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Abstract
Direct bandgap perovskite and indirect band gap Si which form the two active layers in a

tandem solar cell configuration have different optoelectronic properties and thicknesses. The
charge-carrier dynamics of the two-terminal perovskite-on-Si tandem solar cell in response to
a supercontinuum light pulse is studied using transient photocurrent (TPC) measurements.
Spectral dependence of TPC lifetime is observed and can be classified into two distinct
timescales based on their respective carrier generation regions. The faster timescale (~500 ns)
corresponding to the spectral window (300 nm — 750 nm) represents the top-perovskite sub-
cell while the slower timescale regime of ~30 us corresponds to the bottom-Si sub-cell (>700
nm). Additionally, under light-bias conditions, the transient carrier dynamics of the perovskite
sub-cell is observed to be coupled with that of the Si sub-cell. A sharp crossover from the fast-
response to a slow-response of the device as a function of the light-bias intensity is observed.
These results along with a model based on transfer matrix formulation, highlight the role of
charge-carrier dynamics in accessing higher efficiencies in tandem solar cells. The carrier
transit times and lifetimes in addition to their optical properties also needs to be taken into

account for optimizing the performance.
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The power conversion efficiencies of hybrid organic-inorganic perovskite (HOIP) single-
junction solar cells have gone as high as 25.7%'. Owing to the easy bandgap tunability of
perovskite coupled with such high efficiencies make them the most promising candidate to be
used for tandem solar cells, which consists of two solar cells (one wide bandgap and one narrow
bandgap) connected in series using a recombination layer. The power conversion efficiencies
(PCE) for all-perovskite tandem cells have reached 26.4%2, 24.2% for perovskite/CIGSe

(copper-indium-gallium-selenide) tandem cells" > *

and 29.5% for perovskite-on-silicon
tandem cells®. The easy processability of perovskite solar cells provides facile deposition on
silicon solar cells and can increase the efficiencies of commercial PVs, maintaining the
economics of scaling®. The efficiency limits of these perovskite-based tandem solar cells are
well above 30% and provide much scope for further improvement’.

The efficiency of a tandem solar cell strongly depends on the absorbance of the active layers
in each of the sub-cells, the interfacial and bulk traps or defects present in the active materials
which can reduce the charge-carrier collection, and the inter sub-cell current matching

condition®

. The tandem solar cells are then generally designed and fabricated based on the
optical characteristics of each of the active materials in respective sub-cells. The bandgap of
the top perovskite sub-cell is tailored in such a way (theoretically in the range of 1.6 eV -1.75
eV)*12 5o that the optimum efficiency is reached when coupled to a silicon sub-cell. It was
observed that a perovskite bandgap of 1.66 eV with an active layer thickness of 500 nm was
optimum for arriving at the current matching condition'® 14, We explore the possibility of
further fine-tuning the sub-cells by controlling their carrier dynamics. The coupling of the two
sub-cells in series makes it difficult to deconvolve the dynamics in the sub-cells necessary for
optimization of the tandem solar cells.

This paper provides an insight into the charge-carrier dynamics in the individual sub-cells using

transient photocurrent (TPC) spectroscopy in the tandem configuration, which helps us to
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understand the generation and recombination dynamics of charge-carriers in complete tandem
devices. The TPC measurements helps us in assessing the timescales of photogenerated charge
carriers getting extracted to the electrodes. The pathway for losses in external quantum
efficiency (EQE) via recombination (both radiative and non-radiative) can be directly probed
by TPC. When a short pulse (<1 ns) is used as the excitation source, the generation duration
can be considered almost instantaneous, as compared to the other processes in the device
(namely recombination and carrier dynamics). The current due to photogenerated excess

carriers (8n) can be expressed as'’

I

_ d(én) _ ,8%(6n) an)
T oat =D ox2 +UE dx

R 1)
where R is the recombination term, D and u are the diffusion coefficient and mobility of
carriers respectively. In the case of thick silicon cells, E = 0, which attributes to the diffusion
limited transport in Si. However, in the case of perovskite there are contributions from both
carrier recombination lifetime as well as the carrier-transit time in the TPC profiles. The
response profiles of the transient as a function of different parameters under a model framework
can explain the performance of tandem solar cells under continuous white-light excitation.
The details of the fabrication protocol'® for the tandem solar cell is given in the Supporting
Information (Section 11). The final device structure of the fabricated tandem solar was ITO
(80 nm)/ SnO2 (20 nm)/Ceo(10 nm)/Cso.0s(FA0.83MA0.17)0.95Pb(10.77B10.23)3(500 nm)/Poly-TPD
(5 nm)/ITO (25 nm)/nc-SiOx:H (110 nm)/i-a-Si:H (5 nm)/n-c-Si (250,000 nm)/i-a-Si:H (5
nm)/p-o-Si:H (5 nm)/AZO (70 nm)/Ag (400 nm). Figure 1a shows the device architecture of
the tandem solar cell with an active area of 1.1cm? The J-V characteristics (Figure 1b) of the

tandem solar cell under simulated AM1.5G (100 mW/cm?) illumination were performed for

the determination of typical solar cell parameters. These parameters are listed in Table 1.
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Table 1. Solar Cell parameters for the fabricated perovskite:Si Tandem Solar Cell

Efficiency Fill Factor Js (mA/cm?) Vo (V)

23.0% 66.44% 19.23 1.80

mo gonmy *
Sn0,(20 nm) 7
Ceo(10 nm) 309
= 20
Perovskite (500 nm) %EJ -
Poly -TPD (5 nm) B 7
ITO (25 nm) 107
nc-SiO,:H (110 nm) T e R o
i-a-Si:H (5 nm) T T T y -
-0.5 0.0 0.5 1.0 1.5 20 25

y (mm)
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: 50
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p--Si:H (5 nm) i
AZO (70 nm) o %0

36 20
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Figure 1. (a) Device architecture of two-terminal perovskite:Si tandem solar cell, (b) typical
J-V characteristics of the tandem solar cell under simulated AM 1.5G (100 mW/cm?)
illumination (inset shows the picture of tandem device), (c) a 2D LBIC image.

Light-Beam Induced Current (LBIC) imaging of the solar cell verifies the active area and the
degree of homogeneity!”. LBIC images directly highlight the presence of defective regions'®
20, LBIC imaging obtained from a 650 nm source with a 270 pum resolution (Figure S8) shown
in Figure 1(c) reveals the homogenous spatial contribution from both the sub-cells to the short

circuit current. The LBIC image shows a uniform charge-carrier generation region throughout
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the device. PL imaging (Figure S9) of the device also validated the uniformity of carrier

generation in the device.
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Figure 2. Transient photocurrent profiles of the tandem solar cell for excitation As of (a) ~6.21
pW 500 nm (b) ~11.78 uW 625 nm, insets show the magnified TPC profile (c) ~6.53 uW 750
nm (d) ~9.4 pW 850 nm (e) ~10.9 uW 975 nm (f) ~66.54 uW 1100 nm. (measured in short
circuit-condition at 50 ohm coupling using a supercontinuum picosecond pulse coupled with

Acousto-Optic Tunable Filter providing 20 nm spectral windows)
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The TPC measurements are conventionally done under short-circuit conditions (50 Q
coupling)?'?*- A series of TPC measurements were carried out at different A. Figure 2
represents a set of results corresponding to the perovskite sub-cell (500 nm, 625 nm, 750 nm)
and Si sub-cell (750 nm, 850 nm, 975 nm and 1100 nm) spectral regions. These measurements
were also carried out with different background light intensities and electrical bias conditions.
The differences in the carrier dynamics of the sub-cells are clearly evident in the A dependence
of Ipn(t) as shown in Figure 2. The dynamics of the photogenerated carriers in the perovskite
sub-cell (Fig. 2(a) and 2(b)) dominates the TPC response in the high-energy spectral region (<
700 nm). Even though the Ipn(t) for the perovskite sub-cell in the tandem consists of multiple
contributions, the decay is dominantly described by a single exponential. The corresponding
TPC lifetime 7, is obtained by fitting the decay profiles to single exponentials in this spectral
region with 7; = 500 ns (inset Figure 2(a) and 2(b)). The dynamics of the photogenerated
carriers in the silicon sub-cell (Figure 2(d) and 2(e)) dominates the TPC in the lower energy
spectral region (> 750 nm) with a slower decay lifetime of = 25 ps. The intermediate region
(750 nm excitation) as shown in Figure 2¢ shows the distinct contributions of TPC profiles that
arise from both the perovskite as well as Si sub-cells. The transient photocurrent decay in both
the spectral regions can be modeled to a single exponential reasonably and a distinct crossover
from the carrier relaxation processes in the perovskite layer to Si sub-cells as a function of
incident light A can be observed. The TPC profile corresponding to the perovskite sub-cell
reduced considerably beyond 700 nm and is negligible beyond 800 nm of excitation. Thus for
A > 800 nm, the TPC profiles represents the Si sub-cell response exclusively. In the region A >
900 nm, the TPC decay profile evolved from being a single exponential to a bi-exponential
decay given by L, (t) = Bexp(—t/t;) + Cexp(—t/73) + d with 7, continuing to be in the
range of ~25 us and 73 ~ 2 ps (Figure 2(f)). The variation of TPC lifetimes corresponding to

Si (1, and 73) with A are shown in Figure 3(c).
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The three timescales 74, T, and 73, can be interpreted in terms of the multilayered structure

using a transfer-matrix optical model®

. The scattering matrices for each layer in the tandem
solar cell were derived for each wavelength using their corresponding refractive index
dispersion curves using MATLAB. The scattering matrices for each layer were combined using
Redheffer star product to derive a device scattering matrix for each wavelength. They were
then connected to the transmission and reflection regions to generate a global scattering matrix.
Figure 3(a) shows the fraction of light absorbed by the individual sub-cell of perovskite and Si.
The fraction of light reflected from the whole tandem cell is also indicated in Figure 3(a). The
internal field matrix consisting of the magnitudes of both the electric and magnetic fields is
given by Y(z") = Wexp(Az')c where W is the square eigenvector matrix whose column
vectors describe the modes that can exist in each layer, exp(1z") is a diagonal matrix which
describes the accumulation of phase as the waves propagate and ¢ quantifies the amount of
power in each mode. Thus the internal electric fields were calculated for each of the layers
from the scattering matrices generated for each layer. These internal electric field profiles were
generated for the A range between 500 nm and 1100 nm. The charge-carrier generation at each
of the layers is proportional to the square of the modulus of the internal electric field and

expressed as??’

4mcegk(A)n(A)
22

G=7QwithQ= EGO? @
where k(1) and n(2) are the real and imaginary parts of the refractive index. The variation of
n and k for the active layers of perovskite and Si as a function of 4 is given in Figure S5.

The carrier generation profiles for both perovskite layer and Si layer are estimated for different
A (Figure S6 and Figure S7). The charge-carrier generation profile inside the Si active layer for
925 nm is shown in Figure 3(b). From the carrier generation profiles for Si, a parameter of

excess carrier density decay length, L is determined by fitting a single exponential. A lower L

magnitude is indicative of the larger distance of charge-carrier generation region from the
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electrode. Figure 3(c) shows the non-linear variation of L with A with a drastic rise beyond
1000 nm. Thus, for A > 950 nm, more charge-carriers are generated near the electrode in
contrast to lower wavelengths thus creating an initial charging at the electrode. This gives rise
to a quite observable displacement current with a lifetime 75 for the A > 950 nm. The inverse
effect considering the perovskite sub-cell can also be observed where a negative displacement
current is observed for the wavelength range A < 650 nm as more charges are generated near

the top electrode.
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Figure 3. (a) Fraction of light absorbed by perovskite sub-cell, Si sub-cell and tandem cell
plotted in left y-axis; fraction of light reflected from the tandem cell plotted in the right y-axis
(both derived from transfer matrix formalism) (b) Charge-carrier generation profile in Si for

excitation at 925 nm derived from transfer matrix formalism (c) L as a function of A inside the
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Si sub-cell derived from the transfer matrix formalism (left y-axis); Variation of TPC lifetimes
(15 and 73) with A (right y-axis)

In case of the Ipn(t) response to incident monochromatic light exciting the perovskite sub-cell,
the finite shunt value of the Si sub-cell in the dark provides the pathway to the current. The
ratio of the shunt resistances (Rshi/Rsn2) is ~1:13 as obtained from A dependent TPC
measurements. Thus the shunt resistance corresponding to the Si sub-cell is an order of
magnitude higher than the perovskite sub-cell as also seen in previous literature 2%. The
introduction of light-bias during Ipn(t) measurement opens up transport in both cells and
increases the magnitude of Ipn(t). The TPC lifetime 7, shows an abrupt transition from ~500 ns
to 4.5 us as the background light bias excitation of the Si sub-cell is increased (Figure 4(b)).
This observation can be described using an equivalent circuit model %2°. The current generated
in a sub-cell is given as I; = Ip; + Isp; — Ippi- Ipp; consists of photocurrent generated by

external illumination in the i sub-cell. I; is the current across the diode, Di given by Ip; =

ev;

135;[exp (— ) — 1] with m > 1. Here V; is the voltage across the i sub-cell with k5T /e

mkgT
being the thermal voltage. Iy is the current flowing through the shunt resistance of the i sub-

cell.
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Figure 4. (a) Equivalent circuit for a tandem solar cell with series-connected sub-cells. The
positive direction of current flow is indicated by an arrow in each branch, Rsni represents the
shunt resistance in cell i (b) Variation of 7; corresponding to ~6.32 pW 550 nm pulsed
excitation with the intensity of background NIR illumination (700 nm — 1100 nm) exciting the
Si sub-cell (inset shows the comparison of TPC profile for 29 mW background illumination
with no background illumination) (c) Variation of 7, and 73 with reverse bias voltage for ~9.41
pW 850 nm, ~9.51 uW 1000 nm and ~66.54 uW 1100 nm excitations (d) Variation of t; with
reverse bias voltage for ~6.34 uW 525 nm and ~8.32 pW 600 nm

In absence of background light bias, 7, is primarily decided by the carrier dynamics in the
charge-generating regions which is the perovskite in this case. The magnitude of the TPC is

however dominantly governed by the shunt resistance of the other sub-cell (Rgy;). This is
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because D: is in reverse bias condition and I, is composed of current from only the minority
carriers in the Si. Thus, the net transient photocurrent, in this case, is I(t) = Ig,,(t). As the
NIR background illumination (> 850 nm) is increased, Ipp, starts increasing, thus forward
biasing D2. At sufficiently high background illumination, V, is large enough to drive D> as the
conducting channel for the photogenerated carriers from the perovskite sub-cell. The total
transient photocurrent then is I(t) = Ip,(t) + Igp,(t) with I, having contributions from both
Ipp1 (t) and Ipp,. Thus I(t) profile embeds the carrier dynamics of the Si sub-cell in the I, (t)
response, along with the already existing I, (t) . Recombination carrier lifetime in the Si is

1 1 1 1

Trec Trad TSRH  TAuger

large and is dominantly mediated by the defect centers with . This

creates a much higher time constant for I(t) which is basically the effective time constant
derived from Ig,(t) and Ip,(t) which explains the abrupt increase of 7; by an order of
magnitude as the background illumination is increased. In contrast, however it is observed that
T, do not show any change when the Si sub-cell is excited with a picosecond pulse (A > 800
nm) while simultaneously light-biasing the perovskite sub-cell with 470 nm excitation (Figure
S3). This is because the time constants associated with perovskite sub-cell (which is a direct
bandgap semiconductor and of much lower thickness) is orders of magnitude lower than the Si
sub-cell. These results assert that the carrier dynamics of one sub-cell are decoupled with the
other under single sub-cell excitation. However, the carrier dynamics of the sub-cells become
coupled when both the sub-cells are simultaneously excited, and is dominated by the sub-cell
having slower charge-carrier dynamics.

The subtle differences in the operation of sub-cells is also evident in studies carried out with
an applied reverse bias voltage. For A > 700 nm i.e., region falling under the Si sub-cell
absorption spectrum (Figure 3(a)), there is no dependence of the TPC lifetime on the applied
reverse bias voltage (Figure 4(c)). This feature is indicative of the diffusive mode of transport

in the Si sub-cell. The excess carrier density from TPC experiments is ~10'> which suggests
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that the average recombination lifetime of minority carriers forms a component in the decay
times along with diffusion limited transport transit time as explained by equation 1. However,
for the region of A <700 nm i.e., the region falling under the perovskite absorption spectrum
(Figure 3(a)) there is a clear reduction in the TPC lifetime as the reverse bias voltage is
increased (Figure 4(d)). This observation is attributed to a considerable drift component in the
perovskite sub-cell response enabling a faster extraction. Thus, unlike Si sub-cell internal
electric fields in perovskite sub-cell plays an important role in charge-carrier transport. For the
perovskite sub-cell, TPC lifetime has contributions from the carrier-transit time (having both
drift and diffusion components) as well as from the average carrier-recombination lifetime. The
difference in nature of charge-carrier transport in the two sub-cells results in the two orders of
magnitude difference in the values of 7, and 7,. This contrast in T can possibly play a role of
limiting the fill-factor of the tandem solar cell.

The TPC measurements directly helps us in assessing the timescales of photogenerated charge
carriers getting extracted to the electrodes. Figure 5 summarizes the governing charge carrier
extraction dynamics when a targeted sub-cell is excited and when both the sub-cells are
operational. The time constants associated with perovskite sub-cell (which is a direct bandgap
semiconductor and of much lower thickness) is orders of magnitude faster than the Si sub-cell.
The thickness of the active layers in a multijunction solar cells should be optimized in such a
way that the recombination losses be minimized and the highest EQE, fill-factor and Vo is
achieved. Optimization of series resistances, shunt resistances and surface recombination
velocities need to be achieved using TPC spectroscopy for sub-cells for better multi-junction

devices with enhanced performance parameters.
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Figure 5. Schematic showing the carrier transport mechanisms in the perovskite/Si tandem
solar cell under (a) targeted individual sub-cell excitation (b) when both the sub-cells are
simultaneously excited

In conclusion, we observe a spectral dependence of transient photocurrent lifetime which can
be classified into two distinct timescales. The first timescale, T1 ~ 500 ns represents the
absorption in the top perovskite sub-cell (A - 300 nm to 750nm). The other timescale regime of
T2~ 25 ps and 13 ~ 2 us corresponds to absorption in the rear Si sub-cell (A > 700 nm). We infer
that the transport processes in perovskite sub-cell are influenced by high field strength. Hence,
the carriers are extracted via both drift and diffusion process in the perovskite sub-cell whereas
Si sub-cell follows a diffusion limited carrier extraction process. However, this can lead to ion
transport in the perovskite sub-cell which will have an effect on the degradation process which
needs to be examined further. In the absence of background illumination, sub-cell processes
are uncorrelated, and the current magnitude is dependent on the shunt resistance of the other
sub-cell in the dark. A crossover of the dynamics of the perovskite sub-cell to a coupled-regime

with the Si sub-cell beyond a threshold dc-light illumination is observed. Fine-tuning of the
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two active layer thicknesses can further optimize absorption, carrier transit times and lifetimes

and lead to higher efficiencies.

Supporting Information

The Supporting Information consists of TPC Profiles in response to a supercontinuum pulse, A
dependent TPC Profiles, TPC lifetime for Si sub-cell under 470 nm background illumination,
TPC lifetimes with pulsed excitation intensities, optical constant for Si and perovskite as a
function of wavelength, carrier Generation profiles in perovskite active layer, carrier
Generation profiles in Si active layer, beam Spot Size in LBIC imaging, Si PL image in tandem
structure, EQE of tandem solar cell and experimental details (Device Fabrication Protocol, TPC

measurement protocol and LBIC measurement protocol).
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