
Vol.:(0123456789)1 3

Applied Physics B (2019) 125:89 
https://doi.org/10.1007/s00340-019-7202-3

Guiding and controlling light at nanoscale in field effect transistor

Lalit Singh1   · Surbhi Tidke1 · Mukesh Kumar1 

Received: 9 March 2019 / Accepted: 25 April 2019 / Published online: 4 May 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Metal–oxide–semiconductor field-effect transistor (MOSFET) and tunnel field-effect transistor (TFET) are proposed to 
guide and control the light at nanoscale utilizing the hybridization of plasmonic and optical modes. The hybrid plasmonic 
(HP) mode is confined in the dielectric sandwiched between the metal gate and semiconductor channel, which results from 
the coupling of surface plasmonic polariton mode at the metal–dielectric interface with the optical mode in the dielectric. 
Conventional conductivity modulations in the channel through gate and drain–source voltages are utilized to control the 
guided light. A long propagation length of 74 μm and a very small mode area of �2∕96 are reported for field-effect transistor 
at an operating wavelength of 1550 nm which are useful to realize low loss and compact optoelectronic devices. The charge-
carrier dynamics along with the plasma dispersion effect in the silicon channel, through voltages applied on the gate and 
source–drain, result in the optical phase modulation in MOSFET and TFET. Phase shift of � radian at a length of 1.2 mm 
and 0.21 mm is obtained in MOSFET and TFET, respectively. The proposed concept has the potential to enable multifunc-
tionality of the mature field effect transistors.

1  Introduction

The rising silicon photonics holds a strong promise to rev-
olutionize short-reach optical interconnects [1–3]. Wide 
deployment of broadband optical communications has 
become crucial especially for Internet data centers and 
high-performance computing systems [4, 5]. Integration of 
silicon-based complementary metal–oxide–semiconductor 
(CMOS) field-effect transistor (FET) and silicon integrated 
photonics, also known as silicon CMOS-integrated pho-
tonics, carries the potential to play a key role in enabling 
such deployment [6, 7]. The limitations of using copper 
in interconnects in electronic ICs have heralded the emer-
gence of optical interconnects [8, 9]. The strong presence 
of silicon in electronic ICs favors the use of silicon to real-
ize integrated photonic devices. During the last couple of 

decades, integrated silicon photonic devices have seen nota-
ble advances [10–15]. The realization of photonic devices at 
nanoscale for large-scale photonic integration remains a hot 
topic on which lot of research efforts are being made. Sev-
eral mechanisms are proposed to reduce the photonic device 
size beyond the diffraction limit [15–17]. Sub-wavelength 
optics based on surface plasmon polaritons (SPP) allows 
controlling and guiding of light at nanoscale structures, 
mainly at the metal–dielectric interfaces [18, 19]. Because 
of the opposite polarities of permittivity of the two materi-
als, i.e., noble metals (gold) and dielectric (silicon-oxide), 
the optical field can be squeezed into much smaller dimen-
sions than the diffraction limitation of the light. High opti-
cal losses associated with SPP-based waveguides can be 
reduced with hybrid plasmonic (HP) by exploiting optical 
confinement deeper into the dielectric and away from the 
metal–dielectric interface [20–23]. HP waveguide can sup-
port HP mode to propagate longer with low loss and very 
small mode area, in the order of �2∕400 ; hence, it can be a 
building block to realize photonics at nanoscale. A number 
of on-chip optical functions have been realized to guide the 
light in different materials and then to control the light for 
different applications, e.g., optical modulation. Guiding the 
light in silicon at nanoscale and then controlling it electri-
cally are two fundamental requirements for the realization of 
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compact silicon photonic platform, e.g., for silicon CMOS-
integrated photonics [6, 7].

The MOSFET configuration has an advantage, over PIN 
diode with isolation trenches, of negligible dc power con-
sumption along with localization of refractive index change 
under the gate electrode [24]. Metal–oxide–semiconductor-
based silicon modulator based on free carrier effect offers 
bandwidth exceeding 1GHz with a V

�
 L product of 8 V cm 

[25]. The speed of silicon photonic modulators also depends 
on the free charge carrier concentration and the contact pad 
placements. The device speed can be increased by introduc-
ing a graded doping profile in the vertical direction in a way 
such that higher doping density exists near the gate oxide 
and lower doping concentrations in the rest of the waveguide 
[25]. Nanoscale photonic functionality using MOS-based 
structures is still missing; it can be exciting to use MOSFETs 
underlying electronic ICs as nanoscale optical waveguides 
with an electronic control for the realization of various pho-
tonic devices.

Here, we report nanoscale optical guidance and con-
trolling of a MOSFET and in a tunnel TFET with mode 
field area of ≈ �

2∕100 . The 1550-nm wavelength light is 
made to confine in the gate oxide of few nanometer thick-
ness sandwiched between the gate metal and the underlying 
silicon. The concept of hybrid plasmonic waveguide is used 
to guide the hybrid plasmonic mode in a 2–3 nm dielec-
tric. The guided HP mode shows a propagation length of 
72 μm for TFET and 48 μm for MOSFET. The mode areas 
are reported to be �2∕46 and �2∕96, respectively, for MOS-
FET and tunnel FET. The very electronic nature of FET is 
utilized to control the guided light at nanoscale. The design 
and analysis of the devices are performed with finite differ-
ence eigenmode (FDE) using LUMERICAL [26]. Conduc-
tivity modulations in FETs using applied voltages are shown 
to control the phase of the guided HP mode. An efficient 
optical phase modulation is reported in both the devices. 
On varying drain–source voltage phase shifts of radian at a 
length of 204 μm and 1235 μm are obtained for TFET and 
MOSFET, respectively. On varying gate voltage, the change 
in effective refractive index is in the order of 10−5, which is 
smaller than that for a change in drain voltage resulting in 
10−3 change in the effective refractive index. The proposed 
concept adds an extra degree of freedom in the application 
of FETs. The reported results are excellent examples for ena-
bling multifunctionality in FETs.

2 � Device description

The schematic of the proposed devices is shown in Fig. 1. A 
nanoscale optical waveguide as well as phase modulator is 
functional through the gate-oxide of Fig. 1a n-channel MOS-
FET and Fig.  1b n-channel tunnel FET. The hybrid 

plasmonic mode is guided in the gate oxide on the semicon-
ductor channel as shown in 3D view of the proposed device. 
The inset of Fig. 1a shows the optical field confinement con-
tour map. The charge carrier dynamics of the channel in both 
the cases is made to control the guided HP mode utilizing 
the conductivity modulations by varying the terminal volt-
ages. The HP mode confined in the gate oxide is the result 
of the coupling of SPP with the optical mode (leaky) in the 
underlying semiconductor (channel). The hybridization of 
leaky optical mode from the high index layer silicon is cou-
pled with SPP from the interface of the dielectric and metal. 
The square norm of the mode amplitude of the hybrid mode 
is a crucial parameter which is defined as |b|� = nhyb−nd

2nhyb−nd−nspp
 , 

where nhyb, nd and nspp are the real refractive index of the 
hybrid, dielectric (optical) and plasmonic mode. The mode 
character study on a similar design is done in [20, 22]; if the 
mode character is greater than 0.5, the hybrid mode is more 
inclined toward a leaky optical field; and if it is less, then the 

Fig. 1   Schematic of nanophotonic waveguide cum phase modulator 
based on hybrid plasmonic concept using a MOSFET (inset shows 
the optical field confinement in gate oxide) and b tunnel FET, both on 
silicon-on-insulator with a 120-nm channel length
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field is more plasmonic mode. The coupled (HP) mode sup-
ports long propagation while maintaining a mode area small 
enough to cause nanoscale confinement. The electric field 
associated with the excited plasmonic wave decays exponen-
tially along both the sides of the interface. Gold is used as 
the top gate metal for the proposed device, with relative per-
mittivity of = − 115.13 + i 11.259 [27]. The field enhance-
ment exists at the top and bottom surfaces of the low index 
SiO2 layer. The bottom surface, i.e., Si–SiO2 interface, has 
field enhancement due to a strong discontinuity of the nor-
mal component of the electric field. This phenomenon takes 
places only when the thickness of the SiO2 becomes less 
than the penetration depth of the evanescent wave resulting 
into the overlapping of the optical mode and the surface 
plasmonic mode on each other. The coupling of two modes 
has potential to propagate at a longer distance of several tens 
of microns, realizing a promising platform for ultradense 
photonic integration. Two major factors contributing to the 
performance of conventional MOSFET for optical behavior 
are: (1) carrier-induced channel formation and (2) voltage-
controlled displacement of channel charge carriers from 
source to drain. In TFET, source and drain are of opposite 
doping types and the substrate has a doping type similar to 
that of the drain influencing injection and depletion of car-
rier charge concentration on the applied voltage. The light 
matter interaction due to the graded doping profile and the 
charge carrier concentration density help in electro-optic 
phase modulation [21].

The dimensions of high index layer silicon are chosen 
such that only leaky optical mode can travel through it. The 
lateral and vertical dimension of the high index layer is 
taken from [24]. The insulator thickness affects the proper-
ties of the waveguide mode. The optimized designs of both 
the devices exhibit electronic characteristics in line with 
conventional FETs. The silicon layer thickness is 200 nm 
(optimized to achieve hybrid mode confined in SiO2 ). Fig-
ure 2a, b shows the transfer and output characteristics of 
the MOSFET transistors, respectively, formed on p-type Si. 
Figure 2c, d shows the input and output characteristics of 
the TFET transistor. The analysis for MOSFET and TFET 
includes trap-assisted (SRH) and band-to-band tunneling 
models, respectively. All the characteristics are in compli-
ance with the basic requirements of a transistor.

3 � Optoelectronic characteristics

The drift-diffusion transport solver of Lumerical DEVICE 
software is used to analyze the electrical characteristics of 
the proposed device by defining the component geometry 
and Gaussian doping profile [26]. Simulation of the charge 
distribution in response to an applied voltage is performed. 
Lumbricals optical solver, MODE solutions, is used to 

perform FDE simulations of the guided-wave structures 
and extract the phase response as a function of the applied 
voltage with respect to change in effective refractive index. 
A fixed source wavelength of 1500 nm is used for simula-
tion. The refractive index used at 1550 nm of wavelength for 
SiO2 and Si is 1.44 and 3.48, respectively, and the dielectric 
constant for gate metal gold is = − 115.13 + i 11.259 [27]. 
PML is designed to absorb the outgoing waves from the 
active computation domain without reflecting them back to 
the active region of the device. The perfectly matched layer 
boundaries and metal boundaries are located at more than 
three times the dimensions of the device being simulated 
along the x-axis and z-axis. The electrical characteristics 
for the phase modulation are analyzed using the drift-dif-
fusion transport method by studying the distribution of the 
charge component in response to an applied voltage. The 
modulation occurs in a transverse device where the current 
flow is perpendicular to the direction of light propagation. 
MOSFET utilizes a single injection carrier (hole or electron) 
altering the refractive index. Equation (1), (2) shows the 
change in refractive index because of the changes in elec-
tron–hole densities [28].

where �Ne and �Nh represent the electron and hole charge 
densities, respectively. The equations reveal that the effec-
tive refractive index change due to holes is three times larger 
than that of electrons for the same carrier concentration. 
In n-type MOSFET, applying positive voltage at the gate 
terminal tends to repel holes near the oxide that are pushed 

(1)�ne = − 8.8 × 10−22 �Ne,

(2)�nh = − 8.5 × 10−18 (�Nh )
0.8,

Fig. 2   Simulated characteristics of n-type MOSFET. a Transfer char-
acteristics for a fixed drain of 0.3 voltage. b Output characteristics 
for a fixed gate voltage. Simulated characteristics of nTFET. c I

D
V
G
 

characteristics for different drain voltages. d I
D
V
D
 characteristics for a 

drain voltage of 2 V and 1.7 V
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downward, leaving behind negative ions. This forms uniform 
channel thickness and length called the inversion layer. The 
impact of charge density on effective refractive index was 
observed at a fixed positive gate voltage, and on applying 
negative voltage to the drain, the potential difference of the 
gate-to-drain region becomes less positive compared to the 
potential difference to that of the gate-to-source region as 
shown in Fig. 3a. The presence of less positivity of the volt-
age among the two potential difference regions above the 
channel results in lesser number of holes being repelled. As a 
result, more holes are present in a region that is less positive. 
As drain to gate voltage becomes more positive the greater 
number of holes get repelled which results in larger change 
in neff as shown in Fig. 3b. On applying negative to positive 
voltage at the drain terminal, the thickness of the depletion 
region starts increasing, pushing a greater number of holes 
from the gate-to-drain region, resulting in linear increase in 
effective refractive index because of the push–pull effect of 
drain voltage. Figure 3c further shows the inversion layer 
with stationary immobile ions. Current flows when the chan-
nel starts forming. When VG > VTH, injection of carriers into 
the channel takes place. The propagation length is defined 
as the distance for the SPP intensity to decay by a factor of 
1/e. This condition is satisfied at a length for the guided HP 
mode given by Lprop (μm) = �∕4�(neff(imag) ) [28]. The device 
modulation speed is dependent on many factors. The speed 
of the optical phase modulation of the proposed device is 

limited by the charge carrier injection in the channel and 
the transistor internal high-frequency capacitance. Further, 
the increases in doping concentration in drain/source region 
affect the modulation speed of the device. The choice and the 
placement of physical contact pads also play a role in lower-
ing the speed of the phase modulation of the device. Figure 4 
shows a slope of 0.01 for propagation length at VG = 1V 
because of the injected carriers. When VG = 0V , there is no 
formation of channel as well as no carrier injection with zero 
slope. The propagation length for fixed gate voltage, vary-
ing drain voltage is Lp (VG = 0V) = 47.74 μm at VD = − 3V 
and Lp (VG = 1V) = 47.70 μm at drain voltage of − 3 V. 
Figure 4 shows a slope of 0.01 for propagation length at 
VG = 1V because of the injected carriers. When VG = 0V , 
there is no formation of channel as well as no carrier injec-
tion with zero slope. The propagation length for fixed gate 
voltage, varying drain voltage is Lp (VG = 0V) = 47.74 μm 
at VD = − 3V and Lp (VG = 1V) = 47.70 μm at VD = − 3V . 
The n-channel tunnel FET device structure has resemblance 
to a MOSFET forming the inversion or accumulation layer 
on applying gate voltage, and the substrate region works 
similar to the PIN diode [29].

The p+ doped region is named as source and the n+ 
doped region is name as drain. The substrate is lightly 
n-doped as the intrinsic region. The drain voltage is the 
onset of tunneling barrier saturation obtained at constant 
gate voltage. Optically in NTFET, forward bias affects 
change in the refractive index compared to the reverse bias. 
Figure 3d shows the injection of holes and electrons into 
the intrinsic region. The major contribution of the optical 
losses comes from the absorption of charge carriers and/
or from the plasmonic ohmic losses. The larger the charge 
carriers, the larger will be the optical absorption. The other 

Fig. 3   Opto-electronic n-type MOSFET mechanism at V
G
= 1V and 

V
S
= 0V, showing a, b increase in effective refractive index result-

ing in optical phase tuning, c formation of inversion layer resulting 
in negligible change in effective refractive index. d N-TFET carrier 
injection from source as well as from drain into the intrinsic region. 
The light propagation length with respect to applied drain voltages is 
mentioned below the respective mechanism

Fig. 4   Effect on propagation length of hybrid plasmonic mode by 
varying drain voltage at a fixed gate voltage for a conventional pro-
posed MOSFET
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sources of optical losses may be related to the in and out 
coupling of the device. In the proposed device, the optical 
field intensity is mainly concentrated in the gate oxide layer 
of 3 nm where the major losses are incorporated due to the 
plasmonic ohmic losses. The effect of change in drain volt-
age on the imaginary part of effective refractive index is 
shown in Fig. 5 (dotted line). The change in the refractive 
index results in a phase shift �� in the hybrid plasmonic 
mode given by:

where L
�
 is the active length of the phase shifter for � phase 

shift, �neff is the change in effective index of the waveguide 
on application of external electrical field, and � is the wave-
length of light in free space. Figure 5a shows change in the 
optical phase shift of MOSFET on applying drain voltage 
from − 3 to 3 V for a waveguide length of 1.235 mm. A 
linear slope is observed from − 3 to 1 V and thereafter the 
slope decreases, because as the voltage on drain varies from 
− 3 to 1 V, the effective refractive index increases linearly.

After a voltage of 1–3 V, the change in effective refractive 
index is almost negligible, resembling a strong inversion 
region. Similarly, Fig. 5b shows the optical phase shift in 
tunnel FET on applying voltage from − 1 to 1 V for a wave-
guide length of 0.204 mm. A sudden change in phase shift 

(3)�� =
2�L

�
�neff,

is observed from − 1 to − 0.6 V, i.e., tremendous change 
at a very short voltage range. In this condition, the tunnel 
FET works in forward bias. Hence, a very large number of 
holes are injected into the intrinsic region. After a voltage 
of zero volt, the tunnel FET works in reverse bias, leading to 
negligible change in charge carrier concentration, resulting 
in negligible change in effective refractive index.

Considering the MOSFET device structure, �neff of 
10−4 is observed implying an active length of 1.235 mm. 
In Fig. 6a, the length for phase shift starts decreasing from 
− 3 to 1 V due to more negative potential difference of the 
gate-to-drain region. For a wavelength of 1.55 μm, L

�
 is 

1.937 mm at VD = − 3V and 1.43 mm at VD = 1V . From 
1 V onward, the length reduces gradually to 1.2 mm at 
3 V. As per Eq. (2), in hybrid plasmonic n-channel tunnel 
FET device, the neff of 10−3 is predicted for 1 × 1016 injec-
tion level. This implies an active length of 0.21 mm at a 
fixed gate voltage of 1V for a drain sweep from positive to 
negative.

In Fig. 6b L
�
 is inversely proportional to the applied drain 

voltage. The light guiding region is influenced by dual car-
rier injection effecting change in the refractive index. For 
example, with applied voltage of −1 V, the length is 0.4 mm, 
while at 1 V, the required length is 0.210 mm. Hybrid plas-
monic waveguide phase modulation is greater in a device 

Fig. 5   Optical phase shift (solid line) in relation with change in effec-
tive refractive index on varying drain voltage at fixed V

G
= 1V in a 

n-type MOSFET, b NTFET. The dotted line shows the change in the 
imaginary part of the effective refractive index of the hybrid mode

Fig. 6   Effect on L
�
 with change in voltage a from − 3 to 3 V of the 

proposed n-type MOSFET, b −1  to 1 V of the proposed NTFET for 
guided hybrid plasmonic mode at an optical wavelength of 1550 nm
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structure similar to that of tunnel FET than in n-type MOS-
FET. Conventional MOSFET utilizes only one type of car-
rier injection (electron or hole), whereas the advantage of 
conventional TFET over MOSFET implies injection of both, 
electron and hole, increasing �neff.

To improve the device performance to meet the require-
ment of application and to compete with other devices, 
some optimizations is further needed. Increasing the dop-
ing concentration of the source and drains can increase 
the device performance in terms of modulation efficiency, 
but with increased optical losses. The device dimension 
can further be optimized to achieve efficient optical cou-
pling. For example, increasing the gate oxide thickness 
may lower the optical losses, but at the cost of high energy 
consumption to achieve pi phase shift of the optical signal. 
The optimization of lateral dimensions should improve 
the amount of charge carrier injection, which in turn may 
show larger change in the real part of the effective refrac-
tive index of the proposed device. These optimizations will 
be a subject of our near future work.

4 � Conclusion

The MOSFET and tunnel FET are proposed in the form 
of nanophotonic devices. A nanoscale optical waveguide 
utilizing hybrid plasmonic concept and electrical control 
of guided mode are realized in FETs. An efficient optical 
phase modulation in the HP mode is reported in the pro-
posed devices. The electrical and optical characteristics of 
the field effect transistor are studied in relation with the 
working mechanism of the device, perturbing the effective 
refractive index. Conductivity modulations in FETs are 
used to electrically control the optical properties due to 
free carrier plasma dispersion effect. The minimum length 
for phase shift achieved by a voltage swing of −3 V to 3 V 
for n-channel MOSFET is 1.235 mm, and that in n-channel 
tunnel FET is 0.21 mm on a voltage swing of −1 V to 1 V 
for the propagated hybrid plasmonic mode. The MOSFET 
and TFET utilize single injection carrier type and dual 
injection carriers, respectively, affecting the refractive 
index. In the n-channel tunnel FET, the observed refractive 
index change is 0.003 at a very small voltage range from 
−1 to − 0.6 V. The proposed concept can open up new 
areas for applications of FETs. The reported results create 
a novel way to use FETs in integrated photonics, thereby 
providing an extra degree of freedom in their applications.
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