Journal of Integrated Circuits and Systems, vol. 19, n. 1, 2024

Impact of the gate work function on the experimental I-V characteris-
tics of MOS solar cells simulated with the Sentaurus TCAD software

Fabio Izumi, Marcos Norio Watanabe, Barbara Siano Alandia and Sebastido G. dos Santos Filho

LSI/PSI/USP, University of Sdo Paulo, Av. Prof. Luciano Gualberto, travessa dos politécnicos, n°. 158, 05508-010, S&o
Paulo, Brasil,
e-mail: fabioizu@usp.br

Abstract—In this work, the influence of gate work function
on the experimental J-Ve characteristics of MOS solar cells was
investigated with the aid of the Sentaurus TCAD for 2D numer-
ical simulations of TiN/SiOxNy/Si  Al/SiOxNy/Si  and
Al/MgO/Mg/SiOxNy/Si structures aiming at solar cells for en-
ergy harvesting applications. The increase of the gate work
function led to the increase of the reverse current density as
pointed out by the Sentaurus TCAD simulations and by the ex-
perimental J-Vc characteristics. The work functions of Mg, Al,
and un-annealed TiN used in the TCAD simulations were 3.7
eV, 4.1 eV, and 4.4 eV, respectively. It was observed that the
onset voltage at 0.5 mA/cm? in the forward-biasing region was
at a lower voltage for TiN (~ - 0.06 V) compared to Al (~ - 0.42
V) and the Al/MgO/Mg stack (~ - 0.47 V). On the other hand,
the current density increased steeply in the forward biasing for
TiN and Al compared to the Al/ MgO/Mg stack gate and the thin
MgO layer between Al and Mg worked as a potential barrier in
an opposite direction to the potential barrier of the Mg/Si-
OxNy/Si structure, which meant an onset voltage lowering for
the AlI/MgO/Mg/SiOxNy/Si solar cell. For the Al/MgO/Mg stack,
the barrier effect of the MgO layer was fitted as a series re-
sistance Rs = 100 Q and an equivalent A/MgO/Mg work func-
tion of 4.15 eV considering a substrate doping Na = 1.2x10% cmr
% and parallel conductance Gp = 0. Also, the experimental JxVe
characteristic of the Al/SiOxNy/Si cell was fitted for Al work
function of 4.10 eV, a series resistance Rs = 100 Q, a parallel
resistance Rp = 0.02 Q (Gr = 50 S) and a substrate doping Na =
5.5x10% cm3. In this case, the high parallel conductance fitted
was attributed to the tunneling through the dielectrics as a pre-
dominant effect possibly caused by a high concentration of de-
fects in the SiOxNy layer. Finally, the MOS solar cell parameters
were relatively lower compared to those of commercial outdoor
solar cells, but the power generated by the MOS cells reached
the mW range, and the conversion efficiency from light energy
into electrical energy was higher (12.7%) than the typical values
found for energy-harvesting solar cells.

Index Terms— I-V electrical characteristics; Sentaurus
TCAD; MOS solar cells.

INTRODUCTION

Currently, the energy conversion efficiency of commer-
cial outdoor C-Si solar cells is about 27% [1-4] and indoor
solar cells for energy harvesting, also known as IPVs (Indoor
Photovoltaics), is about 5-7% and reaches the mW range for
output power [1, 5]. The global market for IPVs has grown
rapidly as these devices have great potential for powering
IOT (Internet of Things), including integrated circuits, com-
munication devices, and distributed and remote sensors.
Among the different types of structures used for power gen-
eration, solar cells based on MOS (metal-oxide-semiconduc-
tor) technology are suitable candidates for improving the ef-
ficiency of indoor power generation, since the manufacturing
process of these cells has low complexity and low costs [5,
6]. For these devices, the charge carriers tunnel through the
potential barrier of the gate dielectrics, which requires a high
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control of the ultrathin film thickness in the range of 1 to
2 nm and the work function of the gate material [7, 8].

There are several works in the literature on the manufac-
ture of MOS solar cells using thin gate dielectrics as a mean
for tunneling the generated charge carriers of the electric cur-
rent [6, 9-14]. In the 1970s, researchers from NASA showed
that it is possible to fabricate solar cells MOS with inversion
region induced by positively charged layers of SiO to achieve
high efficiency in converting light energy into electrical en-
ergy. [15-16]. As late as the 1970s, articles were published
on MOS solar cells that showed conversion yields compara-
ble to those of PN solar cells. The scheme proposed in 1978
by Pulfrey [17] for the MOS solar cell consisted of using any
substrate, glass or metal, as a support for one or more semi-
conductors. The case studies were silicon and gallium arse-
nide (GaAs) in combination with germanium [17].

In MOS solar cells, the thermally grown ultrathin gate di-
electric leads to the passivation of the semiconductor surface,
so that the barrier height is mainly determined by the work
function of the gate metal rather than by the charge effect of
the interface states [10]. For metal/SiO/p-Si structures with
a metal/insulator barrier height (¢) of less than 3.6 eV, the
predominant mechanism is the tunneling of minority carrier
electrons through the dielectrics, while for more than 3.6 eV,
conduction by majority carrier holes is also activated. Figure
1 shows the energy band diagram of the Al/SiO./p-Si solar
cell (¢o= 3.2 V) where the predominant tunneling process is
by minority carrier conduction from the inversion layer,
which is why this cell is called inversion layer MOS solar cell
[10].
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Fig.1 Energy band diagram for the Al/SiO,/p-Si structure (adapted
from [10])

The current through inversion MOS solar cells with ul-
trathin gate oxides can be described by a similar modeling to



that of the Schottky contact by taking into account the influ-
ence of the incident light illumination [18].

Figure 2 shows the MOS solar cell described by an equiv-
alent circuit model [18, 19] consisting of a Schottky expo-
nential-type junction (D1), a constant photo-generated cur-
rent-density source (J.), a series resistance (Rs) due to the
contact and the substrate-bulk resistances and a parallel con-
ductance (Gp) that model a tunneling-limited current through
the gate dielectrics [20].
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Fig.2 MOS solar cell model
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Equation 1 is a mathematical description of the circuit in
Figure 2 with the given parameters Jr, Rs, Gp, Ji, V. V1 =
kT/q is the thermal voltage (0.02552 V at 23°C) and n is the
ideality factor. This equation can be solved for Jr and Vg by
means an analytical procedure that makes use of the Lambert
function [19].
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MOS solar cells with structures TiN/SiOxNy(1.73nm)/p-
Si, Al/SiOxNy(1.73nm)/Si-p and Al/Mg/SiOxNy(1.73nm) /p-
Si were manufactured at LSI/EPUSP for indoor energy har-
vesting applications using typical intensities in the range of
10 pW/cm? to ImW/cm?[5, 20] on substrates with resistivity
simulating possible post-processing applications of MOS so-
lar cells on integrated circuits for specific applications, for
example, subcutaneous implants for monitoring health pa-
rameters [21].

Sentaurus TCAD (Technology Computer-Aided Design)
is a powerful tool for 2D/3D numerical simulation which al-
lows one the analysis of electrical, thermal, and optical prop-
erties using command scripts of parameters related to electri-
cal biasing, operating temperature, series resistance, the par-
allel conductance and the incident light on silicon solar cells
[22].

In the present work, the influence of the gate work func-
tion on the experimental J-V¢ characteristics of MOS solar
cells is investigated with the aid of the Sentaurus TCAD for
simulation  of  TiN/SiOxNy/Si  Al/SiOxN,/Si  and
Al/MgO/Mg/SiOxNy/Si structures.

METHODOLOGY

A. Manufacture of MOS solar cells and electrical meas-
urements

TiN/SiNxOy/p-Si, Al/SiNxOy/p-Si and Al/Mg/SiNxOy/p-Si
solar cells were manufactured at LSI/EPUSP on 3-inch

P(100) substrates with thickness of ~ 380 um and resistivity
of 1-10 Q.cm. Figure 3 shows the details of the manufactur-
ing process of the MOS solar cells, starting with the chemical
cleaning (step “a” in Figure 3) using a modified RCA clean-
ing, according to the two baths as follow: (a) 400 ml H,O +
25 ml NH4OH (38%) + 175 ml H,0; (37%) and (b) 400 ml
H2O + 100 ml HCI (38%), both heated at 90°C, for 15 min
[5].

After the chemical cleaning the gate oxynitride was grown
by Rapid Thermal Processing (RTP) at 850 °C for 100 s with
a thickness of 1.73 nm (step “b” in Figure 3) using an adapted
conventional thermal oxidation furnace [10]. RTP was per-
formed by the quick insertion of the wafer from the furnace
front till its center position, allowing a rapid increase of the
temperature till the plateau. Each wafer was processed in a
mixed ambient of ultrapure 5N,:10,. The quartz carrier, for
3 inches wafers, was made using three thin brackets welded
on a quartz rod in order to assure rapid increase of the tem-
perature due to the low thermal mass in contact with each
silicon wafer [5].

Then, the gate material was deposited, which was a ~200-
nm thick layer of aluminum by Physical Vapor Deposition
(PVD). 30-nm thick layer of magnesium with a protective
~200-nm thick aluminum layer also was deposited by PVD
using an Edwards vacum coater auto 306 at 1x10° Torr.
Also, 18-nm thick layer of un-annealed titanium nitride (TiN)
was made by Sputtering Deposition [23] (step “c” in Figure
3) using an equipment Prest Vacuo PV600 at a work pressure
of 5 mTorr, argon flux of 20 sccm, deposition time of 350 s
and RF power of 250W. Following, the dimensions of the
MOS solar cells were defined by optical lithography (expo-
sure of the photoresist to UV light) (step “d” in Figure 3). The
gate material was then defined (step “e” in Figure 3) and the
photoresist was removed. The dielectric material grown on
the backside of the wafer was removed in diluted Hydroflu-
oric (HF) acid solution (20 H,0:1 HF (49%)) using wet etch-
ing by localized drops followed by natural drying. Following,
aluminum was deposited on the backside of the wafer by
PVD using an Edwards vacum coater auto 306 at 1x10° Torr
(step “f” in Figure 3).
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Fig.3 Profiles of the MOS solar cell obtained during the fabrication pro-
cess.
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Finally, an anti-reflective (AR) coating layer of SiO,
108nm thick, was deposited onto the defined metal gate over
the area of the MOS solar cells using low temperature evap-
oration (PVD: Edwards vacuum coater auto 306) at 1x10°
Torr in order to obtain a positively charged layer to invert the
Si and decrease the surface reflectance from 0.345 to 0.0825
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[15, 16].

During the fabrication of the MOS cells (Figure 3), a
multi-finger or "fishbone" geometry was used with a finger
width (L) of 50 um and distances (D) between finger lines of
50 um as illustrated in Figure 4. The total area (AT) was 3.24
cm? considering the square on which the metal grid was de-
fined. Figure 4 shows the MOS solar cell in plan view (Figure
4a), in profile view (Figure 4b) and in plan view of the mask
used for manufacturing (Figure 4c).
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Fig.4 Images of the MOS cell top view (a), profile view (b) and mask top
view (c).

The I x VV measurements were performed for the solar cells
in a grounded black box to avoid external electrical interfer-
ence. A halogen lamp with a luminous intensity (IL) of 650
cd and a standard light spectrum of 4100 K [24] was posi-
tioned at a selected distance “d” (9 cm) above the cells ad-
justed to obtain an incident power density Pi, = 7.7 mW/cm?2,
The distance “d” to achieve this power density was calculated
using the following equation [25]:

d= [IL.f(M)
683P;,
where IL is the luminous intensity in candela (cd), d is the
distance between the halogen lamp and the solar cell and
f(AA) is the integrated light function that accounts for differ-
ent penetration depths at different wavelengths (1) for the
tabulated spectrum of the halogen lamp at a temperature of
4100 K and it can be assumed to be uniform for MOS solar
cells [20].

The chosen power density of 7.7 mW/cm?falls within the
range of energy harvesting for lighting in supermarkets and
department stores [26, 27], considering that the incident
power outdoors on sunny days is about 100 mW/cm? [26].

An Agilent 4146C Source Measurement Unit (SMU) was
used, programmed to apply a potential between 2 V and -2 VV
to the metal gate with step voltage of 0.1 V/s in order to ex-
tract the | x V characteristics and obtain the usual important
parameters of the solar cells: Short Circuit Current Density
(Jsc), Open Circuit Voltage (Voc), Maximum Power Density
(Pmax) and Fill Factor (FF = Pmaxd/(Voc. Jsc) and the conver-
sion efficiency (7 = PmadPin) Obtained from the incident
power density Pin(mW/cm?) [1, 20].

)

B. Simulation with Sentaurus TCAD

MOS solar cells MOS were simulated in 2D using the
Sentaurus TCAD software. It is a Unix platform developed
by Synopsys with an interface based on text codes, where the
simulation parameters are specified in the form of command

scripts or by means of the Structure Editor module. The
SDEVICE module of TCAD allows the simulation of electri-
cal, thermal, and optical properties using command scripts of
electrical biasing, operating temperature and optical parame-
ters related to the incident light [22].

The simulations of current density characteristics as a
function of gate voltage (J x V) for MOS solar cells with and
without light were performed using the 2D profile in the Sen-
taurus TCAD using the profile view as shown in Fig 4(b).
The typical values of the work function for Al [28], un-an-
nealed TiN [23] and Mg [28] were used. Since the 2D simu-
lations provided current per unit width, it was divided by the
length of the structure to obtain the current per unit area and
to allow comparison with the experimental ones. In addition,
Rs and Gp [19] were introduced in the TCAD script to con-
sider the influence of the parallel conductance attributed to
defects in the SiOxNy layer and the series resistance due to
the contact and the substrate-bulk resistances, respectively,
to be shown in the results and discussions.

The structures TiN/SiNxOy(1.73nm)/p-Si, Al/SiNxOy(1.73
nm)/Si-p and Al/Mg/SiNxOy(1.73nm) /p-Si with ultrathin di-
electrics, were simulated as Schottky contacts considering
the barrier height is mainly determined by the work function
of the gate metal rather than by the charge effect of the inter-
face states [10]. The barrier height for p-type semiconductors
can be described as follows [10, 22]:

E,
Dp = ; +x- Dy 3)

where Ejq is the bandgap width of the semiconductor, @g is
the Schottky barrier height as indicated in Figure 1, @ is the
metal work function, and y is the electron affinity of the sem-
iconductor.

For aluminum gate and p-type silicon (&m =4.10eV, y =
4.05 eV and Eg¢/q = 1.10 eV) the MOS structure ideally has a
Schottky barrier height &g of ~ 0.8 eV. In addition, Sentau-
rus TCAD uses a tuning parameter (pinning) denoted as S.
For p-type semiconductors, the Schottky barrier height can
be written, as follows [29]:

Ecnc
q

®z=S <% + - cDM> +(1-S) 4

where Ecny is the energy level in the charge neutrality at the
silicon oxide/silicon interface and S is a Sze or Mdnch-type
fitting [29].

Some metals were studied in the gate region with different
work functions and barrier heights, as shown in Table | be-
low:

Table 1. Work function and barrier heights forMg, Al and un-annealed TiN.

Metal Work Barrier

function Height

dm(eV) bo(eV)
Mg 3.70 [28] ~ 2.2[30]
Al 4.10 [28] ~3.2[10]
TiN 4.40 [23] ~ 3.8 [31]

Current densities were also simulated for incident light



with power density Py, = 7.7 mW/cm? of a halogen light
source at 4100 K.

RESULTS AND DISCUSSION

First of all, Sentaurus TCAD 2D simulations were per-
formed to evaluate the influence of the barrier height on the
J-V¢ Characteristics of MOS solar cells with Rs = 100 Q and
Gp = 0. Figure 5 shows simulations of the current density as
a function of gate voltage V¢ for un-annealed TiN, Al and
Mg with work functions of 4.40 eV, 4.10 eV and 3.70 eV,
respectively, in the dark condition (without light illumina-
tion). To highlight and evaluate the behavior of each section
of the curves, a logarithmic scale was set for the current den-
sity axis. Also, the abscissa axis had its direction inverted
starting from V¢ >0 (reverse voltage at the left side) to V¢ <
0 (forward voltage at the right side). This axis inversion leads
to a usual representation mode for PN diodes that will be also
employed for all the J-V characteristics of the MOS diodes
in the following.

For Vg > 0, Figure 5 shows the dark current density levels
increasing progressively from Mg to Al to TiN. This behavior
adheres to the work function (¢m) feature shown in Table I,
this is to say, the higher the work function, the lower the
Schottky barrier in Equation 3 and the higher the reverse cur-
rent density is. On the other hand, for Vg < 0, it is observed
sections with linear slopes corresponding to the exponential
growth which tend to saturate when the voltage drop across
Rs becomes appreciable. It is worth of note that the higher
the reverse current density is, the sooner the exponential sec-
tion increases as predicted by a Schottky exponential-type
modeling [10].
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Fig.5 Sentaurus TCAD simulation of the current density as a function of
the gate voltage V¢ for Mg, Al and TiN as gate materials with work func-
tions of 3.70 eV, 4.10 eV and 4.40 eV, respectively, in the dark condition.

(Von at 0.5 mA/cm?is - 0.06 V for TiN, - 0.36 V for Al and - 0.60 V for

Mg).

Figure 6 shows typical graphs of the current density (J) as
a function of gate voltage (V) obtained experimentally for
TiN, Al and Mg, without light illumination. Assuming the
onset voltage at 0.5 mA/cm? in the forward region (Vg< 0),
it is at a lower voltage for TiN (~ - 0.06 V) compared with Al
(~ - 0.42 V) and Mg (~ - 0.47 V). On the other hand, the
current density increases steeply for TiN and Al compared
with Mg.
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Fig.6 Typical experimental curves of current density as a function of gate
voltage V¢ for TiN, Al and Mg as gate materials, without light illumination
(Von at 0.5 mA/cm? of - 0.05 V for TiN, - 0.43 V for Al and — 0.47 V for

Mg).

For Mg in Figure 6, it was expected that the onset voltage
would occur at a higher value of ~ - 0.60 V. In this case, the
series resistance was clearly higher compared to the Al gate
in the same figure. As it will be shown in the following, a thin
MgO layer between Al and Mg, which is formed during the
Al deposition, will work as a potential barrier in an opposite
direction to the potential barrier of the Mg/SiOxN,/Si struc-
ture.

As mentioned in the methodology, a protective ~200-nm
thick aluminum layer was deposited by PVD to avoid mag-
nesium surface oxidation. However, after the exchange of
process chamber, it was not possible to avoid the incorpora-
tion of H,0 onto the magnesium surface, which can led to the
formation of the phases MgO and MgOH through the follow-
ing chemical reactions [32]:

Mg(s) + H20(g) — MgO(s) + Hz(g) ©)
Mg(s) + 2H20(g) — MgOH(aq) + Hz(g) (6)

Reaction 5 occurs rapidly in gaseous media limited to the
residual H,O and reaction 6 occurs very slowly in aqueous
media [32]. Thus, the MgO is the main compound formed
during the Al-evaporation step since the reaction process will
be limited to the residual moisture in the deposition chamber.

As a result, the formed MgO thin layer between Al and
Mg will promote a onset voltage lowering as shown in Figure
6 for the Al/MgO/Mg/SiOxNy/Si structure, which can be un-
derstood knowing that the Mg work function (~ 3.7 eV) is
smaller than the Al work function (~ 4.1 eV). In this case, the
energy-band diagram shown in the Figure 7a makes clear the
opposite effect of the potential barrier due to the MgO layer
which behaves as an insulator with a band gap of ~ 7.8 eV
[33] in the dark condition (without light illumination). The
voltage drop across this layer achieves a reverse voltage gov-
erned by the internal work function difference between Al
and Mg that is given by Vimgo = (®@ai - Dmg)/g. As a result, the
maximum voltage drop across the cell decreases from ®g/q
to ((DB/q - VMgo).

In addition, Figure 7b illustrates the energy-band diagram
of the Al/MgO/Mg/SiOxN,/Si cell under light illumination
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showing the voltage drop Va = (Er mg - Er si)/q < ®g/q at the
Mg/SiOxNy/Si section and the opposite voltage drop Vy, = (Er
Mg - EFa)/q < Vimgo at the AI/MgO/Mg section. The total volt-
age drop across the Al/MgO/Mg/SiOxN,/Si cell is the photo-
voltaic voltage V¢ = Va — V.

—_— — e
"\\ ______ ,’/ x
. N -
Al By
¢0 #EC
wa 1 SRR E;
I il T s Vs - mm e Eg
@, Tl Ev
qVMgo_L \ SIOXNy;|
QVox
(@
light
g R —— i
”
,'
______ s 0"
X
NG -
‘DN 5
J "l
vy | | aVa Ec
" ) LR e 3
R e b -
. f "’ul I i ettt Erg;
- e e =’ EV
MgO
Vaeg O—L . Isioxnyd
aVox
(b)

Fig.7 Band diagram of the Al/MgO/Mg/SiO«N,/Si without illumination (a)
and under illumination (b)

Figure 8 shows the typical experimental and simulated
curves of the current density (linear scale) as a function of the
gate voltage Vg, obtained for Al and Mg with light illumina-
tion (Pin = 7.7 mW/cm?). For the Al/MgO/Mg/SiOxN,/Si case
obtained with light illumination, it is important to point out
the downward shift of the experimental J x Vg curve due to
the minority carrier generation. In addition, for Vg < 0, the
rise rate of the current density for the case with light illumi-
nation was steeper compared to the case without light illumi-
nation (compare the graph in Figure 6 with the graph in Fig-
ure 8), which was attributed to different voltage drops across
the Al/MgO/Mg section with e without light illumination, re-
spectively. It is noteworthy that the increase of Vy, in Figure
8b for the case with light illumination is associated with the
decrease of Vmgo which means a higher current density and
a lower equivalent series resistance of the AI/MgO/Mg sec-
tion. The same did not happen for the Al/SiO«N,/Si case
where the curve shifted downward with an almost linear

shape for Vs in the range of 0.1 V to ~ - 0.6V. For the TiN/Si-
OxNy/Si cell under light illumination (not shown in Figure 8),
the tunneling current through the dielectric was predomi-
nantly a Schottky exponential-like current, but without a
downward shift of the J x Vg curve so that Voc was null and
the photovoltaic effect was not observed. In this case, the re-
verse current density (Vs> 0) increase by about an order of
magnitude without significant change of the forward current
density (Ve< 0).

The TCAD simulations were performed for the gate volt-
age ranging from 0.10 V to - 0.65 V using the available li-
braries for TiN, Al and Mg as gate materials. For the
Al/MgO/Mg gate, the barrier effect of the MgO layer was fit-
ted as a series resistance Rs = 100 Q and an equivalent
Al/MgO/Mg work function of 4.15 eV considering a sub-
strate doping Na = 1.2x10% cm and Gp = 0 (see the simu-
lated and experimental curves in blue in Figure 8). For com-
parison purposes, the solid black line is the simulation for
Dumg = 3.7V, Rs =0, Gp = 0 and Na = 1.2x10% cm3, It is
worth of note that the expected onset voltage for the Al/Mg
gate was ~ - 0.65V, which would mean an open-circuit volt-
age Voc reaching up to 0.77V without the barrier effect of the
MgO layer (see Ve = 0.77 V for J = 0 on the solid black line

in Figure 8).
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Fig.8 Experimental and simulated curves of the current density (linear
scale) as a function of the gate voltage Vg, obtained for Al and Mg with
light illumination (Pi, = 7.7 mW/cm?). For comparison, the solid black line
is the simulation with Rs = 0.

On the other hand, TCAD simulations were performed for
the Al/SiOxN,/Si cell in the range of 0.10 V to - 0.85 V. The
experimental J XV curve in red in Figure 8 was fitted with
the following parameters: ®a =4.10eV, Rs =100 Q, Rp =
0.02 Q (Gp =50 S) and Na = 5.5x10%° ¢cm3. The parallel con-
ductance, also known as shunt conductance, is usually at-
tributed to pre-breakdown sites caused by defects crossing
the solar-cell active region that show no or weak conductivity
under low forward and reverse bias [34]. In the Al/SiOxN,/Si
diode of this work, the high parallel conductance was at-
tributed to the tunneling through the SiOxNy dielectrics as the
predominant effect on the current density that overrided the
exponential-like behavior of the Schottky barrier. This pre-
dominant effect was possibly caused by defects in the SiOxNy
layer that were activated by the voltage drop across the die-



lectrics in the AI/SiOxNy/Si structure. In this case, the con-
centration of defects would be higher compared with that in
the dielectrics of the Mn/SiO«N,/Si section of the Al/MgO/
Mg/SiOxNy/Si structure whose Gp = 0.

Figure 8 also shows the photovoltaic regions for the Al/Si-
OxNy/Si and Al/MgO/Mg/SiOxN,/Si cells and Table II in the
following shows the extracted photovoltaic parameters
which are the short-circuit current density (Jsc), open-circuit
voltage (Voc) maximum power density (Pmax), and the fill
factor (FF = Pmax/(Voc . Jsc)) and the conversion efficiency
(7 = Pmax/Pin) obtained from the incident power density Pi, =
7.7 mW/cm?2,

Table II. Main parameters of the Al/SiO.N,/Si and Al/MgO/Mg/SiO,N,/Si

solar cells
Jsc P
Voc FF n
Cell A/ W/

) (Cnr;z) (mV) (%) (:r]nZ) (%)
Al/SiON,/Si 476 470 23.7 0.53 6.9
Al/MgO/Mg/

SiO,N,/Si 7.32 428 313 098 127

It is noteworthy in Table Il that FF, Jsc, and Voc parame-
ters were smaller compared to the parameters of commercial
solar cells [1]. However, the generated power (Pmax) reached
the mW range and the conversion efficiency was higher com-
pared to the typical values reported for energy harvesting ap-
plications [1, 27]. In addition, although the MgO layer has
triggered a decrease of the Voc parameter for the
Al/MgO/Mg/SiOxNy/Si cell, the Jsc and FF parameters were
sufficiently higher to obtain a higher conversion efficiency of
12.7 % compared with 6.9 % for the Al/SiOxN,/Si cell.

CONCLUSIONS

In this work, the influence of the gate work function on
the experimental J-V¢ characteristic of MOS solar cells was
investigated with the help of Sentaurus TCAD simulations.

It was observed that the onset voltage at 0.5 mA/cm? in
the forward-biasing region was ~ - 0.06 V for TiN, ~ - 0.42
V for Al and ~ - 0.47 V for the AI/MgO/Mg stack gate. On
the other hand, the current density increased steeply for TiN
and Al compared to the Al/ MgO/Mg stack gate.

Without light illumination, it was observed that the re-
verse current levels increased from the Al/MgO/Mg stack to
Al to TiN indicating that the higher the work function, the
higher the current density level. In addition, the height of the
Schottky barrier decreased as the metal work function in-
creased and led to an increase of the reverse current density.

A thin MgO layer between Al and Mg, which was formed
during the Al deposition, worked as a potential barrier in an
opposite direction to the potential barrier of the Mg/Si-
OxNy/Si structure. This MgO thin layer promoted an onset
voltage lowering for the AlI/MgO/Mg/SiOxN,/Si structure,
which was explained based on the Mg work function (~ 3.7
eV) smaller than the Al work function (~ 4.1 eV), which
means an opposite effect of the potential barrier due to the
MgO thin insulator.

A halogen lamp with a luminous intensity (IL) of 650 cd
and a standard light spectrum of 4100 K was positioned
above the cells to obtain an incident power density Pi, = 7.7
mW/cm?. For the Al/MgO/Mg stack, the barrier effect of the

MgO layer was fitted as a series resistance Rs = 100 Q and
an equivalent AI/MgO/Mg work function of 4.15 eV consid-
ering a substrate doping Na = 1.2x10® cm= and Gp = 0.

TCAD simulations were also performed for the Al/Si-
OxNy/Si cell in the range of 0.10 V to - 0.85 V. The experi-
mental JxVg curve was fitted with @4 = 4.10 eV, Rs = 100
Q, Rp=0.02 Q (Gp =50 S) and Na = 5.5x10%® cm™3. In this
case, the high parallel conductance was attributed to defects
in the SiO«Ny layer that are activated by the voltage drop
across the dielectrics in the Al/SiOxN,/Si structure.

The extracted photovoltaic parameters fill factor (FF),
short circuit current density (Jsc), and open circuit voltage
(Voc) were relatively smaller compared to the parameters of
commercial solar cells, but the power generated by MOS
cells reached the mW range and the conversion efficiency
was higher (12.7 %) than the typical values found for solar
cells applied in energy harvesting.

ACKNOWLEDGEMENTS

We acknowledge Coordenacéo de Aperfeicoamento Pes-
soal de Nivel Superior (CAPES) for the financial support.

REFERENCES

[1] J.Bouclé, D. Ribeiro Dos Santos, A. Julien-Vergonjanne “Doing More
with Ambient Light: Harvesting Indoor Energy and Data Using Emer
Auvailable: https://doi.org/10.3390/s0lar3010011.

[2] M.Green, E.Dunlop, J.Hohl-Ebinger, M.Yoshita, N.Kopidakis and
X.Hao, “Solar cell efficiency tables (version 57)”. Prog Photovolt Res
Appl. v. 29, 2021, pp. 3-15. Available: https://doi.org/10.1002/
pip.3371

[3] W.Shockley and H.Queisser. “Detailed balance limit of efficiency of
p-n iuction solar cells”. lournal of Applied Physics. v.32, n.3, 1961, pp.
510-519. Available: https://doi.org/10.1063/1.1736034.

[4] R.Mccarthy and H.Hill. “The Shockley-Queisser limit and practical
limits of nanostructured photovoltaics”. IEEE Photovoltaic Specialists
Conference, 2012, pp. 1663-1668. Available: https://doi.org/10.1109/
PVSC.2012.6317915

[5] M.N.Watanabe, W.Chiappim, V.Christiano and S.G.d.S.Filho, "MOS
solar cells for indoor LED energy harvesting: influence of the grating
geometry and the thickness of the gate dielectrics,”" 2019 34th Sympo-
sium on Microelectronics Technology and Devices (SBMicro), Sao
Paulo, Brazil, 2019, pp. 1-4. Available: https://doi.org/10.1109/SBMi-
€ro.2019.8919375.

[6] R.Har-Lavan and D.Cahen, "40 years of Inversion-Layer Solar Cells:
From MOS to Conduct Polymer/Inorganic Hybrids", IEEE Journal of
Photovoltaics, v. 3, n. 4, 2013, pp. 1443-1459. Available:
https://doi.org/10.1109/JPHOTOV.2013.2270347.

[71 A. Gehring, “Semiconductor Tunneling in Semiconductor Devices,”
PhD (doctorate), Technischen Universitét Wien, Viena, Austria, 2003.
Auvailable: https://www.iue.tuwien.ac.at/phd/gehring/diss.html

[8] R.Bube, “Junctions,” in Electrons in Solids (Third Edition), Academic
Press, 1992. pp. 214-241, ISBN 9780121385538. Auvailable:
https://doi.org/10.1016/B978-0-08-050538-1.50016-8

[9] C.D.Todd, “Tunnel-diode applications”, IEEE Electrical Engineering,
v. 80, 1961, pp.265-271. Available: https://doi.org/10.1109/
EE.1961.6433207.

[10] M. A.Green, F.D.King and J.Shewchun, “Minority Carrier MIS Tun-
nel Diodes and Their Application to Electron and Photovoltaic Energy
Conversion L. Theory”, Solid State Electron, v. 17, 1974, pp. 551-572.
Auvailable: https://doi.org/10.1016/0038-1101(74)90172-5.

[11] C.Lin, B.-C.Hsu, M.H.Lee and C.W.Liu, “A Comprehensive Study of
Inversion Current in MOS Tunneling Diodes”, IEEE Transactions on
Electron Devices, vol. 48, n. 9, 2001, pp. 2125-2130. Available:
https://doi.org/10.1109/16.944205

[12] A. Ghetti; A. Hamad; P.J. Silverman; H. Vaidya and N. Zhao “Self-
consistent simulation of quantization effects and tunneling current in
ultra-thin gate oxide MOS devices,” in 1999 International Conference
on Simulation of Semiconductor Processes and Devices. SISPAD'99



https://doi.org/10.1002/%20pip.3371
https://doi.org/10.1002/%20pip.3371
https://doi.org/10.1063/1.1736034
https://doi.org/10.1109/%20PVSC.2012.6317915
https://doi.org/10.1109/%20PVSC.2012.6317915
https://doi.org/10.1109/SBMicro.2019.8919375
https://doi.org/10.1109/SBMicro.2019.8919375
https://www.iue.tuwien.ac.at/phd/gehring/diss.html
https://doi.org/10.1016/B978-0-08-050538-1.50016-8
https://doi.org/10.1109/%20EE.1961.6433207
https://doi.org/10.1109/%20EE.1961.6433207
https://doi.org/10.1016/0038-1101(74)90172-5
https://doi.org/10.1109/16.944205

Journal of Integrated Circuits and Systems, vol. 19, n. 1, 2024

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

(IEEE Cat. N0.99TH8387), 1999, pp. 239-242. Available:
https://doi.org/10.1109/SISPAD.1999.799305

D.Ielmini, A.S.Spinelli, M.A.Rigamonti and A.L.Lacaita,“Modelling
of SILC Based on Electron and Hole Tunneling — Part I: Transient Ef-
fects”, IEEE Trans.Electron Devices, v. 47, n. 6, 2000, pp. 1258-1265.
Awvailable: https://doi.org/10.1109/16.842971.

B.Kuhlmann, A.G.Aberle, R.Hesel and G.Heiser, “Simulation and Op-
timization of Metal-Insulator—Semiconductor Inversion-Layer Silicon
Solar Cells”, IEEE Transactions on Electron Devices, v. 47, n. 11,
2000, pp. 2167-2178. Available: https://doi.org/10.1109/16.877180
R.B.Godfrey, M.A.Green “A 15% efficient silicon MIS solar cell,”
Appl. Phys. Lett, v. 33, n. 7, 1978, pp. 637-639. Available:
https://doi.org/10.1063/1.90446.

R.B.Godfrey, M.A.Green “655mV open-circuit voltage, 17.6% effi-
cient silicon MIS solar cells,” Appl. Phys. Lett., v. 34, n. 11, 1979, pp.
790-793. Available: https://doi.org/10.1063/1.90646.

D.L.Pulfrey, “MIS Solar Cells: A Review,” IEEE Transactions on
Electron Devices,” v. 25, n. 11, 1978, pp. 1308-1317. Available:
https://doi.org/10.1109/T-ED.1978.19271

S. M. Sze, Physics of Semiconductor Devices, New York, Wiley, 1969.
A.Ortiz-Conde, F.G.Sanchez and J.Muci, “New method to extract the
model parameters of solar cells from the explicit analytic solutions of
their illuminated I-V characteristics.” Solar Energy Materials and So-
lar Cells, v. 90, n. 3, 2006, pp. 352-361. Auvailable:
https://doi.org/10.1016/j.s0lmat.2005.04.023.

M.N.Watanabe, W.C.Junior, V.Christiano, F.Izumi and S.G.d.S.Filho,
"Fabrication and Electrical Characterization of MOS Solar Cells for
Energy Harvesting," 2018 33rd Symposium on Microelectronics Tech-
nology and Devices (SBMicro), Bento Gongalves, Brazil, 2018, pp. 1-
4. Available: https://doi.org/10.1109/SBMicro. 2018.8511579.

Z. Chen, M. Law and S. Member. “A Single-Chip Solar Energy Har-
vesting IC Using Integrated Photodiodes for Biomedical Implant Ap-
plications.”IEEE Transactions on Biomedical Circuits and Systems,
vol. 11, p. 1, 2017.

Sentaurus Device Manual, Synopsys, Santa Clara, 2010. Availa-
ble:https://web.stanford.edu/class/ee212/SWB/swb_b.html

S.A. Vitale, J. Kedzierski, P. Healey, P.W. Wyatt, C.L. Keast “Work-
Function-Tuned TiN Metal Gate FDSOI Transistors for Subthreshold
Operation”, IEEE Trans. On Electron Dev., v. 58, n. 2, pp. 419-426,
2011 Awvailable: https://doi.org/0.1109/TED.2010.2092779.

V. Roberts, “Incoherent Sources|Lamps,”Encyclopedia of Modern Op-
tics, pp. 208-217, 2005. Available: https://doi.org/10.1016/B0-12-
369395-0/00855-1.

A. D. Ryer, The Light Measurement Handbook, International Light
Technologies (ISBN 0-9658356-9-3). Available: https://international-
light.com/light-measurement-handbook

S. Evanczuk “Specialized ICs, PV Enable Energy Harvesting from In-
door Lighting” Article Library of Digi-Key Electronics, 2015. Availa-
ble: https://www.digikey.com.br/en/articles/specialized-ics-pv-cells-
enable-energy-harvesting-from-indoor-lighting

G.Apostolou, A.Reinders, M.Verwaal, “Comparison of the indoor per-
formance of 12 commercial PV products by a simple model”, Energy
Sci Eng, vol. 4, no 1, 2016, pp. 69-85. Available: https://doi.org/
10.1002/ese3.110.

K, Hiroyuki, K., Effective Work Functions of the Elements. Database,
Most probable value, Previously recommended value, Polycrystalline
thermionic contrast, Change at critical temperature, Anisotropic de-
pendence sequence, Particle size dependence. Progress in Surface Sci-
ence, vol. 97, pp. 100583, 2022. Available:
https://doi.org/10.1016/j.progsurf.2020.100583.

G.Cankaya and N. Ugar, “Schottky Barrier Height Dependence on the
Metal Work Function for p-type Si Schottky Diodes”, Journal of Phys-
ical Sciences; 2004, pp. 795-798. Auvailable:
http://doi.org/10.1515/zna-2004-1112.

R.K. Chanana “On the work function of metals and the electron affinity
of crystal surfaces of semiconductors”, IOSR Journal of Electrical and
Electronics Engineering, v. 17, n. 5, 2022. DOI: 10.9790-1676-
1705020912.

F. De Stefano, V.V. Afanas’ev, M. Houssa, L. Goux, K. Opsomer, M.
Jurczak, A. Stesmans “Modulation of electron barriers between TiNx
an oxide insulators (SiO2, AI20) using Ti interlayer”, Phys. Status
Solid A, v. 211, n. 2 pp. 382-388, 2014. Available:
http://doi.org/10.1002/pssa.201330210.

T. Lister, J. Renshaw Cambridge International AS & A Level Complete
Chemistry, 3rd ed., Oxford University Press, 2020, pp. 143. (978-1-38-
200531-9)

(33]

(34]

D.M. Roessler, W.C. Walker “Electronic spectrum and ultraviolet op-
tical properties of crystalline MgO” Physical Review, v. 159, n. 3, pp.
733-738, 1967. Available: http://doi.org/10.1103/PhysRev.159.733.
O. Breitenstein, J. Bauer, T. Trupke, R.A. Bardos “On the detection of
shunts in silicon solar cells by Photo- and Electroluminescence Imag-
ing”, Prog. Photovolt: Res. Appl., v. 16, pp. 325-30, 2008. Available:
http://doi.org/10.1002/pip.803.



https://doi.org/10.1109/SISPAD.1999.799305
https://doi.org/10.1109/16.842971
https://doi.org/10.1109/16.877180
https://doi.org/10.1063/1.90446
https://doi.org/10.1063/1.90646
https://doi.org/10.1109/T-ED.1978.19271
https://doi.org/10.1016/j.solmat.2005.04.023
https://doi.org/10.1109/SBMicro.%20%202018.8511579
https://web.stanford.edu/class/ee212/SWB/swb_b.html
https://doi.org/9
https://internationallight.com/light-measurement-handbook
https://internationallight.com/light-measurement-handbook
https://www.digikey.com.br/en/articles/specialized-ics-pv-cells-enable-energy-harvesting-from-indoor-lighting
https://www.digikey.com.br/en/articles/specialized-ics-pv-cells-enable-energy-harvesting-from-indoor-lighting
https://doi.org/%2010.1002/ese3.110
https://doi.org/%2010.1002/ese3.110
http://doi.org/10.1515/zna-2004-1112
http://doi.org/10.1002/pssa.201330210
http://doi.org/10.1103/PhysRev.159.733

