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Abstract—Different types of dual-junction solar cells (per-
ovskite/silicon and GaInP/(Al)GaAs) are used in an investigation of
measurement uncertainty for electrical characterization of multi-
junction solar cells. A method traceable to international reference
standards is presented. The spectral mismatch factor matrix is
introduced and used with a Monte-Carlo method including man-
ifold correlated and uncorrelated uncertainties. In this way, a
detailed analysis of the solar simulator’s spectral irradiance and
its influence on uncertainty becomes possible. The use of subcell-
adapted and broadband reference solar cells is addressed regard-
ing their impact on uncertainty. This allows for finding optimal
conditions for calibration with lowest measurement uncertainty.
The short-circuit current of a series connected multi-junction solar
cell is affected by luminescence coupling and other effects. With
an experimental method it is shown how the uncertainty of the
device short-circuit current can be precisely determined. The spec-
trometric characterization method allows deriving uncertainties
of all I–V parameters. In this way a complete evaluation of mea-
surement uncertainty for the calibration of multi-junction solar
cells at standard testing conditions is introduced. This article is an
extension to our work presented at the 46th IEEE PVSC. Here,
we have added a detailed analysis of the influence of different
solar simulator spectral irradiance distributions on measurement
uncertainty by evaluating a Monte Carlo simulation introducing
correlation coefficients. In addition for the first time, it is shown how
luminescent coupling influences the calibration of multi-junction
solar cells and how the effect needs to be implemented into the
uncertainty of measurement for the short-circuit current as well as
efficiency.
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I. INTRODUCTION

A T PRESENT, the market in photovoltaic solar energy
conversion is mainly driven by single-junction, silicon-

based solar cells. These state-of-the-art photovoltaic devices
are close to reaching their physical conversion limit [2]. To
further increase efficiency new technologies based on tandem
structures are investigated [3], [4]. At the moment, different
material combinations (perovskite on Si, III–V on Si and others)
are in the focus of research [5]. A precise and accurate efficiency
measurement of such devices is thus a crucial part for a world-
wide reproducible comparison of solar cell performance in R&D
and industry.

For a traceable calibration of solar cells according to
ISO 17025 [6], the equipment used needs to be well under-
stood, and its components, its uncertainties and measurement
procedures have to be considered.

A central issue for lowering the uncertainty in measurement
are reference materials such as reference solar cells [7] and
standard lamps. These are typically provided with their specific
uncertainty by national metrological institutes and are used for
calibrating the irradiance of the solar simulator and the spectro-
radiometer used for the measurement of the spectral distribution
of the solar simulator.

While there is some literature on the correct measurement
of multi-junction solar cells, publications on traceable measure-
ment uncertainties for the characterization of those is scarce.
Yet, uncertainties in measurement for series connected multi-
junction solar cells need to be determined in another way than
those for single-junction solar cells. This article describes the
effort at CalLab PV Cells (Fraunhofer ISE) to improve its
capability to calibrate multi-junction solar cells.

Within this work a general method traceable to SI (Interna-
tional System of Units) is proposed, which quantifies uncertain-
ties in measurement of multi-junction devices under synthetic
solar simulator spectra. Exemplarily, the influence of using
different types of reference cells is assessed within a Monte
Carlo simulation for two spectrally different solar simulators.
While the uncertainty of the spectral mismatch of multi-junction
solar cells is calculated with the respective data of a dual-junction
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perovskite/silicon solar cell (Oxford PV/Oxford/Helmholtz),
the influence of luminescent coupling (LC) on the uncertainty
of the device’s current-voltage parameters is elaborated with
spectrometric characterization performed on two dual-junction
III–V cells (GaInP/GaAs and GaInP/AlGaAs) (Fraunhofer ISE).

II. MEASUREMENT UNCERTAINTIES IN MULTI-JUNCTION

DEVICE I–V CHARACTERIZATION

In the following sections, we discuss the uncertainties in
multi-junction solar cell current-voltage (I–V) measurements
following a calibration sequence. Typically, component cells
(also called “isotype cells”) spectrally matched to the subcells of
the corresponding multi-junction solar cell are used for setting
the spectral irradiance of the solar simulator. As the available
component cells, however, often do not perfectly match the spec-
tral responsivity of the subcells of the multi-junction solar cell,
it is beneficial to introduce a generalized spectral mismatch cor-
rection procedure. First the measured spectral responsivity with
its respective measurement uncertainty of the multi-junction
device under test is used to set the solar simulator to the required
(relative) spectral irradiance distribution. Reference solar cells
are then used to set the irradiance [8], [9]. This enables electrical
characterization at reference conditions.

The spectral responsivity of solar cells is a useful quantity to
calculate currents generated under incident spectral irradiance
distributions. For better graphical observation, it can be trans-
lated into the external quantum efficiency (EQE), showing how
successful incident photons impinging on the solar cell generate
current at each wavelength. Therefore, we use the quantity EQE
in the figures.

The determination of uncertainty for the short-circuit current
of multi-junction devices is not straight forward. Due to the
series connection, the subcell generating the least current will
limit the overall current of the device. The limiting subcell is
therefore forced to operate under reverse bias. The resulting
device’s short-circuit current (Isc) may deviate from the limiting
short-circuit current of the limiting subcell (Isc−TC, i), as it can
be strongly influenced by different effects. LC from subcells
with higher [10] or same bandgap [11] effectively increases the
overall device current and performance. For the case of a low
parallel resistance (Rp) [12] of the limiting subcell, or when the
limiting subcell is forced to operate in reverse-bias breakdown
(RBB) [13], the device Isc will deviate from Isc−TC, i as well,
but will operate with lower fillfactor and thus performance.
Therefore, also the uncertainty of the device short circuit current
will in the cases of LC, Rp, and RBB deviate from the uncertainty
of the limiting subcell.

In the following Section A, it is discussed how the uncertain-
ties of the short-circuit current of each subcell of the device under
test can be determined and traced back to primary calibrated
reference solar cells and standard lamps. In Section B, the
deviation of the device’s Isc from the short-circuit current of the
limiting subcell and the influence on its respective uncertainty is
examined. Last, in Section C, a method for extracting the uncer-
tainty of the other I–V parameters of the device is presented. In
this article, we have used capital letters for quantities in absolute
units whereas we have used small letters for relative quantities.

A. Uncertainties of Multi-Junction Device Subcell
Short-Circuit Current u(Isc−TC, i)

For a proper calibration of a multi-junction solar cell, the
measurement procedure needs to follow a different routine than
for single-junction solar cells. Here, the solar simulator is set in
a way that each subcell “i” of the test sample (TCi) generates
the same short-circuit current (Isc−TC, i) under the simulator
spectral irradiance (Sim) as it would do under the reference
spectral irradiance (Ref). To fulfill the condition

IRef
sc−TC,i = ISimsc−TC,i (1)

for various kinds of multi-junction cells, a spectrally tunable
solar simulator is mandatory, whereas for single-junction solar
cells a single broadband light source adjustable only in irradi-
ance is sufficient. Different approaches to realize this require-
ment exist and are described in literature [8], [14]–[18].

The uncertainty of the short-circuit current of each subcell
under test can be formulated by extending the above equation
with the terms necessary for simulator calibration. The resulting
eq. (2) contains different additional input quantities subject
to uncertainty and represents the model equation according to
the international standard “Guide to the Expression of Uncer-
tainty in Measurement” (GUM) [19]. This equation reflects the
metrological traceability throughout the calibration chain. The
uncertainties of Isc−TC, i can be related to SI units, by taking into
account the primary calibrated reference solar cell and the terms
that during calibration cause deviation from reference conditions
such as the simulator spectral irradiance, the spectral mismatch
between reference and test solar cell, etc. The abbreviations
are: “RC j”: reference cell “j”, u: uncertainty, SMMij: spectral
mismatch matrix element [see (3)], f1...x: correction factors
(explained below). The terms of (2) are relating to uncertainties
from a) electrical measurement of the test and reference cells,
b) primary calibration of the reference cell c) spectral mismatch
matrix element SMMij (details in the following), and d) other
setup related correction factors “f”, such as sample positioning,
height, temperature, beam divergence, temporal stability of rela-
tive spectral distribution of irradiance and others. Obviously, the
measurement procedure aims at setting the equipment in a way
that the value of each “f” should reach “1” [19]. Nevertheless,
their specific uncertainty is not zero, so that they need to be
incorporated in the equation.

IRef
sc−TC i=

a) u: electrical
measurement
︷ ︸︸ ︷

ISimsc−TC i

ISimsc−RC j

·

b) u: primary
calibration
︷ ︸︸ ︷

IRef
sc−RC j

SMMij
︸ ︷︷ ︸

c) u: simulator irradiance
u: SR measurement

· f1 · f2 · · · fx
︸ ︷︷ ︸

d) u: setup
related

(2)
As an indication, including the different uncertainties from

a), b), c), and d) into the uncertainty budget, an expanded
uncertainty (k = 2) as low as 1.5 …2.0 % for the short-circuit
current of multi-junction solar cells can be reached at present.
Such low values for uncertainty, however, need to follow very
strict and regular in depth assessment of advanced equipment as
required for accredited calibration laboratories.
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The spectral mismatch element SMMij is defined in (3).
In analogy to the spectral mismatch factor in single-junction
measurement [20], [21], it requires only relative spectral re-
sponsivity and relative spectral irradiance data and is extended
for multi-junction solar cells to a matrix. Each single element
(SMMij) of the matrix takes into account the spectral mismatch
of the respective subcell under test to a specific reference so-
lar cell considering the reference solar spectral irradiance and
the solar simulator spectral irradiance. The abbreviations are
as follows: SMMij: spectral mismatch matrix element, srRC

j :
relative spectral responsivity of jth reference cell, srTC

i : relative
spectral responsivity of the ith test subcell, eRef, eSim: relative
spectral irradiance of reference and simulator spectrum.

SMMij =
∫ srRC

j (λ) eRef (λ) dλ

∫ srRC
j (λ) eSim (λ) dλ

· ∫ srTC
i (λ) eSim (λ) dλ

∫ srTC
i (λ) eRef (λ) dλ

(3)
Evaluating the influence of different solar simulator spectral

irradiance distributions and reference solar cells
The above set of equations is a useful tool for finding optimal

settings in calibration in respect to lowest uncertainties in mea-
surement. For solar simulators with spectral distributions close
to the reference spectral irradiance, the use of solely the SMM
for quality assessment is not adequate, as both fraction terms in
(3) will have values close to unity, independent of the difference
between srTC and srRC. Uncertainties of the spectral irradiance
distribution of solar simulators, however, vary in dependence of
wavelength. This is especially true for multisource simulators.
Consequently, it can be clearly concluded, that the mismatch
factor itself is a poor indicator for the quality of measurement,
and that instead its uncertainty should be considered [22].

In the following, we evaluate the influence on uncertainty
of two different designs of solar simulator spectral irradiance
distributions and reference solar cells, by calculating the uncer-
tainty of the respective SMMij when calibrating a dual-junction
perovskite/Si test sample from Oxford PV/Oxford/Helmholtz
[23].

Fig. 1 shows the EQE of tested subcells and reference cells, the
spectral irradiance distribution of two dual light source simula-
tors composed of Xenon and Halogen lamps. The two simulators
are designed by filtering Xenon arc and Halogen incandescent
light sources either by clear spectral separation (simulator 1),
or by overlapping two lamp spectral distributions (simulator 2).
The separate peaks in the irradiance distribution of the Halogen
light of simulator 2 are caused by two dichroic mirrors serving
as spectral filters and optical beam guide [24]. The reference
solar cells used here are a broadband and two filtered—and thus
more subcell adapted—Silicon reference solar cells in WPVS
housing [7]. The filters are part of the encapsulation.

The quantitative investigation of the uncertainty of the SMM
is based on a Monte Carlo method and expands earlier work
[22], [25]. Here, a more complex approach including wavelength
dependent correlations [26]–[28] is implemented, where the in-
put uncertainties may be statistically linked to other wavelength
regions. This corresponds to realistic behavior in measurement.
Potential sources for wavelength correlated uncertainties are
irradiance fluctuations of light sources, bandwidth of and stray

Fig. 1: EQE of a dual-junction perovskite/Si sample (Oxford
PV/Oxford/Helmholtz) as triangles, EQE of three reference solar cells
as dotted lines and spectral irradiance distributions of two different solar
simulators (spectra shown as filled areas).

light in the spectroradiometer, spectrally selective reflections in
the optical paths, wavelength dependent stray light contributions
in the simulator, and etc. If wavelength correlation would not be
accounted for, the calculated uncertainty would indeed be lower,
but faulty.

The Monte Carlo simulation calculates (3) for a set of
random variations of its elements, where all input quantities are
associated with a specific uncertainty except for the reference
spectral irradiance eRef, which is a set of data without uncertainty
defined by an international standard [29]. The mean value of all
Monte Carlo runs of (3) defines the respective spectral mismatch
element SMMij of the matrix. The standard deviation in turn
defines its relative uncertainty u(SMMij).

We calculated the u(SMMij) for two distinct cases to evaluate
the influence of different input uncertainties on the result. Case 1
accounts for uncertainties of equipment in use in the calibration
laboratory of Fraunhofer ISE. This is a case representing rather
low uncertainties. We have defined a case 2 for comparison
with uncertainties deriving from more standard measurement
equipment. The instability of the simulator lamps was defined
by the minimal requirement for a class A+ simulator as
discussed for the new standard 60904-9 [30]. For resolution and
bandwidth of the spectroradiometer for case 2, we consulted
the datasheet of a compact Zeiss diode array-based tool,
representing a reproducible industry standard. The correlated
uncertainties considered are listed in Table II in the Appendix.
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Fig. 2: Plots of correlation coefficients obtained from the covariance matrix
of spectral irradiance values of two solar simulators. For better visibility the
bandwidth uncertainty is set to be uncorrelated. (a): Case 1, simulator 1; (c):
Case 1, simulator 2; (b): Case 2, simulator 1; (d): Case 2, simulator 2. Case
1: low calibration laboratory uncertainties. Case 2: calculations with higher
uncertainties.

The quantities describing spectral responsivity of reference and
test cells were attributed globally with 50% uncorrelated and
50% wavelength correlated uncertainty as we focused the work
on different solar simulator spectral irradiance distributions.

One insight of the Monte Carlo simulation is the distribu-
tion of wavelength correlated uncertainty of the solar simulator
spectra. The four plots in Fig. 2 show the correlation coefficient
matrices of the spectral irradiance of the two solar simulators for
both cases. They indicate how light with a certain wavelength
of the simulator spectral irradiance distribution is correlated to
light of other wavelengths. When comparing solar simulators
with similar uncertainty contributions in the spectral irradiance
the total uncertainty will be lower for correlation coefficients
close to zero.

Here, for better visibility of the plots the uncertainties of
the spectroradiometer bandwidth is set to be uncorrelated, as
it would otherwise dominate the graphics, but is practically
affecting uncertainty mainly where steep changes of spectral
responsivity take place. For the calculation of the u(SMMij) and
all other results in Table I, it is obviously considered.

In case 1 for both simulators only slight positive correlation is
notable [Fig. 2(a), (c)]. It is centered close around the diagonal
with only little range. For case 2, the plots show a completely
different distribution of the correlation coefficients [Fig. 2(b),
(d)]. For simulator 1 in (b) a clear separation of partly corre-
lated and uncorrelated coefficients is visible. The uncertainty of
the spectral irradiance shows correlation only to wavelengths
within the spectral band of the respective lamp, whereas there
is almost no correlation to the band of the other lamp. At single
wavelengths corresponding to peak values in the spectral irra-
diance distribution narrow green lines show deviations from the
positive correlation of the yellow areal-like distribution around
them. These lines correspond to the (uncorrelated) bandwidth

TABLE I
UNCERTAINTY MATRIX OF THE SPECTRAL MISMATCH – CASE 1

Case 1. Relative uncertainties of the spectral mismatch u(SMMij) for dual-junction per-
ovskite/silicon test device (Oxford PV/Oxford/Helmholtz) and the subcell adapted and
broadband reference cells at both solar simulators. k = 2 The spectral mismatch value
SMMij is given in brackets. 100.000 Monte Carlo draws. Reference cells are named
according to Fig. 1.

uncertainty of the spectroradiometer. For simulator 2, case 2
[Fig. 2(d)] correlation coefficients can be grouped into two main
regions, the first up to 650 nm with similar coefficients as for
simulator 1. The second region in the IR is less compact and
additionally has correlation into the region below 600 nm.

This corresponds to Fig. 1, simulator 2, where the simulator
light up to 650 nm is solely formed by the Xenon lamp, whereas
light beyond 650 nm is a mix of overlapping Xenon and Halogen
spectral irradiance.

The correlation coefficients matrices show the different influ-
ence on uncertainty, when using overlapping or separated light
sources. For lowest uncertainty [Fig. 2(a), (c)] the correlation co-
efficients are also very low, and can become almost insignificant.
For case 2 (calculations with higher uncertainty, [Fig. 2(b), (d)]),
a significant difference between the two correlation coefficient
matrices becomes visible. Two separate yellow blocks appear
prominently, corresponding to the spectral bands of the two light
sources. In a sensitivity analysis it has been noted, that the most
responsive parameter is the irradiance instability of the light
sources. The Xenon lamps fluctuate in irradiance independently
of the Halogen lamps. This corresponds well to the block-like
behavior of the correlation coefficients. As their spectral irra-
diance distributions overlap in different ways for the two solar
simulators, also the distribution of correlation coefficients varies,
and hence influences the uncertainty in measurement in different
ways. As simulator 1 [Fig. 2(b)] has stronger spectral separation,
also the coefficients form a clear block, whereas for simulator
2 the Halogen light is strongly superpositioned by the Xenon
light. This corresponds well to the “dissolving” yellow block
seen the in the plot [Fig. 2(d)].

In the following, we analyze the quantitative impact of simula-
tor spectral design and reference solar cells on multi-junction cell
calibration. As stated before, we can use the spectral mismatch
factor for this comparison, as we keep all electrical and other
hardware related uncertainties constant within the comparison.
The uncertainty of the spectral mismatch for each subcell under
test, therefore, gives insight into which spectral design has lowest
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uncertainties in calibration with which respective reference solar
cell.

The Monte Carlo simulation used for this analysis is based on
the uncertainties listed in Table II (Appendix) and is calculated
by (3) for 100.000 random draws for each combination of test
subcell and reference cell. The results are listed in Table I. The
mean value of all runs defines the respective spectral mismatch
element SMMij of the matrix and is given in brackets. The
standard deviation of all runs of the SMMij defines the relative
uncertainty u(SMMij) and is presented as main values. Here, it
is calculated with a coverage factor of k = 2, leading to a level
of confidence of approximately 95 % [19].

Reference cells are categorized as “subcell adapted” (Ref007,
022 in Fig. 1) and “broadband” (Ref041, same Figure), and
highlighted in color. The color highlighted fields correspond
to meaningful combinations of subcell and reference cell. The
lowest uncertainties in the comparison are reached for the subcell
adapted reference cells. For simulator 1 this is very obvious.
Although the mismatch factor is very close to unity for the
broadband Ref041, the uncertainty is higher than for the subcell
adapted reference cells. For simulator 2, the lowest uncertainty
is again reached for the very well adapted reference Ref022
(bottom cell). Interestingly, the broadband Ref041 has a similar
uncertainty as the combination of Ref007 and top cell. While
Ref007 is illuminated almost only by Xenon light, the tested top
cell is also receiving light from the Halogen lamp. The broad-
band Ref041 is subject to even more mixed light of Xenon and
Halogen lamps. By chance, uncertainties for both combinations
are similar. In addition, at simulator 2 the uncertainties for the
broadband Ref041 are lower for both subcells, than for the same
subcells calibrated at simulator 1. The reason is that both subcells
are illuminated by both light sources, which results in lower
uncertainties for the broadband device in contrast to a calibration
at simulator 1, where both subcells receive light from (almost)
one light source only.

Considering the relatively small value of this uncertainty
contribution on the aforementioned u(Isc) = 1.5 …2 %, it is
important to mention that besides providing reproducible mea-
surement, the main focus for calibration laboratories is to con-
stantly reduce uncertainty in measurement, even if the effect is
below 1 %.

In contrast, for measurements performed in regular labora-
tories, a multiple of the above stated uncertainties are present,
and the effect of using a nonsubcell adapted reference has an
even more pronounced impact. Depending on regular quality
assessment and calibration routines even case 2 (Table III,
Appendix) can be too optimistic.

B. Deviation of Device Uncertainty u(Isc) from u(Isc−TC, i) of
the Limiting Subcell

The uncertainty of Isc−TC, i can be determined following
(2). A series-connected multi-junction solar cell may have a
device Isc that deviates from the limiting subcell Isc−TC, i. This
deviation needs to be characterized to calculate the uncertainty
u(Isc−TC, device). As stated before, this effect can be caused by
LC between the subcells, low Rp of the subcells or the RBB
characteristic of the limiting subcell.

When setting the simulator to fulfill (1), each subcell will
generate a current with an attributed uncertainty described by
(2). The current mismatch of the multi-junction cell determines
the degree of LC [13], and the reverse conditions under which the
limiting subcell will operate. The influence of Rp on uncertainty
of Isc has been already discussed in [1]. In the following, we
exclude the RBB from the analysis, as in practice it rarely occurs
in solar cells sent to a calibration laboratory. However, as cell
quality is constantly improving considering the influence from
LC becomes increasingly important. Moreover, it has become
a design criterion to increase radiative recombination and thus
LC [31] between the subcells to increase efficiency and counter
balance current mismatch.

LC and its influence on the calibration of multi-junction cells
can be evaluated by different approaches. Detailed modeling
with experimental fit parameters can be used on the one hand
[13]. On the other hand, the influence of device current gain
through radiative recombination by excess current of a higher
or equal bandgap subcell can also be quantified by means of
spectrometric characterizations [8], [15], [24], [32]. To illustrate
the effects of LC on the device Isc and its uncertainty, we
evaluate two III–V dual-junction samples, where the epitaxial
structure of the GaInP top cells has shown different radiative
recombination, as seen in photoluminescence characterization
(not shown here). Sample 1 is a GaInP/GaAs (1.86 eV/1.42 eV)
sample with a standard upright grown homo-junction GaInP top
cell and GaAs bottom cell. Sample 2 is a GaInP/AlGaAs (1.90
eV/1.48 eV) upright grown cell with a rear hetero GaInP top cell
on an AlGaAs bottom cell (4.4 % Al). Although the samples
were designed for the AM1.5d spectral irradiance, we use them
here with AM1.5g, as a higher mismatch is possible with the
respective solar simulator used.

In our assessment, we have set up a special spectrometric
characterization (SMC) [24], where one of the subcells is set
to generate the current it would at reference conditions, while
only the other subcell is varied in current between 0.8 …1.2
times its current at reference conditions. Hereby, we can evaluate
the deviation from Isc−TC, i, and hence u(Isc−TC, device). The
results of the SMC are plotted in Fig. 3 as measured test cell
current in function of changing spectral conditions, given by
the ratio of designated bottom cell current to designated bottom
cell current at AM1.5g. Also plotted as open triangles are the
calculated values for the current generated in the top and bottom
cell, respectively, (based on the measured EQE). In the plots
a) and b) the top cell current was kept constant at its values at
AM1.5g, while the bottom cell current was varied.

Fig. 3(a) shows that for sample 1 there is no measurable
deviation of the device current from the calculated limiting
subcell current derived from EQE characterization. At AM1.5g
(x = 1) and for all x values below 1.1, the bottom cell is
limiting the dual-junction solar cell. Deviations are in the range
of uncertainty of fitting as shown in the upper plot of (a). The
device current equals the current of the limiting subcell, the
uncertainty of the device u(Isc−TC, device) equals the uncertainty
of the limiting subcell u(Isc−TC, i).

For sample 2, the device current deviates distinctively from
the calculated bottom cell current based on EQE measurement.
As shown in the plot as a red line, the measured data can be fitted
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Fig. 3 Spectrometric characterization of two dual-junction GaInP/(Al)GaAs
1 cm² samples. Open triangles correspond to EQE based subcell currents. Solid
squares show measured current, while solid circles show the delta between
measured device and calculated bottom cell current.

well to an additional current of the bottom cell corresponding to
5 % of the current difference between top and bottom cell. The
effect can be attributed to LC between the two subcells origi-
nating from electroluminescence caused by the excess current
in the top cell.

The different results for the two samples can be explained
with their radiative efficiencies which is thoroughly described
elsewhere [33]. The influence of the observed current gain
can be formulated in dependence of current mismatch for the
device current (4). The experimentally derived equation matches
suggestions found in literature for the case when effects in
the dark current are negligible [34]. The uncertainty of the
device short-circuit current u(Isc−TC, device) can be formulated
to (5) following the GUM. For sample 2, “x” equals 5.0 %.
The uncertainty of the short-circuit current at AM1.5g spectral
conditions for this sample depends mainly on the limiting bottom
cell current and is influenced in small part by the uncertainty of
the top cell current. The experimental method works well for
high precision equipment. The determined percentages of cur-
rent gain themselves come with uncertainty due to uncertainty
of spectral irradiance, electrical measurement and other setup
related factors. Please note that for reason of clarity these are

Fig. 4 Spectrometric characterization of the dual-junction GaInP/AlGaAs
sample 2. Two distinct set of measurements are plotted: Red triangles, down-
ward: variation of bottom cell current, while the top cell is constant at AM1.5g
current. Blue triangles, upward: variation of top cell current, while the bottom
cell is at constant AM1.5g current. The dashed line represents the data at AM
1.5g condition. Grey box: uncertainty of the irradiance on the subcells (k = 2).

not shown in (5).

Isc = Ibottom + x%(Itop − Ibottom) (4)

u(Isc) =

√

u ((1 − x %) Ibottom) )2 + u(x%(Itop))
2 (5)

C. Multi-Junction Device One Sun Efficiency Uncertainties

The spectrometric characterization method also allows for ex-
traction of uncertainties of the other I–V parameters. Fig. 4 shows
data for sample 2 from the same measurements as described in
Section B. Two sets of measurements were performed. For each
spectral characterization one of the subcells was kept constant
at its current at AM1.5g, while the other was varied by spectral
settings of the solar simulator. E.g., the red downward triangles
represent the measurement when the bottom cell current was
varied and the top cell current was kept constant. The main
I–V parameters are plotted in dependence of spectral settings
expressed on the x-axis as ratio of the calculated subcell current
to its current at reference conditions. The plot shows how the
multi-junction sample reacts to changes in irradiance on subcell
level and how this can be used to extract uncertainties of I–V
parameters. At reference condition all subcells operate at x = 1.
The uncertainty of irradiance for top and bottom cell set with
the reference solar cell is equivalent to the input uncertainty
of the metric, and is shown as grey underlying box. The two
separate spectrometric measurements allow to distinguish the
dependence on irradiance for each subcell individually. Datasets
are attributed with uncertainties in y-direction shown as red and
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blue uncertainty bands derived from electrical measurement,
positioning, etc. The input uncertainty of the subcells (grey box)
can be used to extrapolate the uncertainty of I–V parameters. As
spectral uncertainty for both subcells needs to be considered,
we include uncertainties obtained from the two spectrometric
variations of top and bottom cell. With the maximum power as
example parameter we can formulate:

u (Pmp) =

√

(u (Pmp,top−var))
2 + (u (Pmp,bot−var))

2. (6)

Finally, the uncertainty for the efficiency can be determined,
by combining the uncertainty of measured maximum power
and the uncertainty of the solar cell area measurement. For the
specific sample 2 this results in U(η) = 2.59 % (k = 2).

The analytical derivation shown above is an approach that in
future work will be compared with a Monte Carlo simulation,
accounting also for correlation of uncertainties.

To illustrate the method we have used a simple dual-junction
cell. Obviously, also devices with more junctions can be eval-
uated, where optical coupling may occur between several sub-
cells. Instead of performing all possible SMC permutations, it
can be decided for relevant measurement combinations to limit
measurement time.

III. CONCLUSION

Detailed literature on the uncertainty of multi-junction solar
cell characterization is scarce. For the example of dual-junction
solar cells a general method tracing the calibration chain in
the electrical I–V characterization to international metrological
standards has been introduced.

One priority of this article is to evaluate the influence
of solar simulator spectral irradiance distributions and ref-
erence solar cells on measurement uncertainty. Two simula-
tors with separated and overlapping lamp spectral irradiances
were assessed for a perovskite/silicon tandem device (Oxford
PV/Oxford/Helmholtz) [23] considering broadband and sub-
cell adapted reference cells. With a Monte Carlo approach we
accounted for uncertainty components including wavelength
dependent correlations. The measurement uncertainty of the
respective spectral mismatch (SMMij) was found to be generally
lower if a subcell adapted reference cell was used. For the solar
simulator with overlapping spectral irradiance distributions the
broadband reference solar cell can produce similar uncertainties
as the subcell adapted.

In the other main area of this article, we use a spectrometric
characterization method to determine the uncertainty of the
short-circuit current of a multi-junction solar cell including
the influence of electroluminescent coupling. With the same
spectrometric characterization, the uncertainties of the other I–V
parameters can be obtained. An expanded uncertainty (k = 2)
of 2.59% for efficiency for the specific 1 cm² test cell can thereby
be reached at present at CalLab PV Cells (Fraunhofer ISE).

Please note that the calculated uncertainties of the specific
cell are a consequence of very low uncertainties of the in-
put parameters measured with highly sophisticated setups and
procedures that require constant and thorough review, as is done

by accredited calibration laboratories. For laboratory measure-
ments which do not meet the above mentioned requirements and
which do not rigorously re-evaluate their equipment constantly,
these uncertainty values can easily become a multiple of the
above stated.

APPENDIX

We use the appendix to show additional information on the
Monte Carlo simulation. Table II lists the wavelength correlated
uncertainties. As described in the text (Section II, A) we have set
up a case 2 scenario to compare the results for the equipment in
use in our laboratory (case 1) to less advanced equipment. The
values for case 1 are based on decade long experience with the
equipment in use. For case 2, we had to refer to datasheet values
of a Zeiss spectroradiometer, and for irradiance instabilities we
decided for the A+ requirements of the new standard [30]. The
results for the case 2 uncertainties of the spectral mismatch factor
matrix u(SMMii) can be found in Table III.

In difference to the IEEE paper [1] we have enlarged the
statistical significance to 100.000 Monte-Carlo draws and have

TABLE II
INPUT UNCERTAINTIES FOR THE MONTE CARLO SIMULATION

Wavelength correlated uncertainty components for the calculation of the Monte Carlo
simulation of the spectral mismatch matrix (k=2). The assumptions for case 1 are realistic
only for highly sophisticated setups in calibration laboratories with thoroughly reviewed
and constantly monitored procedures. For case 2 industrial grade spectroradiometer,
irradiance instability: Class A+ simulator, and thoroughly reviewed and constantly
monitored procedures are considered.

TABLE III
UNCERTAINTY MATRIX OF THE SPECTRAL MISMATCH – CASE 2

Case 2. Relative uncertainties of the spectral mismatch u(SMMij) for the dual-junction
perovskite/silicon test device (Oxford PV/Oxford/Helmholtz) and the subcell adapted and
broadband reference cells at both solar simulators. The spectral mismatch value SMMij is
given in brackets. 100.000 Monte Carlo draws. Reference cells named according to Fig. 1.
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introduced a Gaussian distribution for range correlated uncer-
tainties. The simulation was programmed in Python.
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