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Tandem solar cells are not limited to the conventional two-terminal (2-T) configuration. Multi-terminal
designs like three-terminal (3-T) and four-terminal (4-T) devices have gained increasing attention in the
PV community due to their relaxed current-matching requirement between subcells and their potential
for enhanced energy yield. However, reliable and standardized methods for evaluating the performance
of multi-terminal tandems remain underdeveloped. This work addresses this gap by providing
comprehensive measurement guidelines tailored to these advanced configurations. We examine key
coupling mechanisms between subcells, including the shared electrical load in 3-T devices and optical
luminescent coupling in both 3-T and 4-T devices, to enable accurate and consistent performance
evaluation. Furthermore, we propose two stabilized measurement methods for emerging 3-T tandem
cells incorporating perovskite subcells: (1) a two-dimensional maximum-power-point tracking (MPPT)
approach that continuously tracks both subcells’ maximum power points (Puax) until convergence to
stabilized outputs, and (2) a hybrid approach that combines MPPT for one subcell with stabilized current
recording under fixed voltage biases near the Puax Of the other, allowing robust extraction of the overall
stabilized Puax (termed "MPPT + asymptotic Puyax scan” method). These methods directly address the
dynamic current responses inherent to perovskite-containing tandems, providing a foundation for
meaningful and reproducible performance comparisons.

Tandem solar cells are rapidly pushing photovoltaic efficiency limits, with perovskite/Si tandems now surpassing 35% in certified performance. Although most

research focuses on monolithic two-terminal designs, multi-terminal (3-T and 4-T) configurations are gaining attention due to relaxed current-matching
constraints, higher energy yield, and compatibility with scalable manufacturing. Yet, reliable and standardized performance-measurement practices for

these architectures remain underdeveloped, hindering meaningful comparison and slowing technology translation. This work addresses that need by pre-
senting the first comprehensive, experimentally validated measurement framework for emerging multi-terminal tandems. It spans EQE measurement and

spectral tuning to ensure junction-by-junction current balance; synchronized and sequential -V methods that correctly handle electrical and optical coupling;
and two steady-state strategies capable of reliably characterizing perovskite-containing tandems: a two-dimensional MPPT method and a hybrid MPPT plus

asymptotic Pyax scan approach. We demonstrate the equivalence and throughput trade-offs between methods and highlight how to avoid common pitfalls (e.g.,
inflated 4-T efficiencies when the top cell is left at open circuit). By enabling accurate, reproducible, and comparable measurements across diverse 3-T and 4-T

structures, this work strengthens the metrology foundation needed for future IEC/ASTM-style standards and supports the advancement of emerging tandem
technologies toward industrial deployment.

1. Introduction

Si tandem cells achieving a certified efficiency of 35.0% for
a small (1 em?) cell and 33.4% for a larger (261 cm®) wafer-size

In recent years, the development of tandem solar cells for cost-
effective terrestrial applications has grown rapidly, largely
driven by the surge of emerging perovskite-based tandems. This
progress has led to remarkable efficiency gains with perovskite/
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cell.»® Moreover, tandem solar cells have evolved beyond the
conventional 2-terminal configuration, incorporating more
diverse designs. Among these, multi-terminal configurations,
such as 3-terminal (3-T) and 4-terminal (4-T) devices, are gain-
ing increasing interest in the photovoltaic (PV) community due
to their distinct advantages, including relaxed requirements for
current matching between subcells and enhanced energy yield.?
Ease of fabrication is another advantage, especially for 4-T
devices where each subcell can be individually fabricated and
optimized, with the final 4-T device assembled via simple
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mechanical stacking. Earlier examples of these approaches
including both epitaxially-grown III-V 3-T tandems and
mechanically-stacked III-V on Si tandems in 3-T and 4-T
structures have been demonstrated.** The combination of all-
back-contact Si with two contact terminals located at the rear,
paired with adaptable emerging PV materials like perovskites
for the top subcell, further simplifies the fabrication of 3-T
configurations, making the design more accessible to
researchers but also to industrialization."*?

However, the performance evaluation of multi-terminal
tandem cells introduces additional complexities compared to
their monolithic 2-T counterparts. The extra terminals expand
the number of variables that must be carefully controlled
during electrical performance testing to ensure the results
accurately reflect the real-world field conditions. For example,
in 4-T cells, a prominent luminescent coupling effect'*'* from
the top subcell may cause an overestimation of the bottom
subcell's performance. If the top subcell's terminals are left
improperly constrained (e.g., left at open circuit rather than
operating at Pysx condition), the performance of the bottom
subcell would be overestimated due to the luminescent photo-
current generated from the top cell. Additionally, in 3-T tandem
cells, coupling from shared internal resistances can signifi-
cantly affect device performance measurements if one terminal
is left floating or if simultaneous multi-terminal scans are not
performed. Geisz et al.®® systematically analysed the relation-
ship between measurement loads and device variables in
a prototype all-IlI-V 3-T tandem cell, highlighting these
complexities. The more recent addition of perovskite subcells to
3-T and 4-T architectures™ introduced the additional
complexity of the well-known slow response to an applied
voltage,'>'” which needs to be considered when defining the
measurement protocol.

From a testing lab perspective, this paper aims to establish
a generalized measurement framework applicable across
various types of multi-terminal tandem architectures. We focus
on measurement setups that (a) make the process more acces-
sible for researchers and (b) address the additional challenges
posed by dynamic current responses in emerging perovskite-
based devices. By standardizing performance characterization
practices, we seek to enhance measurement accuracy, repro-
ducibility, and comparability, thereby accelerating innovation
and deployment of multi-terminal tandem technologies.

2. EQE and spectral irradiance
adjustment

Performance measurements of terrestrial PV devices are typi-
cally carried out under the standard testing conditions (STC),
i.e., AM1.5G solar spectrum with a total irradiance of 1000 W
m~> and a cell temperature of 25 °C.'"®'° These conditions
establish a consistent basis for meaningful and fair comparison
across PV technologies. Because laboratory light sources cannot
exactly reproduce the AM1.5G reference spectrum, the test
operator must adjust the simulator spectrum so that each

junction of the tandem device under test (DUT) generates the
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same photocurrent as it would under the reference spectrum.
Without this adjustment, spectral mismatch between the
simulator and reference spectra can introduce significant errors
in evaluating short-circuit current (Isc), fill factor (FF) and
overall performance, particularly for tandem PV devices in 2-T,
3-T, or 4-T configurations.'*'*'”** Our previous work'”**** along
with others®™* has established a spectral irradiance adjustment
framework in which the simulator output is tuned to ensure
that each junction of the DUT matches its reference-spectrum
photocurrent.
The photocurrent of the DUT is expressed as:

©

IDUT = AJ E(/\)SRDUT()\)d/\ [1)

0

where E(2) is the spectral irradiance (in W' em ™ nm™),

SRpur(4) is the spectral responsivity (in A/W) of the DUT, and A
is the illuminated area (in m* or cm?). For tandem devices, the
photocurrent balance must hold for each junction simulta-
neously, requiring wavelength-specific irradiance tuning rather
than simple total power adjustments. To quantify how well
tuning aligns with the reference, the current-matching factor Z;
(called current balance factor in the ASTM standard®) for each
individual junction represented as “i” is defined as:****

IRef

DUT,i
Zf = ISim (2)
DUT.i

where Iﬁ%fT‘l- is the photocurrent of junction i of the DUT under
the reference spectrum (i.e. AM1.5G) and Iy, is the photo-
current of junction i of the DUT under the simulator spectrum
with the condition Z;= 1 % 0.01 usually required for accurate
testing. Because the DUT cannot be measured under the actual
reference spectrum during indoor testing, the spectral
mismatch factor is introduced:**

%

r ESim(A)SRDUT,,-(A)dAJ Erer(1)SRrc, (1)d2
M; =7 = (3)

J ERef(A)SRDUT‘,'(A)dA[ Egim(D)SRgc,;(1)dA
0 JOo

where SRpur,(4) is the spectral responsivity of the i-th junction
and SRgc,(4) is the spectral responsivity of a calibrated refer-
ence cell used to set the irradiance for the spectral region of the
i-th junction of the tandem. The corrected photocurrent of the
DUT relative only to measurements under the simulator spec-
trum using a calibrated reference cell then becomes

e _ T80 I “

' M; Ige;

To further simplify spectrum optimization, we employ the
junction current ratio between junctions i and j:*°

Z_ )

Ry
/) Z] Mi

when using a single broadband reference cell,>**' the reference-
cell currents cancel out so that eqn (5) can be expressed as
a function of only M; and M;. This ratio can then be rewritten
solely in terms of the DUT responsivities and simulator/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reference spectra. Spectral current balance of the tandem DUT
under the reference spectrum is achieved when R;; = 1 (within
tolerance) for all junction pairs.

This spectrum tuning methodology developed for 2-T
measurements is also applicable for both 3-T and 4-T tandem
devices. However, it is worth noting a key distinction between
the two configurations: in 3-T tandems, the two subcells are
electrically coupled whereas in 4-T tandems they are electrically
independent. Thus, test operators can measure each subcell
(junction) sequentially in 4-T tandems, similar to single-
junction cells, while controlling the operating condition of the
other subcell. If spectrum tuning and/or a multi-source simu-
lator is unavailable, only the simulator’s total irradiance can be
adjusted to meet STC requirements, not the wavelength-specific
spectral shape. This limitation introduces an error that depends
on the magnitude of the luminescent coupling (will be di-
scussed later).

As shown in eqn (3)-(5), the spectral responsivity or equiva-
lently the external quantum efficiency (EQE) of each subcell
must first be determined to calculate M; and R; during the
spectral tuning process. Unlike 2-T tandems, the extra terminals
in 3-T and 4-T devices enable direct measurement of each
subcell's EQE. A critical caveat, however, is ensuring all termi-
nals are properly loaded to avoid measurement artifacts. For
example, in a 4-T tandem with strong luminescent coupling in
the top subcell, the two leads of the top subcell should be either
shorted or held at the Py;sx condition with an appropriate load
resistor when measuring the EQE of the bottom subcell. This
aspect will be further discussed in section 3.2.

In a 3-T device, the EQEs of both subcells can also be
measured separately. For instance, in a 3-T series-connected
perovskite/interdigitated-back-contact (IBC) Si tandem, the top
cell EQE can be measured by contacting the top perovskite lead
and the extra lead (called “Z” hereafter to be consistent with
previously defined terminology,” note this terminal “Z” is
different from the current matching factor Z; of eqn (2)) from
the Si subcell sharing the same polarity as the top perovskite
lead. The bottom Si cell EQE can be measured directly from its
own contact leads. If luminescent coupling is present, the
floating lead can be either shorted with the extra Z lead or
connected to a resistor load at the Pysx condition as described
above.

Additionally, the EQEs of multi-terminal tandems can be
characterized in a 2-T configuration. In such cases, proper light
and voltage biasing must be applied to ensure that the subcell
under test is current-limiting with minimal leakage current,
thereby allowing reliable EQE extraction. A detailed method-
ology for measuring 2-T tandem devices is provided in previous
work."”

It is also important to emphasize that the DUT temperature
must be maintained at STC (25 £ 1 °C) during both EQE
measurements and the subsequent electrical performance
testing to ensure reliable performance benchmarking, as device
parameters are sensitive to temperature variations.® Under
continuous illumination, stable temperature control can be
achieved using a thermoelectric-controlled temperature-stage
and/or chilled air circulation, together with a surface-
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mounted temperature sensor for real-time monitoring. All the
measurements should be performed only after the DUT
temperature has stabilized at 25 °C.

3. Electrical performance
measurement

When measuring current-voltage (I-V) characteristics, the key
distinction between 2-T and multi-terminal (3-T or 4-T) tandem
devices measurements lies in the number of electrical loads. A
2-T tandem delivers power to a single electrical load, whereas 3-
T and 4-T devices supply power to two separate loads that can
operate independently. The advantage of this multi-load
configuration is that each subcell's power output can be opti-
mized independently, avoiding the current-matching constraint
inherent to series-connected 2-T tandems. However, this flexi-
bility introduces additional complexity. Conventional I-V curves
with a single load are insufficient to fully capture the perfor-
mance of 3-T and 4-T tandems, since the subcells' outputs can
be coupled. In addition, some PV materials, such as perovskites
may change in performance as a function of time.

The electrical performance of PV devices can most simply be
measured by biasing the terminals with a variable load (e.g.,
programmable power supplies, resistor loads) while monitoring
current through a precision resistor with a four-wire connection
setup. In research laboratories, I-V sweeps are generally per-
formed wusing a more versatile instrument, a
measurement unit (SMU) which combines these functions
above. Note that these conventional I-V scans have a pre-
determined, fixed voltage scan rate (typically 50-200 mV s ),
and do not measure the steady-state performance for slow-
responding PV devices (will be discussed in section 3.3). In
the following discussion, we use SMUs to illustrate how

source-

a. Synchronized measurement

W e —— \\\E
(Vi 1) (Vs 1)
3-T a1t g
W i
SMU B

W]

b. Sequential measurement (4-T only)

\\\E o x\\\\\E "

(Ve, 1g)

: 4 + s z,
Wi ... S
E oo E e

(optional) (Vi Ig)

R R

Fig. 1 Schematic of measurement techniques for 3-T and 4-T
tandems with a 4-wire connection: (a) synchronized /-V scans with
two SMUs A and B, applicable for both 3-T and 4-T configurations.
Note that a dual-channel SMU can also be used here to serve as SMU A
and SMU B. (b) Sequential /-V scans with a single SMU while untested
subcell's two terminals connected with a load resistor representing its
Pmax. only applicable to 4-T tandems. Note that device temperature
must be controlled at 25 °C (STC) throughout the measurement.
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electrical performance measurements are carried out on the
multi-terminal tandem cells. Fig. 1 shows the two primary I-V
measurement approaches for 3-T and 4-T tandems: (a)
synchronized scans that require two separate SMUs, and (b)
sequential scans using only one SMU. Note that synchronized
scans can also be performed with a dual-channel SMU, which
integrates two SMUs in one instrument case.®

In general, both 3-T and 4-T tandem cells should be char-
acterized using synchronized measurements, meaning all
electrical conditions are set and measured simultaneously with
two SMUs (A and B). For instance, SMU A and B can be con-
figurated to systematically source voltages V, and Vg at the
corresponding terminals of the cell under test, while simulta-
neously measuring the resulting currents I, and Ig. Note that
the synchronized voltage and current measurements are
essential as the subcells' output are coupled in 3-T and 4-T
tandems. The total tandem power at any given time can be
expressed as:

Pioai(t) = PA(Va, Vi, 1) + Pg(Va, VB, 1)
= IA(Va, VB, 1) Va(®) + Ig(Va, VB, 1) VB(?) (6)

In some situations, the nature of the subcell coupling or
time-stability can result in simplification of this equation, and
thus, the required measurement procedures. For example, the
time dependence can be removed if the DUT is time-stable, such
as III-V tandems which do not show dynamic current response
to voltage bias. In the following sections, we discuss in detail
the measurement techniques for 3-T and 4-T tandem cells, as
well as the more complex multi-terminal tandems containing
perovskite subcells which exhibit dynamic current response.
Note that schematics of the multi-terminal devices used in this
work are provided in the supplementary material (Fig. S1), and
detailed descriptions can be found in ref. 10, 11 and 15.

3.1 3-T devices

Once the illumination spectrum and irradiance are set as
described in the previous section, 3-T operation is fully char-
acterized by the three currents and three voltages that are
present in the three terminals (i.e. T for top, R for rear, and Z for
extra), but these are not independent.”” They are related
through Kirchhoff's laws.

IRo + IZo + ITo =0 (7)
Vzr+ VrRz + VIr =0 (8)

where ‘0’ indicates the current flowing out of the cell under test.
The operating state of a 3-T tandem can be fully determined by
setting any two of these 6 variables (usually voltages), measuring
two of the variables (usually currents) and calculating the
remaining two from Kirchhoff's laws. Thus, they can be fully
characterized with just two SMUs A and B as shown in Fig. 1a.
The two loads can equivalently be connected to the 3-T device
using any of the terminals in common as described in Geisz's
work,"” but the common-Z (CZ) mode as a function of the
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subcell voltages is often the most intuitive approach, and will be
used in this paper.

Both electrical and optical coupling may be important for 3-T
tandems. Optical coupling, also known as luminescent
coupling (LC), occurs when light is emitted from the top subcell
and reabsorbed in the bottom subcell as photocurrent, thus
changing I in eqn (6). Typically, optical coupling only transfers
current from the top to bottom subcells, since light emitted
from the bottom subcell is usually at a lower energy than the top
subcell's bandgap, therefore the top subcell is transparent to
this low-energy light. Electrical coupling occurs when current
flow through a common resistance causing a voltage drop on
both subcells as pictured in Fig. 1a left. Electrical coupling
causes the operating point of each subcell to influence the
performance of the other. In the case of time-stable PV mate-
rials such as III-Vs or silicon, eqn (6) simplifies to

Pioal(t) = In(Va, V) Va + Ig(Va, Vi) Vg 9)

as it becomes invariant with time.

Fig. 2 shows the 2-D power contour plot of a series-connected
GalnP/GaAs 3-T cell with a device size of around 5 mm x 5 mm,
featuring an “n-on-p” polarity in both subcells,” plotted as
a function of two load voltages (i.e., P - V, 17 — Vg rz) measured
under the common-Z (CZ) mode. This contour is constructed
from data points obtained through two synchronized conven-
tional I-V scans, with both voltage variables sourced simulta-
neously. Negative power values are excluded from the plot, since
they correspond to power consumption rather than genera-
tion—an operating regime irrelevant for solar cells. As
expressed in eqn (9), each power point in the contour depends
on the two sourcing voltages from the SMUs; thus, precise
synchronization of voltage sourcing and current measurement
is essential to accurately capture the full electrical and optical
coupling mechanisms of the DUT.

Pyt (MW)

6.00

5.00

4.00

3.00

2.00

1.00

0.00

_16 T T T T T T T T
-0.4-0.20.0 0.2 0.4 0.6 0.8 1.0 1.2

VRZ (V)

Fig. 2 2-Dimensional (2-D) power plot of a series-connected GalnP/
GaAs 3-T tandem solar cell measured under AM1.5G illumination as
a function of Vrz and Vrz in common Z (CZ) mode with synchronized
conventional /-V scans.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5el00195a

Open Access Article. Published on 02 January 2026. Downloaded on 3/19/2026 11:46:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

In practice, synchronized I~V scans must occur concurrently
to obtain the corresponding Va, I, Vs, and Ig. Several
approaches can be employed to conduct such synchronization.
One option is to program the two SMUs to simultaneously
source two voltages V, and Vy at the corresponding terminals
(Vrz and Vgz in Fig. 2), measure the resulting voltages and
currents, and traverse the entire voltage matrix with a pre-
defined step size to generate the full power mapping. Alterna-
tively, one can hold Vg constant while sweeping V, across its full
range, recording measured I, Va, Ig, and Vg simultaneous at
each step via hardware triggering, and then repeat this process
for successive values of Vg. This work adopts the latter
approach, which produces the power mapping shown in Fig. 2.

3.2 4-T devices

4-T tandem cells have two terminals on each subcell, as shown
in Fig. 1b, greatly simplifying the I-V measurement with
sequential scans for each subcell. However, simply summing
the efficiencies of the two subcells taken at different times does
not accurately represent the tandem cell's actual performance,
additional load resistors are required for precise measurement
(will be detailed later).

Although the electrical coupling is negligible in 4-T tandems
due to the high resistance that separates the two subcells,
optical coupling through luminescence can still occur, boosting

(a)
100 T T T T T
90 f R
80+ R
. 704 R
X 601 .
L 50+ Top GaAs b
8 40 Bot. Si w/ GaAs @ Pyax 4
30 7 ‘Bot. Siw/ GaAs @ Vo | ]
204 | ' ]
10+ R
400 600 800 1000 1200
Wavelength (nm)
(b)
0.030 T T T T T 0.025
MAX,GaAs
0.025
—— Top GaAs +40.020
— —— Bottom Si w/ GaAs <
< 0.020 Bottom Si w/ GaiXs
~ | i @ Voc ;
= e/ 10.015 r
@ 0.0154 o
% \ +40.010 g
O 0.0104 ‘.'"':'PMA)(,Si @ Vockaas ' o
i\ 10.005
0.005 1 PMAX,Si L PMAX,GaAs
0.000 1 0.000
00 02 04 06 08 10 1.2
Voltage (V)

Fig. 3 Effects of luminescent coupling (LC). (a) EQEs and (b) light I-V
and P-V curves of a GaAs/Si 4-T tandem cell. The bottom Si subcell
were measured while the top GaAs was held under both Puax and
open-circuit (Voc) conditions.
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the photocurrent of the bottom subcell under test depending on
the operating conditions of the top subcell. For instance, the
EQE of the bottom Si subcell of a GaAs/Si 4-T cell*® (Fig. 3a)
shows a prominent QE tail at short wavelengths (red dashed
line) when the top GaAs subcell operates under open circuit
conditions. Likewise, Fig. 3b highlights this effect in the I-V
measurements, where the short-circuit current (Isc) of the
bottom Si cell is artificially boosted from 11.5 mA to 15.8 mA
due to the luminescence from the top cell at open-circuit
condition. As mentioned previously, when the subcell bandg-
aps decrease through the tandem, optical coupling is not bidi-
rectional, so for highly stable PV materials eqn (6) reduces to

Piowi(t) = Ia(VA)-Va + Is(Va, Vi) Vi (10)
where the performance of the top subcell is not affected by the
conditions of the bottom subcell but the current of the bottom
cell can be affected by the top cell's operating conditions.

Consequently, the performance of the top subcell can be
characterized with a single SMU first, irrespective of the
conditions of the bottom subcells. However, the performance of
the bottom subcell should be characterized with a single SMU
while the conditions of the top subcell are constrained to the
maximum power point of the top subcell previously measured
using a simple load resistor as shown in Fig. 1b. The sum of
these two maximum powers is the performance of the tandem
when both subcells operate at their respective Vyax conditions.

As shown in Fig. 3b, when measuring the independent
performance of each subcell in a 4-T tandem, it is crucial to first
measure the top subcell to determine the top subcell Pyax
conditions to use while measuring the bottom subcell. Other-
wise, it could lead to inflated total cell efficiency values (dashed
curves in Fig. 3b).

Alternatively, the performance of a 4-T tandem can be
measured using two synchronized SMU loads, similar to the
approach for 3-T cells in section 3.1. This will give the same
maximum power results as the simplified sequential I-V scan

Piot. (MW)

20.00
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00
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|-V scan method | P_tot (mW) Scan duration
Sequential 21.03 <1 min
Synchronized 20.98 ~30 mins

0.0+

-02 00 02 04 06 08 1.0

VA,GaAs (V)
Fig. 4 Power contour plot of a GaAs/Si 4-T tandem solar cell
measured as a function of Vagaas and Vg with synchronized -V

scans on both subcells. The insert table lists the total power and scan
duration measured with both synchronized and sequential /-V scans.
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method, but will also capture the off-peak operating conditions
of the 4-T tandem. Fig. 4 illustrates the power contour plot of
a mechanically-stacked GaAs/Si 4-T cell as a function of Va gaas
and Vg ;. As shown in the insert table, the peak power of 20.98
mW from the contour plot agrees closely (i.e., within less than
0.2%, well below the measurement error of ~1.0%) with the
combined total power (21.03 mW) obtained from the sequential
I-V scans (shown in Fig. S2 in the supplemental file), in which
both subcells operate at their respective Pyax conditions.

This confirms that the two measurement approaches are
effectively equivalent for determining device performance.
However, a key drawback of the synchronized scan is its
significantly lower measurement throughput: the matrix of I-V
arrays requires more than 30 minutes to complete in this case,
compared to less than one minute for the sequential /-V scans.

3.3 Dynamic-response devices

While synchronized I-V scans are well-suited for characterizing
the performance of conventional III-V and Si-based 3-T and 4-T
tandem cells, they present significant challenges for emerging
multi-terminal devices based on perovskites. These challenges
arise from their slow response to change in the operating
condition (such as voltage bias), which causes the current-
voltage scan to depend on scan rate and scan direction.'®**?°
Additionally, perovskite performance is affected by pre-
conditioning, which is not yet fully understood and varies
across different material formulations and device history. For
example, Fig. 5 shows two power contour plots of a per-
ovskite(PVSK)/Si 3-T tandem cell as a function of Vi pysk and
Vrz,si, measured under both forward (from Isc to Voc) and
reverse (from Vo to Isc) scans on both subcells, using a voltage
step of ~5-10 mV and a delay between steps of ~100 ms. This
cell is a pseudo 3-T device assembled with an encapsulated
perovskite cell and a 780 nm long-pass filtered Si cell at NREL,
which shares a common extra “Z” lead by connecting the
perovskite's negative lead to the Si's positive lead. The extracted

~0.20.0 02 04 06 0.8 1.0 1.2 1.4
VTZ,PVSK (V)
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Pyax differs by more than 5% between the two scan directions,
demonstrating that conventional I-V scans are not reliable for
evaluating their performance, similar to what has been
observed in 2-T single-junction or tandem perovskite
cells.16,17,28—30

To accurately capture the dynamic behaviour of such slow-
responding multi-terminal tandems, time must be introduced
as an additional variable alongside the two load voltages, as
expressed in eqn (6). In this case, stability of the measured
quantity (current, power) over time is evaluated with the goal of
reaching a steady-state (or stabilized) value. For meaningful
performance comparisons, steady-state measurement methods
already widely used for 2-T solar cells such as asymptotic I-V
scan'® and maximum power point tracking (MPPT),* can be
adapted for 3-T and 4-T perovskite-based tandem configura-
tions as discussed in the following.

For 3-T perovskite-based tandem cells, we propose two
steady-state performance measurement methods that directly
address their dynamic current response:

(1) Two-dimensional MPPT. This method continuously
tracks both subcells' Pyax by applying a “perturb-and-observe”
algorithm to each subcell in a stepwise manner. This process is
repeated until both subcells converge to stabilized Pyax outputs
(further details in section 3.3.1).

(2) Hybrid “MPPT + asymptotic Pyax Scan”. In this approach,
MPPT is only applied to one subcell while the other subcell is
held at a fixed voltage bias near its Vyax, with its current
monitored until stabilization. This process is repeated across
a range of voltage biases near the second subcell's Vyax. Finally,
the DUT's overall Pyax is extracted by combining the stabilized
Pyiax values of both subcells through polynomial fitting (further
details in section 3.3.2).

We demonstrate both methods on an encapsulated
perovskite/IBC Si 3-T tandem cell with an active area of
approximately 4 cm®. The cell was fabricated at CSEM following
the protocol described in a previous publication." In brief, the
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Fig.5 3-D power plots of a perovskite/Si 3-T tandem cell as a function of V7 pysk and Vzg s; measured under (a) forward (from /sc to Vo) and (b)

reverse (from Voc to Isc) scan directions on both subcells, respectively.
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device consists of a p-i-n perovskite top cell grown directly on an
n-type silicon heterojunction IBC bottom cell. Seven tandem
cells, each measuring 4 cm”, were produced on a 4-inch Si wafer
and then separated by laser scribing. The busbars of the sub-
cells were connected using ribbons, and the cells were encap-
sulated in a glass/glass package with lamination foils and an
edge sealant.

3.3.1 Two-dimensional MPPT. In this approach, we employ
a “perturb-and-observe” algorithm® using two SMUs: SMU A
tracks Pyaxpvsk via terminals T and Z, while SMU B tracks
Pyaxsi via terminals Z and R, as shown in Fig. 1a left. The
procedure begins by applying two initial bias voltages (i.e.,
Vaerz,pvsk) = 0.9 V and Vyzr siy = 0.5 V in Fig. 6a), chosen to be
close to each subcell's Vyax. Fig. 6a illustrates the correspond-
ing voltage points (Varrzpvsk) and Vpzrsiy) during the MPPT
tracking process, projected onto the power contour plot derived
from the synchronized conventional I-V scans of the perovskite/
IBC Si 3-T cell.

The algorithm first perturbs the top perovskite subcell's
voltage bias Vjrzpvsk) by a predefined increment AV, and
records the corresponding change in output power, AP,, while
keeping the bottom Si subcell at its initial bias voltage. If AP, >
0, the perturbation continues in the same direction; if AP, < 0,
the sign of AV, is reversed. The same process is then applied to
the bottom Si subcell to determine its next voltage bias Vg(zg si)
while keeping the top perovskite subcell at its corresponding
perturbed voltage bias. This iteration is repeated in a stepwise
manner with this algorithm until both subcells converge to
their stabilized Pyax values (Fig. 6b), corresponding to the
converged voltage perturbations shown in the insert of Fig. 6a.

To accommodate the slow response of the perovskite subcell,
a 1 second delay is introduced between each voltage bias
change, allowing the current to settle before the next voltage is
applied.” Following the stabilization criterion used for 2-T
perovskite devices,* we consider the power stabilized when it
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changes by <0.1%/min for at least 30 s after a minimum
measurement time of 5 minutes. The device's total rated power
is then obtained by averaging over the last 30 s (grey region in
Fig. 6b).

3.3.2 Hybrid MPPT + asymptotic Pyax scan. In this
approach, the tandem power is determined by combining MPPT
with asymptotic scans. First, the Pyax of the subcell with weaker
or little dynamic response (the Si subcell in the case of a 3-T
perovskite/IBC Si cell) is estimated from a conventional I-V scan
while leaving the terminal of the other subcell at open-circuit.
From this scan, a set of voltage biases, Vg ranging from
0.50 V to 0.64 V as shown on the corresponding labels in Fig. 7,
is selected in the vicinity of the Si subcell's Vyax."®

While each Vzg si is held constant by SMU A and its measured
current is recorded, an MPPT tracking process is simulta-
neously executed on the perovskite subcell using SMU B,
following the same “perturb-and-observe” algorithm described
in section 3.3.1. Each iteration continues until both stabilized
Pry pvsk and Pyg g; are achieved. The process is then repeated at
the next Vzr si bias point, stepping through all selected voltage
across the Si subcell's Vyax range.

Fig. 7a and b show the evolution of subcell powers as
a function of time under this hybrid scan process: the blue data
points in Fig. 7a represent Prz pysk tracked by MPPT at different
Vzrsi biases, while the yellow-green-purple data points in
Fig. 7b illustrate the asymptotic behaviour of Pz s; at the same
Vzr,si biases near its Vyax. Note that the dynamic current vari-
ations in the perovskite subcell are reflected in the bottom Si as
they are coupled. Fig. 7c provides a closer snapshot of both
subcells' power stabilization at one of the biases, Vzzsi =
0.546 V.

At each Vg 5 bias point, the stabilization criterion requires
that the power of both subcells change by <0.1%/min for at least
30 s after a minimum measurement time of 1 minute (grey area
in Fig. 7¢). Fig. 7d compiles all averaged power points meeting

100 - . - . . . 6444
PP stabilized, <0.1%/min e | 42
change for 30 s, 98.76 mW r62| 40
-38

S N I - 60
' PTotal B 36

= Parzpysk)

' | 581 34

= Pgzrsi) o8
-32

120 180 240 300
Time (s)
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Fig. 6 2D MPPT characterization of 3-T perovskite/IBC silicon solar cell: (a) stepwise tracking voltages Varz pvsk and Vgizr s) obtained from the
2-D maximum-power-point tracking (MPPT) using the “perturb-and-observe” algorithm, projected onto the power contour plot derived from
synchronized forward conventional /-V scans. The insert provides a closer view of the stepwise voltage perturbations approaching Puax. (b) Time
evolution of the total power (Pro), the subcell power (Przpysk), and Si subcell power (Pzg si) measured using the 2-D MPPT method.
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Fig. 7 Hybrid MPPT + asymptotic Puax Scan characterization of 3-T perovskite/IBC silicon solar cell. (a) Power of the top perovskite subcell
(Przpvsk) as a function of time, measured using MPPT at a set of fixed voltage biases Vzgr si near the Vuax of the Si subcell; (b) power of the
corresponding bottom Si subcell (Pzg si) as a function of time at such fixed voltage biases Vg si; (C) Ptz pysk and Pzgsi as a function of time at Vzg s;
= 0.546V; (d) averaged powers. P17 pysk (MPPT-stabilized), Pzg si, and Prota. OVer the last 30 seconds, meeting stabilization criteria, as a function
of Vzr s, along with the polynomial fit of Preta vs. Vzrsi, yielding Ppax = 98.89 mW.

this criterion for both subcells, along with corresponding total
power as a function of Vzg s;. Finally, a polynomial fit is applied
to this dataset to determine the overall Pysx of the 3-T tandem
cell.

3.3.3 Results and implications. As shown in Fig. 6b and 7d,
the total powers of the 3T perovskite/IBC Si tandem extracted
via the two methods are 98.76 mW (2-D MPPT) and 98.89 mW
(hybrid “MPPT + asymptotic Pyax scan”), differing by <0.15%.
This difference is well below our measurement uncertainty
(~1%), confirming that both steady-state methods are equiva-
lent for determining the performance of slow-responding 3-T
tandems.

In terms of measurement throughput, 2-D MPPT (~6 min) is
faster than the hybrid approach (~20 min), since it actively
tracks both subcells' Pysx in parallel. Both methods, however,
are more efficient than synchronized conventional I-V scans,
which require sweeping the entire voltage ranges of both sub-
cells (e.g., in our lab, the voltage range for each subcell is —0.05
X Voc to 1.03 x V¢ depending on their V¢ values). For
example, a conventional /-V scan typically involves ~200 points
per subcell, each with a 100 ms delay. A synchronized 2-D I-V
scan would thus require 200 x 200 x 0.1 s = 4000 s, i.e., more
than 1 hour.

EES Sol.

More importantly, synchronized I-V scans cannot accurately
capture the dynamic behaviour of slow-responding subcells,
leading to potential measurement inaccuracies in the extracted
performance metrics. By contrast, both steady-state methods
overcome this limitation by allowing each subcell to reach
equilibrium before recording power data, providing a more
accurate representation of true operating performance. For
example, the stabilized Pyax of the perovskite/Si 3T device in
Fig. 5 obtained from the hybrid method is 34.94 mW-higher
than both the synchronized forward (33.06 mW) and reverse
(34.85 mW) fast I-V sweeps. Conversely, for the perovskite/Si 3T
cell in Fig. 6, the stabilized Pyax (98.76 mW) is lower than its
synchronized forward (99.61 mW) and reverse (99.29 mW) fast
I-V sweeps, further illustrating the strong dependence of fast
results on scan direction and measurement conditions.

Taken together, these results demonstrate that the two
steady-state performance measurement methods not only
enable reliable measurement of slow-responding tandems but
can also be generalized to conventional 3-T tandems. If these
approaches are available in a testing lab, they can offer both
improved measurement reliability and substantially higher
throughput.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For 4-T tandems containing a slow-responding subcell (e.g.,
perovskite), the process is simpler than for 3-T devices, as the
subcells can be measured sequentially (see section 3.2). The
only adjustment required is to apply a steady-state method
(MPPT or asymptotic Pyax scan) to the slow-responding subcell.

4. Summary

Fig. 8 outlines a generalized framework for reliable perfor-
mance evaluation of 3-T and 4-T tandem solar cells. The process
begins with EQE measurements of the subcells, which are used
to adjust the spectral irradiance of the simulator to ensure
current matching to the reference spectrum and accurate
photocurrent generation.

For 3-T tandems, synchronized I-V scans can be employed
when both subcells exhibit fast response. If a slow-responding
subcell is present (e.g., perovskite), steady-state methods are
required. Two options are proposed: (i) two-dimensional MPPT,

View Article Online
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which continuously tracks the power maxima of both subcells,
or (ii) a hybrid method combining MPPT on one subcell with an
asymptotic stabilized Pyax scan on the other. Both approaches
yield equivalent results but differ in measurement time.

For 4-T tandems, two I-V measurement approaches are
possible: synchronized scans with spectrum adjustment or
sequential scans with individual irradiance adjustment for each
subcell. When slow-responding subcells are involved, they must
be measured using steady-state methods, while fast-response
subcells can be characterized with conventional I-V scans. In
cases where luminescent coupling exists between subcells, the
non-tested subcell must be held at its Pyax using a proper load
resistor to ensure accurate determination of the combined
output.

It is important to note that not all research laboratories have
access to spectrum-tuning hardware or synchronized scan
capabilities. These limitations can introduce non-trivial
measurable errors. For example, if separate I-V scans are used
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Fig. 8 Performance measurement framework of 3-T and 4-T tandem solar cells including devices containing slow-responding subcells.
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instead of synchronized scans for the perovskite/IBC-Si 3-T
device in Fig. 6, the extracted Pysx can be overestimated by
approximately 5% (103.59 mW from sequential forward scans
vs. 98.76 mW from the 2-D MPPT method). As discussed in our
previous work,"” the absence of spectral tuning can similarly
introduce significant measurement errors in tandem measure-
ments. In situations where such capabilities are unavailable,
results should be interpreted with caution:

(a) For record-seeking or accurate baseline measurements,
spectrum tuning and synchronized steady-state performance
methods are essential, and third-party evaluation by accredited
testing labs is still highly recommended.

(b) For research and development stage measurements,
simpler protocols—such as looser irradiance adjustment or non-
synchronized I-V scans-may be used, but measurement limi-
tations and potential sources of error should be clearly docu-
mented and reported.

Overall, this framework provides a clear strategy for adapting
measurement methods to device architecture (3-T vs. 4-T),
dynamic behaviour (fast vs. slow response), and optical inter-
actions (presence of luminescent coupling), ensuring both
accuracy and productivity in tandem solar cell characterization.
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