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ABSTRACT

Identification of charge carrier separation processes in perovskite/silicon tandem solar cells and recombination at buried inter-
faces of charge selective contacts are crucial for photovoltaic research. Here, intensity- and wavelength-dependent transient sur-
face photovoltage (tr-SPV) is used to investigate slot-die-coated perovskite top layers deposited on n-type heterojunction silicon
bottom cells. We show that using an appropriate combination of photon energy and/or bottom cell polarity, one can individually

probe the buried interfaces of the bottom silicon cell or the perovskite’s buried interfaces of a tandem solar cell: for excitation with

higher energy photons, time delays before the onset of a strong SPV signal indicate significant hole minority drift before separation

in the silicon bottom cells. Furthermore, symmetric bottom Si heterojunction solar cell stacks can serve to investigate the top
perovskite stack including its junction to the bottom cell, unhampered by photovoltages from the silicon substrate. Thus, investi-
gation of the buried interfaces in tandem devices using time-resolved surface photovoltage is found to yield valuable information
on charge carrier extraction at buried interfaces and demonstrates its unique potential compared to more conventional

approaches that rely on photoluminescence decay kinetics.

1 | Introduction

Perovskite/silicon (Si) tandem solar cells have demonstrated high
solar energy conversion efficiencies in the past few years. Most of
the highest-efficiency solar cells are now based on n-type silicon,
marking a significant shift from the previous dominance of
p-type wafers in 2024 [1-3]. Nowadays, the most efficient solar
cells are silicon heterojunction (SHJ) cells using crystalline
silicon (c-Si) wafers as the absorber and hydrogenated amor-
phous or nanocrystalline silicon/silicon oxides (a-Si:H or nc-Si:
H/nc-SiOx:H) to form the contacts for charge extraction. Such

SHJ cells are also used in today’s most efficient perovskite/silicon
tandem cells [4], which make them strong candidates for upscal-
ing and industrialization [5].

A full tandem solar cell stack is comprised of many different
layers that result in numerous interfaces. Optoelectronic charac-
terization of the individual electronic junctions that are formed
in each of these interfaces is a challenging task, not only because
most of them are buried interfaces, but also because they can be
affected by the overall built-in field within the device. Using
Kelvin probe and photoelectron yield spectroscopy to measure
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SPV, we recently demonstrated the importance of the built-in
field (or: voltage) in the perovskite cell device stack for charge
carrier separation and its crucial dependence on the contact
metal’s work function [6]. To date, most optoelectronic charac-
terization of tandem solar cells is done by absolute or transient
photoluminescence (tr-PL) [7-9] and current (density)-voltage
(J-V) measurements both in the dark and under illumination.
These methods enable investigation of various properties but suf-
fer several drawbacks. To name a few, J-V characterization
requires fabrication of the entire device including electrical con-
tacts, which does not allow investigation of a single interface.
Using tr-PL, one cannot disentangle interfacial defect-assisted
recombination from charge extraction (e.g., blocked transport
by energetic misalignment at the interfaces) without additional
measurements [10]. Thus, understanding fill factor losses and
quantifying the charge carrier dynamics at a specific interface
over various time regimes of full tandem solar cells remains a
longstanding challenge.

This work is dedicated to analyzing the charge carrier dynamics
occurring in slot-die-coated perovskite thin film coated on two
different bottom Si heterojunction structures: (1) a heterojunc-
tion solar cell on n-type c-Si, and (2) a c-Si (n)/ nc-SiOx:H
(n+) symmetric Si heterojunction, by utilizing excitation wave-
length and intensity-dependent, transient surface photovoltage
(transient SPV or tr-SPV) measurements. In contrast to J-V
and PL measurements, SPV measurements do not require elec-
trical contacts and do not suffer from the ambiguity that tr-PL
presents when disentangling carrier extraction from nonradiative
recombination. This allows to investigate and isolate individual
interfaces even in very complicated layer stacks, by studying the
layers in a step-wise manner. Furthermore, since tr-SPV relies on
electrical detection of the change in the surface potential, rather
than photons as in the case of tr-PL, a significant gain in sensi-
tivity can be obtained, which is especially beneficial when study-
ing materials with extremely low photoluminescence quantum
yield. An SPV signal is generated upon light-induced separation
of charge carriers, with the direction of charge separation given
by the sign of the SPV signal [11]. A positive (negative) SPV signal
indicates the separation of holes (electrons) being displaced
toward the SPV probe’s surface. Our previous study on single-
junction perovskite solar cells demonstrated that tr-SPV meas-
urements yield valuable information on the charge carrier
dynamics in buried interfaces over a wide time range from nano-
seconds to seconds [10]. Varying the excitation wavelength
allows exciting separately the Si bottom cell or the perovskite
top cell, provided that the top cell absorbs close to all photons
excited. Such selective excitation of the bottom and top cells indi-
vidually was recently applied using electrochemical impedance
spectroscopy by Roose et al.[12], demonstrating how the
response of the individual cells can be recorded separately, yet
it still requires an often-complex electrical circuit modeling,
which can be omitted by using tr-SPV.

In the following, a low repetition rate of 2 Hz is employed to fully
capture the charge carrier dynamics after photoexcitation and
observe minute differences in the tr-SPV decays that could origi-
nate from very slow recombination processes, slow diffusion of
carriers within the bulk of the c-Si, trapping/de-trapping of
charge carriers from deep traps, and back-injection of charge car-
riers into the absorber layers.

First, we show an energy band diagram for the Si bottom cells to
present similarities and differences in the different stacks used.
Next, wavelength-dependent and intensity-dependent tr-SPV are
recorded and investigated for the different layer stacks. Last,
based on the differences in the tr-SPV transients between the
samples, a model that describes the charge separation and recom-
bination processes is introduced and discussed.

2 | Results and Discussion: Tandem Stacks and
Band Alignment

The two types of tandem architectures are shown in Figure 1A,
B for the SHJ and symmetric-SHIJ, respectively. In both cases,
the light absorber of the top cells is an 800 nm thick triple-
halide perovskite layer (Csy.,FAg7sPb (Iog5Bro.15); +5 mol%
MAPDCI; (hereafter named perovskite) with 1.68 eV bandgap.
As a hole extraction contact to the perovskite layer (hole trans-
port layer, hereafter named HTL), a self-assembled monolayer
of 2PACz ([2-(9H-Carbazol-9-yl)ethyl]phosphonic acid) was
deposited on the ITO substrate. The key difference between
the SHJ and symmetric-SHJ stems from the presence or absence
of the p+/n selective junction (hole contact) at the back of the
tandem stack. The nc-SiOx:H (n) is a surface field layer that
minimizes surface recombination and improves the ohmic con-
tact to the ITO layer. Analogously to the HTL in perovskite solar
cells as hole selective layer, the nc-SiOx (n) acts as charge selec-
tive layer (for electrons, in this case), but provides almost no
built-in field. The n+/n/n+ stack in Figure 1B is thus an ‘all-
electron’ majority carrier device. Electrons can easily flow
through it toward the tunnel-recombination junction with
the perovskite top cell, but due to its symmetry and negligible
band bending at both interfaces, no (pronounced) net SPV sig-
nal can build up in the n+/n/n+ stack. The lack of band bend-
ing is exemplified in Figure S3 (comparison of p+/n/n+ versus
n+/n/n+), where the SPV amplitude is greatly reduced for the
symmetric-SHJ solar cell.

Hence, by employing a symmetric back contact, we effectively
suppress bottom-cell-related contributions, allowing for an
unambiguous investigation of the buried perovskite front
interface.

Next, we focus our attention on tr-SPV measurements for both
the SHJ and the symmetric-SHJ bottom cells, covered with thick
triple-halide perovskite layers.

2.1 | Wavelength-Dependent SPV

To study the charge carrier dynamics in the individual subcells of
the tandem structure, wavelength-dependent tr-SPV measure-
ments were performed, as shown in Figure 2. By selecting the
laser excitation wavelength, we selectively excite either only
the bottom cell, or mainly the top perovskite cell. To obtain a
good signal-to-noise ratio across all photon energies, relatively
high laser fluences were used. However, we ensured that the pho-
ton flux is nearly constant at different wavelengths, as shown in
Figure S2 in the Supplementary information. All observed SPV
values were negative as expected: since both subcells have holes
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FIGURE1 |

Sketch of the estimated energy band diagrams (neglecting interface dipole for the 2-PACz layer), including the illumination direction;

(A) SHIJ: n-type Floatzone (FZ) Si (c-Si (n)) heterojunction with an a-Si:H (p+) layer on the rear side of the Si bottom cell (SHJ) and a triple-halide
perovskite top cell. (B) Symmetric-SHJ: n-type FZ Si (c-Si (n)) heterojunction cell with nc-SiOx:H (n+) layers on both sides of the Si wafer and a slot-
die-coated triple-halide perovskite top cell. In both cases, the Si wafer was ~250 pm thick.
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lengths (1.03-2.69 V) and a repetition rate of 2 Hz. The silicon substrate is approximately 250 pm thick.

10 107 10% 10° 10* 10° 102 107

Transient-SPV signals for SHJ (A, C) and symmetric SHJ (B, D) using front (perovskite side) illumination at different excitation wave-
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extracted toward their respective rear contact (right side
Figure 1A,B), while electrons are separated toward the front side
where the SPV electrode is located.

Starting with the tandem with an SHJ bottom cell in Figure 2A,
excitation from 1.03 to 1.50eV is purely absorbed by the Si
absorber (for the external quantum efficiency (EQE) spectra of
both subcells, see Figure S6 in the Supplementary information).
At 1.19eV, the inverse of the absorption coefficient is
a™! ~1000 yum for Si [13], meaning the generation profile in
the silicon wafer is homogeneous. For this case, we observe a
sharp and fast initial SPV peak of 326 mV. A higher photon
energy of 1.50eV (where a™! ~ 19 pm, with carriers generated
toward the front contact Si junction), results initially in a small
negative SPV of around 12 mV, which remains nearly constant
for around 3 ps. We explain this small first initial SPV as corre-
sponding to the reduction of the weaker front contact band bend-
ing in the Silicon absorber. This leads to extraction of electrons
into the front recombination ITO layer. Afterward, a sharp,
delayed second rise in the SPV is observed. The SPV signal
remains rather constant up to 3 ps. This suggests that the number
of photogenerated electrons and holes, which were separated in
space, did not increase during this period. This is because in the
SHI, the electron-hole pairs photo-generated at the Si front side
undergo ambipolar diffusion into the Si bulk with different elec-
tron and hole mobilities until they reach the rear side selective
layer (hole contact), reducing the stronger back contact band
bending and leading to hole extraction, generating a second
delayed and stronger rise in SPV. Under similar photon fluence,
the SPV with 1.19 eV excitation attains a peak value of —326 mV
whereas the 1.39 eV excitation yields only —70 mV after 2 ps. This
can be explained due to recombination of electron-hole pairs
during the diffusion of these carriers to the rear n/p+ interface.
Note that the recombination of electron-hole pairs during diffu-
sion will correspond to decreased performance of a solar cell.
Hence, assuming our interpretation of the results is correct,
the tr-SPV measured on the perovskite/SHJ stack at a photon
energy of 2.69 eV indicates that the back contact band bending
is suppressed due to the arrival and extraction of holes 6 ps after
the excitation pulse (SPV maximum in Figure 2C, purple curve).
To quantitatively confirm this interpretation, diffusion simula-
tions were conducted (Supplementary Notes SIL.6 and SI.7).
The differential equations ES1 and ES2 account for carrier diffu-
sion as well as nonradiative Shockley—Read-Hall (defect recom-
bination) and Auger processes. Note that these simulations are
drift-only and do not account for possible transient effects due
to electric fields caused by the dynamics of charge redistribution.
To compensate for this limitation, we use known ambipolar dif-
fusion coefficients, which incorporate the coupling of electrons
and holes via their Coulombic attraction.

At a photon energy of 1.5 eV, the simulations show that the ambi-
polar arrival time is approximately 7,mpipoiar =17 ps (see Figure
S7C), indicating that carriers require on average 17 ps to diffuse
through the full 250 pm wafer thickness. This value is about three
times larger than the experimentally observed SPV peak time,
Texp = 6 pis (see Figure 2A, green curve).

At 6 ps after the laser pulse, we estimate that carriers have dif-
fused an average distance of Ly, = \/2Dambipolar Texp = 130 pm, as

derived from Fick’s law, using Dyppipolar = 14.3 cm? s~ (from ref.
[14]). This implies that only carriers photogenerated within the
final 130 um from the back can contribute to canceling the back
contact band bending, at ¢ <7,

To test this hypothesis, we evaluate whether there are enough
photogenerated carriers present within this region. For this,
we integrate the carrier density over the final 130 pm of the wafer
and assume these carriers reside within the back contact band
bending region. This gives:

Ji_r, Ap(x)dx

Linversion

APpack = =2210%cm~3 €))

with Liersion & 500nm [15], corresponding to the thickness of
the back contact band bending region. This excess carrier con-
centration corresponds to a quasi-Fermi level splitting (QFLS) of:

Ap?
QFLS=kTIn (%) ~ 750 meV (2)

i

which agrees well with the expected value for the built-in poten-
tial of an SHJ (~800 meV) [16].

Therefore, the initially photogenerated carriers within the rear 130
pm of the wafer are sufficient to suppress a significant portion of
the back contact band bending. This supports our interpretation
that early SPV signals (7,y, < Tampipolar) OTiginate from these car-
riers generated in the bulk of the wafer reaching and neutralizing
the back contact field, before the full diffusion of carriers.

Ambipolar diffusion of charge carriers can also explain the shifts
in the observed times of the second SPV peaks of Figure 2A. As
the excitation wavelength decreases, photogeneration takes place
further away from the rear side, resulting in larger diffusion
lengths and hence longer diffusion times (see the two green
curves of Figure 2A, as well as Figure S3A). To further prove that
the ambipolar diffusion plateau is related to the Si bottom cell
only, an independent measurement was conducted on a
250 pm Floatzone Heterojunction Si substrate (without a perov-
skite layer, shown in Figure S3 A and B), where similar charge
carrier dynamics were observed. The diffusion simulation results
of Figure S7 also show that the resulting electron arrival times
indeed increase as a function of photon energy and will saturate
for photon energies larger than 1.5eV. The saturation value at
E>1.5eV in Figure S7C is consistent with the saturation of
the SPV peak time. Thus, based on a) the experimental confir-
mation that an SHJ-only cell exhibits an SPV plateau at early
times (see Figure S3A), along with b) simulation results that
align with the experimentally observed increase in carrier arrival
time as a function of photon energy, and c) the observed decrease
in arrival time with increasing pulse power (Figure 3, with fur-
ther discussion in the next section), we conclude that the delayed
SPV rise is indeed caused by ambipolar diffusion of photogener-
ated electrons and holes toward the rear side of the silicon wafer.

Interestingly, although ambipolar diffusion has been observed
and investigated in silicon previously, it has been rarely discussed
in the context of SHJ solar cells. This is primarily because earlier
studies typically illuminated SHJ devices from the p/n-junction
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FIGURE 3 | Intensity-dependent transient SPV measurements for
perovskite on a silicon heterojunction cell with front side illumination
at 600 nm laser excitation at 2 Hz repetition rate.

side to evaluate interface quality and carrier extraction efficiency
[17]. Under such conditions, the ambipolar diffusion signal is
largely masked by the dominant response associated with the
cancelation of band bending in the p/n junction.

In contrast, the front-side illumination used in Si/perovskite tan-
dem devices on n-type wafers—where light enters from the top
while the p/n junction resides at the back of the Si cell—brings
ambipolar diffusion effects to the forefront. Our results thus
identify ambipolar diffusion as a significant charge transport
mechanism in SHJ silicon cells with a rear p-contact under tan-
dem-relevant conditions.

That said, we do not expect this ambipolar signal to introduce
significant performance losses in tandem applications. Indeed,
the most efficient single-junction silicon solar cells today also
employ heterojunction p-contacts on the wafer’s rear side, inter-
digitated with n-the n-type contact—namely, the heterojunction
back-contact (HBC) design [18, 19]. Furthermore, in tandem con-
figurations, only low-energy photons reach the silicon bottom
cell. Thus, the photogeneration profile in the Si wafer is less
depth-dependent in tandems than in a Si single junction solar
cell. As such, ambipolar transport in these devices is unlikely
to limit overall performance.

For the SHJ tandem, in the 1.6-2.7 eV range (Figure 2C), as the
excitation wavelength decreases, more and more electron-hole
pairs are generated in the perovskite layer. Therefore, the initial
peak at 0.37 ps (which is absent from the Si-only SHJ cell as
shown in Figure S3 A and B, as expected) is related to hole extrac-
tion to the HTL underneath the perovskite layer. The holes
extracted from the perovskite layer then recombine at the inter-
face to the n-type ITO layer, which supplies the electrons
required as recombination partners. Note that in the measure-
ment conditions presented, we still observe the delayed SPV peak
(at 1 ps) linked to the extraction of holes at the n/p+ interface on
the rear of the silicon bottom cell.

To further separate the different contributions of the perovskite/
HTL hole extraction interface and the silicon n/p+ interface,
tr-SPV was also measured for symmetric-SHIJ stacks as substrates
for the perovskite top cell. Replacing the (n/p+) junction at
the Si wafer’s rear with an n/n+ contact suppresses the signal
from the bottom silicon cell while keeping the exact same proc-
essing steps and overall structure for the perovskite top cell. This
assures device-relevant properties of the perovskite cell stack.
The results are plotted in Figure 2B,D. First, at lower energies
(Figure 2B), we confirm that the SPV signal emerging from
the silicon bottom cell was effectively suppressed. Similarly to
the early rise for the SHJ (Figure 2A), we do observe slight nega-
tive signals for 1.4 and 1.5 eV excitations. Again, we ascribe this
to the elimination of the weaker front n/n+ band bending,
accompanied by injection of electrons from the n-silicon into
the n+ contact. It is of interest that for the longer wavelengths,
no such signal is observed. There the small front and rear oppos-
ing built-in fields are both suppressed, leading to SPV signals that
cancel out, which we ascribe to be due to a more homogeneous
generation profile.

Finally, in Figure 2D, at higher excitation energies (Si + Pero
excitation), we show the presence of a negative SPV signal. In
comparison to Figure 2B, we do not observe any delayed SPV rise
at 1 ps. Therefore, the observed signal mainly originates from the
top perovskite solar cell, with much reduced contribution from
the bottom silicon cell. We also confirm this by showing that the
tr-SPV signal of a perovskite/HTL sample deposited on ITO glass
(Figure S4) is comparable to the ‘isolated top cell’ signal of
Figure 2D. There, we observe a reduction of the plateau at early
times for the glass/ITO/HTL/perovskite as compared to the sym-
metric SHI/ITO/HTL/perovskite sample. We relate this loss of
SPV to the possible re-injection of extracted holes into the perov-
skite layer when there are no extra free electrons available in the
ITO deposited on glass. In contrast, the recombination ITO of the
tandem stack should contain extra free electrons from the excited
back silicon cell, inducing electron (silicon extracted) hole
(perovskite extracted) recombination and resulting in a more sus-
tained SPV. However, other mechanisms are also possible to
explain the differences of Figure S4 and exact identification is
out of the scope of this work.

To conclude, we demonstrate that with wavelength-dependent
SPV measurements, one can isolate the contributions of the
perovskite front and silicon bottom cells in such tandem archi-
tectures. Additionally, we show that the use of a substrate with
symmetric contacts — in our case, an n+/n/n+ SHJ - effectively
suppresses the signal of bottom silicon solar cells while preserv-
ing the processing sequence as well as SHJ top contact serving as
the perovskite substrate, and thus the properties of the perovskite
top cell. tr-SPV on such a symmetric substrate thus results in the
probing of a highly isolated and device-relevant perovskite top
cell, paving way for effective optimization of the top perovskite
cell stack as well as process parameters.

2.2 | Intensity-Dependent SPV

To better understand the interplay between the charge carrier
generation in both absorbers, and its effect on the band bending,
in Figure 3, the intensity was varied at a constant 600 nm
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(2.06 eV) excitation wavelength to excite both absorbers simulta-
neously (according to the EQE plots shown in Figure S6, 87.5%
absorption by the perovskite, and 3.0% by the silicon). The
equivalent photogenerated carrier concentrations range from
5% 10" ecm™ for 46 pJ cm™ to 5% 10™ for 0.005 pJ cm ™2 We
note that the equivalent laser fluence for 1-sun illumination is
0.03 pJ cm™ (green curve), corresponding to 3x 10" cm™.
From 0.005 to 0.43 uJ cm™2, the SPV recombination dynamics were
similar to that of a single-junction perovskite cell [10], suggesting
that nearly all photogeneration occurs within the perovskite layer.

The transients shown in Figure 3 exhibit a combination of charge
extraction processes from the perovskite absorber and a shifted
delayed SPV peak originating from the Si bottom cell. At an inten-
sity of 0.43 pJ cm™>, the major contribution to the SPV signal
comes from the perovskite layer, as can be seen from the peak time
of 0.59 ps in agreement with the extraction times observed for
single-junction perovskite-only half cells utilizing 2PACz as an
HTL [10]. At higher intensities, from 5 to 46 pJ cm™2, we observe
the appearance of an ambipolar diffusion peak. The peak onset
decreases from 7.8 to 3.7 ps. This reduction in peak onset time
is explained by inspecting the electron and hole arrival times at
the back of the Silicon wafer. Using our diffusion model (note S8
in the Supplementary information), we observe that a reduction of
charge arrival time is expected as the incoming photon flux
increases, as shown in Figure S8, corroborating the experimental
observations of Figure 3. Also, we show that the reduction of
arrival time is solely due to the diffusion term of ES1 and ES2
(see Figure S9): therefore, the reduction of peak SPV time is a sig-
nature of the ambipolar diffusion of carriers within the c-Si wafer.

3 | Charge Separation Model Deduced from SPV
Transients over a Wide Time Range

Finally, Figure 4 illustrates the processes that we have considered
in our transients. The case of low energy photons (Eppot < 1.3 €V)

a-Si(p) nc-Siox(n)

10% 107 10°

is not depicted here, as it does not contain any valuable informa-
tion on the perovskite cell: The perovskite is transparent at this
photon energy, and photogenerated charges are close to homo-
geneously distributed in the Si absorber. This leads to an imme-
diate reduction of band bending at the rear p+/n contact, thus a
sharp increase in SPV, followed by a monotonous decrease in the
signal. This behavior is fully governed by the c-Si bottom cell’s
properties. Next, we consider a photon energy of 1.5 eV (Figure 4,
upper panel). Here, the perovskite is still transparent, whereas
the absorption depth, o™, in c-Si is ca. 40 pm. The initial negative
SPV signal at ~ 20 ns originates from photogenerated charge car-
riers that undergo separation close to the recombination ITO
layer. Because the a-Si:H (p) layer is located 250 pm away at
the rear, ambipolar diffusion of the remaining electron-hole
pairs to the rear side occurs on the timescale of ~2-4 ps.
When the electron-hole pairs reach the rear side selective layer
(hole contact), the electron-hole pairs are immediately separated
at the rear junction, giving rise to the second, delayed negative SPV
signal at~2 ps. The following slow decay corresponds to the
recombination within the Si bottom cell and/or due to the ambi-
polar diffusion of carriers (where slower photogenerated holes
redistribute after electrons, effectively ‘catching up’ electrons).
For the 2.7 eV excitation (Figure 4, bottom purple curve), a small
positive signal is observed at around 10ns, which could be
explained by electron trapping at the ITO/HTL interface [10].
In the regime between 30 ns-1 ps, the signal is composed of charge
separation by the perovskite/HTL interface and by the separation
of electrons photogenerated in the Si toward the recombination
ITO. During the first few ps, ambipolar diffusion occurs within
the c-Si layer, again giving rise to the second delayed negative
SPV peak at ca. 3-6 ps, followed by delayed charge separation
by the rear side in the junction with the a-Si (p). The slow decay
after 6 ps corresponds to back transfer and recombination of the
remaining charge carriers in the different layers.

Due to the complexity of the cell architectures studied here, we
refrain from establishing a direct correlation between the tr-SPV

1.5 eV (Si only)
10% 10* 10° 102 10

Separation of e-h
pairs at rear Si p-n
junction

Time (s)

Recombination of h* towards e in
nc-Siox(n) and ITO

2.7 eV (Si+pero)
10 10% 10* 10°% 1072

h* transfer from
perovskite to ITO;
ambipolar diffusion in
silicon towards p layer

Time (s)

Separation of e-
h pairs at rear Si
p-n junction

Recombination of h* towards e in
nc-SiOx(n), ITO and perovskite

FIGURE 4 | Summary of the different suggested phenomena explaining the SPV transients over a wide time range for a perovskite / n-type hetero-

junction tandem layer stack for 1.5 eV (Si-only excitation, green curve, top), and 2.7 eV excitation (Si+pero excitation, purple curve, bottom). For clarity,

charge separation processes related to the perovskite layer only are highlighted in red.
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kinetics and the actual tandem solar cell PV parameters (shown
in Figure S5). Still, one would expect that larger tr-SPV ampli-
tudes that are maintained over a relatively large time window
would directly translate to a larger Voc, while faster SPV rise
times for each subcell will translate to larger FF. However, future
studies that include drift-diffusion simulations will be focused on
addressing the influence of the individual layers on the tr-SPV
kinetics and solar cell parameters simultaneously, establishing
the correlation between tr-SPV decays of tandem layer stacks
and device performance.

4 | Conclusion

In this work, perovskite films with a bandgap of 1.68 eV slot-die
coated on heterojunction and symmetric heterojunction Si bot-
tom cells were investigated by wavelength-dependent time-
resolved surface photovoltage measurements. The results
showed delayed charge separation for lower energy photons
in the silicon bottom cell. Ambipolar diffusion of electron-hole
pairs to the rear p-n junction of the heterojunction Si bottom
cell was found to be the cause of a delayed SPV signal. At high
photon energies, a symmetric SHJ tandem showed an isolated
signal from the top perovskite cell whereas the SHJ tandem
showed a convolved signal from the bottom and top cells.
Two main conclusions are drawn toward the results. First, with
photon energies lower than the bandgap of the perovskite top
cell, we isolate the bottom silicon cell. While selective excitation
was used for this purpose previously in transient photocurrent
measurements [20], tr-SPV does not require a top contact and
hence allows to study partial cell stacks, thus investigating the
influence of individual interfaces. Second, using a symmetric
SHJ bottom silicon cell, we demonstrate an isolated SPV signal
originating from the top perovskite cell. Thus, an in-depth anal-
ysis of the charge carrier dynamics of a tandem-equivalent
perovskite cell stack is demonstrated, using spectrally resolved
tr-SPV with the combination of symmetric and nonsymmetric
bottom c-Si cells.

With the ability to effectively isolate single interfaces from the
bottom or top cell, the methodology shown here can be applied
to gain valuable insights into the carrier dynamics of different
perovskite silicon tandem architectures and pin-point losses at
interfaces to select appropriate charge transport layers for the
perovskite top cell, in-route for tandems approaching their the-
oretical limit.
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