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Accurate performance calibration of multijunction (MJ) solar cells is critical for advancing this tech-
nology toward large-scale terrestrial application, yet existing testing methods developed by photovoltaics
calibration laboratories remain prohibitively complex and resource intensive for most research labo-
ratories. Current approaches rely on expensive multisource simulators and/or intricate spectral tuning
algorithms, limiting accessibility and hindering standardized comparisons of emerging MJ technologies
such as perovskite-based tandems. This paper introduces a streamlined spectral irradiance adjustment
method for light-emitting diode (LED)-based solar simulators, which are increasingly adopted in the pho-
tovoltaics community due to their versatility and cost-effectiveness. The method we present bins LED
channels into groups based on the number of junctions of the MJ photovoltaic device under test (DUT)
and their corresponding band gaps and incorporates an automated tuning algorithm that eliminates the
need to adjust each channel’s irradiance individually. This tuning algorithm requires the relative spectral
responsivities of both the DUT and a broadband reference cell, as well as a calibrated spectroradiome-
ter. Measurement validation across various MJ devices, including III-V and perovskite/silicon tandems,
demonstrates excellent agreement within 1% with well-established xenon-tungsten multisource simulators
and associated tuning algorithms. By enabling precise spectral tuning with readily available equipment and
a simple tuning algorithm, our approach bridges the measurement accuracy gap between research labo-
ratories and accredited testing facilities, fostering more reliable device comparisons and accelerating the
translation of MJ technologies into real-world energy systems.

DOI: 10.1103/ccdk-8fcc

I. INTRODUCTION

Multijunction (MJ) photovoltaic (PV) devices based on
GaAs and related III-V materials have long been used in
space applications for which the high cost of III-V devices
is viable. In recent years, the development of different mul-
tijunction solar cell approaches for cost-effective terrestrial
applications has grown rapidly, driven mainly by the surge
in emerging perovskite-based tandems. This progress has
led to remarkable increases in their efficiencies. Notably,
perovskite (PVSK)/Si tandem cells have achieved a cer-
tified efficiency of 34.85%, surpassing the efficiency of
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two-junction (2J) III-V cells by two percentage points
[1,2]. Furthermore, there is an evolution toward wafer-size
(greater than 16 × 16 cm2) tandems with a best efficiency
greater than 33% [1,3] and commercial module production,
signaling a critical transition from laboratory innovation
to industrial deployment [4]. Concurrently, the MJ tech-
nology portfolio has diversified to incorporate various PV
material combinations (e.g., PVSK/organic, PVSK/copper
indium gallium selenide, and CdTe/Si, in addition to the
more established III-V cells) and architectures with more
than two junctions as well as three-terminal and four-
terminal (4T) designs [2,5–8]. With an increasing number
of research groups engaging in the study of MJ devices and
efforts toward commercialization of these MJ technologies,
accurate performance measurement of MJ devices has
become crucial for meaningful device comparisons that
can guide the selection of the most promising technologies.

Accurate MJ cell characterization hinges on precise
spectral irradiance matching under the standard testing
conditions (STCs), i.e., AM1.5G solar spectrum with a
total irradiance of 1000 W/m2 and a cell temperature of
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25 °C [9,10]. Referencing PV performance measurements
to STCs allows a fair comparison between PV cell and
module technologies [2,11]. Even minor spectral devia-
tions disrupt current balancing across junctions, distorting
fill factor (FF) and efficiency measurements [12–15]. Since
laboratory light sources, such as light-emitting diodes
(LEDs) or xenon lamps, do not replicate the AM1.5G
spectrum perfectly, spectral mismatch between the simula-
tor and reference spectra can cause errors in performance
assessments, particularly for MJ cells where the individ-
ual junctions respond to a narrow spectral region, and their
operation under illumination can therefore be influenced
by seemingly small changes in the spectrum. For exam-
ple, in perovskite/silicon tandems, the perovskite junction
primarily absorbs the UV and visible light, while the sili-
con absorbs the near-infrared (NIR) light. Unlike single-
junction devices, MJ solar cell performance calibration,
especially for two-terminal (2T) cells, requires meticu-
lous spectral irradiance adjustment to ensure all junctions
generate the same photocurrents as they would if mea-
sured under the reference spectrum. Simple adjustments of
the total irradiance (as routinely done for single-junction
cells) are insufficient, as each junction requires a specific
irradiance change based on its own spectral mismatch.
The series-connected nature of most tandems particularly
exacerbates this sensitivity since the current-voltage (I -V)
characteristics (particularly the fill factor) are dominated
by the current-limiting junction, which may change as a
function of the spectrum [12–15].

To conduct these measurements, a multisource simu-
lator and a corresponding spectral irradiance adjustment
procedure are indispensable. At present, well-established
PV testing laboratories typically use multisource simula-
tors with a combination of Xe and tungsten-halogen lamps
for official MJ performance calibration. Specific spectral
adjustment procedures, although covered under IEC and
ASTM standards [16,17], may differ among laboratories
using different instruments [13,15,18–22], posing a chal-
lenge for broader accessibility to PV research laboratories.

In contrast, new LED-based simulator designs, equipped
with numerous spectrally different LED light sources,
are increasingly available for MJ device measurements
in research laboratories. While these LED-based simula-
tors have the theoretical advantage of being easily spec-
trally adjustable, many of the reported performance results
rely on the preset spectrum from manufacturers without
spectral irradiance adjustment being performed. Our prior
study [12] demonstrated that such manufacturer-defined
spectrum settings do not ensure that all the junctions
generate the same current as they would under the ref-
erence spectrum, leading to large measurement error in
MJ cell characterization. Despite this, limited efforts have
been directed toward evaluating the measurement accu-
racy of these LED-based simulators. Recently, Chojniak
et al. [15] introduced a robust spectrum adjustment method

for LED simulators based on a least-squares optimization
algorithm. The method demonstrated high measurement
accuracy through delicate calibration of individual LED
channels’ spectral properties and solving an indetermi-
nate nonlinear system of equations. While this method is
different from the spectral tuning we have implemented
with a nine-channel xenon-tungsten lamp–based simulator
in the past [20], both approaches yield consistent results
that comply with international standards [16,17] and are
recognized as best practices for MJ performance testing.

The scope of this paper is to provide an alternative
spectral tuning method featuring a simple and efficient
adjustment algorithm tailored for LED-based simulators
and designed to be easily adopted by research laborato-
ries. Instead of requiring detailed calibration of each LED
channel, our method groups LED channels based on the
number of junctions of the device under test (DUT) and
their band gaps. It then uses an iterative approach to adjust
each group’s irradiance based on feedback from a spec-
troradiometer. This approach eliminates the need for prior
knowledge of each LED channel’s irradiance character-
istic, thereby somewhat simplifying the tuning process
as well as mitigating issues associated with LED aging.
The number of LED groups matches the number of junc-
tions; for instance, in a two-junction MJ cell, the tuning
algorithm operates on just two LED groups instead of man-
aging the drive current of over all individual channels (e.g.,
more than 20 channels is typical in most modern LED
simulators).

This work also examines key factors affecting the accu-
racy of performance measurements with LED simulators,
such as spectrum quality (e.g., spatial irradiance nonuni-
formity and LED temperature–induced spectral deviations)
and testing plane reflectivity sensitivity. By provid-
ing practical and actionable insights, this work equips
researchers with tools to ensure measurement integrity
across diverse MJ technologies—a prerequisite for mean-
ingful efficiency comparisons, reliable technoeconomic
analyses, and the eventual integration of MJ systems into
global energy grids.

II. SPECTRAL IRRADIANCE ADJUSTMENT
METHOD

A. General principles

Since no solar simulator emits a spectral irradiance that
perfectly matches the reference spectrum, test operators
must adjust the simulator spectrum so that the DUT would
achieve the same photocurrent as it would have under
the reference spectrum. The photocurrent of the cell is
given by

IDUT = A
∫

E(λ)sDUT(λ)dλ, (1)
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where E(λ) is the spectral irradiance of the light reaching
the cell as a function of wavelength λ (in watts per square
centimeter per nanometer), sDUT(λ) is its spectral respon-
sivity (SR) at a given wavelength λ (in amperes per watt),
and A is the illuminated area of the cell (in square cen-
timeters). The spectral irradiance that produces photocur-
rent lies within the wavelength range that overlaps with
the cell’s spectral responsitivity. Therefore, achievement
of the correct photocurrent requires adjustment of irradi-
ance within this region—a process accomplished through
spectral correction [18].

For single-junction cells, irradiance adjustment is rela-
tively straightforward. Typically, one can modify the total
irradiance without specifically considering the spectral
overlap with the SR of the DUT, such as by simply adjust-
ing the driving current of the light source combined with a
spectral mismatch correction factor M [18]. Since changes
in irradiance outside the DUT’s SR region do not affect
its performance, no further spectral refinement is neces-
sary. In contrast, adjustment of the simulator output for an
STC measurement of a multijunction cell is more compli-
cated. The operator must simultaneously account for the
SRs of all junctions when tuning the irradiance. Simply
adjusting the total irradiance to match the photocurrent of
one junction is insufficient, as it is unlikely to result in
the correct irradiance for the other junctions. Hence, for
multijunction cells, proper simulator adjustment requires
tuning irradiance within specific wavelength bands while
also fine-tuning the overall irradiance. A well-adjusted
spectrum ensures that each junction of the DUT gener-
ates the same photocurrent as it would under the reference
spectrum.

Evaluation of how well a spectrum is adjusted for a
multijunction cell measurement at STC is usually done
by one calculating the current-matching factors of each
junction, Zi:

Zi = I ref
DUT,i

I sim
DUT,i

, (2)

where I ref
DUT,i and I sim

DUT,i refer to the photocurrents of the
ith junction of the DUT under the reference and simulator
spectra, respectively [16,17]. Zi = 1 means that the pho-
tocurrent of the ith junction under the solar simulator is
the same as the photocurrent of that junction under the ref-
erence spectrum. To avoid confusion with the commonly
used current-matching requirement for series-connected
MJ cells, we clarify that in this work current mismatch
denotes a difference between the photocurrent of a junction
under the solar simulator and the photocurrent of a junction
under the reference spectrum; it does not denote a current
mismatch between junctions as would occur in a poorly
optimized series-connected MJ cell. The current matching
condition, Zi = 1 must be achieved for the same spec-
trum for all junctions within a predefined tolerance, usually

Zi = 1 ± 0.01. Deviations of any Zi outside this range,
caused by an improperly adjusted spectrum, affects the
short-circuit current (I SC), the FF, and the overall efficiency
of the cell [12–15].

In short, the current-matching condition for MJ devices
cannot be achieved simply by adjusting the total irradi-
ance of a simulator. Thus, a spectrally adjustable simu-
lator is required, allowing independent tuning of spectral
irradiance for each junction so that each junction pro-
duces the photocurrent aligned with the one under the
reference spectrum. Single-source simulators (e.g., xenon
arc lamps) can be modified with filters to achieve spec-
tral tuning; however, the tuning process is iterative and
time-consuming [19]. Multisource simulators with inde-
pendently adjustable spectral channels, such as xenon-
tungsten or LED-based systems [13,15,19–22], are favored
for this application due to their flexibility and efficiency.
In the following we discuss the specific approaches to
guide the spectral irradiance adjustment for achieving
current-matching conditions on MJ devices.

B. Spectrum tuning method

Spectrum adjustment procedures can differ across PV
testing laboratories depending on the instruments used
[13,15,19–22], but they generally involve three core com-
ponents: a spectrally adjustable simulator, a calibrated
spectroradiometer, and calibrated reference cells. As men-
tioned earlier, the primary goal is to adjust a simulator’s
intensity and spectral profile so that the photocurrent of
each junction under the adjusted spectrum matches its cor-
responding current I ref

DUT,i under the reference spectrum.
Equation (1) is modified for multijunction cells as follows:

I ref
DUT,i = A

∫
Eref(λ)sDUT,i(λ)dλ, (3)

where Eref(λ) is the reference spectral irradiance (in watts
per square centimeter per nanometer) and sDUT,i(λ) is the
spectral responsitivity of the DUT’s ith junction [16–19].

Even after spectrum adjustments, differences between
the simulator and reference spectra are unavoidable [18].
Additionally, the spectral responsitivities of the DUT’s
junctions and the reference cells are often nonidentical,
introducing errors in measured I SC. These errors are quan-
tified with the use of the spectral mismatch factor M
[18,19]. For MJ devices, the spectral mismatch factor Mi
of the ith junction can be written as

Mi =
∫

Esim(λ)sDUT,i(λ)dλ
∫

Eref(λ)sRC,i(λ)dλ∫
Eref(λ)sDUT,i(λ)dλ

∫
Esim(λ)sRC,i(λ)dλ

, (4)

where sRC,i(λ) is the spectral responsitivity of a calibrated
reference cell that is used to set the irradiance of the
ith junction of the DUT. The corrected photocurrent of
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the ith junction under the reference spectrum can then be
expressed as

I ref
DUT,i = I sim

DUT,i

Mi

I ref
RC,i

I sim
RC,i

, (5)

where I sim
RC,i and I ref

RC,i are the photocurrents of the ith ref-
erence cell under the simulator and calibrated with the
reference spectrum, respectively. According to Eq. (2), the
current-matching factor Zi can thus be rewritten as

Zi = I ref
DUT,i

I sim
DUT,i

= 1
Mi

I ref
RC,i

I sim
RC,i

. (6)

As illustrated in Eq. (6), for single-junction devices, test
operators can simply set the total irradiance of the sim-
ulator to match the corrected irradiance level under the
reference spectrum with a single M factor. However, for
MJ devices to operate under STC, the current-matching
factors Zi are required to equal 1 within a small tolerance
(usually 1%) for all junctions, and adjustment of a single
total irradiance alone is insufficient.

C. Junction current ratio Rij approach

Besides the current-matching factor Zi for each individ-
ual junction, the current balance between junctions under
a simulator can be quantified relative to the reference
spectrum independently of the total irradiance by defining
[20,23] the junction current ratio between junction i and
junction j :

Rij ≡ Zi

Zj
= Mj

Mi

(
I ref
RC,i

I sim
RC,i

/
I ref
RC,j

I sim
RC,j

)
, (7)

where the current balance of a multijunction solar cell is
achieved when Rij = 1 within a small tolerance for all
combinations of i and j.

When choosing reference cells, researchers can opt for
either multiple reference cells matched to each junction’s
SR or a broadband reference cell that encompasses all
individual junction SRs. While both methods produce
comparable measurement accuracy when a good measure-
ment of the spectrum can be obtained [24,25], spectrally
matched reference cells are often unavailable, and even
when they are, large measurement errors from reference
cell calibration may arise. For example, certain types of
NIR-long-pass-filtered reference cell have large measure-
ment errors caused by the irradiation-induced filter heating
[26]. Additionally, for emerging technologies where the
SRs of the junctions are still evolving, stable matched ref-
erence cells cannot be obtained. This study uses the single
reference cell method, significantly simplifying the adjust-
ment process. In this case, I ref

RC,i = I ref
RC,j and I sim

RC,i = I sim
RC,j

for all i and j, so all variables related to the single refer-
ence cell cancel out in Eq. (7), and the junction current
ratio Rij calculation method therefore eliminates the need
for reference cell measurements during spectrum shape
optimization. After introduction of Eq. (4), Rij can be
rewritten as

Rij = Mj

Mi

=
∫

Eref(λ)sDUT,i(λ)dλ
∫

Esim(λ)sDUT,j (λ)dλ∫
Eref(λ)sDUT,j (λ)dλ

∫
Esim(λ)sDUT,i(λ)dλ

. (8)

Now, the spectrum tuning relies only on the relative spec-
tral irradiance of each channel and the relative spectral
responsitivity of each DUT junction, making the process
reliant solely on measurements from a spectroradiometer.
Once the relative spectral profile is optimized, Mi values
for all junctions, calculated with a broadband reference
cell, will converge to the same value, usually close to
1 if the adjusted spectrum aligns closely with the refer-
ence spectrum. The absolute irradiance is then adjusted to
1000 W/m2 by adjustment of the total irradiance of only
one of the junctions (i) using a single calibrated broad-
band reference cell [Zi = 1 with the use of Eq. (6)]. After
this adjustment, the Z factors for the remaining junctions
should also be very close to 1 according to Eq. (7), since
Rij has also been adjusted to 1 for all j �= i.

This approach has been demonstrated to be both robust
and accurate for conventional multisource xenon-halogen
simulators [20]. In the following we present our modifica-
tion of this method that is specifically designed for LED
multichannel simulators with a large number of channels
(more than 30).

III. GROUP TUNING WITH LED SIMULATORS

LED-based solar simulators have gained increasing pop-
ularity for PV device performance testing due to several
advantages over conventional xenon and halogen lamps,
including flexible spectral tuning, stable light output,
longer lifespans, and lower energy consumption. These
simulators use a large number of spectrally different LED
light sources to create a spectrum that roughly approx-
imates the reference spectrum. For this study, we used
a G2V Optics Sunbrick LED-based solar simulator (the
testbed photograph shown in Fig. 8 in Appendix A).
This customized LED simulator features 35 tunable LED
channels with an extended spectral irradiance range of
350–1250 nm, as depicted in Fig. 1. The spectral profiles of
all LED channels are also illustrated in Fig. 1, with several
channels using multiple identical LEDs to increase irradi-
ance output (e.g., four channels using the same LED type
with a primary peak emission at 595 nm and secondary
emission peak at 446 nm to boost irradiance output in the
visible range). A “base spectrum” was constructed with the
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FIG. 1. Spectra of all 35 LED channels at their 50% inten-
sity output settings (dashed lines), the base spectrum approx-
imating the reference spectrum (solid red line), the reference
AM1.5G (solid black line), and the integrated photocurrent den-
sity vs wavelength (dot-dashed lines) for the reference and LED
simulator spectra assuming an ideal EQE (i.e., 100% for all
wavelengths).

use of manufacturer-defined settings to approximate the
AM1.5G reference spectrum, depicted as the solid red line
in Fig. 1.

However, while the base spectrum resembles the
AM1.5G spectrum in shape and can achieve an “A+” clas-
sification regarding spectral match to AM1.5G [27], it does
not guarantee that a PV device measured under this base
spectrum will yield the same performance parameters as
under AM1.5G since there still exists an inevitable spec-
tral mismatch. For example, the spectral mismatch fac-
tors M 1 and M 2 of a Ga0.68In0.32As0.34P0.66/Ga0.79In0.21As
(band gaps of 1.7 and 1.1 eV, hereafter referred to as
GaInAsP/GaInAs for simplicity) 2J cell (with its SRs
detailed later), calculated with a Si reference cell under
this base spectrum, are 0.9286 and 1.0549 for its top and
bottom junctions, respectively. This mismatch corresponds
to R12= 1.0549/0.9286 = 1.136, so there is an approxi-
mately 14% current imbalance between the two junctions
under the simulator’s base spectrum compared to the ref-
erence spectrum. Such a spectral mismatch can lead to
significant systematic errors in cell performance parame-
ters [12]. Moreover, as illustrated in Fig. 1, the integrated
photocurrent density discrepancies between the LED base
and reference spectra vary across wavelengths, assuming
an ideal external quantum efficiency (EQE) of 100% for all
wavelengths. This variation demonstrates that the spectral
similarity alone does not ensure the desired photocurrent
at STC, and even adjustment of the total simulator irra-
diance output is inadequate for accurately measuring MJ
cells. To address this, a spectral adjustment process must
be performed on this base spectrum to ensure the junction
photocurrents are balanced.

LED-based simulators often feature dozens of spectrally
different LED channels, far more than the number of junc-
tions in a typical MJ cell (currently up to six junctions

[23]). The method presented by Chojniak et al. [15] tunes
an LED multisource simulator by precisely calibrating all
individual light channels and iteratively solving a set of
irradiance-related equations.

In this paper, we propose a straightforward and effi-
cient group-tuning approach for spectrum adjustment that
eliminates the need for precise irradiance calibration of
individual channels and the use of matrix mathematics for
spectrum tuning. As indicated by Eq. (8), the integrals are
in principle over the entire wavelength range, but in prac-
tice they are calculated over the spectral range where the
corresponding junction SR is nonzero. Therefore, the spec-
tral irradiance of a simulator can be divided into regions
based on their overlap with each junction’s SR. Hence, in
this method, LED channels are binned into groups based
on the DUT’s junction quantity and band gaps Eg,i. For
instance, for tuning a 2J cell with Eg,1 > Eg,2, two LED
groups are defined as follows:

(1) G1: channels with peak emission wavelengths
(λpeak) smaller than the wavelength correspond-
ing to the top junction band gap [λ(Eg,1)], i.e.,
λpeak < λ(Eg,1).

(2) G2: channels with λpeak >λ(Eg,1).

Similarly, the LED groups for a three-junction (3J)
cell with Eg,1 > Eg,2 > Eg,3 can be categorized as G1
for channels with λpeak <λ(Eg,1), G2 for channels
with λ(Eg,1) < λpeak <λ(Eg,2), and G3 for channels with
λpeak >λ(Eg,2).

All LED light channels have drive current input settings
associated with their irradiance intensities for the base
spectrum. Instead of adjusting each LED channel’s cur-
rent individually, spectral irradiance adjustments are made
simultaneously for all channels within a group based on
the junction current ratio Rij . Figure 2 shows the flowchart
outlining our spectral irradiance adjustment steps applied
to this LED simulator. The process begins by activating
the simulator and loading preset LED channel intensity
settings from the “base spectrum” file. After the simulator
irradiance output stabilizes, an ASD FieldSpec 4 spectro-
radiometer coupled with an OL IS-470 integrating sphere
(2.54 cm entrance port diameter) captures the base spec-
trum. The spectral mismatch correction factor Mi for each
junction and the junction current ratios Rij are then calcu-
lated with use of the acquired base spectrum and a broad-
band Si reference cell. The band gaps Eg,i are determined
from the derivative of the external quantum efficiency
[Q(λ)] with respect to wavelength λ for each individ-
ual junction, enabling the categorization of LED channel
groups. Spectral irradiance adjustments are made across
the LED channels in each group based on the Rij value.

We define an Rij threshold θth criterion to guide spectral
adjustments, which can be expressed as

|�Rij | ≤ θth, (9)
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FIG. 2. Flowchart of the spectral irradiance adjustment pro-
cedure for a 2J solar cell using the LED-based simulator.
The specific tuning for three or more junctions is included in
Appendix B.

where �Rij ≡ Rij − 1 for all i-j pairs. θth = 1% or smaller
is recommended to minimize spectral errors [20]. In this
study, Eq. (9) was consistently achieved with θth = 0.2%
using the group tuning method for a variety of tandem
devices, and this threshold was used by default unless
specified otherwise.

As illustrated in Fig. 2, for a 2J tandem cell, if R12 −
1 > 0 [indicating the top junction photocurrent, i.e., i = 1,
is relatively lower than the bottom junction’s (j = 2) value
as it would be at STC], the algorithm increases the drive
current of all LED channels in G1 by a small relative
increment (e.g., 0.1% per iteration) and a corresponding
decrement in G2. Conversely, if R12 − 1 < 0, the adjust-
ments are reversed. After each iteration, a new spectrum is
measured, and R12 is recalculated. The degree of LED cur-
rent adjustment may vary with iterations to optimize the
spectral irradiance adjustment time. Once R12 meets the
criterion, i.e., |�Rij | ≤ θth, a broadband reference cell is
used to confirm whether the adjusted spectrum delivers the

desired 1 sun total irradiance (i.e., 1000 W/m2) on junction
i. If the effective irradiance is not achieved, all LED chan-
nel currents are adjusted proportionally with use of the
updated Mi and the reference cell readings. Note that the
spectral irradiance changes might not be linear with LED
drive currents across all channels, even with each channel
undergoing the same current adjustment. Thus, as shown
in the flowchart, it is crucial to remeasure the spectrum
and recalculate Rij after each total irradiance adjustment
to ensure that the ultimate effective irradiance meets the
criterion Rij = 1 for all i and j, and Zi = 1 (depending on
which junction is used for the transfer calibration) within a
predefined threshold. This iterative process continues until
the target spectrum is reached, completing the spectrum
adjustment.

Figure 3(a) shows the two initial base and adjusted spec-
tra for a GaInAsP/GaInAs (1.7 eV/1.1 eV) 2J cell. It is
evident that the spectral irradiance of LED channels in G1
increases, while the irradiance of those in G2 decreases
[see the inset in Fig. 3(a)]. Note that the changes in spec-
tral irradiance across channels are nonlinear with the LED
drive current even within the same LED group. This spec-
tral tuning method eliminates the need to calibrate the com-
plex, nonlinear relationships between irradiance intensity
and current input for each LED channel [15,20]. Instead,
it relies only on real-time feedback from spectral irradi-
ance measurement using a spectroradiometer, combined
with the recalculated Rij , to iteratively guide adjustments
to the LED groups.

For a 3J tandem cell, there are three separate Rij values
(i.e., R12, R13, and R23). Unlike the 2J case, simultaneous
adjustments of LED channel currents across groups are not
feasible. Instead, irradiance adjustment for each group in
sequence is used as shown in the flowchart in Fig. 9 in
Appendix B. The spectrum adjustment algorithm begins
with a small current change for LED channels in G3 (e.g.,
+0.1% or −0.1% depending on whether R23 – 1 is posi-
tive or negative). The spectrum is then measured, and R23
is recalculated. This subprocess repeats until R23 meets
the threshold. The algorithm then adjusts G1’s irradiance
intensity using the recalculated R13. If R13 − 1 > 0, a small
current increment is applied to G1; otherwise adjustments
are reversed. This process continues until R13 meets the
threshold. Finally, the spectral irradiance intensity of G2 is
adjusted until R12 meets the threshold. The algorithm iter-
atively evaluates all the Rij values, ensuring they meet the
threshold. If they do not, the process restarts with G3. The
spectrum tuning process for a four-junction (4J) tandem
cell is detailed in the flowchart in Fig. 10 in Appendix B.

Figures 3(a) and 3(b) compare the base and adjusted
spectra for a GaInAsP/GaInAs (1.7 eV/1.1 eV) 2J
tandem cell and a perovskite/perovskite/Si (1.88 eV/
1.57 eV/1.12 eV) 3J tandem cell, respectively, for this
algorithm. The graphs also show their normalized EQEs.
Table I lists the calculated Mi and Rij values of the two
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(a) (b)

FIG. 3. Spectra acquired with the initial “base spectrum” settings (dashed line) vs those acquired after completion of the spectral
adjustment (solid line), along with the normalized EQEs of (a) a GaInAsP/GaInAs 2J cell and (b) a PVSK/PVSK/Si 3J cell. The
color-filled regions between the spectra indicate the irradiance changes (see enlarged insets) required for each LED group to meet the
defined threshold.

types of tandem cell with the base and adjusted spectra.
Note that these values represent a test case of the simula-
tor used here, and they will vary for different simulators.
Still, for this high-quality LED simulator with a class-A+
rating for the base spectrum, for the 2J cell, the base spec-
trum resulted in an approximately 14% current mismatch
between junctions, while the 3J cell exhibited up to an
approximately 13% mismatch. After adjustment, all Rij
values approached 1 within the 0.2% threshold, ensuring
balanced junction currents. As all the junction Mi values
are close to each other and converge to 1, the simulator’s
total irradiance was then easily adjusted by proportionally
changing all the LED channel currents to meet the Rij = 1
criterion for all i and j, and Zi = 1. However, based on our
tuning experience, while Mi convergence to 1 is achievable
for most MJ cells, certain MJ cells with narrow SR regions
in individual junctions, such as those with a junction quan-
tum efficiency range below 200 nm (e.g., all-perovskite 3J

TABLE I. Calculated Mi and Rij values of the
GaInAsP/GaInAs 2J and PVSK/PVSK/Si 3J tandem cells
under the base and adjusted spectra, respectively. The numbers
of adjustment iterations to achieve the criteria for the 2J and 3J
devices are 6 and 13, respectively.

Mi and Rij Mi and Rij under spectra

Device type Base Adjusted

GaInAsP/GaInAs 2J M 1 0.9286 0.9903
M 2 1.0549 0.9899
R12 1.1376 1.0010

PVSK/PVSK/Si 3J M 1 0.9392 1.0028
M 2 1.0135 1.0049
M 3 1.0563 1.0045
R12 1.0791 1.0021
R13 1.1247 1.0017
R23 1.0422 0.9996

or 4J cells) that is narrower than the spectra of certain LED
channels, may never reach Mi close to 1 due to reduced
tuning flexibility. Note that if the Rij values do not meet
the threshold following this proportional adjustment, an
iterative tuning process, as illustrated in the flowchart, is
conducted until both Rij and the total irradiance reach their
specific thresholds.

Beyond spectrum adjustments for meeting STC, this
method can be easily adapted to study the I -V charac-
teristics of an individual junction in MJ devices under a
nonreference spectrum by systematically varying the Rij
values other than the desired value of unity. For exam-
ple, the irradiance level of one junction can be varied
by adjusting its corresponding Rij value while maintain-
ing the effective irradiance of the other junction(s) at
AM1.5G. This enables a detailed analysis of current-
limiting junctions and how cell performance parameters
respond under different nonstandard testing conditions
[12,21].

Figure 4(a) illustrates the spectral irradiance variations
as R12 is adjusted while the effective irradiance of the bot-
tom, GaInAs junction is kept unchanged at AM1.5G for
the III–V 2J device in Fig. 3(a). In terms of the Z factors
[Eq. (2)], this corresponds to varying Z1 while keeping
Z2= 1. As shown in Fig. 4(b), the resulting I -V param-
eters can be measured under these spectra to evaluate
junction characteristics, such as identifying the current-
limiting junction and diagnosing shunt behavior, providing
valuable insights for device design [12–15]. I SC increases
proportionally with Z1 until it saturates at Z1 ≈ 1.01 while
Z2 is kept fixed at 1, indicating that the top, GaInAsP
junction is the current-limiting junction. A symmetric FF
behavior with a minimum at the current-matching point
(Z1 ≈ 1.01) between the two junctions is also observed
in this tandem cell, with a detailed explanation provided
in Ref. [12]. The VOC behavior is not shown here as it
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FIG. 4. (a) Comparison of spectra alongside the corresponding
EQEs for a GaInAsP/GaInAs 2J cell and (b) its variations of I SC
and FF with respect to the STC values as a function of Z1 while
Z2= 1 is kept.

exhibits minimal change when Z1 varies within 10% of
unity due to the logarithmic dependence of VOC on irra-
diance. Additionally, this Rij method can be applied to
investigate energy yield performance under simulated out-
door conditions, offering a versatile tool for performance
analysis and optimization of tandem PV devices.

Overall, this spectrum adjustment process has been suc-
cessfully applied to various tandem devices, including 2J,
3J, 4J, and five-junction (5J) configurations with mate-
rial types such as III-V, CdTe, Si, and perovskite-based
tandems. The method follows three key steps as shown in
Fig. 5: (1) group LED channels and adjust their intensity;
(2) acquire the adjusted spectrum with the use of a spec-
troradiometer; (3) calculate Rij values to determine if they
meet the threshold. This iterative process has been proven
to be highly efficient, automated with computer control
code, and can be completed in minutes, even for complex
4J or 5J devices. Additionally, base spectra tailored to dif-
ferent tandem devices can be preconfigured, enabling rapid
adjustments for versatile devices under test. When a pre-
configured spectrum is loaded for a DUT with similar SRs,
the spectral tuning time can be further reduced to mere
seconds due to similar Mi values.

FIG. 5. Three key steps for the spectrum adjustment procedure
with an LED simulator.

IV. MEASUREMENT VALIDATION

To assess the effectiveness of our spectral irradiance
adjustment procedure and evaluate measurement accuracy,
we conducted a comparative performance study on a vari-
ety of tandem devices using the LED-based simulator and
our benchmark one-sun multisource simulator (OSMSS).
The OSMSS incorporates nine adjustable spectral channels
split from two 1500 W Xe lamps and two 750 W tung-
sten lamps and tuned with a more complicated algorithm
[20]. Since 2011, it has performed thousands of tandem
device measurements, including devices with up to 6 junc-
tions [23]. Its measurement accuracy has been validated
through multiple international round-robin interlaboratory
comparisons over the years.

Three representative tandem devices are chosen for
the comparison: (1) a 0.5 × 0.5 cm2 GaInAsP/GaInAs
monolithic III-V tandem cell with band gaps of 1.7 and
1.1 eV, respectively, to mimic the widely studied PVSK/Si
tandems with its EQEs shown in Fig. 3(a); (2) a bare
1 × 1 cm2 2-terminal (2T) PVSK/Si tandem; (3) a pack-
aged 10 × 10 cm2 4T PVSK/Si tandem minimodule. The
first tandem cell was fabricated at the National Renew-
able Energy Laboratory (NREL) [28], while the latter two
were donated by LONGi Green Energy and Tandem PV,
respectively. Measurements were conducted under STC
with the OSMSS measurements as the baseline, followed
by measurements on the LED-based simulator, referred
to as the “tunable small-area continuous solar simula-
tor” (TSACSS) hereafter. Figure 6 presents a performance
comparison for these devices, with all parameters nor-
malized to the OSMSS baseline. Estimated measurement
uncertainties (k = 2) are also provided for all parame-
ters. Note that the perovskite-containing devices here were
measured with the NREL asymptotic I -V scan method to
deliver “stabilized” performance parameters [29].

The results show good agreement between the TSACSS
and the OSMSS, with all measured values falling within
their respective uncertainty ranges (1.2% or less). How-
ever, the PVSK/Si 4T minimodule shows higher I SC

033005-8



CLOSING THE ACCURACY GAP . . . PRX ENERGY 4, 033005 (2025)

(a) (b)

(c) (d)

FIG. 6. Performance parameter comparisons (i.e., I SC, VOC, FF, and Pmay) of three tandem device configurations: (1) 0.5 × 0.5 cm2

GaInAsP/GaInAs, (2) 1 × 1 cm2 PVSK/Si 2T tandem, (3) 10 × 10 cm2 PVSK/Si 4T tandem minimodule (the top and bottom junctions
are measured separately). The parameters measured with the TSACSS LED simulator were normalized to the OSMSS baseline.
Estimated measurement uncertainty bars (k = 2) are also provided for all the parameters.

uncertainty (e.g., 2.0% in the TSACSS), which can be
attributed to the TSACSS’s poorer irradiance uniformity at
a larger illumination plane. This issue is further discussed
in Sec. V. Additionally, the VOC uncertainties for the pack-
aged minimodule were larger compared with those of the
smaller devices due to a higher uncertainty in the device
temperature measurement.

This TSACSS testbed using the simplified spectral
adjustment procedure has been compared in numerous
measurements with the well-established OSMSS for tan-
dem devices from various global customers, ranging from
square-centimeter scale cells to industry-sized 16 × 16 cm2

tandem wafers. Across all devices, performance parame-
ters showed excellent agreement similar to the results in
Fig. 6. These results showcase the robustness and effec-
tiveness of the proposed spectrum adjustment procedure
for LED-based simulators.

V. DISCUSSION

While the group spectrum tuning approach in
LED-based simulators enables accurate performance
measurements for tandem PV devices, various factors in

the measurement setups, such as spectrum quality and
testing environment, are found to play a crucial role during
the measurements. This section provides a brief discus-
sion of these aspects and guides researchers to develop a
suitable testing approach in their own laboratories.

A. Influence of spectrum quality

As previously described, LED-based simulators consist
of dozens of LED channels, each with distinct emis-
sion peaks. Each channel includes numerous LED nodes
and associated optical elements mounted on LED circuit
boards. Activating all LED channels simultaneously using
base spectrum settings can cause a rapid temperature rise
of the LED electronics unit. Chojnijak et al. [15] have
found that this leads to variations in the LEDs’ light out-
put (i.e., efficiency and emission peak wavelength) until
the temperature stabilizes, as temperature affects the band
gap of LED semiconductors.

Figure 7(a) shows the normalized I SC of a reference cell
measured over time with all LED channels activated simul-
taneously. Note that the cell temperature was maintained at
25 °C in the entire data acquisition process. I SC decreases
sharply within the first few minutes, followed by gradual
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(a)

(b)

FIG. 7. (a) Normalized I SC of a reference cell measured over
time under the LED simulator. (b) Spectra measured after the
simulator has been turned on (initial state) vs after 1 h of oper-
ation. Note that the cell temperature was maintained at 25 °C in
the entire process.

stabilization over 1 h, resulting in an approximately 3%
drop due to temperature-induced declines in LED effi-
ciency. As shown in Fig. 7(b), the spectrum shape also
undergoes changes, including the peak wavelength under-
going a redshift and magnitude deviation. This can cause
an Mi deviation of 0.2%–0.6% for the cells presented in
Fig. 6. Once the simulator is turned on, the cooling system
(i.e., fan cooling used in this study) reduces the LED oper-
ational temperature until conditions stabilize. At this stage,
the total irradiance deviation is less than 0.01% per minute
over a 2-h period, significantly outperforming conven-
tional xenon lamps, whose temporal instability is usually
multiple times higher [30–32]. It is important to note that
LED simulators from different manufacturers may exhibit
differing thermal stability profiles due to differences in
cooling design (e.g., water cooling vs fan cooling). In gen-
eral, allowing there to be an adequate warm-up period is
the first important aspect for ensuring reliable performance
measurements with LED-based simulators.

Other factors, such as spatial irradiance nonuniformity
and sensitivity to testing plane reflectivity, also affect
the performance testing accuracy of LED simulators.
Figure 11 presents irradiance uniformity maps for a
20 × 20 cm2 testing plane under different spectral condi-
tions, showing that nonuniformity increases with larger
test areas. To ensure accurate measurements for larger
tandem devices, an irradiance correction factor based on
the device size should be applied to account for spatial
nonuniformity variations. Additionally, LED-based simu-
lators also produce noncollimated light, causing the irra-
diance distribution to vary with testing plane height, so
an optimized plane should be selected for better spectral
uniformity (typically indicated by the simulator manufac-
turer). The reflectivity of the testing environment further
influences spectral properties due to the multiple point
light sources in LED simulators. Therefore, maintaining a
uniform and controlled testing setup is crucial for accu-
rate measurements. A detailed discussion of these factors
is provided in Appendix C2.

Overall, it is important to account for variations in
spectral properties to ensure accurate MJ device testing.
Admittedly, spectral quality can differ across LED simula-
tor systems due to variations in design from manufacturers.
For example, sensitivity to the reflectivity of the testing
environment—discussed earlier—would be less significant
in simulators with long throw light projection and/or built-
in irradiance monitors to compensate for such variations.
Testing operators should carefully consider these factors
when implementing spectral tuning methods.

B. Implications for research laboratories

This spectrum group tuning method can be readily
adopted by any PV research laboratory using LED sim-
ulators. A key objective of this work is to make this
method accessible to laboratories focused on tandem
device research, encouraging researchers to perform more
reliable tandem device testing and promoting consistent
results across the field.

For laboratories already equipped with an LED sim-
ulator and a suitably broadband reference cell, and the
capability to measure the EQEs of each of the individ-
ual junctions and to correct them for luminescent coupling
[33], the only additional equipment required to implement
this method is a spectroradiometer to capture the simula-
tor’s spectral profile. Notably, this method requires only
the acquisition of a relative spectral distribution (not abso-
lute values, as discussed in Sec. II, and no calibration of
LED channel intensity vs drive current is needed). There-
fore, a variety of spectrometers or spectroradiometers can
meet this requirement with acceptable measurement errors.
For example, most commercial LED simulators are limited
to wavelengths below 1100 nm. Consequently, spectrome-
ters or spectroradiometers with only Si photodiode arrays,
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which are typically more affordable for research laborato-
ries, are sufficient for acquiring the relative spectral profile.
However, it is crucial to ensure these instruments include
appropriate order-sorting filters to eliminate wavelength
overlap from higher orders and have reliable third-party
calibrations. Lastly, broadband reference cells are read-
ily available and can be calibrated by any accredited PV
calibration laboratory.

We note that, given the large number of individual LED
channels (more than 30) in modern LED solar simula-
tors, one can come up with many different methods to
achieve spectral tuning. For example, one could even keep
all channels within one junction’s spectral responsitivity
constant except for one and adjust only that one channel
to achieve current balance. A key feature of our spec-
trum adjustment algorithm, as illustrated in the flowchart
in Fig. 2, is that it is instrument independent and does not
require LED channel calibration. It provides a “natural”
method to bin the LED channels to be adjusted as groups
based on the junction SRs of the DUT, so it can be easily
adopted by any laboratory equipped with an LED simula-
tor, spectroradiometer, and reference cell, i.e., equipment
that a laboratory that tests PV cells already possesses. If
this approach is followed, measurement errors in tandem
PV devices caused by spectral mismatch and the associated
junction current imbalance can be significantly reduced.

A key caveat in adoption of this spectral tuning method
is that the LED simulator must have a sufficient num-
ber of LED channels to independently cover the spectral
responsitivity regions of each junction. Without adequate
spectral coverage, grouping channels becomes less effec-
tive or even unfeasible. An extreme (unrealistic) example
would be assuming a 2J cell where each junction has a
spectral responsitivity region 100 nm wide between 500
and 700 nm. If the simulator has only one LED chan-
nel with a peak at 595 nm and a bandwidth of 200 nm,
the broad overlap makes meaningful grouping impossible,
rendering the method ineffective. A more common case
involves partial spectral overlaps, such as an LED chan-
nel with a peak at 805 nm and a bandwidth of 100 nm,
where the light can be absorbed by two adjacent junctions
[e.g., junctions 2 and 3 in Fig. 3(b)]. In such situations,
we have found that grouping channels based on the junc-
tion band gaps remains highly effective, and no special
treatment—such as fixing the intensity of the overlapping
channel—is necessary. Even in 4J all-perovskite cells with
narrower spectral responsitivities in individual junctions
[34], our grouping-based tuning method has been verified
to work reliably.

VI. CONCLUSIONS

This work presents a robust and efficient spectral irra-
diance adjustment method tailored for LED-based mul-
tichannel solar simulators. By using a simplified group

tuning approach and a single reference cell, the method
enables accurate performance measurements of MJ solar
cells across a wide range of configurations. Validation
results confirmed excellent agreement with a benchmark
multisource simulator, underscoring the method’s reliabil-
ity. Furthermore, practical considerations such as spectrum
quality and environmental factors were explored, offering
actionable insights for researchers. The proposed approach
opens up access to precise MJ device testing, fostering
advancements in tandem PV technologies. With its acces-
sibility and proven accuracy, this method is poised to
become a cornerstone for research laboratories working on
next-generation tandem solar cells.
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APPENDIX A: PHOTOGRAPH OF THE TESTING
PLANE

A photograph of the testing plane is shown in Fig. 8.

APPENDIX B: SPECTRUM TUNING PROCESS
OVERVIEW

This appendix presents two example flowcharts illus-
trating our spectrum tuning process for 3J and 4J tandem
devices. The tuning approach for devices with more than
four junctions follows a similar method. A summary of
the autotuning algorithm’s input and key logic is provided
below.
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FIG. 8. The testing plane of the TSACSS LED simulator
I -V testbed with an M6-size (approximately 16 × 16 cm2)
perovskite/Si tandem wafer mounted with the NREL continuous
probing bar system.

Tuning input:

(1) Rij acceptance threshold (%)—maximum allowable
deviation, i.e., 1 ± 0.2% in this work.

(2) Measured Rij array—actual current ratios (matrix).
(3) Desired Rij —target current ratios, i.e., Rij = 1 for all

junctions.
(4) Junction Eg—band gaps.
(5) LED driving current setup—initial LED driving

current levels per channel.
(6) Relative LED driving current change per itera-

tion (%).

Core algorithm logic:

(1) Determine the number of junctions and group LED
channels by each junction’s band gap.

(2) Loop through all unique Rij combinations (e.g., R12,
R13, and R23 for a 3J device).

(3) Compare each measured Rij value with the desired
Rij value.

FIG. 9. Spectrum adjustment process for a 3J tandem cell using an LED simulator.
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FIG. 10. Spectrum adjustment process for a 4J tandem cell using an LED simulator.

(4) Check if all deviations are within the threshold.
(5) If they are not, simultaneously adjust LED channel

currents within the corresponding group.
(6) Repeat until all Rij values meet the threshold.

APPENDIX C1: IMPACT OF SPATIAL
IRRADIANCE NONUNIFORMITY

In addition to irradiance stability, spatial irradiance
nonuniformity across LED channels plays a key role in
ensuring accurate performance measurements. For testing
MJ devices, the irradiance uniformity of spectral bands
corresponding to each junction’s response region is more
critical than overall irradiance uniformity. Thus, spatial
irradiance nonuniformity across these spectral bands must
be carefully evaluated.

Figure 11 presents irradiance uniformity maps for a
20 × 20 cm2 testing plane (positioned 0.5 cm below the

LED simulator frame as recommended by the simulator
manufacturer), measured with a 0.5 × 0.5 cm2 Si reference
cell, along with 700 nm long-wave-pass (LWP) and short-
wave-pass (SWP) filters. These filters correspond to the
spectral responsitivity regions of typical perovskite/Si tan-
dem cells. The current readings of the reference cell were
normalized to the respective peak values under the three
scenarios to represent the irradiance nonuniformity maps.
According to the solar simulator classification standard
[27], the overall spatial irradiance nonuniformity is calcu-
lated as approximately 1.3% across the plane, while the
nonuniformity with the LWP and SWP filters is 3.6% and
1.8%, respectively. When the testing plane size is reduced
to 10 × 10 cm2, the irradiance nonuniformity for all spec-
tral channels decreases to less than 1%, and it becomes
negligible for planes smaller than 2 × 2 cm2. This high-
lights the necessity of applying an irradiance correction
procedure to account for spatial nonuniformity when one

(a) (b) (c)

FIG. 11. Spatial irradiance maps taken with (a) an unfiltered Si cell, (b) a 700-nm-SWP-filtered Si cell, and (c) a 700-nm-LWP-
filtered Si cell, all positioned 0.5 cm below the LED simulator.
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(a) (b) (c)

FIG. 12. Spatial irradiance maps taken 5 cm below the LED simulator with (a) an unfiltered Si cell, (b) a 700-nm-SWP-filtered Si
cell, and (c) a 700 nm-LWP-filtered Si cell, which show a much worse irradiance uniformity compared with Fig. 11.

is measuring large tandem devices. For example, when one
is measuring larger tandem devices exceeding 2 × 2 cm2,
an irradiance nonuniformity map corresponding to the
device’s testing area should be captured. The average total
irradiance for this area can then be quantified. If the aver-
age total irradiance is 99% of the maximum irradiance
in the area, an irradiance nonuniformity correction fac-
tor γ = 1/0.99 can be applied during the total irradiance
adjustment step in the spectral tuning flowchart to ensure
the effective irradiance meets STC requirements [35]. Note
that if the current-limiting junction of the DUT is known,
the test operator may select the irradiance nonuniformity
map specific to that junction’s SR to determine the correc-
tion factor γ for increased accuracy. Overall, the required
correction, based on device size, should be considered
when one is adjusting the total irradiance to ensure precise
measurements.

It is also noteworthy that LED-based simulators do not
produce well-collimated light like certain well-established
xenon lamps. Each LED serves as a point light source,
leading to varying irradiance distribution across different
testing planes and making the spectrum quality dependent
on the height of the testing plane. For the simulator used in

this study, the irradiance nonuniformity decreases signif-
icantly as the testing plane’s distance from the simulator
increases, as demonstrated in Fig. 12, where the irradi-
ance maps were taken 5 cm below the simulator (which
is not the simulator manufacturer’s recommendation for
the testing plane). Consequently, unless the operator can
verify good spectrum uniformity on the chosen testing
plane height, it is recommended to adhere to the simulator
manufacturer’s recommendation.

APPENDIX C2: IMPACT OF THE TESTING
ENVIRONMENT

The reflectivity of the testing environment beneath an
LED simulator plays a significant role in determining the
output spectral properties. This sensitivity arises from the
simulator’s numerous single-LED light sources and asso-
ciated optical elements. Figure 13(a) illustrates the I SC
variation of an irradiance monitoring Si cell as the height
of the testing stage changes: one with the testing stage
covered with nonreflective black felt and one without the
covering. The monitoring cell is centered directly beneath
the LED simulator. Without black felt coverage, I SC drops

(a) (b)

FIG. 13. (a) I SC variation of an irradiance-monitoring Si cell with the distance of the testing stage from the TSACSS simulator
changes when the stage is covered with vs without nonreflective black felt. (b) Spectrum difference for a sphere covered in nonreflective
black felt except for the light entrance aperture and for a sphere without a covering of nonreflective black felt.
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significantly as the stage-to-simulator distance increases,
while with black felt coverage, irradiance variations are
minimal. Additionally, the spectrum shows a small change
with the black felt coverage. Figure 13(b) compares two
spectra measured with a spectroradiometer coupled to an
integrating sphere. Without the black felt, reflective sur-
faces such as the sphere’s exterior and the testing stage
holding the sphere introduce irradiance deviations across
all wavelengths, resulting in an approximately 0.8% �R12
error when a 2J tandem device is measured. This highlights
the high sensitivity of LED simulator spectral output to the
reflectivity of the testing environment.

To ensure consistent measurement results, it is crucial to
maintain a uniform testing stage environment throughout
the entire process, from spectrum adjustment to I -V mea-
surements. However, variations in testing setups are often
unavoidable, such as differences in size between the ref-
erence cell and the DUT. To mitigate irradiance variation
caused by the testing environment, the use of an irradiance
monitoring cell and a corresponding calibration transfer
procedure is essential [36].

The monitoring cell is positioned on the testing plane
and measures effective irradiance during performance
measurements. After completion of the spectrum adjust-
ment procedure to meet STC, the monitor cell records the
effective irradiance. When the DUT is mounted on the test-
ing plane, both the I -V characteristics of the DUT and
the monitor cell’s current are measured simultaneously.
A corrected I -V curve for the DUT under the STC is
then obtained by one comparing the monitor cell’s current
readings across setups. Figure 14 highlights the impor-
tance of irradiance correction, showing a difference in I SC
measurements with and without correction for the devices
presented in Fig. 6. For small devices, such as the 0.25 cm2

GaInAsP/GaInAs and 1 cm2 PVSK/Si cells (both with a

FIG. 14. I SC comparison with and without irradiance correc-
tion from a monitoring cell on the three tandem devices discussed
in Fig. 6.

substrate size of approximately 2 × 2 cm2, similar to the
reference cell dimensions), the I SC difference is modest
(less than 1%), as the overall reflectivity change of the
testing stage (25 × 25 cm2) is negligible between the ref-
erence cell and DUT setups. However, for a 10 × 10 cm2

PVSK/Si 4T minimodule mounted on the testing stage, the
overall stage reflectivity decreases prominently, leading to
an approximately 2%–3% drop in I SC without irradiance
correction. In summary, a consistent and controlled test-
ing environment is critical for accurate measurements with
LED simulators, a factor that is often overlooked.

[1] M. A. Green, E. Dunlop, M. Yoshita, N. Kopidakis, K.
Bothe, G. Siefer, X. Hao, and J. Jiang, Solar cell effi-
ciency tables (version 66), Prog. Photovoltaics 33, 795
(2025).

[2] NREL best research-cell efficiency chart, https://www.nrel.
gov/pv/cell-efficiency.html (accessed: June 2025).

[3] LONGi press release, https://www.longi.com/en/news/is-
m6-wafer-silicon-perovskite-tandem-cells-new-efficiency-
record/.

[4] Oxford PV press release, https://www.oxfordpv.com/news/
20-more-powerful-tandem-solar-panels-enter-commercial-
use-first-time-us.

[5] K. O. Brinkmann, P. Wang, F. Lang, W. Li, X. Guo, F. Zim-
mermann, S. Olthof, D. Neher, Y. Hou, M. Stolterfoht, T.
Wang, et al., Perovskite–organic tandem solar cells, Nat.
Rev. Mater. 9 (3), 202 (2024).

[6] M. Jost, E. Kohnen, A. Al-Ashouri, T. Bertram, S. Tom-
sic, A. Magomedov, E. Kasparavicius, T. Kodaalle, B.
Lipovsek, V. Getautis, et al., Perovskite/CIGS tandem solar
cells: from certified 24.2% toward 30% and beyond, ACS
Energy Lett. 7 (4), 1298 (2022).

[7] D. N. Weiss, Tandem solar cells beyond perovskite-silicon,
Joule 5 (9), 2247 (2021).

[8] W. E. McMahon, J. F. Geisz, J. Buencuerpo, and E. L. War-
ren, A framework for comparing the energy production of
photovoltaic modules using 2-, 3-, and 4-terminal tandem
cells, Sustain. Energy Fuels 7 (2), 461 (2023).

[9] ASTM G173-03, Standard Tables for Reference Solar
Spectral Irradiances: Direct Normal and Hemispherical on
37° Tilted Surface (ASTM, Philadelphia, PA, 2006).

[10] IEC 60904-3, Photovoltaic Devices – Part 3: Measurement
Principles for Terrestrial Photovoltaic (PV) Solar Devices
with Reference Spectral Irradiance Data (2019).

[11] NREL champion PV module efficiency chart, https://www.
nrel.gov/pv/module-efficiency.html.

[12] T. Song, C. Mack, R. Williams, D. J. Friedman, and N.
Kopidakis, How should researchers measure perovskite-
based monolithic multijunction solar cells’ performance?
A calibration lab’s perspective, Sol. RRL 6 (12), 2200800
(2022).

[13] M. Meusel, R. Adelhelm, F. Dimroth, A. W. Bett, W.
Warta, and E. Fernandez, Spectral mismatch correction
and spectrometric characterization of monolithic III–V
multi-junction solar cells, Prog. Photovoltaics 10 (4), 243
(2002).

033005-15

https://doi.org/10.1002/pip.3919
https://www.nrel.gov/pv/cell-efficiency.html
https://www.longi.com/en/news/is-m6-wafer-silicon-perovskite-tandem-cells-new-efficiency-record/
https://www.oxfordpv.com/news/20-more-powerful-tandem-solar-panels-enter-commercial-use-first-time-us
https://doi.org/10.1038/s41578-023-00642-1
https://doi.org/10.1021/acsenergylett.2c00274
https://doi.org/10.1016/j.joule.2021.08.009
https://doi.org/10.1039/D2SE01167K
https://www.nrel.gov/pv/module-efficiency.html
https://doi.org/10.1002/solr.202200800
https://doi.org/10.1002/pip.407


TAO SONG et al. PRX ENERGY 4, 033005 (2025)

[14] J. Aulich, D. Chojniak, A. J. Bett, M. Steiner, F. Schindler,
G. Siefer, M. C. Schubert, J. C. Goldschmidt, and S. W.
Glunz, Spectrometric characterization for triple-junction
solar cells, Sol. RRL 8 (3), 2300783 (2024).

[15] D. Chojniak, M. Schachtner, S. K. Reichmuth, A. J. Bett,
M. Rauer, J. Hohl-Ebinger, A. Schmid, G. Siefer, and S. W.
Glunz, A precise method for the spectral adjustment of LED
and multi-light source solar simulators, Prog. Photovoltaics
32 (6), 372 (2024).

[16] IEC 60904-1-1: 2017, Photovoltaic Devices – Part 1-1:
Measurement of Current-Voltage Characteristics of Multi-
junction Photovoltaic (PV) Devices, (2017).

[17] ASTM E2236-10, Standard Test Methods for Measure-
ment of Electrical Performance and Spectral Response
of Nonconcentrator Multijunction Photovoltaic Cells and
Modules (ASTM, Philadelphia, PA, 2015).

[18] C. R. Osterwald, Translation of device performance mea-
surements to reference conditions, Sol. Cells 18, 269
(1986).

[19] K. Emery, in Handbook of PV Science and Engineering,
edited by A. Luque, and S. Hegedus (John Wiley & Sons,
2011), Vol. 2, Ch. 18.

[20] T. Moriarty, J. Jablonski, and K. Emery, in 2012 38th
IEEE Photovoltaic Specialists Conference (IEEE, 2012),
pp. 001291–001295.

[21] T. Moriarty, R. France, and M. A. Steiner, in 2015 IEEE
42nd Photovoltaic Specialist Conference (PVSC) (IEEE,
2015), pp. 1–3.

[22] K. Emery, C. R. Osterwald, T. Glatfelter, J. Burdick, and
G. Virshup, A comparison of the errors in determining the
conversion efficiency of multijunction solar cells by various
methods, Sol. Cells 24 (3–4), 371 (1988).

[23] J. F. Geisz, R. M. France, K. L. Schulte, M. A. Steiner, A.
G. Norman, H. L. Guthrey, M. R. Young, T. Song, and T.
Moriarty, Six-junction III–V solar cells with 47.1% conver-
sion efficiency under 143 Suns concentration, Nat. Energy
5 (4), 326 (2020).

[24] S. K. Reichmuth, G. Siefer, M. SchachtnerM, M. Mühleis,
J. Hohl-Ebinger, and S. W. Glunz, Measurement uncer-
tainties in I–V calibration of multi-junction solar cells for
different solar simulators and reference devices, IEEE J.
Photovoltaics 10 (4), 1076 (2020).

[25] N. Kopidakis, T. Song, J. Geisz, and D. Friedman, in 2023
IEEE 50th Photovoltaic Specialists Conference (PVSC)
(IEEE, 2023), pp. 1–1.

[26] T. Song, R. Williams, L. Ottoson, C. Mack, J. F. Geisz, J.
Brewer, and N. Kopidakis, Impact of irradiation-induced
filter heating on calibration of NIR-longpass-filtered ref-
erence solar cells, IEEE J. Photovoltaics 13 (6), 793
(2023).

[27] IEC 60904-9 (edition 3): 2020, Photovoltaic Devices – Part
9: Classification of Solar Simulator Characteristics, (2020)

[28] N. Jain, K. L. Schulte, J. F. Geisz, D. J. Friedman, R. M.
France, E. E. Perl, A. G. Norman, H. L. Guthrey, and M. A.
Steiner, High-efficiency inverted metamorphic 1.7/1.1 eV
GaInAsP/GaInAs dual-junction solar cells, Appl. Phys.
Lett. 112, 053905 (2018).

[29] T. Song, D. Friedman, and N. Kopidakis, Comprehensive
performance calibration guidance for perovskites and other
emerging solar cells, Adv. Energy Mater. 11, 2100728
(2021).

[30] G. Leary, G. Switzer, G. Kuntz, and T. Kaiser, in 2016 IEEE
43rd Photovoltaic Specialists Conference (PVSC) (IEEE,
2016), pp. 3062–3067.

[31] D. Colarossi, E. Tagliolini, P. Principi, and R. Fioretti,
Design and validation of an adjustable large-scale solar
simulator, Appl. Sci. 11 (4), 1964 (2021).

[32] K. A. Emery, Solar simulators and I–V measurement meth-
ods, Sol. Cells 18 (3–4), 251 (1986).

[33] M. A. Steiner, J. F. Geisz, T. E. Moriarty, R. M. France, W.
E. MscMahon, J. M. Olson, S. R. Kurtz, and D. J. Fried-
man, Measuring IV curves and subcell photocurrents in the
presence of luminescent coupling, IEEE J. Photovoltaics, 3
(2), 879 (2012).

[34] S. Hu, J. Wang, P. Zhao, J. Pascual, J. Wang, F. Rom-
bach, A. Dasgupta, W. Liu, M. A. Truong, H. Zhu, et al.,
Steering perovskite precursor solutions for multijunction
photovoltaics, Nature 639 (8053), 93 (2025).

[35] T. Moriarty, in 2016 IEEE 43rd Photovoltaic Specialists
Conference (PVSC) (IEEE, 2016), pp. 1570–1574.

[36] ASTM E948-16, Standard Test Method for Electrical Per-
formance of Photovoltaic Cells Using Reference Cells
Under Simulated Sunlight, (2020).

[37] https://www.nrel.gov/pv/pvdpc.

033005-16

https://doi.org/10.1002/solr.202300783
https://doi.org/10.1002/pip.3776
https://doi.org/10.1016/0379-6787(86)90126-2
https://doi.org/10.1002/9780470974704.ch18
https://doi.org/10.1016/0379-6787(88)90089-0
https://doi.org/10.1038/s41560-020-0598-5
https://doi.org/10.1109/JPHOTOV.2020.2989144
https://doi.org/10.1109/JPHOTOV.2023.3304359
https://doi.org/10.1063/1.5008517
https://doi.org/10.1002/aenm.202100728
https://doi.org/10.3390/app11041964
https://doi.org/10.1016/0379-6787(86)90124-9
https://doi.org/10.1109/JPHOTOV.2012.2228298
https://doi.org/10.1038/s41586-024-08546-y
https://www.nrel.gov/pv/pvdpc

	I.. INTRODUCTION
	II.. SPECTRAL IRRADIANCE ADJUSTMENT METHOD
	A.. General principles
	B.. Spectrum tuning method
	C.. Junction current ratio Rij approach

	III.. GROUP TUNING WITH LED SIMULATORS
	IV.. MEASUREMENT VALIDATION
	V.. DISCUSSION
	A.. Influence of spectrum quality
	B.. Implications for research laboratories

	VI.. CONCLUSIONS
	. ACKNOWLEDGMENTS
	. DATA AVAILABILITY
	. APPENDIX A: PHOTOGRAPH OF THE TESTING PLANE
	. APPENDIX B: SPECTRUM TUNING PROCESS OVERVIEW
	. APPENDIX C1: IMPACT OF SPATIAL IRRADIANCE NONUNIFORMITY
	. APPENDIX C2: IMPACT OF THE TESTING ENVIRONMENT
	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


