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3. Executive Summary: Tandem solar cell structures are the only strategy 
demonstrated to surpass the detailed balance efficiency limit of high-quality single-
junction solar cells. To continue to improve the efficiencies of cost-effective terrestrial 
solar power, hybrid tandems of dissimilar subcells are being considered by many 
around the world, especially designs that incorporate silicon solar cells as a bottom 
subcell. In this project, we studied a wide variety of tandem design possibilities 
including those with three-terminal (3T) and four-terminal (4T) configurations. The use 
of 3T and 4T designs could be useful for efficient and economical hybrid tandem 
designs that utilize the best available subcell materials such as emerging perovskite 
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materials. Three-terminal configurations, in particular, have not been sufficiently 
studied previously. We have laid the foundational groundwork in this project for 
understanding the operation of 3T tandems: developing a taxonomy for naming, a 
methodology for measuring and interconnecting, and models for simply characterizing 
3T tandems. Electrical and optical subcell coupling between the subcells was also 
measured and modeled.  
 
An important part of this work was the fabrication of novel example tandem structures, 
including 4T GaAs/Si, 3T GaInP/Si, 3T GaAs/Si, and 3T GaInP/GaAs devices. Using 
these high-quality tandem cells, we have been able to clearly demonstrate the 
achievability of high-efficiencies, and subtle physical effects such as photon recycling 
and luminescent coupling. We have developed and demonstrated essential building-
block tools such as transparent conductive adhesives (TCA) and 3T silicon bottom 
cells with interdigitated back contacts (IBC) that can also be used in many other 
tandem designs. We have tested the reliability of these tools and devices under 
standardized testing and outdoor measurements. We have found 4T GaAs/Si 
tandems to be relatively straightforward to fabricate and robust in real-world outdoor 
conditions. While we have demonstrated working hybrid 3T III-V/TCA/Si IBC tandems, 
we experienced low yields even with our best process flows yet. Further work is still 
needed to improve the processing yield of these devices. 
 
We therefore also created tandem cells using an all-III-V 3T tandem process which 
was very robust with high yields, allowing for the creation of voltage-matched strings 
in many different configurations using 8 nearly identical 3T tandems. Using these 
robust 3T tandem examples, we were able measure and precisely characterize 3T 
tandem behaviors to predict their operation under changing spectrum and 
temperature. The optoelectronic equivalent-circuit model was shown to be very 
general and applicable to hybrid tandems, and encompassed the operation 3T Si IBC 
cells. This general model has been distributed to the public in as open-source Python-
based software called PVcircuit. We have calculated the implications of these new 
tandem device designs on the real-world energy production and shown how the 
relative performance of different tandem configurations is situational and can be 
engineered using the tools developed here.  
 
This project has resulted in many peer reviewed publications [1-26] with one still under 
review [27]. The methods of 2T and 3T modeling and energy yield analysis have been 
published as open-source software [28] and one patent has been issued [29]. These 
publications, software, and IP are available to the public for further development of 
cost-effective energy solutions that will benefit all people. 
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5. Background: 
 
The efficiency of traditional single junction photovoltaic (PV) technology is nearing its 
limit. Tandem/multijunction solar cells are able to convert sunlight to electricity with 
greater efficiency than single junction solar cells by splitting the solar spectrum across 
subcells with different bandgaps. For many years III-V multijunction solar cells have 
utilized two-terminal (2T) configurations for ease of use in space and concentrating 
photovoltaic (CPV) applications, but this requires careful material selection to achieve 
current-matching conditions for efficient operation. Four-terminal (4T) tandem 
configurations significantly expand the possibilities for efficient tandem material 
combinations because current-matching is not required as shown in Fig. 1 [30,31].  
Ideally, a low-cost, high-quality top subcell could be paired with existing cheap and 
efficient silicon bottom subcells to create very efficient, economical utility-scale 
terrestrial tandem photovoltaics. [32,33] Three-terminal (3T) tandems [34-36] can also 
provide the design flexibility advantages of efficient 4T tandems without the 
disadvantages of shadow losses from intermediate metal grids, but also complicate 
the architecture of interconnecting cells into modules. [37-39] Since  3T and 4T 
tandems are not limited by current-matching, the energy yield over the course of time 
with varying spectra is likely to be improved over 2T tandems [40]. 
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Figure 1  Modeled efficiencies of tandem solar cells with a Si bottom cell [30]. Series connected 
(2T) tandems are sensitive to current-matching, but independent subcells (e.g. 3T or 4T) are less 
sensitive to the top subcell bandgap 

Recent progress with interdigitated back contact (IBC) silicon solar cells and 
transparent conductive adhesives (TCA) has enabled the conception of many 
possibilities for practical and economical 4T and 3T tandem designs. This project 
addresses challenges in interconnecting and scaling champion laboratory tandem 
cells to create strings and modules. Our experimental work focuses on demonstrating 
example III-V and Si tandem cells as model systems to understand how to fabricate 
and interconnect different tandem architectures (2T, 3T or 4T as shown in Fig. 2). We 
particularly focus on 3T tandems, which are the least understood approach to tandem 
cells, but have the potential to enable high energy yield and low-cost solar power 
relative to more traditional two and four terminal approaches. We have developed 
models for individual 3T subcells, and string-level simulations that can be applied to 
all absorber materials. We are also studying the reliability of tandem cells in an outdoor 
environment and long-term performance of novel cell components. 
 
Previous collaborative work between NREL, Colorado School of Mines (CSM), 
Institute for Solar Energy Research in Hamelin (ISFH), École polytechnique fédérale 
de Lausanne (EPFL), and Swiss Center for Electronics and Microtechnology (CSEM) 
resulted in record device efficiencies and novel device geometries using a 
mechanically-stacked III-V/Si multijunction solar cell platform. First, we demonstrated 
four-terminal III-V/Si devices with record dual-junction (GaAs//Si) and triple junction 
(GaInP/GaAs//Si) one-sun efficiencies of 32.8% and 35.9%, respectively [41]. The 
design flexibility afforded by 4T devices enables the use of subcell combinations that 
are not as sensitive to the material bandgaps, because current matching is not 
required. We then developed a novel 3T device geometry, which maintains design 
flexibility while eliminating the need for intermediate grids for electrical transport. We 
used rigorous device physics modeling to show that 3T devices can achieve 
efficiencies as high as 4T devices, and  demonstrated an initial 27.3% efficient 3T 
device [11]. To accomplish this, we developed a transparent conductive adhesive 
(TCA) [42] which enables bonding of textured subcells in both 3T and 2T 
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configurations.  Although these device designs can be applied to many subcell 
combinations, our initial works focused on III-V/III-V and III-V/Si platforms to 
demonstrate the concept, and to provide extremely high efficiency devices appropriate 
for high-value entry markets. 
 

 
Figure 2 Schematics comparing wiring and interconnections for tandem solar cells operated in 
2T, 4T, and 3T modes [36].   

 
6. Project Objectives:  

 
We focused our research to build upon prior results to develop optimized, >35% 
efficient III-V/Si multijunction solar cells interconnected via our low-cost TCA. This 
allows us to integrate industry-standard, textured Si solar cells with high efficiency III-V 
top cells. The simple III-V top cell structures are thin and compatible with low-cost 
growth techniques and substrate recycling technologies. The resulting bonded cells 
would achieve efficiencies rivaling optimized all-III-V multijunctions, but at costs 
compatible with non-concentrator applications. We investigated string and module 
level concerns as well, designing and demonstrating interconnection schemes for 
devices with different configurations, to understand the trade-offs and provide 
information about which device types are most appropriate for different applications. 
We also performed some outdoor testing and reliability experiments to understand 
how stacked tandems respond to likely environmental stresses, including for space 
PV conditions, which is a likely entry market for these high efficiency cells. This project 
was structured around three interrelated tasks: 
 
Task 1. Fabricate prototype high-efficiency tandem solar cells.   
To demonstrate the potential for high efficiency devices, it is critical to fabricate 
prototype devices at reasonable areas.  This task focused on solar cell development. 
 
Task 2. Application-Driven Tandem Device Design 
A key part of this work was to understand the design guidelines for high-efficiency 
solar cells in prospective entry markets. We had previously created a rigorous device 
model for one incarnation of 3T tandems: a recombination-junction-interconnected 
GaInP/Si solar cell. These simulations show that this design is capable of efficiencies 
equaling 4T cells and exceeding 2T cells, and the JV results agree qualitatively with 
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as-yet-unoptimized experimental devices. We investigated both individual device 
configurations and strings in this task. 
 
Task 3. Test the performance of tandem module components under realistic operating 
conditions. 
Both silicon and III-V devices have excellent demonstrated reliability, meaning that the 
devices fabricated here can be expected to meet SunShot 2030 reliability targets. 
However, both terrestrial applications that require higher energy density (e.g. rooftops) 
and space PV have harsher operating environments than standard utility solar 
installations due to thermal cycling, radiation, etc. There are also potential differences 
in degradation mechanisms in tandems, where cells are exposed to different spectra 
than single junction modules. In this task, the impact of these conditions was be 
measured, and we worked to identify potential weak points that need to be further 
studied for long term reliability and performance.  Two subtasks related to this are: 
 
Subtask 3.1: Thermal cycling of TCA 
The TCA material presents the largest unknown for the performance and reliability of 
the mechanically-stacked cells which will be produced in this project. Its performance 
has been thoroughly demonstrated in test structures as well as initial solar cells, 
including a prototype GaInP/Si dual junction solar cell with efficiency > 27%. This 
project, however, was the first investigation of TCA performance for large area solar 
cells and under stress-testing conditions. Our work evaluated the readiness of the 
TCA by using it in modules (via our industry partners) to demonstrate compatibility 
with commercial equipment. Critical functions that were assessed include 
transparency, resistance, oxidation resistance, mechanical creep, chemical inertness, 
degradation, etc.  
 
Subtask 3.2: Design & fabricate a baseline device and test protocol 
To identify weak points and enable device design improvements, we fabricated a 
baseline device, which was tested periodically over the project period to provide long-
term data.  
 
Table 1 (below) lists the project milestones, and the remainder of this report describes 
the results associated with these milestones. 
 
Table 1. Project Milestones from TWP 

Milestone Description Completed 

1.1.1 Provide a detailed comparison of the performance of GaAs/Si 4T 
tandem solar cells growth by HVPE and MOCVD. 

12/31/18 

1.1.2 Fabricate three terminal, dual junction, III-V/Si bonded tandems 
using the TCA with efficiency > 30%. 

 

1.1.3 Demonstrate that components can be scaled to larger areas 
(4cm2) while maintaining efficiency of >30%. 

12/30/20 

1.2.1 Improve cell and string level models that enable comparison 
between different subcell configurations at a string level 

7/9/19 

1.2.2 Fabricate prototype strings containing at least 4 tandem devices and 
show that model and experiments agree with each other within 10% 
relative error (power output) 

10/6/20 
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Milestone Description Completed 

1.3.1 Test thermal cycling of TCA 6/30/19 
1.3.2 Fabricate a baseline mechanically stacked tandem device and begin 

long-term outdoor testing.  
10/22/19 

2.1.1 Fabricate scaled up (4cm2) tandems with efficiencies >30%  
2.2.1 Develop taxonomy for 3T devices that enables compact circuit 

notation and develop analytical model to explain unique behavior 
from simple diode equations 

3/31/20 

2.2.2 Develop and verify procedure to extract equivalent circuit model 
components from uIBC and bIBC 3T devices 

 

2.2.3 Fabricate strings of 3T cells 7/18/20 
2.3.1 Advanced reliability testing of TCA 10/31/20 
2.3.2 Prepare packaged 3T cell for outdoor testing  
3.1.1 Fabricate 8-cell 3T strings 7/18/20 
3.2.1 Update 3T string model to enable calculation of energy yield for 

strings using III-V/Si configurations. 
9/30/21 

3.2.2 Predict the energy yield of strings 8/25/22 
3.3.1 Demonstrate IEC 61215 compatible packaging  

 

Project Results and Discussion:  

3T Tandem Solar Cell Taxonomy 
Since their initial introduction in the mid 1980s [37,43,44], 3T tandems have been left 
relatively uninvestigated until recently. Most III-V multijunction devices studied in the 
intervening years have utilized tunnel junctions [45,46] and adjustable III-V bandgaps 
for simple-to-use 2T tandem structures. Recent interest in developing hybrid tandems 
between Si and high-quality top cells such as III-V [35,39] or perovskites [34] has led 
to a rediscovery of the 3T tandem concept. The development of efficient and 
economical IBC Si bottom cells brought excitement for many hybrid 4T and 3T tandem 
concepts. The introduction of TCA as a glue to couple significantly different materials 
together also appeared enabling for hybrid 2T and 3T tandem structures. But at the 
beginning of this project many practical questions still remained about 3T operation, 
characterization, and utilization within a module. 
 
These questions were systematically investigated within this project. We began the 
project by bringing the community together by publishing a standard taxonomy of 3T 
tandems [12] that catalogued the types of 3T tandems as shown in Fig. 3, and 
unambiguously labeled the three terminals and measurement configurations as 
shown in Fig. 4. This foundational publication satisfied Milestone 2.2.1 and laid the 
groundwork for further 3T tandem research. We used Sentaurus TCAD to simulate 
the performance of both uIBC and bIBC devices, confirming (without the use of any 
equivalent circuit models) that a 3T devices can operate in all the configurations 
shown in Fig. 3. 
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Figure 3. Schematics and standardized nomenclature for the wide variety of possible 3T 
tandems. N-type materials are red and p-type materials are blue.  

 

 
Figure 4. Node name and measurement-configuration conventions for (a) a standalone 3T IBC 
subcell and (b) a generic s-connected 3TT device. The node names are independent of the cell 
doping, so neutral colors are used. Each cell can be loaded in three different ways, indicated by 
which contact is common between the loads (CR, CZ, C(F/T)) as shown schematically below the 
larger diagrams.  

 
4T III-V/Si IBC Tandem Cells 
We have previously demonstrated high efficiencies with 4T III-V/gridded-Si [41] and 
III-V/IBC-Si [47] tandem solar cells as shown in the first four lines of Table 2, but the 
fabrication of the III-V subcells is currently cost-prohibitive for flat-plate, terrestrial 
applications due to the high costs of 1) MOVPE growth processes, 2) single-crystal 
III-V and Ge substrates, and 3) lithographic metallization processes. Other SETO-
funded projects are targeting the reduction of these costs through substrate reuse by 
spalling and epilayer growth by a potentially cheaper process called Hydride Vapor 
Phase Epitaxy (HVPE). In this project we investigated the efficacy of using HVPE-
grown top subcells compared to MOVPE-grown subcells as shown in Fig. 5. We 
demonstrated 4T GaAs//Si IBC tandems with over 29% efficiency using both MOVPE 
and HVPE-grown top cells [5], fulfilling Milestone 1.1.1.  
 
 

connected by an electrical load and the state of the third
terminal during the measurement). The lack of a common
nomenclature also makes it challenging to compare the design
of a 3TT device where the same words are used to convey
different meanings. For example, Nagashima et al. use “base” to
refer to the p-type IBC contact in their cell,4 while Rienaecker
et al. use “base” to refer to both the front and rear n-type
majority carrier contact in their device.5 It can also be
confusing because a 3T solar cell can consist of a single band
gap with multiple p−n junctions6 or multiple single-junction
absorbers interconnected in a way that results in three
terminals.7

In this Perspective, we first propose a taxonomy that can be
applied to all 3T devices to facilitate future scientific
discussion. A standard naming system to describe cell
components and contacts also facilitates equivalent-circuit
modeling, which is needed to understand device performance
and multicell interconnections. We then demonstrate how to
accurately measure the cell-level performance of a 3T device,
which has two different loads, adding complexity to how the
performance information can be displayed. Using semi-
empirical simulations of device performance, we provide
examples of how different load configurations and constraints
can lead to different ways to visualize the performance of the
same device and compare the performance for different 3TT
designs. Finally, we review the history of 3T solar cell devices,
discuss recent approaches that have enabled high efficiencies
and robust performance under varying spectral conditions, and
briefly discuss how 3TT devices can be integrated into strings
and modules.
Naming Three-Terminal Devices. To fully describe the

performance of a three-terminal device, it is necessary to name
the device and any interconnected loading circuitry. We will
begin by describing the device nomenclature and then the load
circuit descriptors; we then provide examples which connect
the representative devices to different load circuits.
Naming Subcell Conf igurations. 3TT devices can be

fabricated by combining two 2T devices with a middle contact
(left column of Figure 1), or by combining a 2T top cell with a
3T bottom cell consisting of one front contact and two
interdigitated back contacts (right column of Figure 1). From a

taxonomy point of view, it does not matter how the electrical
connection between the cells is made (e.g., wafer-bonded,8

mechanically bonded,9,10 or monolithically integrated/depos-
ited11). Figure 1 shows the taxonomy for different types of
3TT devices, and this section defines the variables used to
construct the terminology that is used to define the variables
contained in the naming terminology above each schematic in
Figure 1.
Focusing on the materials themselves, all permutations of

3TT devices can be named by considering three features of the
devices:

• The relative polarity or contact carrier type of the
subcells at their common interface

• The bottom cell’s polarity or absorber majority carrier
type (i.e., doping)

• The number of minority carrier contacts in each subcell
(equivalent to the number of p−n junctions or diodes)

For all of the 3T devices to be considered here, the top cell
has only two terminals and requires only a simple descriptor,
such as the placeholder name “top”, or a material (e.g.,
“perovskite” or “GaInP”). Although Figure 1 is limited to
single-junction top cells, the top cell could also be a two-
terminal series-connected multijunction cell with any number
of junctions. (Theoretically the top cell could be a 3T device,
but this is impractical because of increased shading from
contacts and is not considered here.)
For middle contact devices (left column of Figure 1), the

bottom cell is also a two-terminal device, either single-junction
(as shown) or multijunction, whose polarity is indicated by
standard (p/n) for “p-on-n” or (n/p) for “n-on-p” notation.
The polarity of the top cell can either match the polarity of the
bottom cell, or be reversed. If the polarities of the diodes in the
top and bottom cells are reversed (e.g., a p/n top cell and an
n/p bottom cell, where the doping sense of the connected
contacts are the same) it will be described as a reversed or r
connection (top row of Figure 1). If the top cell and bottom
cell polarities match (e.g., a p/n top cell and a p/n bottom cell,
where the doping sense of the connected contacts are
different), a tunnel junction or metallic interconnection will
be required and indicated by an s for “series” (bottom row of
Figure 1).

Figure 1. Mapping the wide variety of three-terminal tandem configurations. In all schematics, n-type materials are red and p-type materials
are blue. “Top” is used as a representative top cell, and in a real device would be replaced by the name of the material, e.g. “perovskite” or
“GaInP”. The naming terminology above each schematic is explained in detail in the main text. The purple letters (T, F, R, and Z)
correspond to the names of the nodes used for different loading configurations.
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tandem) and is simply a node placed between the top and
bottom cells. Note that the F contact is not typically directly
contacted in a tandem device but is defined for convenience
and for the sake of modeling and understanding device
operation.
The R stands for “root” or “raıź” (in Spanish) and is the

contact of the bottom cell, through which the bottom cell
current IR = Ibottom flows. In a circuit model, R is connected to
the F contact through a diode or junction. For a cell with only
one back contact (e.g., any middle contact device), this is
simply the contact at the back of the device. For an IBC
bottom cell, the R contact will always be the contact with the
doping sense that is opposite from the other two contacts (i.e.,
a majority carrier contact for a bIBC cell and a minority carrier
contact for a uIBC cell). From an operational perspective, the
bottom subcell can generate power only when the R contact is
used.
The Z stands for “zusaẗzlich,” which means “extra” or

“additional” in German, chosen because the Z contact provides
a third current (IZ) to node F. For a middle contact device, Z is
the middle contact, and there is always some resistance when
current flows between F and Z (not shown). For an IBC
device, the Z contact always has the same doping type as the
front of the bottom cell (i.e., a majority carrier contact for a
uIBC cell and a minority carrier contact for a bIBC cell).
A consistent node-naming scheme provides a useful way to

describe the configuration of iIBC devices. If a 3T subcell has a
truly intrinsic base, then one additional descriptor is needed.
We have addressed this by defining the doping type of the R
node, as in nR if the R contact is an electron contact or pR if
the R contact is a hole contact.12 For example, an iIBC device
with two electron contacts would be described as iIBC(pR).
Loading Topology. Using the T, R, Z, and F notation, the

specific current and voltage being measured can always be
uniquely described, eliminating confusion when cells are wired
in different ways. The current or voltage being measured
between two nodes can be indicated with subscripts (e.g., VRZ
= VR − VZ and VZR = VZ − VR). It also provides an easy way to

compactly define the topology of the cell (i.e., how the cell is
wired to external circuits or loads).
Figure 2a shows the naming and loading options for a

generic IBC-based 3T subcell, and Figure 2b shows the same
contact topology for a generic 3TT device with IBC contacts.
The node names do not depend on the doping of the cell, so
neutral colors are used. (For an nuIBC cell, the R contact is the
p-type IBC contact, while for an nbIBC cell, the R contact is
the n-type IBC contact.) Dashed lines are used in Figure 2 to
indicate each possible loading circuit, but having three loads on
the cell simultaneously would overconstrain the system. In real
operation, loads would be placed across two of the open leads,
making one of the three nodes “common” (e.g., common R
(CR), common Z (CZ), or common T (CT). (Note for a
single-junction 3TT device, CF would replace CT.) An
example of CR, CZ, and C(F/T) connections are shown
below the larger current-wheel schematics for each device in
Figure 2.
Just as different transistor topologies allow the same

semiconductor device to be used in different ways, a 3TT
solar cell can produce very different currents and voltages
across loads in the different configurations discussed above.
Examples of this are shown in the next section. It is critically

important to understand that the operating state of a 3T device
is fully determined by two independent parameters, and this
can be done independently of where loads are attached to a
device. For example, the power produced by the 3TT device in
Figure 2b can be specified over all of its possible operating
conditions as a function of two voltages (e.g., VRZ and VZT), or
two currents (e.g., IR and IT), or a voltage and a current (e.g.,
VRZ and IT). This means that, neglecting external resistances, a
cell can achieve the same maximum power point (MPP)
operating in CR, CZ, or CF/T mode.
Measuring Tandem Performance. The taxonomy introduced

above provides an intuitive way to understand and name all the
relevant currents, voltages, and loading configurations that can
be measured for a 3T device. However, presenting the
experimental data from such a device in a comprehensive
way is often challenging. A 2T solar cell’s behavior can be fully
defined with one independent variable, but a 3T device has an
extra degree of freedom, requiring two independent variables.
Mathematically, the current−voltage or power−voltage behav-
ior of a 2T is described by a line, but for a 3T device, that line
becomes a surface. Most researchers are accustomed to
thinking about current−voltage curves for 2T devices and
routinely discuss figures of merit such as open-circuit voltage,
short-circuit current density, and fill factor when analyzing
solar cell data. When power is generated in two separate but
coupled circuits, the current−voltage data cannot be added
together; therefore, the standard figures of merit are hard to
define. At any operating point of the 3T device, the total power
is the sum of the power simultaneously measured across two
loads that are defined by the loading topology of the cell. While

Figure 2. Node naming and loading conventions for (a) a
standalone 3T IBC subcell and (b) a generic s-connected 3TT
device. The node names are independent of the cell doping, so
neutral colors are used. Each cell can be loaded in three different
ways, indicated by which contact is common between the loads
(CR, CZ, C(F/T)) as shown schematically below the larger
diagrams. The voltage difference or current flowing between two
nodes is indicated using the two subscripts of the respective nodes
(e.g VRT). The current through each node is indicated with the
subscript of the node (e.g., JZ).

It is critically important to understand
that the operating state of a 3T device
is fully determined by two independent
parameters, and this can be done
independently of where loads are
attached to a device.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Perspective

https://dx.doi.org/10.1021/acsenergylett.0c00068
ACS Energy Lett. 2020, 5, 1233−1242
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Table 2. Novel 3T and 4T tandem structures fabricated at NREL 
Structure Efficiency Publication 
4T GaInP/glass/grided Si 32.5% Essig 2017 
4T GaAs/glass/grided Si 32.8% Essig 2017 
4T GaInP/GaAs/glass/grided Si 35.9% Essig 2017 
4T GaInP/glass/Si IBC 30.3% Schnabel 2018 
4T GaAs/glass/Si IBC (MOCVD) 29.6% VanSant 2019 
4T GaAs/glass/Si IBC (HVPE) 29.0% VanSant 2019 
4T GaAs/glass/Si IBC (vary t) 32.5% Whitehead 2020 
3T GaInP/TCA/Si IBC (substrate) 27.3% Schnabel 2020 
3T GaInP/TCA/Si IBC (superstrate) 21.3% VanSant 2022 
3T GaAs/TCA/Si IBC (superstrate) 21.3% VanSant 2022 
3T GaInP/s/GaAs (8 cells) 26.1% Geisz 2020 
3T GaInP/r/GaAs (8 cells) 27.8% Geisz 2020 

 

 
Figure 5. (left) Schematic of a 4T GaAs/glass/Si IBC solar cell. (right) Performance comparison 
between 4T tandem cells grown by MOVPE and lower cost HVPE processes.  

 
To demonstrate that tandems using Si and III-V subcells are robust and reliable for 
long-term operation, 1-cm2 4T MOCVD-grown GaAs//Si IBC tandems were packaged 
between glass by lamination with EVA sheets and silicon edge-seal encapsulants as 
shown outdoors in Fig. 6. These devices were measured continuously outdoors for 
over 100 days, fulfilling Milestone 1.3.2. They maintained a constant combined 
efficiency of 28% over this time with no significant degradation observed. 
 

two GaAs//Si tandem cells. Finally, we simulate potential
performance improvements that could be achieved by first
optimizing the current HVPE-grown GaAs top cell and then
modifying the device design to include aluminum. We predict a
near-term pathway to 31.4%, based on these modifications.
Research into III−V/Si devices has been underway for

decades, employing three methods for integrating the subcells:
monolithic growth, wafer bonding, and mechanical stack-
ing.10−15 We have previously reported on mechanically stacked
GaAs//Si solar cells with top cells grown by MOVPE.3 The
primary difference between the GaAs top cells studied here
and our previously reported top cells is the omission of Al-
containing layers. Incorporation of Al in HVPE growth is
challenging because of the reactivity of AlCl with the quartz
reactor walls.16 Thus, NREL’s HVPE reactor was only recently

retrofitted with an Al source. In addition, Zn was used as the p-
type dopant due to the current unavailability of any other p-
type dopants in NREL’s HVPE reactor, although there are no
fundamental restrictions that limit the use of other p-type
dopants in this reactor.
The Si bottom cell is an interdigitated back contact (IBC) Si

bottom cell with polycrystalline silicon on oxide (POLO)
passivating contacts, which was fabricated at the Institute for
Solar Energy Research in Hamelin (ISFH). Similar POLO-IBC
Si bottom cells with an active cell area of 4 cm2 have reached 1
sun efficiencies up to 26.1%, as confirmed by ISFH CalTeC.17

It should be noted, however, that the Si bottom cells used in
this study have a smaller active area and thus a higher
perimeter-to-area ratio. Increased perimeter losses lead to
slightly lower efficiencies when compared to the record POLO-
IBC cell. Si bottom cell fabrication follows Rienac̈ker et al. but
with a p-type base and the dielectric stack shown in Figure 1,
which was optimized for stacking the subcells using epoxy.18,19

The same Al-free GaAs rear heterojunction (RHJ) cell20

structure was grown by both HVPE and MOVPE. The
thickness and carrier concentration of each layer in both the
MOVPE-grown and HVPE-grown GaAs top cells are provided
in section S1 of the Supporting Information. To form the
GaAs//Si tandem cells, each Al-free GaAs top cell was adhered
with epoxy to glass and then adhered with epoxy to a POLO-

IBC Si bottom cell, following the procedure outlined by Essig
et al.3,14 Figure 1 shows a schematic cross-section of the
GaAs//Si tandem solar cells fabricated for this study. Both the
top and bottom cells have an active cell area of 1.00 cm2.
The NREL-certified EQE and the JV performance of the

HVPE-grown (red) and MOVPE-grown (blue) GaAs//Si
tandem cells are shown in Figure 2 and summarized in Table 1.
(Further details of NREL’s cell certification are provided in
section S2 of the Supporting Information.) The performance
of the 4T tandem with an HVPE-grown GaAs top cell is very
similar to that of the 4T tandem with an MOVPE-grown
GaAs top cell, with minor differences detailed below.
While the efficiencies of the two GaAs top cells are equal,

within the limits of measurement uncertainty, the differences in
short circuit current (Jsc), Voc, and fill factor (FF) exceed their
respective measurement uncertainties. The EQE (Figure 2a) of
the HVPE-grown GaAs top cell is slightly lower than the
MOVPE-grown GaAs EQE across most of the wavelength
range due to a suboptimal antireflective coating (ARC), and at
low wavelengths due to a thicker window layer in the HVPE-
grown cell. These factors led to a lower Jsc for the HVPE-
grown GaAs top cell. Insight into the Jsc difference between
these two GaAs top cells can be obtained by analyzing the
EQE using an in-house multidimensional transfer matrix
method and PV Lighthouse’s SunSolve ray tracing software22

to predict the Jsc (details in section S3 of the Supporting
Information). Both the EQE and the reflectivity data were
modeled using the transfer matrix method to estimate the
impact that the ARC depositions may have had on the
measured Jsc of both top cells. If we assume an optimal ARC
(details provided in section S4 of the Supporting Information),

Figure 1. Schematic cross-section of a 4T GaAs//Si tandem device
with Al-free GaAs top cell.

Figure 2. (a) EQE and (b) JV results for HVPE-grown GaAs//Si
(red) and MOVPE-grown GaAs//Si (blue), both with the 4T device
structure depicted in Figure 1.

ACS Applied Energy Materials Letter

DOI: 10.1021/acsaem.9b00018
ACS Appl. Energy Mater. 2019, 2, 2375−2380
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Figure 6. Corrected outdoor efficiencies of top and bottom subcells for a 4T GaAs/glass/Si IBC 
cell mounted outdoors (as pictured on the right). 

 
Large area (4 cm2) 4T tandems were also fabricated using GaAs epi from partner 
SolAero and Si IBC cells from partner ISFH (Fig. 7). Before lamination, these 
components reached a combined efficiency of 30.1%, fulfilling Milestone 1.1.3, but 
afterward dropped to 27.8% due to grid shading. COVID-related staffing issues 
unfortunately interrupted the continuation of this study. These results narrowly missed 
Milestone 2.1.1 because 30% efficiency was not demonstrated in the stacked device. 
These results show that these large area 4T devices can indeed be fabricated with 
high efficiency. 
 

        
 
Figure 7. (left) Subcell JV curves of large area (4 cm2) 4T GaAs/glass/Si IBC tandem solar cells. 
(right) Photo of two 4 cm2 GaAs subcells processed on a 4 inch wafer grown at SolAero. 

 
Optimization of the 4T GaAs//Si tandem was also investigated by varying the 
thickness of the GaAs top subcell [22]. This study revealed that high-index (e.g. glass) 
dielectric interlayers in 4T tandems have the added benefit of significantly reflecting 
emitted light from the top subcell resulting in photon recycling. Surprisingly, this device 
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structure was relatively insensitive to the thickness of the top GaAs subcell. The high 
top-cell-Voc and Jsc results of the study can only be explained by photon-recycling-
enhanced voltages and diffusion lengths. 
 
3T Si IBC cells 
Three-terminal Si IBC cells for this tandem project were developed at ISFH in 
cooperation with our team at NREL [2]. A lean PERC process [3] for the fabrication of  
IBC solar cells was developed at ISFH  as shown in  Fig. 8. These 3T Si IBC solar 
cells were used as the basis of our hybrid tandem solar cells at NREL.  

 
 

Figure 8. Simplified Si IBC fabrication process for (a) a tunnelling junction type and (b) a common 
ground type 3T tandem featuring a bipolar junction bottom cell.  

 
Two types of 3T Si IBC were identified within the taxonomy as 1) unipolar (uIBC), with 
a single emitter (p-n junction) at the back (R) contact and 2) bipolar (bIBC), with a 
minority-carrier selective contact at both the front (F) contact and the additional (Z) 
contact as shown in Fig. 9. In an IBC cell, the bottom-surface location of the extra (Z) 
contact enables  injection or extraction of excess current (which eliminates the current-
matching restrictions inherent to 2T tandems) without requiring an intermediate grid 
between the subcells.  This can simplify design and fabrication and eliminates the 
electrical and optical-shadowing losses associated with an intermediate grid.  

      
Figure 9. Schematics and equivalent circuit diagrams of 3T single-junction IBC solar cells: (left) 
unipolar IBC and (right) bipolar IBC. 

 
We predicted the operation of these single-junction 3T Si IBCs with a simple physical 
model early in the project [4] as shown in Fig. 10A and 10B. Unipolar 3T IBC devices 

 

 

The POLO contact is locally removed on the rear side in order 
to define the majority-carrier contact region (base contact) and 

the highly boron-doped poly-Si layer of the TJ acts as 
protective etching barrier for the POLO contact during a wet-
chemical etching (e.g. alkaline etch). We passivate the base 

contact region using an aluminum oxide/silicon nitride 
dielectric stack and subsequently define local contact vias for 
the majority-carrier contact to the base and for the minority-

carrier contact to the n+ POLO (or p+/n+ POLO in case of TJ)) 
on the rear side by selectively laser ablating the dielectric 
layers. 

Silver and aluminum contacts are screen-printed on the 
POLO contact and the base region, respectively, and co-fired 
for local Al-BSF formation. If a firing-through Ag paste is 

used, the local ohmic contact to the POLO junction is formed 
during firing without prior laser contact opening. The top cell 
(e.g. based on perovskites or III-V semiconductors) is then 

intended to be deposited on top of the poly-Si front contact.  

III. J-V CHARACTERIZATION  

In this section, we use a lab-type cell as shown in Fig. 2a to 
study the working principle of 3T bipolar junction bottom 

cells. Results obtained with the proposed industrial bipolar 
junction transistor cell will be published elsewhere.  

We prepare IBC Si bottom cells with POLO contacts using 

300 ȝm-thick p-type FZ-Si wafers with a nominal base 
resistivity of 200 ȍ cm following the process described in 
Ref. [4]. The processing of bottom cells follows the reference 

exactly, except that p-type wafers are used instead of n-type 
and thus the full-area passivating n+ POLO contact at the front 
side (designated as the emitter contact) and the n+ POLO 

contact at the rear side (designated as the collector contact) are 
minority-carrier collecting contacts (Fig. 2a). The majority-
carrier collecting contact at the rear side is denoted as the base 

contact. Figure 2a shows the measurement setup. We conduct 

four-point probe measurements using a Süss PA 200 Probe 
station and a Keithley 4200 parameter analyzer. We apply 

illumination by a halogen lamp and adjust a short-circuit 
current density JFB,SC at the emitter contact to 10 mA/cm² by 
adjusting the distance between the lamp and the cell, while the 

current density of the rear collector contact JIBC is 0 mA/cm². 
This illumination conditions are kept constant throughout this 
study.  

For a fixed JFB between -25 and 22.5 mA/cm², we measure 
the current-voltage characteristic between the IBC contacts 
JIBC-VIBC (IBC circuit) and between the front emitter and the 

rear base contact JFB-VFB (front-back (FB) circuit). We 
calculate the total power extracted from the 3T cell at the 
maximum power point 

 

ଷ்ܲǡ௠௣௣ǡ௧௢௧௔௟ ൌ ����ሺܬூ஻஼ ή ூܸ஻஼ ൅ ி஻ܬ ή ிܸ஻ሻ (1) 
 

by adding the powers extracted from the IBC and FB circuit 
and finding the maximum power. The power P2T,FB for the 
two-terminal benchmark case of a current-constrained FB 

circuit is determined while the IBC circuit is open 
(JIBC = 0 mA/cm²).  

IV. RESULTS AND DISCUSSION OF WORKING PRINCIPLE 

Since the studied 3T bipolar junction bottom cell is an 
unfamiliar cell architecture and the operation differs 
significantly from commonly used 2T solar cells, we first 
investigate the 3T bottom cell with two terminals only and 
leave the third terminal floating. Such a 2T device with a front 
floating emitter [15] or a floating rear collector [16,17] was 
studies since the 1970s [15, 16,17,18]. 
  
A. 2T cell with floating junction 

We measure the 2T J-V characteristic of the FB and IBC 

circuit, while the respective current density of the non-probed 

Fig. 1.  Proposed simplified fabrication process for (a) a tunnelling junction type and (b) common ground type 3T tandem featuring a bipolar 

junction bottom cell. 
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A simple physical model for three-terminal tandem cell operation 
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Abstract —  We present a simple physical model that 

explains the device operation of a three-terminal (3T) IBC Si
bottom cell platform that enables an efficient 3T tandem. If the
IBC cell has two p-n junctions and one high-low junction 
(bipolar transistor), the two p-n junctions strongly interact via 
minority carrier diffusion in the base. In a two-BSF junction
and one p-n junction IBC platform (single emitter), the BSF 
terminals interact via ohmic majority carrier current in the 
base. This interaction creates wide “generating” power islands 
in the 2D current J1J2 plane. The area and shape of these 
islands are determined by dissipative losses in the wafer base 
and in the cell contacts. Both positive and negative terminal 
currents are allowed for 3T operation, thus enabling both the
top and bottom cells to operate at their full light currents. This
opens new possibilities for 3T use in modules.

Index Terms — photovoltaic cells, silicon, bipolar transistor. 

I. INTRODUCTION

The three-terminal (3T) tandem structure combines the
advantages of two- and four-terminal tandems, as it is not 
restricted by exact current matching, yet allows for a 
monolithic device architecture. The 3T tandem is enabled
by a 3T Si IBC bottom cell. All the current is collected by 
one of the bottom terminals, while the other two terminals 
(one top, one bottom) support currents which in sum make
up the total current generated/collected by the Si cell. 
Previously, we investigated an IBC bottom cell tandem 
platform with two high-low junction (n-type FSF and BSF) 
terminals and one p-n junction terminal by equivalent 
circuits and simulations [1,4]. Deeper device insights are 
needed to explain the power-generating flexibility of the 3T 
Si bottom cell platform with different contact configurations 
and incoming current values varying over a wide range. The 
current work addresses these issues with a simple model. 
These insights allow the adaptation of the 3T platform to a 
wide variability of top cell materials and configurations. 

II. THE MODEL

We present a simple model of the 3T bottom cell in two 
configurations: 1) with two high-low and one p-n junction 
(“single emitter”, SE [1,3,4]), and 2) with two p-n junctions 
and one high-low junction [“bipolar junction transistor” 
(BJT), experimentally verified in [2]], both based on a high-
lifetime n-type Si wafer with poly-Si/SiO2 passivated 
contacts. The physics for a p-type base would not be
significantly different, and thus we only present the n-type 
base wafer case. 
Single-emitter configuration (SE), as shown in Fig.1. It has 
a full-area front-surface field (FSF) of an n-Cz poly-Si/SiO2

based IBC cell that interfaces to the top cell (e.g., III-V or 
perovskite),  a bottom high-low back-surface field (BSF) 
terminal, and a bottom p-n junction, which is the common 
terminal. It has been simulated and experimentally studied
in [2,3]. Both high-low junction n+poly-Si/SiO2 terminals 
(shown in Fig. 1 in dark blue) form ohmic contacts to the 
base wafer. The approximate minimal resistivity between
the BSF and FSF terminals is Rbase ~ rW/(d×L), where r, W, 
d, L are wafer-specific resistivity, thickness, IBC contact 
width, and length. For simulations, we select an IBC pitch 
of 1 mm and a finger length of 10 cm, resulting in a 1 cm2

area unit cell, so the values of the resistivities in W 
correspond to the effective contact resistivities in W-cm2

divided by their area fraction. The currents are normalized 
to our 1 cm2 area and referred to in the text as J. An estimate 
for a high-lifetime wafer of r ~ 5 W cm, W~150 µm gives 
Rbase ~ 0.3 W . Since this value is governed by the majority 
carrier concentration (> 1015 cm-3), we neglect its injection-
level dependence. To account both for Rbase and contact 
resistivities (typically ~ 0.3 W•cm2), we approximate this SE 
3T IBC with one power-generating diode and three 0.3-W 
resistors (Fig. 1), and V= 0 at the p+ (emitter); the other two
voltages are typically negative. 

Fig.1. Left: 3T bottom cell based on an n-type Si wafer with n+
and p+ poly-Si/SiO2 passivated contacts: a single-emitter 
configuration (SE). Thin SiO2 buffer layer is shown in green. 
Right: its equivalent circuit with one illuminated, power-
generating diode and three resistors. 

Next, we relate currents and voltages at the two n+/n-
terminals:

!" + $" ∗ & = !( + $( ∗ & = !)($) − ($" + $() ∗ &  (1), 

where VD is the voltage across the power-generating diode 
under light, a function of the total current J=J1+J2. This 
diode is approximated by a Si solar cell J(V) curve with 
JSC = 20 mA/cm2 (½ suns) and current prefactor J0 = 50 
fA/cm2.  The total power produced by the cell is: 
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The power-generating diode term is positive near the 
MPP of the diode, while the dissipative ohmic terms are 
negative. We simulate the device of Fig. 1 by scanning J1

and J2 over a 2D region and calculating the total power Ptot

at every (J1, J2) point with Eq. 2. We find that the
maximum power density generated by this cell is 11.1 
mW/cm2. Setting the total power to 10, 5, and 0 mW/cm2, 
we produce power contour lines, including the
“generating island” Ptot = 0 in the J1J2 and V1V2 planes. 
The SE results are shown in Figs. 3A, B by green curves. 

The BJT configuration has two p-n junctions: the full-
area top p-n junction, and the bottom emitter terminal of 
the IBC cell. The BSF IBC bottom contact is the common 
terminal (Fig. 2). This is a bipolar transistor which 
requires a different physical model than the single emitter.  
The terminal voltages V1 and V2 are applied across the 
respective p-n junction depletion regions, the base wafer 
is nearly field-free, and some additional voltage drop
takes place at the contacts.

Fig. 2. Three-terminal (3T) bottom cell platform in a BJT 
configuration with two p+ and one n+ poly-Si/SiO2 passivated 
contacts, showing the interaction between the two diodes via the
diffusive hole current (Jp,dif). Right: its equivalent circuit with 
two interacting, power-generating diodes, and three resistors. 

Importantly, the local hole concentrations at the bulk 
wafer side of the depletion regions, p1 and p2, depend 
exponentially on their respective voltage drops VD1 and 
VD2 (see Fig. 2).  The hole concentration gradient causes a 
diffusive hole current flow between the two p+ terminals:

$0,234 =
506)7
8

∙ :;
<=>?
@A − ;

<=>B
@A C = $/,234 ∙ :;

<=>?
@A − ;

<=B>
@A C  (3)

Eq. (3) resembles a diode equation with a diode
prefactor Jo,dif that depends on hole dark concentration p0

~ 105cm-3 in an n-type wafer doped to 1015 cm-3, a hole 
diffusion coefficient Dp ~ 12 cm2/s, and wafer thickness 
W ~ 150 µm. Thus, Jo,dif is ~ 10-11 A/cm2, much higher than 
the diode prefactor in a typical high-performance Si IBC
cell of a few 10-14 A/cm2. This diffusive hole current 
strongly affects terminal current densities J1 and J2: 

$",( =
DE
(
− $/ ∙ :;

<=>?,B
@A − 1C ∓ $H,IJKK ∙ :;

;!L1
MN − ;

;!L2
MN C (4), 

with a (-) sign for J1 and (+) for J2 . We assume a uniform 
photocarrier bulk generation rate, and thus the light 
current terms for J1 and J2 are equal (JL/2). Hole diffusion 
adds a new, always dissipative, term to the power: 

-234 = $/,234 :;
<=>?
@A − ;

<=>B
@A C ∙ (!)" − !)()    (5). 

The total power is then approximately:

-./. ≈
DE
(
∙ (!)" + !)() − 	-234 − $/ ∙ R!)";

<=>?
@A + !)(;

<=>B
@A S − -T5U , 

(Eq. 6), where the first term is power generated via the
light current JL, the second is Pdif from Eq. 5, the third is 
the dissipated power by the two p-n junctions with J0 = 25 
fA/cm2 each (total 50 fA/cm2), and Pres represents ohmic 
losses in three resistors, R = 0.3 W the wafer/contacts, and 
Pres = J1

2R+ J2
2R+(J1+J2)2R , as for the SE. We scan the

across-diode voltages (VD1,VD2) over a certain range and 
calculate the terminal current densities (J1, J2) from Eq. 4 
and  Ptot from Eq. 6. Terminal voltages V1 and V2 are:

!",( = !)",)( − 	$",(& − (	$"+$()& (7)

The result of the simulations are power contours in 
J1J2 and V1V2 planes (black symbols, Fig. 2A,B). Our 
SE and BJT cases are simulated under the half-sun 
photogeneration (JL = 20 mA/cm2) and represent an
example case of perfect current matching in a Si-based 
tandem. However, the results below are general. 

III. RESULTS AND DISCUSSION

During operation, the two circuits interact, so it is 
impossible to separately plot standard “J-V” curves for a 
solar cell. Instead, we look at the total power generated by
both circuits simultaneously, and can plot this vs. two
independent variables. Fig. 3A shows the total power 
contours in the terminal voltage plane V1V2 . The “power-
generating island,” Ptot = 0, resembles a narrow cigar 
shape for the SE, and a pear-like shape for BJT that 
widens towards lower voltages.  In contrast, the power-
generating islands in the J1J2 currents plane coincide for 
SE and BJT, and are narrow and elongated (Fig. 3B). 
Even for near-maximum power of 10 mW/cm2 (the
maximum is 11.1 mW/cm2), the absolute values of J1 and 
J2 can significantly exceed the light current JL = 20 
mA/cm2. Their sum J1 + J2 never exceeds JL = 20 mA/cm2, 
as in a conventional cell. 

Large current values in the J1J2 plane explain narrow 
island shapes in V1V2 plane along the line V1 = V2. Even a 
small voltage difference V1 - V2 causes large currents 
through the base (ohmic in SE, diffusive in BJT), resulting
in increasingly larger power dissipation in the base and in 
contacts as we move away from the V1 = V2 line (see Fig. 
3A). For the SE, the terminal coupling is by ohmic 
majority carrier currents and remains strong at all 
voltages, resulting in a narrow contour in 3A. For the 
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from ISFH were later measured at NREL as shown in Fig. 10C and 10D, and fit using 
the PVcircuit software described later in this report. Excellent agreement between the 
prediction, measurements and fit were obtained. The publication of a more complete 
description of the equivalent-circuit for these 3T IBC devices was targeted in Milestone 
2.2.2, but due to staffing limitations this work remains unpublished in a peer-reviewed 
journal. 
 

 
Figure 10. Predicted (A&B) and measured (C&D) operation of single-junction 3T IBC solar cells 
(A) Predicted power [4] as a function of voltages (PVV) plots of unipolar  (green contours) and 
bipolar (black contours) IBC solar cells. (B) Predicted PJJ plots corresponding to A. (C) Measured 
(black contour and color) PVV plots of unipolar (nuIBC) solar cell from ISFH fit (red contour) to an 
equivalent circuit with PVcircuit software. (D) Measured and fit PJJ plots corresponding to C. 

 
Transparent Conductive Adhesives (TCA) 
This project used a TCA composed of a polymer−particle blend with ethylene-vinyl 
acetate (EVA) as the transparent adhesive, and metal-coated flexible poly(methyl 
methacrylate) (PMMA) microspheres as the conductive particles to provide 
conductivity and adhesion regardless of the surface texture as shown in Fig. 11. This 

 

BJT, the terminal coupling by hole diffusion is strong only 
at high voltages near MPP but disappears at low VD (see 
Eq. 3), thus widening the islands at V1,2 < 0.5V.  
 

    

     

                        
     
Fig. 3. Total power contours for 0, 5, and 10 mW/cm2 power values 
in V1V2 plane (A) and J1J2 plane (B). The SE configuration: green; 
BJT: black contours. Maximum power is 11.1 mW/cm2. (C) power 
generated at each terminal circuit at constant total power. 
 
 This difference is not visible in the J1J2 plane, as the 
low-voltage region collapses to a line near  J1 + J2 = JSC. 

The maximum/minimum current values of (J1J2)  
constant-power islands correspond to the near-MPP 
operation of both p-n junctions. Importantly, in the whole 
J1J2 plane, and near the MPP in V1V2 plane, the SE and 
BJT behave almost identically, and either can enable an 
efficient 3T tandem.  There, the generation island  in J1J2 
plane is limited by the top cell’s current (J1 £ JL,top), the Si 
cell’s current (J1 + J2 £ JL), and both top and bottom cells 
near their open-circuit ((J1*VOC,top + (J1+J2)*VOC, Si) ³ 0).  
 A large range of acceptable J1J2 values enable power 
produced by each 3T terminal circuit (with respect to the 
common terminal) to vary over a wide range when total 
power is fixed (Fig. 3C).  For Ptot = 10 mW/cm2, one can 
generate a maximum 28.5 mW/cm2 at Terminal 1 passing 
a current of 50 mA/cm2, at the cost of -18.5 mW/cm2 
consumed at Terminal 2 passing -30 mA/cm2. Flexibility 
is identical for SE and BJT configurations: they can 
accept top cells with a > 1.7 eV gap and narrower 
bandgaps (e.g., GaInP, GaAs, perovskite). At a > 1.7 eV 
gap, both circuits generate power (P2 >0, P2 > 0), while 
the narrower gap needs an injection of negative current at 
the second IBC terminal (P2 <0) to bring the total current 
to the light current JL of the Si cell.  
 

IV. SUMMARY 

Our simple physical model for 3T tandem bottom cell 
operation explains its similar operation in SE and BJT 
configurations, as a three-terminal power generating device 
in 2D terminal voltage and current planes. Two terminals of 
the same type become strongly coupled through the wafer, 
by majority carrier ohmic currents for SE and diffusive 
minority carrier currents for BJT, supporting large current 
offsets between the two subcircuits. Both SE and BJT 
platforms enable tandems without the need of current 
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TCA layer was designed to be nearly transparent, conductive in only the out-of-plane 
direction, and of practical adhesive strength to hold the substrates together [42].  

 
Figure 11. (a)Transparent conductive adhesive (TCA) shown within a tandem solar cell stack, as 
a single layer of conductive microspheres (45–55 μm in diameter), held together with a 
transparent non-conductive polymer. (b) The compliant microspheres have a flexible PMMA core 
with a silver coating (c) allowing the spheres to electrically connect both smooth and textured 
surfaces with micron sized surface features.  

 
TCA sheets fabricated by blade coating, similar to EVA encapsulant sheets, were 
developed for lamination of dissimilar subcells to enable hybrid tandems [19]. Particle 
coverage and lamination process parameters are important for optimizing series 
resistance and optical transparency within tandems. To address Milestone 2.3.1, we 
studied the reliability of TCA interconnects with thermal cycling (IEC 61215.10.11 : 
TC100) and damp heat (IEC 61215.10.13 : DH1000) testing protocols on custom 
designed TCA test coupons with edge card reader connections (Fig. 12).  
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Figure 12. [a] Sample design of the TCA test coupons for thermal cycling and damp heat testing.  
[b]  Schematic of TCA alignment and edge-card-reader connections. [c] Sample installed in one 
of the edge-card-readers within the chamber.  

 
In our initial testing, the average series resistance of optimized samples was within 
25% of the initial resistance value. However, it was observed that at temperatures 
above 80°C, the original TCA formulation (which did not have any additives) softened 
enough to cause top glass to slide out of alignment with for the measurement. During 
this softening stage, the TCA was still vertically conductive – contact was simply lost 
when samples moved enough that there was no longer vertical alignment of the 
contact pads.  
 
An improved TCA formulation using additives was then fabricated and went through 
IEC 61215 damp heat and thermal cycle testing. The addition of surface primers and 
crosslinking agents improved the performance of the TCA in these reliability tests (Fig. 
13).  The series resistance of the samples actually improved, decreasing by 19% over 
1000 hours of damp heat. 

 
 
 
 

 
Fig 13. (left) Series resistance of TCA measured at both 85°C and -40°C over 100 thermal 
cycles. At room temperature, the final resistance increased by 18% after the test. (right) 
Series resistance of TCA measured over 1000 hours of damp heat testing (85/85).  
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3T III-V/TCA/Si IBC cells 
After our previous successful demonstration of high-efficiency 4T tandems with III-V 
on Si [41] and demonstration of the equivalence with 3T tandems [47], we began to 
work on the practical aspects of developing III-V/TCA/Si IBC cells. We demonstrated  
the first 3T tandem with TCA [11] by processing an inverted GaInP top cell stacked 
directly onto a Si IBC cell as shown in Fig. 14(a). This 3T tandem achieved an 
efficiency of 27.3% as shown in Fig. 14(b), but this process flow appeared tenuous 
because it exposes the completed Si bottom cell to possible damage during top 
subcell processing. 

 
 

Figure 14. (a) Schematic of a 3T GaInP/TCA/Si IBC tandem fabricated by processing an inverted 
GaInP cell directly onto a Si IBC subcell. (b) Contour plots showing the measured total power of 
the 3T tandem under AM1.5G illumination. 

 
For a more robust process flow, we envisioned [21] separately processing an upright 
III-V subcell onto superstrate glass, then lamination of the two completed subcells with 
a TCA sheet. These 3T superstrate GaInP/TCA/Si IBC and GaAs/TCA/Si IBC tandem 
solar cells, shown schematically in Fig. 15, were fabricated [26] using ISFH Si IBC 
bottom subcells. Measurements of these 3T tandems are shown in Fig. 16. The 
unconstrained maximum of each device was 21.3% - 22.3% efficiency, depending on 
the measurement technique. When constrained to have equal currents through both 
subcells as in a 2T tandem, the tandems were 20.8% and 12.1% efficiency 
respectively. These results clearly demonstrate the design flexibility of 3T over 2T 
tandem structures. 
 

where J is the current density, J0 is the saturation current density
and n the ideality factor of the diode, respectively; q is the
elementary charge, k is Boltzmann's constant, T is the temper-
ature, Rsh is the shunt resistance, and Rs is the series resistance.
This model was tted to all four sub-cell LIV curves shown in
Fig. 4(b);48 ts are shown in Fig. S3 and t parameters are
tabulated in Table S3 in the ESI.†

By setting V ¼ Voc and J(V) ¼ 0 in eqn (1), it can be seen that
Voc depends on Jsc. The impact of this effect can be gauged by
tting eqn (1) to an LIV curve, and combining the obtained
parameters with a new Jsc value and re-evaluating eqn (1). In this
manner, we nd that the difference in Jsc between Si IBC sub-
cells in the 3TT and 4TT devices only accounts for a 7 mV Voc
difference. We also applied this approach to the LIV curve of the
3T Si sub-cell prior to tandem cell processing (not shown), and
found that prior to processing it would have had the same Voc as
the Si sub-cell in the 4TT device. The main cause of the Voc
difference is therefore tandem cell processing-induced damage
to the Si sub-cell, e.g. from exposure to chemicals during top cell
processing and repeated thermal cycling. Fortunately, the 3TT
architecture is not dependent on this precise process chain, and
different implementations of it need not suffer from this effect.

Fits of eqn (1) to the sub-cell LIV curves also allow us to
determine the corresponding series resistance Rs, which as
Fig. 1(d) shows for the case of the 3TT device is actually the sum
of several Rs terms for either sub-cell circuit. For example, for
the GaInP LIV curve of the 3TT cell, measured via contacts 1 and
3, Rs ¼ Rs,top + Rs,TCA + Rs,front,n + Rs,rear,n, i.e. including the TCA,
and we nd Rs ¼ 0.6 U cm2. Meanwhile, the GaInP sub-cell of
the 4TT reference exhibits Rs ¼ 0.9 U cm2. This means that in
the 3TT device, Rs,TCA + Rs,front,n + Rs,rear,n together is lower than
the resistance of the rear contact of the GaInP sub-cell in the
4TT reference (all other parts of the GaInP sub-cells being
identical). Rather than contributing more series resistance, the
TCA is shown to be so conductive that it lowers the series
resistance of the top cell as compared to a rear grid. This
advantage is expected to be even more pronounced in larger
area solar cells as the purely vertical current ow across the TCA
in a 3TT cell proceeds at an area-independent current density,
whereas the lateral current ow required at the rear of the top
cell and front of the bottom cell in 4TT devices yields large
lateral current densities for larger cells that are increasingly
difficult to sustain without resistive losses.

Conversely, for the Si IBC LIV curves we extract Rs¼ 0.6U cm2

for the 3TT device and Rs ¼ 0.3 U cm2 for the 4TT reference,
correlating with Si IBC FF values of 73.3% and 77.6%, respec-
tively (although the lower 3TT Si sub-cell Voc also contributes). It
is therefore the Si diode and Rs,rear,p which are responsible for
the lower 2TT FF of the 3TT device, not the n-type Si contacts, the
TCA or the GaInP cell.

We also extracted 2TT Rs values as follows: we took all eqn (1)
t parameters from all sub-cell LIV curves, discarded Rs values,
and set up the 2TT LIVmodel (black elements in Fig. 1(d)) in the
circuit simulator LTSpice. Then we combined all resistors into
one Rs term (for 2TT, Rs¼ Rs,top + Rs,TCA + Rs,front,n + Rs,rear,p), and
ran the simulation for a range of Rs values to obtain a t to the
experimental 2TT LIV data. We obtained Rs ¼ 1.0 U cm2 for the

3TT device, and Rs ¼ 1.1 U cm2 for the 4TT reference, which are
very similar to each other and to the sum of respective sub-cell
Rs values. This shows that the higher Si resistance cancelled out
the lower Rs of the TCA in our particular 3TT device as compared
to the 4TT reference.

Nevertheless, all these factors combined to give a 2TT effi-
ciency of 26.4% for our TCA-bonded device, which is among the
highest efficiencies reported for a series-connected two-junction
tandem cell involving silicon.3,16,17,39 It should be noted that this
excellent device performance stems mainly from the high Voc
and FF, enabled in no small part by the TCA. The current is
severely limited by the GaInP top cell, and we now proceed to
utilize the third terminal to extract the excess current of the Si
bottom cell.

Three-terminal performance and operation

Performance. The results obtained from simultaneous
measurement of both circuits of the 3TT cell are shown in Fig. 5.
It shows contour plots of Ptot (in mW cm"2, equal to percent
efficiency under AM1.5G illumination) and of JFB and JIBC, as
a function of VFB and VIBC. As discussed in the Experimental
section, this type of measurement is necessary for a correct

Fig. 5 Contour plots showing (a) measured total 3TT power output
Ptot under AM1.5G illumination (in mW cm"2, equal to percent effi-
ciency), (b) JFB (in mA cm"2), and (c) JIBC (in mA cm"2), all as a function
of VFB and VIBC. Contours of JFB ¼ 0 and JIBC ¼ 0 are shown in all plots
as dashed and dotted lines, respectively. Together with the origin
(VFB ¼ 0, VIBC ¼ 0), the JFB ¼ 0 and JIBC ¼ 0 contours define the region
where both circuits produce power. The JIBC ¼ 0 contour is also
a trace of the 2TT measurement in Fig. 4(a). The mpp is marked by
a star, and letters in (a) label the three regimes of operation discussed
in the text.

This journal is © The Royal Society of Chemistry 2020 Sustainable Energy Fuels, 2020, 4, 549–558 | 555

Paper Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 2
01

9.
 D

ow
nl

oa
de

d 
by

 N
at

io
na

l R
en

ew
ab

le
 E

ne
rg

y 
La

bo
ra

to
ry

 o
n 

9/
28

/2
02

0 
3:

22
:5

6 
PM

. 

View Article Online

contact between the cells that reduces the active device area and
requires lateral transport.

This 3TT concept, and technology computer-aided design
(TCAD) simulations showing that the device enables the same
performance as 4TT cells, have been presented previously;23,29

here, we experimentally demonstrate the rst 3TT device with this
architecture. We use a GaInP top cell and a 3T Si bottom cell23

conductively bonded together with a TCA, and we rst show how
this interconnection was optimized, which allowed us to achieve
a 2TT efficiency of 26.4%. This exceeds the record efficiency of
individual GaInP cells and approaches that of individual Si solar
cells (21.4% and 26.7%, respectively)3 and is among the highest
efficiencies reported for a series-connected dual-junction tandem
cell with silicon.3,16,17,19,39 We then demonstrate that the third
terminal allows an additional 0.9% absolute to be extracted,
boosting the efficiency from 26.4% to 27.3%, and report on the
operating mechanism of the 3TT device.

2 Experimental
The 3T Si bottom cell, and the III–V layer stack of the GaInP top
cell, are rst prepared separately. The latter is grown inverted on
a sacricial GaAs substrate. Then, the two are bonded together
using the TCA, the GaAs substrate is removed, and GaInP cell
processing is completed on top of the Si cell. A schematic of the
resulting 3TT device is shown in Fig. 2(a). A 4TT GaInP/Si
reference tandem cell (with the structure shown schematically
in Fig. 1(a)) was also prepared, following the process chain in
ref. 1 and 13 but utilizing an IBC Si cell. The 3TT process chain
is detailed in the following.

Sub-cell preparation

The GaInP cell stack40 was grown inverted on a GaAs substrate
with a 2! miscut towards h111iB by metalorganic chemical
vapor deposition (MOCVD), using the reactor, precursors, and
process window described previously.41 The rear hetero-
junction design40 was used in this stack for high performance.
The layer stack is identical to that used for the GaInP top cell in
ref. 1 and 13 (see also Fig. 2(a)). One sample was processed
exactly as described in ref. 1 to prepare a 4TT reference device.

The 3T Si bottom cells with doped poly-Si on passivating
oxide (POLO) contacts were prepared using 160 mm thick n-
type Cz-Si wafers. IBC cell processing largely follows the
process described in ref. 42, except that cell dimensions were
adapted to match the III–V top cell, and that the textured front
side with dielectric passivation layers was replaced by a planar
front side with a n-type POLO contact (also referred to as
a front-surface-eld (FSF)).23 This well-passivated front
contact forms the front terminal of the 3T Si cell. A planar
front side is selected for the Si cell for simplicity for this proof-
of-concept, but subsequent processing is compatible with
textured Si.24 The 3T Si cell also has two interdigitated rear
contacts: a rear n-contact (also referred to as a back-surface-
eld (BSF)), and a rear p-contact (also referred to as an
emitter). Two layers of Fujilm SC-900 photoresist were pro-
cessed onto the rear side of the Si cell to protect it during

further processing and are removed with toluene at the end of
the process chain. A cell with a conventional front side42 but
the same dimensions was also processed in order to prepare
a 4TT reference device.

Bonding III–V to Si using a transparent conducting adhesive

In order to improve the electrical contact between the TCA and
either cell, the bottom of the GaInP top cell, and the n-poly-Si at the
top of the Si bottom cell, were both coated with"95 nm indium tin
oxide (ITO) sputtered at a substrate temperature of 200 !C and
a power of 0.29 W cm#2 (see Fig. 2(a)), in a MVSystems tool using
a 90% SnO2–10% In2O3 target (Plasmaterials) and a 13.56 MHz
radio frequency (RF) source. The recipe was the result of an opti-
mization process described in the Results section and ESI.†

The TCA consists of silver-coated poly(methyl methacrylate)
(PMMA) microspheres (Cospheric, PMPMS-AG, diameter range

Fig. 2 (a) Layer structure of the three-terminal GaInP/Si tandem cell.
(b) Optical micrograph (acquired in reflection mode) of the TCA
between glass slides. (c) Photograph of the 3TT cell, processed on
a slightly larger Si wafer. The GaInP top cell appears black due to the
antireflection coating. In the boundary areas, the microspheres of the
TCA and the green-blue hue of the ITO on the Si wafer can be seen.

This journal is © The Royal Society of Chemistry 2020 Sustainable Energy Fuels, 2020, 4, 549–558 | 551
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Figure 15. Schematics of superstrate 3T tandem solar cells: (left) a GaInP/TCA/Si IBC tandem 
cell and (right) a GaAs/TCA/Si IBC tandem cell.  

 

 
Figure 16. Measured results of (A,B,E) GaInP/TCA/Si IBC and (C,D,F) GaAs/TCA/Si IBC hybrid 
3T tandems. (A&C) show subcell EQE results. (B&C) show subcell JV curves with the other 
subcell held at a constant voltage as indicated. (E&F) show coupled power as a function of 
subcell voltage (PVV) plots at AM1.5G illumination.  

 
Unfortunately, this relatively low efficiency included several losses such as the lack of 
antireflective coating on the top glass, resistive losses from the TCO contact layers 
and TCA interconnection, parasitic optical absorption, etc., that prevented surpassing 
the 30% efficiency required in Milestone 1.1.2. This TCA lamination process was 
plagued with problems of cracking glass and Si IBC cells, shorting layers, and 
irreproducible TCA resistance that resulted in low device yields. The specific working 
devices shown here contained III-V subcells that performed worse than similar 
subcells previously demonstrated, and the devices could not be replicated due to the 
low yields and COVID-related staffing issues. Many of these problems were 
addressed by redesigning the III-V mask to avoid potential shorting from metal 
overlapping, using thicker superstrate glass, and precisely laser scribing the Si IBC 
cell during the no cost time extension (NCTE) in order to fabricate an IEC 61215 
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compatible package as shown in Fig. 17. The cell results for glass-glass and glass-
backsheet packages are shown in Fig. 18. 
 
 

 
Figure 17. Redesigning 3T hybrid tandem packaging for IEC 61215 compatible measurements. 

 
Though many problems were overcome with the redesign, high resistance to the top 
GaAs subcell ultimately prevented us from reaching the 20% efficiencies necessary 
as a starting point of the damp heat tests, therefore we were unable satisfy Milestones 
3.3.1 and 2.3.2.  This resistance is likely due to unoptimized TCA lamination conditions 
or high contact resistance between III-V and TCO layers and was particularly 
detrimental to the high-current GaAs subcell. Several lessons were learned during this 
process redesign that will be useful going forward for perovskite/Si tandem packaging. 
 

 
 

Figure 18. Measurements of the packaged superstrate 3T GaAs/TCA/Si IBC devices shown in 
Fig. 18. (left) EQE and (right) JV curves. 
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      GaInP/GaAs 3T tandems 

In order to make progress with understanding 3T tandem operation in spite of 
challenges in the 3T III-V/TCA/Si IBC process, we also developed all-III-V 3T tandems 
using stable, robust, inverted GaInP/GaAs tandem structures [7,17]. The process flow 
shown in Fig. 19 resulted in three external contacts supported by transparent flip-chip 
epoxy on a glass support holder pictured in Fig. 20 (left). 
 

 
Figure 19. Process flow for fabrication of monolithic, inverted GaInP/GaAs 3T tandems with a 
middle (Z) perimeter contact. The top GaInP subcell is blue and the bottom GaAs subcell is red. 

 
This process enabled the high-yield fabrication of eight 3T tandems with external 
contact pads on a single glass holder as shown in Fig. 20 (left) in both s-type and r-
type configurations (depending on the epilayer design).  There are many different 
ways these 3T can be interconnected to form a string; here we investigated "voltage-
matched" strings in which the resulting module has two terminals such that it can be 
connected to a single load.  In a voltage-matched string, the wiring topology constrains 
the cells to have a "voltage-matching" (VM) ratio defined to be Vtop/Vbot = m/n, where 
m and n are integers.  In principle, any ratio m/n is allowed, giving tremendous design 
flexibility.  In practice, there are end losses associated with VM strings that favor small 
values of m and n.  To enable the proper design of VM strings, we developed a general 
framework and end-loss model for stringing 3T tandems together into voltage-
matched modules that explains the intrinsic end-losses [10,38,39].  An example for 
Vtop/Vbot = 2/1 is shown in Fig 21 (left), using both s-type and r-type 3T tandems.  From 
an analysis of breadboard diagrams like the one shown in Figure 21 (right), simple 
analytical expressions which inform string design were derived for the end losses of 
various string configurations.    
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Figure 20. (left) Eight 3T GaInP/GaAs tandems with external contacts on a 1x1inch glass support. 
(right) 8-cell module of these cells interconnected using a multi-probe jig and external wiring 
module for 2:1 or 3:2 voltage-matched strings. 

 
Using a contacting jig and external wiring to configure modules as shown in Fig. 20 
(right), we demonstrated s-type and r-type, 2:1 and 3:2 voltage matched (VM) strings 
with 8 cells. The measured string results shown in Fig. 22 agree with model 
predictions, satisfying Milestones 1.2.2, 2.2.3 and 3.1.1.  
 

      
 

Figure 21. (left) Examples of VM strings using a VM ratio Vtop/Vbot = 2/1 for (a) s-type and (b) r-
type 3T tandem cells. The string can be made arbitrarily long by adding "repeat units" (purple 
box) to the middle of the string.  However, the current paths are interlaced, so there are inherent 
string-end losses associated with how the ends of the strings must be configured to collect all of 
the current.  To illustrate this, the subcells contributing to the end loss are shaded differently.  
Open cells are disconnected and produce no power.  Lightly-shaded top cells produce Vtop = Vbot 
(instead of 2*Vbot). (right) A "breadboard" circuit schematic helps with the understanding of these 
end losses.  The example shown here is for an s-type 2:1 3T VM string.  From these diagrams, it 
can be deduced that the end loss for this type of string is (approximately) 2*Ptandem, where Ptandem 
is the power produced by each of the middle repeat units.  

 
 
The string results shown in Fig. 22 illustrate the principal characteristics of our 
modeling: (1) End losses are smaller for r-type 3T cells (than for s-type), (2) end losses 
become larger as m and n become larger, and (3) increasing the string length reduces 
the impact of end losses.  These findings inform the design and development of VM 
strings. 
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Figure 22. (left) Estimated IV curve of a voltage-matched string of 8 GaInP/GaAs 3T tandems. 
(middle) Measured IV curve of a voltage-matched string of 8 GaInP/GaAS 3T tandems. (right) 
Approximate end-loss trends as a function of string length and interconnection scheme. Small 
points show theory and large points show the data for the 8-cell modules. 

 
Using these robust all-III-V 3T tandems as examples, we also developed a 
measurement platform and methodology [18] for all 3T tandems as shown in Fig. 23 
(left).  This methodology quantitatively explains the ambiguity of measuring 3T devices 
with two loads using the various common-contact modes as shown in Fig. 23 (right) 
and can characterize voltage-matched module operation with measurements of a 
single 3T tandem cell. Coupled dark J-V curve measurements (Fig. 24 (right)) are a 
sensitive technique to characterize both the electrical and optical subcell coupling in 
3T and 4T devices.  

 
Figure 23. (left) Schematic of 3T and 4T measurement equipment. (right) Power as a function of 
three interdependent currents (PVVV) measured for an r-type 3T GaInP/GaAs solar cell in CZ, 
CR, and CT modes.  The hexagonal representation of the data helps illustrate the equivalency of 
these different measurement modes (through Kirchhoff’s laws). 

 
The optoelectronic equivalent-circuit model shown in Fig. 24 (left) was also developed 
and included in the supplementary information of Ref. [18] to quantitatively explain the 
physics of electrical and optical subcell coupling in 3T and 4T tandems. The subcell 
coupling is the reason that the subcells should not be measured independently. The 
measurement and modeling of coupled dark JV curves in Fig. 24 (right) is so sensitive 
that even reverse luminescent coupling (LC) that is 6 orders of magnitude smaller than 
forward LC can be observed and fit. The modeling code is freely distributed, as 
requested by SETO, in an open-source, Python-based software package called 
PVcircuit [25,28].  

1084 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, NO. 4, JULY 2021

Fig. 10. (a) 3TT cell with its VM ratio m/n determined by coupling the voltages
of the two loads. The sign sense of the individual voltages and currents can be
chosen so as to give positive or negative values, as desired for different 3TT cells.
An n/p s-type 3TT cell is shown here. (b) Plot showing how string curves can be
constructed from subcell I(V) curves measured using the circuit in (a)–see text.
In this example, the 3TT cell is an s-type GaInP/GaAs tandem, and the VM ratio
is 3/2. Illumination: Xe lamp calibrated relative to the AM 1.5 global spectrum
to provide 0.8 suns on the top GaInP cell and 1.0 sun on the bottom GaAs cell.
Cell area: 0.25 cm2. Sample name: [MT005n2].

populate the initial repeat unit for an r-type string is just max(m,
n)

Nmin =

{
(m+ n) for s− type (11a)
max(m,n) for r− type (11b)

.

Because Nrpt = 1 and Ntot = Nmin in the above analysis, the
results are consistent with (7).

The end losses will remain essentially constant as a string
is lengthened, aside from small adjustments due to operating
point shifts. This can be understood by comparing the eight-cell
strings to the corresponding (Nrpt = 1) strings in Figs. 6–9.
The string-termination circuitry for any given string remains
unchanged as repeat units are added to its middle.

V. STRING I(V) CURVES

In this section, we will show how estimated string I(V) curves
can be constructed from voltage-constrained single-cell mea-
surements, then compare these estimates to measurements of
actual eight-cell strings fabricated from GaInP/GaAs 3TT cells.

A. Voltage-Constrained 3TT Cell Measurements

Fig. 10(a) shows how top- and bottom-cell I(V) curves can be
obtained for any VM ratio by measuring a single 3TT cell. This
measurement must be performed with the appropriate Vtop/Vbot

= m/n constraint, to properly replicate any coupling between
the subcells during operation. An example of optical coupling
is luminescent coupling, in which light emitted by the top cell
is absorbed by the bottom cell as additional current [20]. An
example of resistive coupling is voltage and power loss at a
shared contact carrying both top and bottom-cell current.

To provide a representative example, an s-type GaInP/GaAs
3TT cell was measured using the circuit in Fig. 10(a), with
the subcell loads constrained by a VM ratio of 3/2. This cell
is equivalent to the leftmost s-type example in Fig. 1(a), but
with the polarity reversed to be n/p//n/p. The resulting top- and
bottom-cell I(V) curves for this “voltage-constrained” 3TT cell

Fig. 11. I(V) curves for eight-cell strings. (a) Estimated I(V) curves con-
structed from voltage-constrained single-cell measurements using the method
illustrated in Fig. 10. (b) Measured I(V) curves for actual strings fabricated from
GaInP/GaAs 3TT cells. Illumination: Xe lamp calibrated relative to the AM 1.5
global spectrum to provide 0.8 suns on the top GaInP cell and 1.0 sun on the
bottom GaAs cell. Area of component 3TT cells: 0.25 cm2. Each plot includes
strings built from s-type and r-type cells, using two different VM ratios (3/2 and
2/1). [s: MT005] [r: MS874].

measurement are shown in Fig. 10(b) with blue and red curves,
respectively.

The small peak near 1.0 V in the bottom cell I(V) curve is due
to luminescent coupling. When the bottom cell is biased at 1.0 V,
the top cell is biased at 1.5 V, and the light it emits is absorbed
by the bottom cell as additional bottom-cell photocurrent.

B. String I(V) Curve Estimates

Fig. 10(b) illustrates the construction of an estimated I(V)
curve for an eight-cell s-type 3/2 VM string. This illustration
is based upon top- and bottom-cell I(V) curves measured for
one representative cell in the string, using the circuit shown in
Fig. 10(a) and a VM ratio of 3/2, as described above. Construc-
tion of the string I(V) curve is done in two steps.

1) The repeat unit I(V) curve is constructed from the top- and
bottom-cell I(V) curves using the weighted sum Irpt =
m∗Itop + n∗Ibot (eqn 1), with the voltage for each current
constrained by Vrpt = Vtop/m = Vbot/n (eqn 2).

2) The eight-cell string I(V) curve is constructed from the
repeat-unit I(V) curve using Istring = Irpt (eqn 1) and
Vstring = Nrpt∗Vrpt (eqn 3), with Nrpt = 4 (eqn 7) in
this example.

Fig. 11(a) uses this procedure to produce estimated I(V)
curves for four different representative strings, and the basic
trends conform to the underlying relationships/equations. The
string currents are larger for 3/2 strings, but the voltages are
smaller. For a given VM ratio, the voltages are larger for r-type
strings, because Nrpt is larger for r-type strings. (These r-type
cells are equivalent to the leftmost r-type example in Fig. 1(b),
but with the polarity reversed to be n/p//p/n.)

C. String I(V) Curve Measurements

Fig. 11(b) shows measured I(V) curves for four types of eight-
cell strings fabricated from GaInP/GaAs 3TT cells. (Details of
cell fabrication and measurements are forthcoming in a separate
publication.) The results agree qualitatively with the estimates
in Fig. 11(a). However, the two simplifications made earlier lead
to some minor differences.

Authorized licensed use limited to: National Renewable Energy Laboratory. Downloaded on June 23,2021 at 12:57:35 UTC from IEEE Xplore.  Restrictions apply. 
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Figure 24. (left) Schematic of our 3T tandem optoelectronic equivalent-circuit model. (right) 
Coupled dark JV curves for an r-type 3T GaInP/GaAs solar cell. 

 
Combining this model with proxy spectra produced by machine learning [48,49], we 
have performed energy harvesting efficiency (EHE) analysis [27] at a location in 
Boulder, CO satisfying Milestones 3.2.1 and 3.2.2. The EHE analysis process flow is 
summarized in Fig. 25, and the results are shown in Fig. 26. This EHE analysis is also 
incorporated into the PVcircuit software. The best terminal configuration is highly 
dependent on the bandgap combination of the tandem and the associated optical and 
resistive losses. 3T and 4T tandem designs open up possibilities for many new 
material combinations for hybrid tandems. 

 
Figure 25. Process flow for EHE analysis. 
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Figure 26. Comparison of EHE for various tandem-cell terminal configurations and 
interconnection schemes in Boulder, CO for three example tandem-cell designs: (a) Nearly 
current-matched tandem bandgaps 1.81 eV/ 1.12 eV. (b) Nearly voltage-matched tandem 
bandgaps 1.42 eV / 1.09 eV. (c) Intermediate generic bandgap combination 1.87 eV / 1.42 eV. 

 
Quasi-random light-trapping texture 
We have also investigated novel light trapping structures to improve the performance 
of ultra-thin III-V subcells, which in the future could become the top subcells for  
tandem cells. This work jointly funded with the III-V core project (Award DE-
EE00034358) and is not associated with any milestones of this project. Quasi-random 
(QR) structures are predicted to have highly efficient light-trapping, while being more 
robust under angle and thickness variations than simple photonic crystals (Fig. 27) 
[1,8,15]. We have experimentally demonstrated a light-trapping solution based on QR 
photonic crystals fabricated by polymer-blend lithography [16,24]. We control the 
average lattice parameter by modifying the spin-coating speed to adjust the light 
trapping properties of the QR layer as shown in Fig. 28. We have demonstrated an 
ultrathin GaAs cell of 260 nm with a rear quasi-random pattern with submicron 
features [24], a 𝐽sc = 26.4 mA/cm2 and an AM1.5G efficiency of 22.35%. 

 
Figure 27. (a) Schematic of the layer structure of a thin solar cell incorporating QR texture at the 
back. The inset QR structure can be modeled with a repeat unit cell shown in red and can be 
fabricated with immiscible polymer blend lithography. (b) Reciprocal space representation of the 
QR pattern reveals a ring of spectral frequencies for a broadband photonic crystal that spans the 
solar spectral range.  
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structure [12,17]. A simple approach is to disorganize multiple unit cells 
of the PC by introducing random displacements to the initial periodic 
positions, thereby creating a super-cell [12,17–20]. A refinement of this 
approach is to randomize the super-cell while aiming at a target PSD 
distribution [14,21,16,22]. These techniques heavily rely on the real 
space distribution, and the optimization algorithm used. Furthermore, 
these methods are computationally intensive, limiting the study for big 
unit cells. 

An alternative to real space design is to work directly in reciprocal 
space and, later, obtain the final unit cell in the real space. The ordering 
imposed by this design defines the optical response of the structure 
[13,23]. 

The reciprocal technique used in Refs. [13,23] is the Gaussian 
random field (GRF). This technique is fast and computationally efficient 
when creating big unit cells. Yet, it does not allow a transition from a 
simple PC to a QR. This limitation complicates the analysis of the 
transition from a sparse PSD typical of a simple PC, to a denser PSD as 
found in QR. 

In this paper, we propose an alternative design method based on the 
iterative Fourier transform algorithm (IFTA) [24,25]. The IFTA methods 
are broadly adopted in holography as they provide an effective way to 
design 2D diffractive optical elements (DOE). It has been explored also 
for random textured surfaces following the scalar theory,[26] but has 
not been developed for binary photonic crystals, neither periodic nor 
quasi-random. There is an analogy between a DOE and its hologram, 
with a light trapping structure and its PSD; both are related by the 
Fourier transform. Therefore, using IFTA we can design in-plane nano-
structures from a controlled PSD in reciprocal space. 

In Section 2 we provide the details of a 100 nm GaAs solar cell used 
to illustrate the absorption enhancement of our proposed structures. The 
nanostructure is outside of the active layers of the solar cell to avoid 
parasitic surface recombination losses. We introduce the rationale 
behind the target PSD and describe the IFTA implementation. We show 
that it is possible to modify the sparsity of the PSD generating structures 
from simple PC to QR with our approach. The results are presented in 
Section 3. We analyze the absorption and assess the performance of the 
solar cell by calculating the short-circuit current. We identify the ad-
vantages of each PSD provides, their best current and explore the 
robustness against changes in the real space distribution of the QR 
structures. We find the enhancement from the QR structure is stable 
under angle variations. The structures presented in this work will benefit 
the existing and future experimental efforts on reaching a competitive 
highly efficient ultrathin GaAs cell [27,28]. 

2. Photonic design 

2.1. Solar cell structure 

The solar cell layer structure considered in this study is shown in 
Fig. 1. The photocurrent (Jsc) is generated in a 100 nm GaAs layer. Such 
a cell is in the ultrathin regime in the sense of incomplete absorption 
without photonic aid and sub-wavelength thickness. It is of particular 
interest because this thickness allows effective radiation-hard devices 
[6,4]. We use a standard double layer antireflective coating (ARC) 
placed on top of the absorbing layer. The ARC is a 100 nm MgF2 layer on 
top of a 50 nm TiO2 layer; both layers are shown as a yellow slab in Fig. 1 
(a). The cell is modeled as a 10 nm AlInP window layer, a 100 nm GaAs 
homojunction (active region) and a 100 nm back surface field layer 
(BSF) of Al0.8Ga0.2As. We place the PC of square lattice constant a and 
height H just beneath the back surface field. Choosing the material 
comprising the PC is key to achieve a high Jsc. The real part of the 
refractive index (n) mostly impacts the scattering efficiency. The imag-
inary part (κ) leads to undesired parasitic absorption, as the absorption 
in the PC does not contribute to the photocurrent. The high refractive 
index component of the PC is AlxGa(1−x)As, and the low index compo-
nent is SiO2. The AlGaAs system offers tunability of the optical proper-
ties by controlling the aluminum content, along with a high n.[29] We 
use Al0.8Ga0.2As as a compromise to minimize κ and maximize n. Placing 
the nanostructure behind the cell results in a design more forgiving of 
parasitic absorption. A large fraction of the high energy photons are 
absorbed before reaching the PC, allowing us to use high index semi-
conductors instead of transparent dielectrics. Dielectrics present lower 
absorption than the semiconductors but also a lower refractive index. 
Finally, the structure is terminated by a 1μm SiO2 spacer layer and a 
silver mirror. The dielectric spacer is key to mitigating the silver’s 
parasitic absorption and leads to two-pass diffraction in each reflection, 
increasing absorption in the thin GaAs layer. The current extraction in 
this design will be accomplished using grid fingers or point contacts, 
spaced hundreds of microns to millimeters apart, on the front and back 
of the solar cell [28,27]. This approach is possible thanks to the good 
lateral conductance of III-V materials, in contrast with other thin-film 
materials. The shadowing from these contacts is not taken into ac-
count here, but typically represents a 2–3% current loss for geometrical 
reasons, and it applies equally for all the structures. Nevertheless, this 
loss can be minimized by ray-optics [30], or subwavelength structures 
[31]. 

We use rigorous coupled wave analysis (RCWA) [32] for modeling 

Fig. 1. (a) Scheme of the layer structure of the solar cell, with a conventional ARC (yellow, 100 nm MgF2 and 50 nm TiO2) a 10 nm window layer of AlInP (green) an 
ultrathin GaAs absorber of 100 nm (blue), a back surface field layer of AlGaAs (red), and back nanostructure of AlGaAs (red) in SiO2 (blue) over a silver mirror (gray). 
The nanostructure is placed in the x-y plane, and with periodic boundary conditions; light is incident along the z direction (b) Outer limit of Bragg harmonics, for 
frequencies associated with the wavelengths of λg = 900 nm, k1, (black solid), λsp = 440 nm, k2, (black dash-dotted) inside the SiO2. The gray filled area between k1 
and k2 is the design objective. The grey crosses are the Bragg harmonics for a lattice of 422 nm (Δm = 0, for clarity only plotted for negative kG,kx ), and the grey dots 
are the Bragg harmonics for a lattice of 1230 nm (Δm = 2, for clarity only plotted for positive kG,kx ). The red dots and crosses are the target spectral frequencies. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Figure 28. (a) EQE and (b) JV curves of an ultra-thin (260nm) GaAs-absorber solar cell, with 
various QR photonic back textures determined by spinner speeds for PMMA/PS polymer blend 
deposition: planar (grey), 1000 RPM (red), 6000 RPM (green), 8000 RPM (blue). 

 
7. Significant Accomplishments and Conclusions: 

 
This project proposed to fabricate high-efficiency prototype tandems (Task 1) with 
TCA and Si IBC bottom cells to understand the design guidelines (Task 2) and 
performance under realistic operating conditions (Task 3) for 2T, 3T, and 4T hybrid 
tandem solar cells. The challenges of developing a robust process flow for high-yield 
fabrication of hybrid tandems was formidable. Achieving the milestone target >30% 
efficiency for prototypes cells with large areas in robust packaging was therefore not 
accomplished due to these technical challenges and COVID-related staffing issues, 
but the general concepts were proven. Pivoting to demonstrations of robust all III-V 
cells allowed us to develop foundational knowledge of understanding, describing, 
measuring, modeling, and stringing 3T solar cells. This foundational knowledge is the 
most significant and lasting achievement of the project, as it has been clearly 
explained in peer-reviewed literature and open-source software for posterity. 
 

8. Budget and Schedule:  
 
The $3M budget was accurately spent within the 3.5 year schedule of the project with 
the addition of a 6 month no-cost technical extension. COVID-related shutdowns were 
particularly detrimental to our vulnerable student and technician staffing. The 
unexpected departure of some of these young researchers during and after COVID 
significantly delayed the project. 
 
Partnering with ISFH for Si IBC bottom subcells was instrumental to the project, and 
an exemplary international collaboration. Partnering with Alta Devices for large area 
III-V subcell was problematic because they unexpectedly went out of business, but we 
were able to pivot to working with SolAero to obtain these resources.  
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Fig. 5. External quantum efficiency (EQE) (a) and current density vs voltage (b) for cells without patterns, i.e. planar (black), and with rear patterning created at 1000 rpm, R-1K,
(red), and quasi-random photonic crystals created at 6000 rpm, QR-6K (green) and at 8000 rpm, QR-8K (blue).

Table 2
Spin speed and electrical properties: short-circuit photocurrent (Jsc), open-circuit
voltage (Voc), filling factor (FF) and efficiency under one sun (⌘) for the four cases
studied (all uncertainties in the supplementary information).
Case s (rpm) Jsc (mA/cm2) Voc FF ⌘ (%)

Planar – 23.3 1.115 78.3 20.33 ± 0.14
R-1K 1000 24.1 1.088 79.0 20.69 ± 0.14
QR-6K 6000 25.4 1.116 77.6 21.97 ± 0.14
QR-8K 8000 26.4 1.119 75.7 22.35 ±0.15

4.2. Ultrathin GaAs cells with rear quasi-random photonic crystals

Using the process described above, we implement four test cases
processed in parallel, all with 260 nm absorber layers: a reference pla-
nar mirror case, a micro-structured random structure (R-1K,
s =1000 rpm) and two quasi-random structures fabricated with
s =6000 rpm (QR-6K), and with s=8000 rpm (QR-8K). The best
nanostructured devices with their reference cases are shown in Fig. 5;
their efficiencies and voltages are summarized in Table 2.

The planar cell of 260 nm presents the lowest Jsc=23.28 mA/cm2,
and efficiency 20.33%. The lowest Jscis expected for this device, as
no QR-PC modifies the light momentum. The only aid to increase the
absorption is the rear spacer and silver mirror, which doubles the
optical path followed by the incident light. The cell presents Fabry–
Perot (FP) resonances that are minimized as we use an ARC, and
can be understood as a very low-quality-factor photonic cavity. The
R-1K case presents a small but nonetheless significant improvement
in the QE compared to the planar cell, and a correspondingly higher
Jsc. The random structure averages the FP resonances, with a small
improvement in the overall absorption.

The maxima of the FP resonances for the planar case at lower
wavelengths are very close to QE from the random structures, R-1K,
case. The improvement is not clear. We associate this with a non-
localized reciprocal space with an overall increased absorption, but
with less intensity. The QR-6K clearly surpasses this limit, with an
overall improvement for all the regions with incomplete absorption.
The efficiency is improved to 21.97%, thanks to this increase in the
cell absorption. Finally, the QR-8K presents the highest QE with an
improvement of the Jscof 3.1 mA/cm2 when compared to the planar
device. The improvement in the QE is clear over the 550 nm to 900 nm
range where the planar ultrathin-cell QE decays, and the efficiency

increases to 22.35%. The Vocdoes not vary between the planar, QR-
6K and QR-8K, which came from the same epitaxial sample. The R-1K
sample was grown earlier and has a lower Vocbut higher FF. Using
the same epitaxial sample as R-1K, an equivalent planar device for
reference and a QR-6K were fabricated and have a comparable QE to
the best cases presented in Fig. 5, along with the same Vocand FF as the
R-1K sample. These data are shown in the supplementary information.

5. Discussion

When inspecting all of the devices, there is a clear trend of increas-
ing Jsc when increasing the spin-coat speed, leading to a more localized
reciprocal space ring with smaller features, as shown in Fig. 5. The
QR-PCs (QR-6K, QR-8K) clearly outperform the planar case and the
random micro-structure (R-1K) in Jsc. The relative increase in the Jscis
13%, whereas variations for the FF are below 5% and variations in
Vocare insignificant. Thus the increase in the Jscis the main difference
between samples, and is the main driver for the increasing efficiency
with nanostructuring.

The increase of Jsccomes from the increased QE in the
long-wavelength region, as shown in Fig. 5(a), as was the goal of
the design. This effect is purely optical. Physically, the QR-8K case
is absorbing more light in the long wavelength region than the other
cases. To demonstrate this, we have characterized the devices using
an integrating sphere, with and without the specular exclusion port,
thereby measuring both the total reflection, R, and the non-specular
reflection (diffuse or diffracted due to the spectral frequencies), Rd .
The specular component, Rs = R*Rd , is the only reflection component
present in planar cells, but both components are present in diffractive
structures. It is expected that the random microstructures and QR-
PCs present a high scattered component, i.e., light being reflected
out of the specular regime for wavelengths reaching the rear of the
cell. Mathematically, this superposition of reflection components is
analogous to the numerical analysis splitting the zero order, g = 0, and
the diffracted orders, g > 0, with R = Rg=0 + Rg>0 assuming diffracted
angles are bigger than the open port on the integrating sphere [35].
Also, as we have an optically thick metallic mirror, we can assume the
optical absorption of the system is A = 1*R. The results are presented
in Fig. 6.

For wavelengths near the bandgap, we observe that the optical
absorption, A = 1 * R, is higher for the QR-PCs than for the other two
cases, as we show in Fig. 6(a). The FP resonances on the planar case
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9. Path Forward:  

 
The research conducted in this program is one building block for the new FY22-24 
Tandem Photovoltaics Core Program (Award DE-00038266). The understanding of 
integration losses and modeling capabilities are critical to the development of 
perovskite/Si tandems and understanding the energy yield of multiple tandem 
architectures.  

 
10. Inventions, Patents, Publications, and Other Results: 

 
This project resulted in many peer reviewed publications [1-26] with one still under 
review [27]. The methods of 2T and 3T modeling and energy yield analysis have been 
published as open-source software [28]. One patent has been issued [29]. 
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