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Modeling three-terminal III-V/Si tandem solar cells
Emily L. Warren, Michael G. Deceglie, Paul Stradins, Adele C. Tamboli

National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401, USA

Abstract — Three-terminal (3T) tandem cells fabricated by
combining an interdigitated back contact (IBC) Si device with
a wider bandgap top cell have the potential to provide a
robust operating mechanism to efficiently capture the solar
spectrum without the need to current match sub-cells or fabricate
complicated metal interconnects between cells. Here we develop
a two dimensional device physics model to study the behavior of
IBC Si solar cells operated in a 3T configuration. We investigate
how different cell designs impact device performance and discuss
the analysis protocol used to understand and optimize power
produced from a single junction, 3T device.

Index Terms — tandem solar cell, three-terminal, Sentaurus,
TCAD, modeling

I. INTRODUCTION

There has been a great deal of recent interest in the
development of III-V/Si tandem solar cells, with multiple new
efficiency records set in the past year [1]], [2]. Most tandem
solar cells designs are either two-terminal (2T) devices, where
the subcells are electrically connected in series, or 4 terminal
(4T) devices, where each subcell is operated independently.
While 2T devices are more common, recent modeling has
shown that 4T devices are more resilient to variations in solar
spectrum and can produce higher energy yield (3], [4]. An
alternative cell configuration that has potential to combine the
strengths of both is a three-terminal (3T) device consisting
of a III-V top cell optically in series with an interdigitated
back contact (IBC) Si cell. Such a 3T tandem can be run
either in a standard 2T configuration, or use the second back
contact to extract excess current, making the device less
sensitive to current matching between the subcells due to
bandgap differences or spectral varation. If all of the excess
photocurrent can be extracted from the Si bottom cell in a
GalnP/Si tandem, the overall efficiency of the device would
increase by ~5% absolute above the performance of a 2T
tandem.

A 3T contacting geometry has the potential to benefit mul-
tiple approaches to creating tandem cells. These cells would
not need lateral current extraction between the cells (which is
required for 4T operation), enabling the use of transparent
conductive adhesives (TCAs) or other low cost conductive
layers [3]]. However, there are unique design features of the 3T
geometry that may detrimentally impact performance (such as
the need for a conductive top surface in an IBC Si cell) that
motivates the detailed modeling of this relatively unexplored
tandem cell design.

The modeling of most tandem cells in the literature has
been carried out by combining 1D solar cell models (e.g.
PC1D) with separate circuit models or simply adding together
the performance of the two subcells. While this is sufficient
to capture the behavior of a 2T or 4T device, to accurately
model the behavior of a 3T cell as described above requires
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Fig. 1. Schematic comparing 2T, 3T, and 4T cell configuration. 2T devices
are limited by current matching conditions, but offer simpler integration than
4T devices. 3T devices can leverage advantages of both approaches.

at least a 2D model that is capable of handling device
physics in two dimensions and with more than 2 contacts.
There are no dedicated solar cell modeling software packages
that meet this requirement, necessitating the use of a more
powerful simulation environment. In this work, we have used
a technology computer aided design (TCAD) software package
to understand the performance of a 3T solar cell based on an
IBC Si bottom cell.

II. SIMULATION METHODS AND PARAMETERS

The electrical simulations presented here were performed
using Sentaurus TCAD (Synopsis). The two-dimensional na-
ture of an IBC cell structure requires a 2D structure with
a width equal to the pitch between thep andn type back
contacts. The cell geometry was roughly based on the poly-
silicon on oxide (POLO) IBC cell developed at the Institute for
Solar Energy Research Hamelin (ISFH), although the device
structure was not optimized to fully match experimental data

(6.

A. Optical Generation

Due to the vastly different length scales needed to capture
the electrical and optical performance of an IBC device, the
optical generation profile was calculated separately and then
used to solve the device physics of the cell [[7]]. This enables the
optical generation profile to guide the meshing of the device
area, so that regions of high optical absorption are meshed
more densely, which enhances the efficiency of convergence
of the device physics model. Optical generation profiles were
created within Sentaurus or using PV Lighthouse’s module
ray-tracing software [8]. All of the results presented here were
calculated using the AM1.5G spectrum without any filtering
from a top III-V cell or TCA layer. The optical stack included
a standard 75 nm antireflective coating layer so that the
simulated performance under standard illumination conditions
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TABLE I
GEOMETRY OF SI CELL

Parameter Value

Cell thickness 160 pm

Unit cell width 365 pum

poly-Si thickness 20 nm

Front contact parameters

Tunnel oxide thickness 1.5 nm

P In-diffusion depth 300 nm
P In-diffusion peak 1012 cm—3

TABLE 11
DEVICE PARAMETERS FOR SI CELL
Parameter Value
Temperature 300 K
Bulk doping (P) 101% cm—3
Bulk lifetime 2 ms
SRV at Si/SiO2 interface 103 cm/s
SRV at Si/SiN,. interface 50 cm/s
SRV at metal contacts 107 cm/s
Tunneling model Nonlocal tunneling
Tunneling effective mass (m, 1) 0.4

can be more directly compared to standard single junction Si
solar cells.

B. Electrical Simulation

The geometry of the device is shown in figure 2h and
consists of an n-type Si substrate with back contacts defined
by poly-Si p and n regions that are then contacted with smaller
area metal openings that are contacted with Al. The entire front
surface of the cell was coated with n-poly Si and then con-
tacted with a transparent uniform contact to simulate a TCA
layer. The basic geometric parameters of the cell are listed
in Table [Il For simplicity, the poly-Si layers are defined as
separate c-Si regions with different doping densities [9]], [[10].
Gaussian doping profiles were used to simulating in-diffusion
of dopants into the bulk. Different front surface conditions
were investigated to understand the impact of passivation and
recombination on 3T performance. A passivated front contact
was modeled with a carrier selective contact using a thin
tunneling SiO» layer, as has been previously demonstrated
[10], [T1]. An ohmic front contact (SRV = 107 cm/s) was
modeled to provide an upper bound for the degradation of
cell performance due to recombination at the front surface.
The basic material parameters used to define the properties of
the materials used are listed in Table

The device physics of the cell was solved using Sentaurus
Device. To improve convergence of the model, the illumination
was slowly turned on over multiple steps and then a quasi-
stationary ramp was used to sweep the voltage of the p contact
from OV to 0.8V to extract the current voltage behavior of
the cell. For 3T operation, another quasi-stationary ramp was
used to set the current from one of the twon contacts prior to
sweeping the voltage of the back-p contacts.

III. RESULTS AND DISCUSSION

For our proposed 3T tandem cell to work it must be possible
to extract the excess current from an IBC Si cell that is
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Fig. 2. a) TCAD model of a 3-terminal n-type Si cell with a n-type top
contact and standardn andp IBC back contacts; simplified schematics of the
two limiting operating modes of such a 3T cell: b) current extracted between
top-n and back-p contact; c) current extracted between back-n contact and
back-p contact.

operating in series with a wider bandgap top cell with minimal
losses to the overall performance of the device. We first
examine each of the limiting 2T operating conditions for the
simulated 3T Si cell.

There are two ways to extract power out a 3T Si cell, as
shown in Fig 2} In the case of a cell with an n-type base,
current can either be extracted between the front n-type contact
of the cell and the back p-type contact (F-B mode, Fig [2b), or
between the back n-type contact and the back p-type contact
(IBC mode, Fig [2).

We first investigate the limiting cases of performance for
the device in the limiting 2T modes (F-B and IBC) under
AM1.5G illumination to compare performance to standard 2T
Si devices. It is well-documented that passivation of the front
surface is critical to achieve high efficiencies for standard IBC
cells, so it is important to determine whether a 3T device will
suffer by having a conductive front surface. Figure [3| shows
J-V data for cells operating in each mode with and without a
passivating front contact (Figure of merit data for each device
is compiled in Table [ITl) When the poly-Si/SiO, passivated
front contact structure is replaced with an ohmic contact (SRV
= 107 cm/s), the performance of the cell drops dramatically,
from >22% to <17% absolute, in both IBC mode and F-B
mode. This demonstrates the importance of a well-passivated
surface for the operation of a device with a large area contact.
Interestingly, in both cases the cell performs slightly better
in F-B mode than in IBC cell, for otherwise identical cell
geometries. The difference in performance can be attributed to
improved fill-factor (FF). It has previously been suggested that
the direct current path between the back-p and full area front-
n contact can minimize current bunching at localized contacts
and improve FF, which also seems to improve performance in
this simulation [10]].
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Fig. 3. J-V plots for a 3T Si cell, operated in either /BC mode (black) or F-B
mode (red). Solid markers are for a device with a passivated front contact,
open squares for an ohmic front contact.

Debate exists in the literature over the mechanism of passi-
vation for poly-Si/ Si05/Si junctions [10], [12], so we compare
the tunneling model to an idealized c-Si/poly-Si interface
where the SRV is set to a value of 10 cm/s to represent an
idealized passivated contact. The performance of these cells
is very similar to those with an active tunneling layer, but the
open circuit voltages (V,.) of these devices were lower than
when tunneling was activated. This suggests that the tunneling
mechanism may play a role in the high V,.s reported for
experimental passivated contact cells.

In 3T mode, the cell’s operating range has an extra degree
of freedom, requiring two independent variables to specify
the operating point of the cell. Since each n-type contact can
create a different diode with the common p-type contact, each
sub-circuit can sustain a different voltage. It is important to
account for the power generated in each sub-circuit, not just
the current-voltage behavior at any given operating condition
of the cell. When the current at either n-type contact was set
to a constant value (as might be the case for a tandem cell
with the top cell connected in series to one sub-circuit), the
total power out of both circuits matches or exceeds the 2T
performance in IBC or F-B mode.

IV. CONCLUSION

We have developed a 2D TCAD model to investigate the
performance of 3T Si IBC cells for integration into a 3T
tandem cell. Operating a tandem cell in such a configura-
tion enables much simpler fabrication techniques than a 4T

TABLE III
FIGURES OF MERIT FOR OPERATION OF 3T SI CELL IN IBC AND F-B
MODE UNDER DIFFERENT FRONT CONTACT CONDITIONS

Configuration Voc Jsc FF Eff

(mV) (mA cm~2) (%)
IBC, passivated front 668 41.69 79.1  22.0
F-B, passivated front 668 41.69 822 229
IBC, ohmic front 597 33.14 81.2 16.1
F-B, ohmic front 597 33.32 81.7 163
IBC, no tunnel oxide 661 41.56 82.5 226
F-B, no tunnel oxide 662 41.56 82.7 227

3

geometry, as no lateral conduction is needed between the
top and bottom cells to extract current. It still enables more
efficient utilization of all the available photocurrent than in a
2T configuration, where the total current is always limited by
one of the subcells. We show that 3T cell designs utilizing a
passivated front and two IBC back contacts enables Si devices
to be operated in multiple modes with similar overall power
conversion. This provides a pathway to new routes to high
efficiency 3T Si-based tandem solar cells.
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