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Abstract

Impedance spectroscopy (IS) is a powerful tool for analyzing the physical mechanisms
occurring in single-junction solar cells. However, identifying the impedance responses of
the top and bottom sub-cells within a tandem solar cell remains challenging. This is because
the series connection of the two sub-cells results in an overall tandem impedance in which
the contributions of the individual sub-cells are combined and may even overlap, making
their individual impedance contributions difficult to distinguish and investigate. This
work proposes a diagnostic approach for monolithic perovskite/silicon tandem solar cells.
The proposed approach requires a preliminary numerical or experimental characterization
of the individual sub-cells before analyzing the monolithic tandem device. In particular,
static and dynamic characterization techniques, including J-V curve tracing, C-V and
C-f analyses, relaxation-time measurements, and IS, can be performed on each sub-cell
as a standalone device to identify the frequency ranges in which its contribution to the
overall tandem impedance is expected to be dominant. Subsequently, J-V curve tracing
and IS are performed on the monolithic tandem device. The regions of the Nyquist plot
in which the contribution of each sub-cell is expected to be dominant are then analyzed
to extract information on the actual operating conditions of the individual sub-cells. The
proposed methodology is demonstrated through TCAD numerical simulations and applied
to case studies involving a tandem cell operating under near-current-matched and current-
mismatched conditions.

Keywords: tandem solar cell; impedance spectroscopy; TCAD simulation; mixed-mode
analysis; differential resistance; perovskite/silicon tandem

1. Introduction

The pursuit of photovoltaic (PV) efficiencies above the single-junction Shockley—
Queisser limit has established tandem solar cells as one of the most promising options.
Two-terminal (2T) monolithic configurations, and specifically perovskite/silicon tandem-
based solar cells, provide a promising balance between high performance and the possibility
for scalable production [1-13]. The operating principle behind these devices is based on
the series connection of the sub-cells (resulting in the current-matching limitation) and
the cumulative behavior of the voltages. Many such observations require an in-depth
study and explanation of the physical mechanisms occurring because of these electrical
interactions [14-16].

Impedance spectroscopy (IS) is one of the most commonly utilized techniques to ana-
lyze different physical mechanisms occurring in single junction photovoltaic devices. This
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technique involves the application of a small-amplitude AC perturbation superimposed
on a DC operating bias. The resulting frequency-dependent current response is used to
measure the complex impedance of the device. Since different physical processes occur on
different time scales, IS can provide information on different physical phenomena which
are otherwise difficult to measure from the current density-voltage (J-V) characteristics
alone [17-24]. The most useful impedance representation is the Nyquist plot, a graph
where the real part of the impedance is reported on the x-axis and the imaginary part on
the y-axis. If the structure consists of a single junction, the corresponding Nyquist plot
shows a semicircular shape. However, the more complex the device structure, the more
challenging the interpretation of the corresponding Nyquist plots becomes. Consequently,
in monolithic tandem solar cells, the IS interpretation is much more challenging. The top
and bottom sub-cells are electrically connected in series through a tunnel junction. In a
2-Terminal (2T) tandem solar cell, there is no mid-contact available between the top and
bottom sub-cells, in contrast to the tandem structures with 3 terminals (3T) where a mid-
contact is available [25-27]. So, the impedance contributions from the sub-cells can neither
be measured nor separated. In order to analyze and optimize monolithic tandem cells, new
approaches are required to evaluate the individual sub-cell impedance contributions to the
total tandem impedance.

Several approaches have been used for sub-cell-resolved characterization of tandem
solar cells, including selective light-bias methods, selective optical excitation, and elec-
troluminescence imaging [16,24,28]. In contrast, the present work is a simulation-based
mixed-mode TCAD approach: a floating mid-contact is introduced in the numerical model,
and the small-signal admittance matrix is used to extract the impedance contributions
of the embedded top and bottom sub-cells while they remain electrically coupled in the
2T tandem.

This methodology is proposed to extract information on individual sub-cells by iden-
tifying their respective contributions within specific regions of the Nyquist plot of a 2T
monolithic tandem solar cell. The methodology is implemented within the Sentaurus
TCAD environment, a physics-based numerical simulation framework that solves the
semiconductor transport equations, including Poisson’s equation and the carrier continuity
equations. The proposed approach relies on prior knowledge of the electrical behavior of
the individual sub-cells. To this end, the top and bottom sub-cells are first simulated as
standalone devices to characterize their J-V characteristics and impedance spectra. Subse-
quently, the complete tandem solar cell is simulated under standard test conditions, and
both its J-V characteristics and Nyquist plots are analyzed to determine whether specific re-
gions of the overall impedance spectrum can be associated with the characteristic response
of each sub-cell, consistently with their effective relaxation times.

To investigate the proposed methodology’s effectiveness, the impedance characteristics
extracted from the monolithic 2T tandem device are compared with those obtained from the
individual sub-cells. For validation purposes only, an additional floating electrical contact is
introduced in the TCAD model at the tunnel junction between the top and bottom sub-cells.
This virtual mid-contact enables the extraction of the J-V characteristics and impedance
spectra of each embedded sub-cell without altering the operating conditions of the tandem
structure. In particular, the impedance spectra are obtained from the admittance matrix
computed through AC small-signal simulations, which provide the frequency-dependent
conductance and capacitance of the device [29-34].

The primary objective of this study is to establish a methodology for extracting the
impedance response of the individual sub-cells in monolithic tandem solar cells from the
overall impedance spectrum of a conventional 2T device. As representative case studies, the
proposed approach is applied to monolithic tandem cells operating under both near-current-
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matched and current-mismatched conditions, demonstrating its capability to distinguish
the impedance contributions associated with each operating regime.

The remainder of this paper is organized as follows. Section 2 describes the materials
and methods adopted in this study. Section 3 presents the J-V characteristics and impedance
spectra of the standalone sub-cells. Section 4 analyses the electrical and impedance response
of the tandem device under current-matched conditions, while Section 5 extends the
analysis to near-current-mismatched operation. Section 6 investigates the sensitivity of the
impedance response to carrier lifetime variations. Finally, Section 7 summarizes the main
conclusions of the study.

2. Materials and Methods Used
2.1. Configuration of the Tandem Structure

The tandem cell, shown in Figure 1, is a monolithic perovskite-silicon multijunction
solar cell constructed and modeled in a Sentaurus TCAD environment. The top sub-cell
was designed as a p-i-n structure with Spiro-OMeTAD as the hole transport layer (HTL),
an intrinsic wide-bandgap perovskite absorber layer, and SnO, as the electron transport
layer (ETL). A bandgap of 1.75 eV was selected for the wide-bandgap perovskite to rep-
resent a tandem-relevant top absorber; wide-bandgap perovskite cells with bandgaps
in this range have been reported in the literature [35]. The bottom sub-cell is a silicon
heterojunction, composed of a p-type amorphous silicon layer, a low-doped crystalline
silicon absorber, and an n-type amorphous silicon layer. The sub-cells are monolithically
integrated via highly doped n-type and p-type amorphous silicon layers forming the
interconnection region. The configuration of the complete structure is as follows: Spiro-
OMeTAD /Perovskite(I)/SnO; /a-Si:H(n++) /a-Si:H(p++) / c-5i(i) /a-Si:H(n+). The device
is representative of the state-of-the-art tandem solar cell, and the material parameters are
adopted from the literature as shown in Table 1.

Top Contact

Top Sub-Cell =

SnO2 (ETL) 20nm

Mid Contact/
TunnelJunction

Bottom Sub-Cell = c-Si (i) 300um

7

Bottom Contact

Figure 1. Structure of tandem solar cell.

Table 1. Tandem solar cell material parameters [29,35,36].

Parameters Spiro-Ometad Perovskite SnO, a-Si ¢-Si [29]
Band gap (eV) 3.0 1.75 3.5 1.6 1.12
Electron affinity (eV) 2.45 3.9 4 4.072 4.0727
Doping concentration (cm~3) 2 x 1018 1x 1013 2.5 x 1016 1 x 10% 5 x 1015
2.88 x 1077/ 1x107%/

Electron/Holes lifetime ()

1x1075/1 x10°° 1x 1073 100 x 10

2.88 x 1077 1x10°°
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Table 1. Cont.
Parameters Spiro-Ometad Perovskite SnO, a-Si ¢-Si [29]
Electron/Hole mobilities 4 4 1.41 x 103/
(cmZ-V*Ls*l) 2x107%/2 x 10 2/2 20/10 10/0.1 4.70 x 102
Effective density of states 2.2 x 1018/ 442 x 107/ 2.2 x 1018/ 2.89 x 1019/ )
(cm™3) 1.8 x 10¥ 8.47 x 10'8 1.8 x 10Y 1.8 x 10¥
Dielectric constant 3 6.5 9 3.5 11.7

2.2. Description of Models

The key physical models utilized in the Sentaurus simulation are discussed in this
section. In this work, Synopsys Sentaurus TCAD Version V-2023.12 was used.

The drift-diffusion transport model was enabled for solving Poisson’s equation and the
carrier continuity equations. Moreover, Shockley-Read-Hall (SRH), Auger, and radiative
recombination models were enabled [37-40]. The tunnel junction that connects the sub-cells
plays an essential role in the proper operation of the tandem solar cell, enabling the flow
of electrons and holes between the respective sub-cells. So, at the interface of the tunnel
junction, a non-local mesh was established to provide a path for carrier transport.

Furthermore, a band-to-band tunneling model was activated at the junction of n-type
and p-type amorphous silicon layers in the physics section. The numerical model employed
in this study is based on a simplified description of the perovskite device, in which ionic
migration and trap- or defect-assisted mechanisms within the perovskite absorber are
neglected. The J-V characteristic was simulated at ambient room temperature conditions.
The AM1.5G illumination spectrum was used as a reference for illumination. The transfer
matrix method (TMM) was utilized in determining optical properties. Additional electrical
boundary conditions, contact assumptions, defect assumptions, mesh settings, AC per-
turbation amplitude, frequency sampling, and the DC differential resistance calculation
procedure are summarized in Supplementary Table S1.

3. Standalone Sub-Cells J-V and IS Response Obtained in TCAD

As highlighted above, preliminary knowledge of the sub-cells is needed to apply the
approach. To this end, the individual sub-cells were implemented in TCAD as standalone
devices in order to investigate their static and dynamic electrical behavior. It should be
noted that the standalone sub-cells were defined using exactly the same set of parameters as
those adopted for the corresponding sub-cells within the tandem configuration. Figure 2a
shows the J-V characteristics of the standalone top (blue line) and bottom (dashed green line)
cells, together with the filtered bottom sub-cell (red line). The standalone J-V curves were
simulated under standard AM1.5G illumination and under spectrally filtered conditions
derived from the critical wavelength of the absorber layers. The critical wavelength was
obtained as follows:

Ae = c;chg S %(nm), (1)

where h is Planck’s constant, c is the speed of light, q is the electron charge, and Eg is
the bandgap of the absorber material. Using Equation (1), the critical wavelength was
calculated for the two sub-cells, and they were equal to Actop ~ % eV x 708.5 nm and
AcBottom = 1220 eV 2 1107 nm.

This relation was used to define the simplified filtered illumination condition for the
standalone bottom-cell reference. The cutoff therefore defines the incident filtered AM1.5G
spectrum; TMM is subsequently used to calculate optical propagation and generation
within the standalone device. As expected, the standalone bottom sub-cell exhibits a
substantially higher short-circuit current density under the full AM1.5G spectrum, while
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the filtered spectrum reduces its current density to a value closer to that of the top sub-cell,
thereby reflecting the near-current-matching condition required for tandem operation. In
the present case, the top sub-cell gives a short-circuit current density (Js) of approximately
15.5 mA cm 2, whereas the bottom sub-cell’s Js. reduces from about 31.8 mA cm 2 to
approximately 14.4 mA cm~2 under the filtered spectrum.

In Figure 2a, the maximum power point of each standalone sub-cell is shown as a
circle. Impedance spectroscopy was performed at the maximum power point (MPP) of
each standalone sub-cell, and the corresponding Nyquist plots are presented in Figure 2b
using the same color code already mentioned. In both cases, the impedance response is
characterized by a single semicircular arc, indicating that the dynamics are dominated
by one main relaxation process that can be represented by a parallel RC branch in an
equivalent-circuit description [39]. Within this framework, the high-frequency intercept on
the real axis is related to the series resistance, while the diameter of the semicircle reflects the
differential resistance contribution of the dominant process [40]. The semicircle diameter
provides an estimate of the differential resistance associated with the selected bias point. In
particular, at the maximum power point, the condition dP/dV = 0 yields dI/dV = —1/V.
Therefore, in magnitude, the differential resistance of each sub-cell at its MPP is equal to
the ratio between its operating voltage and current, i.e., | rq |= Vypp/Impp. Accordingly, a
close correspondence is observed between the differential resistance derived from the J-V
characteristics and that inferred from the impedance spectra. The agreement between the
static J-V behavior and the dynamic impedance response confirms the physical consistency
of the standalone simulations and provides a reliable reference for the subsequent tandem
analysis. It is worth pointing out that the J-V characteristics were considered solely to
verify that the numerical model employed for the simulation of the Nyquist plots under
AC conditions also provides a consistent description of the device under DC operation.
Such consistency between AC and DC regimes cannot, in general, be assumed a priori for a
given model.

! ’ ' 5 . i ’ 60 [~ % T T r =1 ¢! T T ]

.......... Bottom filtered 4 Top standalone ]

:_ e v Bottom standalone_: 50 _ ,,,,,,,,,, Bottom standalone _

: Top standalone 3 Bottom filtered ]

MPP: 0.453V 3 & .

. : ] E 40 .

: o C ]

] MPP: 1.258V 1 & ]

. o)

3 L (] 4

: ] £ ]

F MPP: 0.435V 3 N ]
0.5 1 15 ) 100

Voltage (V) Zreal (Q2-cm*)
(@) (b)

Figure 2. (a) J-V characteristics of the standalone top, bottom, and filtered bottom solar cells;
(b) Nyquist plots of the top, bottom, and filtered bottom solar cells.

To verify that the spectral cutoff approach correctly estimates the behavior of the
embedded bottom cell, an optical analysis was performed in TCAD. Transmittance, ab-
sorption, and reflectance spectra for tandem and standalone cells have been obtained. The
transmittance spectrum of the standalone top cell was negligible in the range of wave-
lengths lower than 700 nm. Moreover, as shown in Figure 3a, the absorption spectra of
the standalone bottom cell and the tandem are similar in the range of wavelengths higher
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than 700 nm, with some wavelength-dependent differences introduced by the complete
tandem optical stack. To evaluate the effect of this discrepancy, a further analysis has
been performed. In Figure 3b, the absorbed spectrum normalized to the photon energy,
calculated as S(A)-A(A)/(hc/A), (where S(A) is the incident AM1.5G spectral intensity, A(A)
is the wavelength-dependent absorption, h is Planck’s constant, c is the speed of light,
and A is the wavelength) is reported for both the tandem and standalone bottom cell. The
curves exhibit a good match, and the gap between integrals calculated in MATLAB 2023b
over the range of 700-1200 nm is within 2%, thus indicating that the ideal-cutoff approach
provides a reasonable approximation of the bottom sub-cell illumination.

1 — o — 0.12 T T
’ S~o Standalone:bottom
= — = = =Tandem
=
0.8} >
<
=
S06f =
= =
G 2}
S04l °
= N
©
0.2 g
Standalone bottom A =4
= = =Tandem ~ : :
O 1 i 1 1 0 1 ' i 1
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 3. (a) Absorption vs. wavelength plot for the standalone bottom sub-cell and tandem solar
cell after 700 nm; (b) Absorbed spectrum normalized to the photon energy and wavelength plot for
the standalone bottom sub-cell and the tandem.

4. Tandem J-V and IS Response in the Near-Current-Matched
Configuration

After characterizing the standalone sub-cells, the monolithic tandem device was
simulated in Sentaurus TCAD to obtain its J-V characteristics and impedance response.
Based on the results presented in Section 3, the frequency regions of the tandem-cell Nyquist
plot in which the contribution of each sub-cell is expected to be dominant were identified.
These regions were then analyzed to extract information on the actual operating conditions
of the individual sub-cells within the tandem device, thereby enabling the current-matching
condition to be assessed.

For validation purposes, the internal contributions of the individual sub-cells were
also independently extracted. In the following, the mixed-mode simulation approach im-
plemented in the Sentaurus TCAD environment is first described, with particular emphasis
on the introduction of a third virtual contact into the tandem structure. This additional
contact is used exclusively to extract the internal J-V characteristics and impedance spectra
of the individual sub-cells according to an analytical procedure based on the admittance
matrix, which is described in detail in the following. Finally, the results are presented and
discussed at the end of the section.

In the Sentaurus TCAD environment, biasing and the injection of a small-signal AC
component are achieved through a SPICE-like approach by defining appropriate sources
connected to the electrical terminals of the device as shown in Figure 4a,b. In a two-terminal
tandem solar cell, to access information related to the behavior of the internal sections of the
device, a simulation strategy was implemented based on the introduction of a mid-contact,
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to which probing sources can be connected and from which internal physical quantities
can be extracted.

The mid-contact was introduced at the junction between the n-type and p-type amor-
phous silicon layers within the tunnel junction. The contact serves as an internal probe that
allows access to the electrical node between the top and bottom sub-cells. The mid contact
needs to be a floating contact in order to probe the internal voltage response without allow-
ing any external current to flow through this node, thereby preserving the series-connected
operation of the top and bottom sub-cells within the tandem structure. But to improve
convergence, two 8 MQ) lumped resistors in parallel with the top and bottom sub-cells were
introduced as shown in Figure 4a. For the complete tandem, TMM is applied directly to
the full multilayer stack under AM1.5G illumination. The simplified cutoff is used only
as a reference approximation for the standalone bottom cell and is not presented as the
exact transmitted spectrum of a fabricated tandem. Using this configuration, the J-V plots
of the top, bottom, and tandem solar cell were extracted. The proposed methodology is
intended to provide numerical access to the otherwise inaccessible top and bottom-sub-cell
dynamics of a 2T tandem structure. Therefore, the physical device remains a two-terminal
structure, while the virtual internal node is used only as a numerical diagnostic probe.
A corresponding real device can be reproduced in TCAD using its layer structure and
material parameters, after which the proposed extraction procedure can be applied without
modifying the physical device architecture.

Pac

TopSub-Cell o

Mid Contact/
TunnelJunction— *

Top Contact Ip Top Contact
3 8MQ g 8MQ
Mac
$n02 (ETL) 20nm — SO2(EID2000) | O
* ) vic m
-
aMQ
8sMQ
c-Si (i) 300um
Bottom Sub-Cell < ¢-Si (i) 300um
/' Bottom Contact /
— —
— "= ACground
-
(a) (b)

Figure 4. (a) Mixed-mode configuration for extracting J-V curves for tandem, top, and bottom sub-
cells. (b) Two-port network configuration for extracting the Nyquist plots for the tandem, top, and
bottom sub-cells.

Furthermore, for the AC analysis the top terminal was defined as the p,. node, the
internal mid-contact as the m,. node, and the bottom terminal was used as the AC ground,
and a small-signal AC source is also superimposed on the DC bias. The tandem for a
given DC bias is analyzed as a two-port network, where the AC terminals pac and m, are
referred to ground as shown in Figure 4b. The small-signal AC analysis was performed
at the MPP of the tandem device over the frequency range from 1 mHz to 1 MHz. The re-
sulting small-signal currents and voltages were used to construct the frequency-dependent
admittance response.
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To perform the two-port AC analysis, TCAD’s AC simulation framework was used; a
2 x 2 admittance matrix was obtained for the two AC nodes, p,. and m,., with respect to
the bottom terminal as ground. The linear small-signal relation can be written as

Ip (w) Vp, (W)
Lm(w) 1 @)

Ypp(w)  Ypm(w)
Yip (@) Ymm(w)

where Ip and Im are the small-signal currents at nodes p,. and m,c, respectively. While Ypp,
Ypm, Ymp, and Ymm are the four admittance vectors, w = 2ntf (where f is the frequency),
and Vp,__is the imposed small-signal excitation amplitude. Each admittance component
contains a real and imaginary contribution and can be expressed as

Y(w) = A +jwC @)

where A = conductance, C = capacitance.
The node mac is floating, which means that no external AC current is injected into that
node. Therefore,
Im(w) =0. 4)

Substituting Equation (4) into the second row of Equation (2), the floating-node voltage

is obtained as
Ymy
Vine (@) = =g v, (w). 5)

With V. determined from Equation (5), the small-signal current at the node p, . can
be calculated from the first row of Equation (2):

Ip(w) = Ypp(w) Vp, (@) + Ypm(w) Vi, (w). (6)

Using the equations above, the tandem, bottom, and top Nyquist plots were generated
using Equations (7)—(9), and the additivity check was performed using Equation (10). This
additivity follows from the impedance definitions and is treated as an internal numerical
consistency check.

Zandem (@) = 1.5y 7)
Zbottom((l)) = Vin;(Ci(S)(’)U)/ (8)
Ztop(w) = W' (9)

Ztandem(w) = Zt0p(w) + Zbottom(w)/ (10

In this way, the method allows the coupled monolithic tandem response to be separated
into sub-cell-resolved impedance spectra at the selected operating point. This is particularly
useful because standalone sub-cell simulations provide only reference behavior, whereas
the proposed approach directly extracts the actual electrical response of each sub-cell while
it remains coupled within the tandem device.

Furthermore, to prove that the contribution of the parallel resistances is negligible. A
sensitivity analysis using 8 M(}, 8 G}, and 8 T(} is provided. As evident from Figure 5a,b,
the J-V curves, Nyquist arc diameters, and the effective peak frequencies remained prac-
tically unchanged. This confirms that the resistors only stabilize the floating mid-contact
numerically and do not materially affect the reported impedance response. Since the impact
of the two resistances is not appreciable, their contribution is not explicitly discussed in the
following, although they are still included in the equivalent circuit.
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Figure 5. (a) J-V characteristics of the tandem solar cell at 8 M(2, 8 G(}, 8 T() resistors under current-
matched condition, (b) Nyquist plots of the tandem solar cell at 8 MQ), 8 GQ), 8 T} resistors under

current-matched condition.

Using the mixed-mode extraction method described earlier, the tandem device was
first analyzed under the near-current-matched configuration. Figure 6a. shows the J-V
characteristics of the tandem device together with the extracted top and bottom sub-
cells under this condition. The tandem short-circuit current density is approximately
14.2 mA cm 2, which is close to the short-circuit current density obtained for the filtered
standalone bottom sub-cell (14.4 mA cm~2) and the top sub-cell (15.5 mA cm™2), as shown
earlier in Figure 2a. This suggests that the tandem solar cell is operating near the near-
current-matched condition. The extracted sub-cell J-V curves show the expected series-
coupled behavior, where the top and bottom sub-cells share the same Js. but contribute
different open-circuit voltages to the total tandem open-circuit voltage. The MPP is also
highlighted in Figure 6a and represents the bias point used for the impedance analysis.

T Frrprvorryg G LA LA B A L L LA B 100 T T T T T T T T T
[ Tandem [ Tandem
[ Top subcell (in tandem) Top
- Bottom subcell (in tandem) . 80 Bottom 7
[ « Fssssssnnes TOp + Bottom (sum)
A MPP: 0.540 V MPP: 1.242 V € -
L ] O 60} -
[ 0 & - :
[ . ]
L ] 40 F -
- | ]
; ] 20 o s3akHz -
/ foeak = 1.63 kH2)\ Peak \
| IS I BRI ' PR RS S SRR 0 L L L L 1 L . L L 1 L X s
-1 -0.5 0 0.5 1 1.5 2 0 50 100 150
Voltage (V) Z eq (2 cm?)
(@) (b)

Figure 6. (a) J-V characteristics of the top, bottom, and tandem solar cell under near-current-matched
condition; (b) Nyquist plots of the top (in-tandem), bottom (in-tandem) sub-cells and tandem solar
cell under near-current-matched condition.

Figure 6b reports the corresponding Nyquist plots for the tandem device and for the
extracted top and bottom sub-cells under the same near-current-matched condition. In
this case, the extracted differential resistance of the tandem is approximately 131.5 Q-cm?,
while the differential resistances of the top and bottom sub-cells are about 67 (3-cm? and
64.4 O)-cm?, as shown in Table 2. The exact agreement between the tandem differential
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resistance and the sum of the two extracted sub-cell differential resistances confirms that the
mixed-mode formulation correctly partitions the total tandem impedance into physically
meaningful top and bottom contributions. Also, the calculated Nyquist response from the
J-V curves of Figure 6a at MPP (also called the DC analysis) under the near-current-matched
condition shows that the top and bottom sub-cells contribute nearly equally to the total
impedance of the tandem solar cells, as shown in Table 2. As evident from Table 2, the
comparison between the static DC analysis and the lowest-frequency AC analysis shows
good agreement of the results.

This can also be visualized from the lowest differential resistance value from the
sub-cells” arc diameters, Figure 6b. Differential resistance at MPP was calculated using
R_diff = dV/dI from the J-V curves for the tandem, top, and bottom sub-cells. The small
discrepancies observed between the values extracted from the Nyquist plots and those
derived from the J-V characteristics and reported in the table can be mainly attributed to
two factors. First, the slope of the J-V characteristic at the operating point is numerically
estimated through an incremental ratio using two consecutive points of the simulated
curve, thus introducing a finite-step approximation error. Second, the comparison implicitly
assumes equivalence between a quantity derived from a static characterization, i.e., J-V
curve tracing, and the corresponding quantity obtained from a small-signal AC analysis.
Although the latter is evaluated at a very low frequency (1 mHz), a residual discrepancy
between the static and low-frequency AC responses may still be present.

Table 2. DC and AC differential resistance comparison for the top, bottom, and tandem solar cell
under current-matched conditions.

Differential Resistance Low-Frequency Impedance at MPP
Calculated at MPP from the Measured by Small-Signal Deviation
Slope of the J-V Curves AC Analysis (%)
Q-cm? Q-cm?
Tandem Solar Cell 130.1 131.5 1.08
Top Sub-Cell 63.6 67.1 5.50
Bottom Sub-Cell 66.5 64.4 3.16

It should also be noted that the tandem’s MPP current (13.8 mA cm~2) lies between
the MPP current values of the standalone top (15.0 mA cm~2) and bottom (13.5 mA cm™?)
sub-cells. Therefore, although the near-current-matched condition is closely approached,
the operating currents of the sub-cells are not exactly identical to their standalone MPP
conditions. This small difference explains the slight variation in the shape and amplitude
of the extracted sub-cell Nyquist arcs compared with the standalone spectra.

In particular, if the sub-cell Nyquist plots of the tandem are compared with the
standalone Nyquist plots, the top sub-cell arc shows a reduction in differential resistance,
whereas the bottom sub-cell arc increases, which is consistent with the tandem MPP current
relative to the standalone top and bottom MPP currents. This means that both the sub-
cells are showing nearly equal resistance to the current in the tandem under near-current-
matched conditions. In addition to the differential resistance contribution obtained from the
arc diameter, the peak frequency of each extracted Nyquist arc provides information about
the corresponding sub-cell based on the effective relaxation time constant. The effective
relaxation time constant of the sub-cells is dependent on multiple physical mechanisms,
in which the carrier lifetime is also an important contributor; this interpretation is further
supported by the carrier lifetime sensitivity analysis in Section 6. In the current-matched
configuration Figure 6b, the tandem spectrum highlights two peak frequency values, which
are consistent with the extracted top and bottom sub-cells peak frequencies. This further
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confirms that the extracted impedance signatures of the individual sub-cells are correct and
can be separated using the mixed-mode approach, providing direct access to the tandem
and its internal sub-cell contributions.

A limitation of the proposed decomposition is that the assignment of individual
impedance features becomes more ambiguous when the characteristic relaxation frequen-
cies of the top and bottom sub-cells strongly overlap. The present TCAD results represent
an ideal noise-free numerical case, whereas, in experimental measurements, noise and
overlapping relaxation features may further reduce the reliability of the sub-cell assignment.
The proposed decomposition is therefore most reliable when the characteristic responses of
the two sub-cells exhibit sufficiently separated peak frequencies.

Moreover, particular attention should be paid to possible hysteresis in the J-V char-
acteristics, as it may affect the consistency between the static J-V characterization and the
impedance response. To mitigate this effect, the J-V characteristic obtained by averaging
the forward and reverse voltage scans may be considered, while a sufficiently low scan rate
(e.g., 10 mV/s) should be adopted to approach quasi-steady-state conditions.

5. Tandem J-V and IS Response in the Current-Mismatched Configuration

To further assess the sensitivity of the proposed mixed-mode approach, a current-
mismatched configuration was also investigated. In this case, the bandgap of the top
perovskite absorber was reduced from 1.75 eV to 1.64 eV, which modifies the current
density balance between the two sub-cells and drives the tandem away from the near-
current-matched configuration. The reason for reducing the bandgap of the top absorber
from 1.75 to 1.64 eV was to increase the absorption capability of the top sub-cell and create
a condition in which one of the sub-cells is limiting the overall current to implement our
methodology. Figure 7 shows the J-V characteristics of the standalone top (perovskite) and
bottom (c-Si) cells, together with the filtered bottom sub-cell under this condition. The

J-V curves highlight that, under this condition, the Jsc of the standalone top sub-cell is
19.0 mA cm—2 and for the bottom sub-cell is 12.6 mA cm 2. Similarly, from Figure 8a it is

also evident that the tandem’s Js., which is now 12.9 mA cm 2, indicates that the device is
now current-limited by the bottom sub-cell.

35¢ I ——————
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B Top standalone ]
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Figure 7. J-V characteristics of the standalone top, bottom, and filtered bottom solar cells under
current-mismatched conditions.
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Figure 8. (a) ]-V characteristics of the top, bottom, and tandem solar cells under current-mismatched
conditions. (b) Nyquist plots of the top (in-tandem), bottom (in-tandem) sub-cells and tandem solar
cell under current-mismatched conditions.
To further validate this analysis numerically, the corresponding Nyquist plots in
Figure 8b show that the tandem differential resistance is approximately 130 Q-cm?, while
the extracted resistances of the top and bottom sub-cells are about 11.6 Q-cm? and
118.5 O)-cm?, respectively. The tandem differential resistance is exactly equal to the sum of
the extracted sub-cell resistances, confirming that the proposed method continues to extract
the total response correctly even when the tandem is operated under the mismatched
configuration. Even under current-mismatched conditions, the proposed model remains
valid in both DC and AC regimes, as demonstrated by the good agreement between the
corresponding results reported in Table 3.
Table 3. DC and AC differential resistance comparison for the top, bottom, and tandem solar cells
under current-mismatched conditions.
Differential Resistance Low-Frequency Impedance at MPP
Calculated at MPP from the Measured by Small-Signal Deviation
Slope of the J-V Curves AC Analysis (%)
Q-cm? Q-cm?
Tandem Solar Cell 130.7 130.2 0.38
Top Sub Cell 11.7 11.6 0.85
Bottom Sub Cell 119.0 118.6 0.34

However, a clear redistribution of impedance contribution is observed in the current-
mismatched case. The top sub-cell arc becomes significantly smaller, whereas the bottom
sub-cell arc expands and dominates the overall tandem response. This behavior indicates
that the bottom sub-cell becomes the limiting section under the mismatch case. The change
in arc diameter/differential resistance therefore provides a direct indication of how the
differential resistance contribution is redistributed between the two sub-cells when the
short-circuit current density balance is modified under the current mismatch case.

Although the Nyquist response remains composed of characteristic sub-cell-related
features, the relative contribution of these features changes substantially compared with the
near-current-matched case. The persistence of the characteristic peak frequency features in
the extracted impedance spectra for the bottom sub-cell indicates that the same sub-cell-
related relaxation processes remain present, while the variation in arc amplitude reflects
the shift in the dominant differential resistance contribution. This comparison between
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the near-current-matched and current-mismatched cases highlights the capability of the
mixed-mode extraction method. It shows that the tandem impedance response can be
decomposed into top and bottom contributions and that the transition from matched to
mismatched operation is directly reflected in the Nyquist spectra through variations in

arc diameter and differential resistance. In this way, the proposed approach provides a

practical route for diagnosing the role of each sub-cell in the operation of the monolithic

tandem solar cell.

6. Carrier Lifetime Sensitivity Analysis

After validating the mixed-mode extraction method under both near-current-matched
and current-mismatched conditions, a carrier lifetime sensitivity analysis was added as
an additional robustness check. In this analysis, the electron and hole lifetimes in the
perovskite absorber were assumed to be equal and were varied simultaneously. Figure 9a
shows the corresponding J-V characteristics of the tandem, while Figure 9b presents the
Nyquist plots for the tandem, top, and bottom sub-cells. The extracted differential resistance

values are summarized in Table 4.
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Figure 9. (a) J-V characteristics of the tandem solar cell with different carrier lifetimes, with MPP
denoted by the small squares and circles. (b) Nyquist plots of the top (in-tandem), bottom (in-tandem)
sub-cells and tandem solar cell under different carrier lifetimes, with MPP denoted by the small

squares and circles.

Table 4. DC and AC differential resistance comparison for the top, bottom, and tandem solar cells

under different carrier lifetimes.

Carrier Lifetime (s) 2.88 x 106 2.88 x 107
Tandem differential resistance at the lowest frequency (Q-cm?) 134.5 131.58
Top differential resistance at the lowest frequency (Q-cm?) 59.3 64.5
Bottom differential resistance at the lowest frequency (Q-cm?) 75.16 67.08

The results show that changing the carrier lifetime modifies the MPP position, the
differential resistance magnitude for the tandem, and the peak-frequency position of the
top sub-cell. As shown in Figure 9b, the shift in the top sub-cell peak frequency caused
by the change in carrier lifetime is effectively tracked by the proposed methodology. At
the same time, the total tandem impedance remains consistent with the separated top
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and bottom sub-cell contributions. This confirms that the proposed methodology can also
follow changes in the dynamic response of the sub-cell under material-parameter variation.

7. Conclusions

This work presented a diagnostic methodology for monolithic perovskite/silicon
tandem solar cells based on the combined analysis of static and dynamic electrical charac-
teristics. By preliminarily characterizing the individual sub-cells, the frequency ranges in
which each sub-cell mainly contributes to the overall tandem impedance can be identified
and subsequently used to interpret the response of the complete monolithic device. The
proposed approach was investigated through TCAD simulations performed in the Sentau-
rus environment on both the standalone sub-cell structures and the sub-cells embedded
within the tandem device. To enable direct access to the individual sub-cells in the tan-
dem configuration, an additional test contact was introduced at the intermediate contact
(mid-contact) between the two sub-cells. The extracted Nyquist response showed distinct
sub-cell contributions with different arc amplitudes and peak frequencies. The arc ampli-
tude was associated with differential resistance, while the peak frequency was interpreted
as an effective relaxation feature rather than a direct measure of the absorber layer’s carrier
lifetime. The proposed approach was then used to investigate the impedance spectra under
both near-current-matched and current-mismatched operating conditions. The results
show that the contributions of the individual sub-cells can be effectively distinguished from
the tandem Nyquist response, providing information on their actual operating conditions.
These findings highlight the potential of the proposed methodology as a diagnostic tool
for identifying performance limitations and supporting the optimization of monolithic
perovskite/silicon tandem solar cells.
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TCAD simulation.
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AC Alternate current

a-Si:H Hydrogenated Amorphous silicon
c-Si Crystalline silicon

DC Direct current

ETL Electron transport layer

HTL Hole transport layer

IS Impedance spectroscopy

MPP Maximum power point
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