices
is to use the intraband electron recombination in a quantum well.

Our recent research aims at a silicon-on-insulator (SOI)-metal-oxide—semiconductor field-
effect transistor (MOSFET) device called MOSQWELL (MOSFET Quantum Well) for which
the light emission can be expected from intra-sub band electron recombination in the silicon
quantum well.*! In the past, some works described the influence of very thin layers in
MOSFET devices?>? as well as quantum-well-based photo detectors.>* Design and simulation
of the present devices were conducted using the advanced COMSOL Multiphysics software
package. The simulations describe the optical emission spectra in the 1 to 2 ym domain (near
infrared), which is the relevant optical communication band. In the present paper, these spectra
will be presented as a function of the drain voltages, showing dependence between the light
emission and the electric properties of the transistor, which is a necessary step toward optical
communication.

2 Device Simulation Model

2.1 Device Structure

We have conducted simulations on devices with channel thicknesses varying from 2 to 9 nm.
Such a thin channel can be achieved from commercially available SOI layer (50 nm Si thickness
in our case) wafers using a selective “gate-recessed” channel (GRC). As an example, a 4-nm
thick channel device obtained by this method is presented in Fig. 1. Along with the three-dimen-
sional (3-D) structure of the different layers shown in Fig. 1(a), a zoomed view of the GRC,
included in two oxide layers (which is the quantum well structure), is presented in Fig. 1(b).
The color legend enables the identification of the different material layers of the device: mono-
crystalline silicon in yellow, polysilicon in green, silicon oxide (both gate oxide and buried
oxide) in red, silicon nitride in cyan, and aluminum contacts in blue.

2.2 Need of an Accurate Structure and Mesh

COMSOL software is based on finite elements calculation. Therefore, we defined the device
using a high-density mesh of vertices. The high density of the mesh is needed because of
the ultrathin channel layer. Because of computing and memory limitations, we had to vary
the mesh density along the device so that the software will not crash and the simulation will
run in reasonable time. The mesh model is shown in Fig. 2. It can be seen that the large structures
are described with relatively few vertices, whereas much more vertices are needed to faithfully
describe the thin layers.

2.3 Physical Model Limitations

Though the calculations were conducted under the semiconductor module package of
COMSOL, we had to adapt the module to take into account the expected quantum effects
in the ultrathin transistor channel, which can be described as a quantum well. The COMSOL
software package enables postprocessing variables improved for spontaneous emission.”> These
new postprocessing variables have been added, enabling the spontaneous emission spectrum to
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Fig. 1 Description of the MOSQWELL device structure using COMSOL multiphysics package:
(a) 3-D structure. The color legend presents the different material layers: silicon (yellow), polysi-
licon (green), silicon oxide (red), silicon nitride (cyan), and aluminum (blue). (b) Zoomed view of the
recessed channel (4-nm thickness). SOI layer is 50 nm. Units are in nm.

be plotted as a function of photon energy, wavelength, and frequency. Additionally, it is now
possible to directly access the photon energy, wavelength, and frequency variables throughout
the extra dimension that is added by the optical transitions feature, where previously these quan-
tities needed to be calculated using an expression in terms of the angular frequency.
Previous works also showed the usage of COMSOL modules and Schrodinger—Poisson
equation model solving.*** Indeed a two-dimensional (2-D) Poisson—Schrodinger solver is
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Fig. 2 Complex mesh for the COMSOL simulation of the MOSQWELL device’s structure: (a) 3-D
view of the dense mesh and (b) zoomed view of the device channel with more dense regions in the
upper layers.

needed. It should be capable of producing a potential profile and of calculating the Eigen energy
at any cross section between the drain and the source. It is of course required to obtain various
sub band profiles from the drain to the source for calculating the drain current by the mode-space
approach, where the transmission coefficient needs to be calculated for different sub band pro-
files from the drain to the source.?’ By this means, we were able to calculate the light-emission
intensity dependence on the drain voltage. To take into account the expected quantum effects in
the ultrathin transistor channel, which can be described as a quantum well, we had to use the
module in the following way. We defined the channel as a virtual semiconductor having elec-
tronic property values taken from silicon. The gaps between the inter-sub band levels were set
equal to the energy level transition found from the quantum well model described in the follow-
ing section. Therefore, we could not calculate the whole emission spectrum from the device, and
we had to conduct the simulation for each emission line (radiative transition) separately for
a given drain and gate voltages. By this means, we were able to calculate the light emission
intensity dependence on the drain voltage for the whole emission spectrum. In spite of some
drawbacks, the simulation will give a coherent dependence of the light emission on the
drain voltage that actually determines the electron concentration along the channel and, there-
fore, the electric field and the electron states in the channel.

3 Quantum Well Model

3.1 Emission Energies and Corresponding Wavelengths

As a result of the momentum conservation law, the indirect bandgap nature of silicon prevents
the radiative electron hole recombination.*” The minimum conduction band energy level is near
the Brillouin zone edge and, therefore, has high momentum while the highest valence band
energy level is at the Brillouin zone center. Since the photon having energy equal to the differ-
ence between these two energy levels should have a negligible momentum, radiative recombi-
nation due to interband charge transitions are forbidden in normal conditions. The main interest
of the quantum well effect is to shift all the electron transitions at the minimum conduction band
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energy. The quantum effect will induce some energy sub bands at the same Brillouin zone point;
therefore, electron sub band transitions will be allowed, and photon emission will be obtained.?

In the MOSQWELL transistor, the well is the n-doped Si channel between the buried oxide
layer and the gate oxide layer [Fig. 1(b)] with respective thicknesses of 75 and 25 nm. It should
be emphasized that the same Si layer serves as the recessed channel and the gates below the
electrical contacts where the layer thickness is different: 4 nm for the channel and 50 nm
for the source (S) and drain (D) contacts. While quantum effects are expected in the channel,
the silicon thickness in the drain and source regions is large enough so that quantum effects are
negligible. Let us consider that the silicon layer is confined in the z direction (the growth direc-
tion) between the SiO, layers and the layer has variable width in the x direction. In the y direc-
tion, the layer can be considered infinite. We can assume that the electron motion in the x
direction is free, although there is a small potential step at the interfaces between the gate
and the channel. Therefore, the electrons behave as a 2-D free electron gas in the xy plane.
The quantum-well-induced energy levels E are then obtained by solving the one-dimensional
(1-D) Schrodinger equation:

n d
Ey(z) = —Md—"z’ +V(Qw(2), 0

where V(z) is the potential energy in the confined (z) direction, m, is the effective mass of the
electron, and y(z) is the electron wave function. The energy band diagram of the quantum chan-
nel is described in Fig. 3. The SiO, bandgap is 8.9 eV,’' and the energy difference between the
conduction band of the Si well and the SiO, barrier (the barrier height) is 3.3 eV.?! We assume
that the electron effective mass in the SiO, barrier is the free electron mass m.>'** In the Si well,
the effective electron mass is the transverse conduction band electron effective mass 0.2 m,>>
near the conduction minimum since the Si is grown in the (100) direction.

The relative intensity of the light emission of the given transition between sub band levels i
and f, which is related to the transition probability per unit of time between confined levels, is
calculated from the transition probability per unit of time I';_, ; given by the Fermi golden rule
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Fig. 3 Schematics of the energy band diagram (conduction and valence bands) of the quantum
well channel structure, for a given channel thickness L. In our case, only the quantum sublevels in
the conduction band are relevant since we consider an n-MOSFET device.

Journal of Nanophotonics 036016-5 Jul-Sep 2017 « Vol. 11(3)



Bendayan et al.: Electrical control simulation of near infrared emission. ..
2w
_ 2
iy = 7 lwilHlyil*p. (2)

where H is the electric dipole transition operator q.r (the perturbing Hamiltonian that is respon-
sible for the photon emission by electron recombination), p is the density of final states, and y;
and y; are the initial and final electron state wave function, respectively. Because of the asym-
metric nature of the transition operator, the main electron transitions can only be between states
of opposite symmetry.

The 1-D Schrodinger Eq. (1) can be solved numerically to obtain the different energy levels
in the well. For the well thicknesses L that we are dealing with (2, 3,...9 nm), the energy levels
are shown in Table 1 for the even and the odd solutions of the equation. The allowed transition
energy level emission energies and wavelengths corresponding to the optical communication
domain (typically 1 to 2 ym) and beyond the optical absorption threshold of silicon are also
shown in the table.

3.2 Simulated Spectrum Modeling

In addition to the single line calculation, the overall emission spectra are obtained by combining
the different lines in a single spectrum using a Lorentzian broadening

1 Npeaks

ag,
SA)=-SN'T_,— L 3
@ n; PR+ @ )

where «; is the Lorentzian full width at half maximum and 4, is the transition photon wavelength
of the i’th peak among the total number of peaks N, and corresponding to the allowed tran-
sition between the j and k states of opposite symmetry. The broadening is due to many reasons
such as nonuniformity, temperature, and interface roughness. We assumed an full width of half
maximum o« of 0.05 eV, which roughly corresponded to the width of Si-based device electro-
luminescence at room ternperature.15

Table 1 Si well sublevel energies (eV) in the conduction band obtained for several well thick-
nesses of up to 4 nm. Emission energies (eV) and corresponding wavelengths (um) are also
summarized.

Si well
thickness Even solution energy Odd solution energy  Emission energies Emission
L (nm) levels (eV) levels (eV) (eV) wavelengths (um)?
2 02,23 0.95 0.75 1.65
3 0.11,1.2 0.52, 2.2 0.68, 1 1.82, 1.24
4 0.076, 0.74, 2.2 0.32, 1.4, 3.2 0.66, 0.8, 1 1.88, 1.55, 1.24
5 0.045, 0.51, 1.45, 2.94 0.21, 0.91, 21 1.24, 0.86, 0.65, 1, 1.44,1.9, 147
0.84
6 0.039, 0.37, 1.1, .21 0.16, 0.64, 1.5, 2.8 0.94, 1.13, 0.7 1.32,1.09, 1.77
7 0.03,0.28,0.8,1.6,2.6 0.12,0.49, 1.2, 21, 0.68, 1.11, 1.17, 1.82, 1.11, 1.05,
3.3 0.92, 0.7 1.34,1.77
8 0.023, 0.22, 0.62, 1.24, 0.095, 0.39, 0.9, 1.6, 1.14, 0.85, 0.87, 1.08, 1.46, 1.42,
21 2.6 0.68, 1.2, 0.98 1.82, 1.03, 1.26
9 0.0186, 0.175, 0.495, 0.077, 0.315, 0.72, 0.913, 0.675, 0.94, 1.36, 1.83, 1.32,
0.99, 1.665, 2.515 1.305, 2.07, 3 1.13, 0.81, 1.21 1.09, 1.53, 1.02

3Calculations are limited to 2 um for practical considerations to match the optical communication spectra.
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4 Simulation Results

4.1 Electrical Output Characteristics

Prior to running the optical simulations, we had to simulate the electrical characteristics using
a COMSOL multiphysics package for the device having a 4-nm thick channel value. The aim of
those simulations was to assure that the device structure is behaving like a regular MOSFET
transistor. Output characteristics, i.e., drain current versus drain voltage (I3, — V4,) with gate
voltage V, stepping from O to 4 V were simulated (Fig. 4). As expected from an MOSFET
transistor, the saturation regime is reached after the linear one for each V, voltage of the output
curves. The avalanche breakdown zone was also empirically described by exponential trend
(as inserted in Fig. 4). We can extract the “activation” energy E, of the avalanche process,
defined by the exponential term ¢9V9/F2, by taking the reciprocal value of the fitting slope; we
get E, = 0.35 eV. Thus, this satisfying transistor behavior acts as a functionality check of the
electrical simulation part.

4.2 Optical Emission Spectra

4.2.1 Emission wavelength as function of the channel thickness

Once the device is defined in COMSOL and the allowed transitions have been calculated,
we can simulate for a given transition the emission spectra for different channel thicknesses.
The calculations were made for channel thicknesses of 2 to 9 nm to evaluate the relevant
light-emitting transitions between the allowed intersub band energy levels as depicted in
Table 1. The simulated graph results (Figs. 5-8) present the intensity in arbitrary units
(a. u.) of the light emission, as a function of the wavelength (emission spectrum) of up to
2 um. Note that an emission wavelength below 1.1 um is not considered because of the silicon
band-to-band optical absorption. From Fig. 5, we can see that a thickness of 3 nm does not give
better emission in the desired wavelength range, since most of its light emission is at a greater
wavelength. This is because, for this larger thickness, the energy of transition is lower than for
the 2-nm thickness case. Despite the fact that this larger thickness allows an additional elec-
tron-confined energy level, this level is too high to allow a transition in the required wave-
length domain. By further increasing the channel thickness to 4 nm and higher, the energy
levels go even lower, which allows an additional transition in the required (near IR) domain,
as can be seen in Figs. 5-8.
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Fig. 4 Simulated characteristics of an MOSQWELL device having a channel thickness of 4 nm at
breakdown regime.
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Fig. 5 Simulated light-emission spectra for device with channel thickness of 2 and 3 nm.
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Fig. 6 Simulated light-emission spectra for device with channel thickness of 4 and 5 nm.
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Fig. 7 Simulated light-emission spectra for device with channel thickness of 6 and 7 nm.
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Fig. 8 Simulated light-emission spectra for device with channel thickness of 8 and 9 nm.

4.2.2 Control of the light intensity as a function of the drain Vs

As a worst case test, we selected the 4-nm thick channel device because of its relatively small
peak intensity. The emission spectrum was simulated for the first emission peak located at
1.88 um (0.66 €V energy transition) and for different electrical conditions (Vg kept as 2 V
and V varying from 2.34 to almost 3 V to get in the avalanche breakdown regime, as shown
in Fig. 9). As expected, the intensity increases steeply with V, indicating that the more hot
electrons are present in the channel, the stronger the light emission. More precisely, it appears
that the light emission has a threshold electrical condition on Vg, which is connected to the
breakdown regime.

The emitted light intensity is directly related to the emitted photon quantity. Since a photon is
the result of one electron recombination, the more electrons there are in the channel, the more
photons will be emitted and therefore the greater the light intensity. In the transistor channel, the
electron quantity is exponentially related to the drain voltage, so should be the light intensity. In
Fig. 10, we can fit the intensity dependence of each spectral line on Vg, by an exponential
dependence like ¢9V9/E2 The extraction of the activation energy E, as the reciprocal of the
slope is 1/7.39 = 0.13 eV. Note that it has the same order of magnitude of those found for
the avalanche breakdown (Fig. 4).

1.2x10% ‘ I ‘
oo ]| T V=234V /\
——V,, =246V / \
 soac | —V, =258V
5 —V, =264V
©
| | /N
% ’ —V, =276V
E " —V, =282V Vs
4.0x10% +—|
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Wavelength [um]

Fig. 9 Intensity of the emission spectra for several V4 values simulated for intersub bandgap of
0.66 eV (1.88-um wavelength). Device is 4-nm-thick channel device (Vg =2 V).
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Fig. 10 Intensity dependence of the 1.88 um emission peak for 4-nm thick channel device at
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Fig. 11 Distribution of the radiative recombination rate along the silicon channel for V4 = 3.2 V.
Horizontal scale is in nm.

4.2.3 Location of the light emission in the channel

As part of the analysis of the device behavior and following previous setup conditions, it was
important to simulate and understand not only the intensity of the spontaneous light emission
(1.88 pm) from the silicon channel (4 nm) but also its location and spatial distribution. Assuming
that the intensity of the light emission due to the transitions between the quantum levels is pro-
portional to the spontaneous recombination rate, we simulated the distribution of this rate in the
channel, as shown in Fig. 11. The maximum value is located close to the channel edge and
decays rapidly along the channel.

5 Analysis and Discussion

As mentioned above, the aim of this analysis is to demonstrate the existing coupling of optical
properties to the device quantum structure and electrical parameters, so, respectively, the wave-
length of the emission is a function of the channel thickness, and the intensity of the peak is
controllable by the drain applied voltage.

5.1 Electrical Study

Regarding the electrical characteristics shown in the avalanche breakdown regime, the electrons
are “pumped” to higher energy sublevels of the conduction band. From this high-energy state,
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the electrons can relax to lower sublevels and can emit a photon. Since one photon is emitted
by one electron recombination, the emitted light intensity, which is proportional to the number
of emitted photons (for a given wavelength), is proportional to the current passing through
the channel. As seen in Figs. 9 and 10, the light intensity is indeed increasing in a same
kind of exponential trend with Vy like in the avalanche breakdown regime. In spite of the
fact that we work in the avalanche breakdown regime, we remain in a relatively low Vg
range (up to 2.6 V), so we can assume that there will not be a strong degradation of the device
functionality.

5.2 Adjustment of the Wavelength as a Function of the Channel Thickness

As shown above and as expected due to the number of transitions, the thicker the channel is, the
higher the number of peaks is and the higher the intensity is (Figs. 5-8). This allows us to choose
the best thickness to obtain the higher throughput in the required wavelength and the required
bandwidth. For example, if we are interested in monochromatic emission, we may choose thin
layers (2 or 3 nm). We can therefore introduce a new transistor descriptive parameter that sets the
emitted wavelength.

5.3 Control of the Light Intensity as a Function of the Drain Vs

As for the light-intensity control, the results may enable some preliminary forecast of the
expected highest intensity as a function of the thickness for a defined window, in our case,
the 1 to 2 um range. Moreover, as the drain voltage controls the light intensity, we could rea-
sonably assume that an electrical signal applied at the gate can also modulate the light emission.
From these preliminary simulated results, we can expect that, by coupling Si waveguides to the
channel, the optical signal can be transmitted to a detector coupled to another transistor. This is
actually the elementary communication operation between two elementary devices where this
communication is equivalent to the electron communication between devices or blocks. The
main difference here is that there is no more RC delay limiting the electron motion and no
cross talk between the devices. Since there is no cross talk, the devices can be closer and
the modulation speed can get higher without tampering with the processor work.

5.4 Usage and Possible Applications

The need for future generations of very large-scale integrated circuits working at 10 GHz
frequencies and above is a challenge that CMOS technology has tried to reach for several dec-
ades. In such frequencies, the signal propagation delay on a chip and a circuit board, as well as
signal cross talk, impose severe limitations on system design and performance. A proposed sol-
ution to this problem is to move to optical signal transmission in the critical paths. The merging
of the microelectronics with communication in general and with optical communication in par-
ticular vigorously pushes the efforts to realize both electronic and electro-optic functions on the
same silicon chips. The devices presented in this study allow this kind of communication. This is
further motivated by the limitations of the metal wiring on a chip and a PC board to transfer the
electronic signals in the 10 GHz range and above. Moreover, failure mechanisms in metal inter-
connect, such as self-heat and electromigration, can be prevented in the case of optical commu-
nication between blocks when using optical emission through silicon waveguides.

In our preliminary study, we have emphasized that QW MOSFET processing is compatible
with standard CMOS technology. Moreover, SOl CMOS on SOI wafers is already a commercial
process, and the expected light emission at selected wavelengths, in correlation with the silicon
thickness in the transistor, may lead to the development of modified SOI CMOS technology that
will include both standard CMOS transistors for the performance of the electronic functions and
quantum well transistor devices for optical communication. We are aware of the very low emis-
sion intensity that may be emitted by the device; however, this concern should not be detrimental
since the device is not intended to serve as a laser emitter but rather as an electro-optic modulator.
In other words, the aim of this device is to act as a local emitter of IR radiation, which may be
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electrically modulated and eventually detected and amplified by other detectors in its close
neighborhood, using a built-in waveguide. Assuming that we can build such a light-emitting
transistor, we can obtain a device that can convert ultrahigh-frequency electric signal to an opti-
cal signal, which in turn can propagate without any coupling or radiative effects. This may dra-
matically increase the processor work frequency.

6 Conclusions

In this article, we presented a new nanoscale MOSFET Quantum Well MOSQWELL) transistor
based on a GRC quantum-channel structure. The model of the device is described, and simu-
lation results are presented. Optical simulations show promising light-emission features (both in
intensity and in wavelength) adapted to optical communication. On the other hand, electrical
simulation results were found promising toward future measurements on devices. To get a series
of measurements, several thicknesses would be processed and characterized. The model presents
several expected values of energy levels, which can enable light-emitting mechanism, and
shows the control of the drain voltage on the emission intensity in the breakdown avalanche
regime.
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