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Perovskite/silicon tandem solar cells are attractive for their potential of boosting cell 

efficiency beyond the crystalline silicon (Si) single junction limit. However, the relatively 

large optical refractive index of Si, in comparison to that of transparent conducting oxides and 

perovskite absorber layers, results in significant reflection losses at the internal junction 

between the cells in monolithic (two-terminal) devices. Therefore light management is crucial 

to improve photocurrent absorption in the Si bottom cell. Here we show that the infrared 
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reflection losses in tandem cells processed on flat silicon substrate can be significantly 

reduced by using an optical interlayer consisting of nanocrystalline silicon oxide. We 

demonstrate that 110 nm-thick interlayers with a refractive index of 2.6 (at 800 nm) result in 

1.4 mAcm-² current gain in the silicon bottom cell. Under AM1.5G irradiation, our champion 

1-cm2 perovskite/silicon monolithic tandem cell exhibits a top cell + bottom cell total current 

density of 38.7 mAcm-2 and a certified stabilized power conversion efficiency of 25.2%. 

 

1. Introduction 

Crystalline silicon (c-Si) solar cells have reached high conversion efficiencies (η) of greater 

than  20% in mass production and a photovoltaic market penetration of more than 90%.[1] A 

lab cell efficiency of 26.7% was reached with an all-back contacted silicon heterojunction 

(SHJ) device.[2,3] This value is close to the theoretical predicted limit for c-Si solar cells of 

29.4%.[4] To enable efficiencies beyond this limit, a better utilization of the solar spectrum is 

required. This can be obtained with multi-junction solar cells combining two or more cells 

which absorb sunlight in different spectral bands. The simplest multi-junction is fabricated by 

stacking a cell with a wide bandgap Eg
1, (the ´top cell´), on top of a cell with a narrow 

bandgap Eg
2 (the ´bottom cell´). The maximum total number of absorbed photons available to 

this tandem cell, which can be calculated from the sum of sub-cell external quantum 

efficiencies weighted with the incident spectrum, is capped by the sub-cell with the lowest 

bandgap. As both cells are electrically connected in series with only two terminals, the 

essential requirement for achieving high efficiency from such a “monolithic” tandem cell is 

that both cells should be designed to deliver the same or at least a very similar photocurrent, 

so called “current matching”. Silicon with Eg = 1.12 eV is close to the optimum to operate as 

a bottom cell in a tandem junction.[5] To pair a Si bottom cell in a monolithic tandem 

approach, the optimum value for the top cell material is Eg
1 ~ 1.65 to 1.7 eV.[5-8] Considering 

parasitic absorption losses in transport layers and phonon assisted sub bandgap generation in 
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silicon, the optimum band gap in the top cell shifts to lower values.[6] Searching for a material 

of suitable bandgap, an emergent class of photoactive materials, namely metal halide 

perovskites (MHPs), have become likely candidates.[9] Perovskite-based single junction cells 

have shown power conversion efficiencies soaring from 3.8% to over 20% within merely 7 

years’ research & development.[10] Of their numerous intriguing material properties,[11] 

enabling a certified efficiency of 22.7%.[3] the versatility in tuning the bandgap of MHPs 

through fine-tuning of the elemental composition counts among the most useful. It allows, in 

principle, to form a top cell with a desirable bandgap in a monolithic tandem cell with a 

bottom SHJ cell to achieve photocurrent matching.[7,12] Oxford PV have very recently 

reported a new record efficiency of 28%,[13] surpassing the highest-reported Si single junction 

cells by nearly ~ 2%. This, again, demonstrates that the monolithic perovskite/SHJ tandem 

has great potential to revolutionize solar cell technologies. 

The most attractive feature for using SHJ solar cells as bottom cells in a tandem structure is 

their high power conversion efficiency with impressive open circuit voltage (VOC) above 

730 mV.[14] From a processing point of view the device structure ideally matches the 

requirements for deposition of the perovskite top cell, namely, the top contact of SHJ cells 

usually is a tin-doped indium oxide (ITO), which is a good substrate and contact material for 

the perovskite top cell. The most efficient MHP cells are deposited via wet-chemical 

processing routes, usually by spin-coating, which requires a smooth substrate for 

homogeneous and shunt-free top cell preparation. Tandem cells have thus far been made on 

silicon cells with flat (polished) front sides. With this design several groups have reported 

increasing tandem efficiencies over the past few years.[15-18] While early devices suffered from 

parasitic absorption in the top p-type contact,[15,17] Bush et al.[18] were the first to publish a 

monolithic perovskite/SHJ tandem in a positive-intrinsic-negative (p-i-n) configuration, with 

light incident through the n-type contact reaching a stable certified efficiency of 23.6%. 

Despite this quite exciting performance, the tandem device was still limited by a relatively 
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low top cell voltage output, and by the bottom-cell photocurrent. Moreover, the total 

photocurrent density was only 37.4 mAcm-2. For comparison, 42.7 mAcm-2 were reached in 

the world record SHJ cell mentioned above, which is very close to the theoretical maximum 

for silicon of about 43.3 mAcm-2.[4] An important optical loss mechanism in these tandem 

cells, in comparison to an optimised single junction silicon cell, is the increased reflection and 

reduction absorption in the near infrared (NIR), hence reduced photocurrent in the silicon 

bottom cell, due to the contrast in refractive index between the perovskite (PVK) and the 

silicon material (nPVK = 2.4 and nc-Si = 3.7 at 800 nm).  

Recently, Sahli et al. presented a tandem cell with both SHJ sides textured with random 

pyramids to enhance light coupling into the cell, thereby, achieving current matching with a 

total photocurrent density as high as 40.4 mAcm-2 resulting in a stable certified efficiency of 

25.2%.[19] To facilitate conformal and shunt-free top-cell deposition, most layers of the PVK 

cell were thermally evaporated in vacuum. This work appears to indicate that moving to a 

fully textured silicon cell is the appropriate way to progress the perovskite/silicon tandem 

technology. However, if this is the case, it would be necessary to forgo solution processing of 

the perovskite absorber layer, which presently delivers the highest optoelectronic quality 

materials and yields the most efficient devices. Another approach would be to apply textured 

anti reflection foils on top of planar front-side tandems. These foils would especially help to 

improve the photocurrent collection under diffuse light.[20] Although many high efficiency 

commercial silicon technologies, such as SHJ, usually use symmetrically textured silicon, 

mainstream passivated emitter and rear cell (PERC) technology uses reduced texture on the 

rear side for easier laser processing. This demonstrates, that asymmetrically textured wafers 

are practically feasible, also in a large scale/industrial high-throughput context. Thus, there is 

an important technological decision to be made concerning perovskite/silicon tandem cells: 

should effort be focused on enabling maximum efficiency on full texture, or maximising the 

efficiency on reduced texture. 
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Here, as an alternative route allowing to maintain the advantages of the wet chemical 

perovskite processing and mitigating the optical drawback of a flat Si front side, we present 

tandems making use of an optically tailored interlayer between both sub-cells. Santbergen et 

al. proposed the use of such an interlayer with an intermediate-refractive index and low 

parasitic light absorption for wavelengths higher than 700 nm to enhance optical light 

coupling into the bottom cell.[21] Here, we present the use of nanocrystalline silicon oxide (nc-

SiOx:H) as the interlayer in between the silicon and PVK sub-cells.[22] Making use of the nc-

SiOx:H mixed-phase morphology with n-type doped silicon (nano)crystals embedded in an 

amorphous silicon (sub)oxide matrix,[23-25] we tune its optical properties over a wide range by 

varying the oxygen content, without deteriorating the electrical (contact) properties in the cell. 

This layer is the electron contact of the bottom cell replacing the commonly used amorphous 

silicon n contact deposited with the same plasma-enhanced chemical vapour deposition 

(PECVD). Therefore, it is easy to include in the process sequence of the SHJ cell on any type 

of c-Si surface texture. As another advantage, the anisotropic nature of the nc-SiOx:H 

interlayer with high transversal and low lateral conductivity supports further reduction of top-

cell shunting by “shunt-quenching”.[26]  

We separately optimise a mixed-cation mixed-halide (methylammonium/ formamidinium/ Cs 

lead iodide bromide) perovskite top cell in the p-i-n configuration, in order to achieve high 

efficiency with properties as close to “current matching” as possible. We integrate these 

perovskite top cells with silicon heterojunction bottom cells and, comparing experiment to 

theory, investigate the impact of varying the properties of the nc-SiOx:H interlayer. Our 

optimised tandem cells deliver over 19 mAcm-2 short-circuit current density in each sub-cell 

(>39 mAcm-2 total current density is demonstrated), and 25.2% stabilised certified efficiency, 

precisely matching the best efficiency achieved to-date on full texture.[27] While our results 
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already represent a significant advance, we identify further gains in all IV parameters which 

should lead to achievable efficiencies beyond 28%. 

 

2. Single junction solar cell 

We independently optimized silicon and perovskite single junctions before integrating them 

into monolithic tandem devices. For the SHJ cell, the a-Si:H p-type emitter is placed on the 

rear side allowing the use of front contact stacks with reduced restrictions on the 

optoelectrical properties of (n)nc-SiOx:H films.[22] Due to the mentioned challenges of 

processing perovskite cells on textured silicon wafers, we prepared SHJ cells on front-side-

flat (polished) and rear-side-textured float zone c-Si wafers with a thickness of 250 µm. The 

textured rear side enhances the NIR response of the cell.[28] Based on the optimization process 

reported in Ref.[22], we completed the illuminated side of the c-Si wafer with a layer stack 

consisting of 5 nm of (i)a-Si:H and 20 nm of (n)nc-SiOx:H deposited by plasma enhance 

chemical vapor deposition (PECVD). On the rear side, we grew intrinsic and p-doped a-Si:H 

layers with a total thickness of about 10 nm. We completed the rear side of the cell with a 

reflector consisting of 70 nm aluminium-doped zinc oxide (AZO) and 400 nm Ag. To finish 

the front side, we coated the cell with 70 nm AZO. Sputter deposition of AZO films on both 

sides was done through aligned shadow masks defining a cell area of 2 x 2 cm². Finally, we 

screen printed a front silver grid on the illuminated side with a metal coverage of about 3%. 

No additional antireflection coating was applied on top of the SHJ structure. In Figure 1 we 

present the JV, EQE and reflection curves of our best SHJ cell with polished front side. It 

exhibits a conversion efficiency (η) of 20.5% with a short-circuit current density (JSC-EQE) of 

37 mAcm-2, VOC of 719 mV and fill factor (FF) close to 80%. In order to enhance the SHJ cell 

short-circuit current density, and to be able to subsequently make a fair comparison to the 

perovskite-on-silicon tandem cell, we also employed an 85-nm thick a-SiOx:H layer to act as 
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an antireflection layer on top of the front AZO. For this cell we measured an increase in JSC 

by 1.3 mAcm-2 (3.5% relative gain), and 21.2% power conversion efficiency (see Figure S1). 

We fabricated perovskite single-junction solar cells in the p-i-n “inverted” configuration with 

the electron transport layer deposited on top of the perovskite absorber layer. The p-i-n 

structure has so far resulted in the highest photocurrent densities and efficiencies in 

perovskite-on-silicon tandem solar cells, largely due to fewer parasitic absorption losses when 

the light is incident though the n-type charge extraction layers.[18] Therefore, it is expected 

from recent optical simulations with device relevant parameters,[7] that the maximum 

achievable photocurrent increases when the sub-cells are stacked together in a p-i-n 

monolithic configuration, with a potential photocurrent gain of 1.4 mAcm-2 due to reduced 

parasitic absorption as compared to the n-i-p polarity employing spiro-OMeTAD as the hole 

conductor.[7]  

 

For the single-junction perovskite solar cell (PSC), we employed a mixed-cation lead mixed-

halide perovskite absorber, namely Cs0.05(FA0.83MA0.17)0.95Pb(I1-xBrx)3 [Cs: caesium; FA: 

formamidinium, CH3(NH2)2
+ MA: methylammonium CH3NH3

+; Pb: lead; I: iodide; Br: 

bromide].[29] We present an illustration of the device structure in Figure 1a, which consists of 

a double-layer stack of p-type materials – 2,3,5,6-Tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4-TCNQ) doped Poly(4-butylphenyl-diphenylamine) (polyTPD) 

and N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPD) as the hole 

transporting layer (HTL), the mixed-cation lead mixed-halide perovskite absorber layer, 

phenyl-C61-butyric acid methyl ester (PC61BM) as the electron transport layer (ETL), 

bathocuproine (BCP) as an interface modifier,[30] and Ag as the metal contact. The cell 

electrical active area is ~ 0.12 cm2. For the measurements, it was masked with an aperture to 

define an optical active area ~ 0.092 cm2. We give further details of the device processing and 

fabrication in the Methods. 
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In contrast to optimisation for a single junction device, for the perovskite top cell to be used in 

a perovskite-on-silicon tandem solar cell, we are aiming to achieve a Jsc of approximately 

20 mAcm-2, with the maximum VOC and FF obtainable for such a cell. To understand the 

range within which we can tune the perovskite absorber layer, we systematically studied a 

range of I/Br ratios at around 80/20, as well as tuning the perovskite layer thickness using 

different precursor salt concentrations. In Figure S2a and S2b, respectively, we show the 

schematics and the JV curves for the PSC with I/Br ratios of 82/18, 78/22 and 74/26 while 

we summarise the key performance parameters, including JSC, power conversion efficiency 

(PCE), VOC and FF, in Figure S3. Although these three I/Br ratios are relatively close to one 

another, we observe a significant decrease in JSC and hence PCE, when increasing the Br 

content. To further investigate this observation and understand the cause of the decreased JSC, 

we narrowed down the range of I/Br ratios to 82/18, 80/20 and 78/22, and present the EQE 

and derived JSC-EQE results in Figure S4. Even merely increasing the Br content by 2%, we 

determine a noticeable reduction in JSC-EQE of ~ 0.5 mAcm-2. From the EQE measurement we 

observe that this reduction in JSC is only in part caused by the intentional blue-shift of the 

perovskite absorber’s absorption edge, but also results from a lower EQE across the entire 

optical spectrum from 350 nm to 800 nm. We also examine different perovskite absorber 

thicknesses using different precursor concentrations. In Figure S5 we show the JV as well as 

the performance parameters for devices fabricated from three perovskite precursor 

concentrations of 1.15 M, 1.20 M and 1.25 M at a fixed I/Br ratio of 82/18, and present the 

EQE spectra in Figure S6. Similarly to shifting the band gap via I to Br ratio tuning, we 

observe a drop in JSC with reduction of perovskite precursor solution concentration. Since the 

perovskite absorber layer absorbs most weakly near the band edge, with absorption increasing 

with reducing wavelength, we would expect such a drop in JSC to arise predominantly within 

the spectral region from 650 to 800 nm. However, as we show in Figure S6, we observe a 
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panchromatic reduction in EQE with reducing the precursor solution concentration. The 

panchromatic drop in EQE by either going to increased Br content, or via reducing the 

precursor concentration in the solution implies a reduction of the internal quantum efficiency, 

i.e. the efficiency of each absorbed photon to be converted into collected charge. There are 

many complex chemical interactions taking place in the perovskite precursor solution, which 

is a soup of colloids, dissolved ions and complexes.[31,32] Subtle changes to concentration and 

composition can have a significant impact upon the optoelectronic quality of the ensuing 

crystallised perovskite absorber layer, and subsequent device performance. What we have 

found here, is that there is a relatively narrow window within the composition and 

concentration space within which to process this perovskite absorber layer, and still retain 

comparatively high efficiency. In Figure 1a and 1b, we show the best-performing PSC (cell 

area 0.092 cm2) with an I/Br ratio of 82/18 (with a bandgap of Eg = 1.63 eV) made on ITO-

coated glass substrates exhibiting a conversion efficiency of 18.4% with JSC of 21.6 mAcm-2, 

VOC of 1.1 V and FF close to 78%. 

 

3. Performance of monolithic perovskite/SHJ tandem devices 

In a monolithic tandem solar cell with various layers with different optical properties stacked 

on top of each other, optical simulations are necessary to optimize the device design. In 

Figure 2a, we show a schematic of our tandem device structure. The corresponding optical 

constants for each material in the stack are reported in Figure S7. For the optical simulations, 

we used experimentally determined optical parameters for the materials of the HTL-

perovskite absorber layer-ETL stack, which we used in our single junction perovskite cells. In 

addition, for the tandem cell simulation we use a SnO2 buffer layer (5 nm), an ITO layer 

(80 nm) and a final anti-reflection coating, similar to the stack reported by Bush et al.[18] For 

the experimental monolithic tandem cells, we employed the same HTM and perovskite layers 

which we used in the single junction perovskite cells, fabricated at Oxford University, with 
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the ETL, buffer layer, ITO and ARC deposited at Oxford PV using their proprietary top 

contact layers. We note that the choice of top contact is not critical for the function of the nc-

SiOx:H interlayer, however, it will influence the parasitic absorbance in this top region. We 

show a cross-section scanning electron microscope (SEM) image of a complete tandem 

device in Figure 2b. 

To demonstrate the impact of our optical interlayer, we varied the n-type nc-SiOx:H layer both 

in thickness and in refractive index n in the simulation as well as in the experiment. For 

tuning the refractive index, we varied the oxygen content in the film by varying the CO2 flow 

in the gas mixture during PECVD layer growth.[21] In Figure 2c we display the impact, upon 

JSC in the perovskite top cell and Si bottom cell, of varying (n)nc-SiOx:H interlayer refractive 

index (with a fixed oxide thickness of 50 nm) and in Figure 2d, the impact of varying the 

thickness of the (n)nc-SiOx:H (with a fixed refractive index of 2.6). We also present JSC,1-R, 

which represents the equivalent current density loss caused by reflection out of the cell. In the 

same figures, we also show the experimental results which we obtained from measured 

monolithic tandem solar cells, with the same range of (n)nc-SiOx:H parameter variations. 

Encouragingly, the experimental results closely follow our theoretical predictions, indicating 

a significant increase of JSC from the bottom silicon cell, with appropriately tuned (n)nc-

SiOx:H optical-spacer layer parameters. 

 

Above, we kept the interlayer thickness constant at 50 nm with the refractive index (at 

800 nm) ranging from 1.8 to 3.4 (Figure 2c), which corresponds to nc-SiOx:H with 

progressively lower oxygen content from 30% down to zero (non-oxidic nc-Si:H). Our 

simulations and experimental data show good agreement. Moreover, a current mismatch due 

to bottom-cell limitation is apparent: while the top cell current stays constant with values 

above 21 mAcm-2, the increase in n affects mainly the bottom cell response, with a predicted 

gain of 2.2 mAcm-2 and an optimum around n = 3.0. This gain is due to the fact that the 
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reflection loss progressively decreases with increasing n due to positive interference effects 

and shifting of the optical power density maximum between top and bottom cell. We clearly 

observe both these effects in Figure 2e, where we show the experimental EQE and 1R 

spectra, plotted for two different tandem solar cells employing nc-SiOx:H interlayers with 

refractive indices of 2.2 and 3.0. In particular, we attenuate the minimum in the total 

absorbance (1R) curve around 850 nm, by increasing the nc-SiOx:H refractive index as 

proven by simulation and verified in the experiment. The adjusted refractive index of the 

interlayer suppresses reflection losses in the range of 7501000 nm with a minimum JSC,1-R 

loss of 3.9 mAcm-2 which leads to a bottom-cell gain of 1.3 mAcm-2 without affecting the top 

cell photocurrent (Figure 2e). 

 

Our optical simulations reveal that the interference feature visible around 850 nm is caused by 

light transmitted by the top cell stack and especially by the perovskite absorber, which is then 

reflected at the silicon surface. If the layer adjacent to this interface has a refractive index 

lower than that of perovskite and silicon, this effect is enhanced. On the other hand, if the 

layer has a refractive index between perovskite and silicon, the reflectance is reduced. Since 

the optical thickness of the interlayer (t × n) is in the order of the relevant wavelength of light, 

and the fraction of incoherently scattered light is low due to the flat interfaces, interference 

effects are likely to play a role. With this in mind and aiming to further increase the bottom 

cell response, we experimentally performed a thickness variation for the (n)nc-SiOx:H 

interlayer, fixing the CO2 flow in the gas mixture to obtain a layer with n = 2.6. In order to 

further reduce the current mismatch by allowing more light to reach the c-Si absorber, we 

employed an I/Br ratio of 80/20 in the perovskite precursor coating solution. In Figure 2d, we 

compare the simulation results for nc-SiOx:H films with n = 2.6 and a thickness between 0 

and 150 nm to the experimental values with a variation in the range 20120 nm. The use of a 
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thicker interlayer enhances the NIR response with a predicted maximum JSC,EQE,SHJ of 

18.9 mAcm-2 for a 100120-nm thick (n)nc-SiOx:H. We confirm the optimal thickness 

experimentally, with our highest JSC,EQE,SHJ of 18.9 mAcm-2 in this series, representing a gain 

relative to the thinnest layer of ~ 1 mAcm-2. Our measured improvement is dominated by the 

decrease of reflection losses out of the cell, with further levelling of the 1R curve from 

thinner to thicker interlayer clearly visible in the EQE curves, which we show in Figure S8.  

Consistent with simulations shown elsewhere[21,33] we have found that an optical interlayer, 

with a refractive index (in this case SiOx, nSiOx) near the geometric mean of the adjacent layers 

(in this case perovskite and Si), has proven to be best. Furthermore, we find that the optical 

thickness (tSiOx × nSiOx) which reduces the reflection at this interface to a minimum, is close to 

a quarter of the wavelength range λ*
BC impinging on the bottom cell following the relation 

tSiOx ~ λ*
BC / 4nSiOx (see inset in Figure 2f). Although these approximations clearly hold and 

deliver a good first order approximation, for an exact prediction of the optimum properties, 

optical simulations such as those which we have used here (see experimental section for 

further details), are important. 

 

We made further small optimisations to the perovskite absorber layer material and processing 

parameters and fabricated perovskite-on-silicon tandem cells with the (n)nc-SiOx:H interlayer 

thickness of 110 nm and n = 2.6. In Figure 3a we show the certified JV characteristics of our 

experimentally realized tandem solar cell (area 1.088 cm2), which was measured at the 

Fraunhofer Institute of Solar Energy (ISE) Callab under Standard Testing Conditions. As we 

show in the inset to Figure 3a, the parameters for the best cell are: VOC = 1791.9 ± 12 mV, 

FF = 74.60%, ISC = 20.69 ± 0.39 mA (JSC = 19.02 mAcm-2). and η = 25.43%. In the 

supplementary information (Figure S9), along with the measurement certification, we show 

the MPP-tracked current voltage, current and power output, which reached a stabilised 
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efficiency of 25.18 ± 0.75%. Furthermore, Figure S10 shows the initial light soaking dynamic 

of the champion cell.  

In Figure 3b, we plot the EQE spectrum for the same cell, as measured at Oxford PV. From 

the EQE spectrum, we determine JSC,EQE,PVK and JSC,EQE,SHJ of 19.9 and 18.8 mAcm-2, 

respectively, with a total current density as high as 38.7 mAcm-2 (see Figure 3b). The current 

gain in the SHJ bottom cell compared to the reference bottom-cell with 20 nm nc-Si:H 

interlayer (JSC,EQE,SHJ = 17.4 mAcm-2) amounts to 1.4 mAcm-2. For the final optical design, the 

module architecture has to be considered. Choosing the right encapsulation material, front 

glass and glass side ARC, further reductions in reflection losses may be expected particularly 

in the blue part of the spectrum. 

Despite our best efforts, we have not yet managed to achieve a higher conversion efficiency 

by improving the current matching. As we show in the Figure S11, it is possible to make the 

perovskite absorber layer in the top cell thinner and obtain a matched tandem, thereby, 

improving JSC to 19.5 mAcm-2. If we assume such a current-matched tandem and keeping 

VOC = 1.79 mV and FF = 74.6% constant, this will result in an efficiency increase from 25.4% 

to 26.0%. Thus far, however, the fill factor and VOC drop off when we thin the absorber layer 

or widen the band gap, which offsets the increase in JSC,EQE,SHJ and results in an overall 

efficiency drop in the tandem cells (Figure S12). Possible origins of low FF of our device 

could be: The absence of an optimized front grid,[33] Ohmic losses occurring in the electron- 

and hole-transport layers[34,35] as well as a voltage-dependent photocurrent in the top cell. 

Preferably, matching the current densities is achieved by widening the perovskite band gap. 

Widening it from 1.67 eV to 1.7 eV, gaining the resulting expected 30 mV increase in VOC, 

then this would correspond to a perovskite top cell VOC of 1.13 V, and we would increase the 

tandem efficiency further to 26.5%. If we then manage to raise VOC of the perovskite cell 

further to 1.2 V, which has already been achieved with numerous perovskite solar cells in the 

n-i-p configuration,[28,36] and recently in the p-i-n configuration,[37] then this would deliver an 
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overall tandem cell VOC of 1.89 V and increase the efficiency further to 27.5%. Finally, we 

expect that the FF can be increased to 78% or above as the component FF of the sub-cells is in 

that range (Figure 1). This would lead to a conversion efficiency above 28%. Amongst others 

this might require further improvement of the tandem front contact which consists of a low-

damage deposited buffer + TCO layer.  

In summary, now that we have minimised reflectance losses out of the cell, and achieved 

good integration of the perovskite top and silicon bottom cells, it is a matter of careful 

improvement and optimisation of the perovskite top cell in order to achieve truly 

transformative power conversion efficiencies. 

Regarding the question of flat versus textured silicon front side: comparing our tandem cell to 

the recently published results from Sahli et al. achieved on both side pyramidal textured 

wafers, our tandem cell with flat front silicon has a lower JSC but a higher VOC×FF product.[18] 

As Stolterfoht et al. recently concluded, the VOC and FF of state-of-the art perovskite p-i-n 

cells are limited to a great extent by recombination losses occurring at the interfaces to the 

electron- and hole-transport layers.[35] Using a flat silicon surface as opposed to silicon wafer 

with a pyramid-textured front side, the interface area to the transport layers is significantly 

smaller, which as a consequence should lead to less interface recombination. This could be a 

fundamental advantage of the approach using a flat front side.  

 

4. Conclusions and outlook 

We have demonstrated by means of experiments and simulations that the incorporation of an 

optimized nc-SiOx:H interlayer between the top and bottom cell in monolithic 

perovskite/silicon-heterojunction tandem cells leads to a significantly increased bottom-cell 

current density. Due to the coherent light propagation in the thin films, the nc-SiOx:H 

interlayer optimisation requires adjustment of both refractive index and layer thickness with 

the optimum at around 2.6 (at a wavelength of 800 nm) and 110 nm, respectively. We have 
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obtained a gain of 1.4 mAcm-2 as compared to the reference device with 20 nm standard non-

oxidic nc-Si:H n-layer. This gain is driven by better light in-coupling into the bottom cell 

(thereby reducing reflection out of the cell). Our best tandem device reached a certified 

conversion efficiency of 25.2% (MPP tracked). The total current density, calculated as the 

sum of the photogeneration currents, JSC,EQE,PVK + JSC,EQE,SHJ, is as high as 38.7 mAcm-2. 

Despite our significant results, our cell is still limited by the bottom cell with 

JSC,EQE,SHJ = 18.8 mAcm-2, and we have identified a clear path to achieving 19.5 mAcm-2 

matched current density. Our work highlights where future improvements to the perovskite 

top cell should be made, and identifies a clear near term road map towards efficiencies 

exceeding 28%. 

 

5. Materials and methods 

Silicon heterojunction solar cells. N-doped FZ c-Si wafers (4-inches, <100> orientation, 

270 µm, 3 Ω∙cm) with both sides polished were used. The front side of the wafers were 

covered with SiOx protective layer and the substrates were chemically treated to obtain 

random pyramids with <111> oriented facets[38] and a final wafer thickness of 250 µm. All 

silicon layer depositions were carried out in an Applied Materials PECVD cluster tool 

(AKT1600) operating at 13.56 MHz plasma excitation frequency (electrode area of 2000 cm2) 

using SiH4, H2, PH3 B2H6 and CO2 as process gases. Prior to the PECVD process, the wafers 

were cleaned by the RCA procedure[39] and were dipped in HF diluted to 1% in H2O for three 

minutes to remove the native oxide. The front side of the c-Si substrates was covered by 

~ 5 nm thick (i)a-Si:H and (n)nc-SiOx:H (variable thickness and oxygen content) layers, while 

on the rear the (i)a-Si/(p)a-Si:H (4 nm/7 nm) stack was grown on the textured surface. More 

details can be found elsewhere[22]. Afterwards transparent conducting oxides and metal are 

DC sputtered in a Leybold A600V7 by means of aligned sputtering masks to obtain 

rectangular cells with an area of 1 cm2. In particular, 25 nm of In2O3:Sn (ITO) was deposited 
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on the polished side from a 3wt.% doped target at a set temperature of 220ºC using an 

argon/oxygen mixture as process gas. The rear (textured) side is completed with 70 nm 

aluminum zinc oxide (ZnO:Al, AZO) sputtered from a ZnO target doped with 1 wt.% Al2O3 

in an argon/oxygen mixture, followed by 400 nm Ag. This stack was sputtered at room 

temperature. Finally each individual cell was cut out by laser scribing to allow further 

processing. Additionally, reference single-junction solar cells were fabricated following the 

process described in our previous work[40] and adapting the front TCO thickness and the 

(n)nc-SiOx:H for maximizing the antireflection effect[22]. 

 

Perovskite solar cells. To form the mixed-cation lead mixed anion perovskite precursor 

solutions, caesium iodide (CsI, Alfa Aesar), formamidinium iodide (FAI, GreatCell Solar), 

methylammonium iodide (MAI, GreatCell Solar), lead iodide (PbI2, TCI) and lead bromide 

(PbBr2, Alfa Aesar) were prepared in the way corresponding to the exact stoichiometry for the 

desired Cs0.05(FA0.83MA0.17)0.95Pb(I1-xBrx)3 compositions in a mixed organic solvent of 

anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich) and dimethyl sulfoxide (DMSO, 

Sigma-Aldrich) at the ratio of DMF : DMSO = 4 : 1. The perovskite precursor concentration 

used was 1.25 M, unless stated otherwise. For the hole transporting materials, polyTPD (1-

Material) was dissolved in toluene in a concentration of 1 mg/mL along with 20 wt% of F4-

TCNQ (Lumtec); NPD was dissolved in m-Xylene (Sigma-Aldrich) at a concentration of 

1 mg/mL. For the electron transporting materials, PC61BM and BCP were dissolved in 

chlorobenzene and isopropanol at a concentration of 20 mg/mL and 0.5 mg/mL, respectively. 

The single junction perovskite solar cells were fabricated following the same processing 

parameters reported in our previous work[41], except for that the perovskite absorber layer was 

deposited using a solvent-quenching method [i.e. dropping antisolvent toluene (250400 µL) 

10 sec before the end of the spin-cast process. In this work, only the perovskite absorber layer 

and the electron-transporting layers were processed in a nitrogen-filled glovebox; the rest of 
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the fabrication as well as the incomplete devices were processed and handled in ambient air. 

Finally, the single junction PSCs were completed by thermal evaporation of 70 nm of silver 

contacts under high vacuum (10-5 ~ 10-6 mbar). 

 

Tandem solar cells. To form the monolithic perovskite/Si tandem cells, the perovskite top 

cells were processed directly onto the front side of the completed Si sub-cells using the same 

processing parameters described above, with the substitution of the PC61BM, BCP and Ag 

electrode with an n-type charge extraction layer, buffer layer, ITO top electrode and 

antireflection coating. 

 

Optical Simulations and device characterization. Optical simulations were carried out using 

the MATLAB-based 1D program GenPro4 developed at TU Delft which is based on an 

extended net radiation method.[42] Optical parameters of all materials were experimentally 

determined from single layers using different methods or taken from literature as described in 

Ref.[7,32] (see Figure S7). The generated photocurrent densities from the carriers generated in 

the perovskite and c-Si absorption and reflection losses out of the cell were calculated by 

interpolating the obtained data and multiplication with the AM1.5G norm spectrum. 

The certified J–V measurement was carried out on completed devices under standard test 

conditions (25°C, in air, spectrally corrected dual zone light source with an intensity of 

1000 Wcm-2) by the Fraunhofer Institute of Solar Energy (ISE) CalLab. The area was defined 

using a mask with an aperture of 1.088 cm2, which did not include the contact area 

(= designated area). Characteristics were measured using both reverse-forward and forward-

reverse bias sweep, as well as a perturb-and-measure maximum power tracking algorithm to 

confirm stabilised power output. Prior to the calibrated J-V measurement, the cell was 

measured repeatedly in-house, stored in N2 atmosphere, shipped under vacuum and finally 

light soaked for ~ 10 min.  
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External quantum efficiency (EQE) was recorded for each respective sub-cell using a 

Bentham PVE300 setup in air. A halogen lamp with an intensity of 1000 W/m2 in 

combination with appropriate coloured glass filters were used to bias the top- and the bottom 

cell, respectively. No bias voltage was applied for the shown EQE data. For the EQE 

measurements, which were done for the above mentioned spectrum correction at Fraunhofer 

ISE CalLab, the top cell was biased with 600 mV and the bottom cell with 650 mV. The 

difference in JSC as obtained in-house (without-) versus at Callab (with-bias voltage) was <2% 

for the top and <1% for the bottom cell of the best device. The measurement of reflectance 

was carried out using a Perkin Elmer Lambda 1050 UVVIS near-infrared (NIR) 

spectrometer equipped with an integrating sphere using a small spot size (2 mm2). 

Scanning Electron Microscope (SEM) images were obtained using a Jeol JSM7100F 

microscope. 

 

Supporting Information  
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Monolithic perovskite/SHJ tandem device and best single-junction solar cells. a, 

Current–voltage (J–V) curve of the best SHJ and perovskite solar cells fabricated as single-

junction devices on front flat c-Si wafer and ITO-coated glass substrate, respectively. The 

insets show the cell performance parameters and the schematics of the device structures, 

where the perovskite absorber layer is Cs0.05(FA0.83MA0.17)0.95Pb(I0.82Br0.18)3. b, EQE and 

reflectance (R) of the best SHJ and perovskite solar cells fabricated as single-junction devices 

on front flat c-Si wafer and glass substrate, respectively. 
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Figure 2. Interlayer optimization. a, Cross-section of the simulated monolithic perovskite/SHJ 

tandem cell (layer thicknesses and morphological features not to scale). b, Cross-sectional 

SEM image of the top region of the tandem device. c, Experimental (symbols) and simulated 

(solid line) current density for top and bottom cell and reflection losses out of the cell as a 

function of the interlayer refractive index (n) with a thickness of 50 nm. The perovskite 

absorber layer used in these experiments was Cs0.05(FA0.83MA0.17)0.95Pb(I0.82Br0.18)3. d, 

Experimental (symbols) and simulated (line) current density for top and bottom cell and 

reflection losses out of the cell as a function of the interlayer thickness with n of 2.6 at 

800 nm. The perovskite absorber layer used in these experiments was 

Cs0.05(FA0.83MA0.17)0.95Pb(I0.8Br0.2)3. e, Experimental EQE (full spheres) and total absorbance 

(1R, open circles) curves for perovskite/SHJ tandem cells with 50 nm (n)nc-SiOx:H 

interlayer and n of 2.2 and 3.0. f, Schematic of the sequence of refractive indices in the cell 

stack. 
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Figure 3. Performance of the best perovskite/SHJ tandem solar cells. a, Current–voltage 

(JV) curve of the best tandem cell (1.1 cm2) with conversion efficiency of 25.43%. The 

measurement was performed at the Fraunhofer Institute of Solar Energy (ISE) under standard 

test conditions. b, EQE curves of the tandem cell with 110 nm (n)nc-SiOx:H (n = 2.6 at 

800 nm). The photogeneration currents JSC,EQE,i calculated from the EQEs and assuming 

AM1.5g illumination are given as an inset. 
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The optical absorption in monolithic perovskite/silicon tandem solar cells with flat Si 

front-side is improved. The successful tailoring and incorporation of nanocrystalline silicon 

oxide composite interlayer with tuneable refractive index is demonstrated on device by 

experiments and optical simulations. Improved short-circuit current density (38.7mAcm-2) 

combined with excellent contact properties lead to a cell with a certified conversion efficiency 

of 25.2%. 
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Supplementary Figures 

Figure S1. Single junction Silicon solar cells. a. Current–voltage (J–V) curve and b. EQE and 

1-R curves measured of the best SHJ cells fabricated on front flat c-Si wafers with and 

without 85-nm a-SiOx:H AR capping layer. 
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Figure S2. Single junction perovskite solar cells with different I/Br ratios. a. Schematic 

for the single junction perovskite cell made in this work. b. J-V curves measured for PSCs 

with different I/Br ratios. 

 
 

Figure S3. Device statistics for perovskite solar cells with different I/Br ratios. a. JSC 

(mAcm-2). b. PCE (%). c. VOC (V). d. FF. 
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Figure S4. EQE for single junction perovskite solar cells. Measured EQE results and 

derived JSC-EQE for PSCs with different I/Br ratios. 
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Figure S5. Single junction perovskite solar cells using different precursor concentrations. 

a J-V curves measured for PSCs processed from perovskite solutions of 1.15, 1.20 and 1.25 M. 

Corresponding device statistics: b. JSC (mAcm-2); c. PCE (%); d. VOC (V); e. FF. 
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Figure S6. EQE for single junction perovskite solar cells. Measured EQE and derived JSC-

EQE for PSCs processed from different precursor concentrations. 

 

 

Figure S7. Experimentally determined optical parameters for optical simulations. a. 
(n, k) for the layers employed for the top cell. b. (n, k) for the layers employed for the bottom 

cell. Optical parameters are calculated from reflection and transmission measurements of 

layer deposited on glass substrates: Perovskite with a thickness of ~ 700 nm, (n)nc-SiOx:H 

with a thickness of ~ 200 nm and ITO with ~110 nm. Refractive index extracted at 800 nm 

are indicated in the legend of Figure 1b. (n, k) of the other layers are taken from literature (see 

Ref.[7]). 
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Figure S8. a. Simulated and b. experimental EQE and total absorbance (1R) curves for 

perovskite/SHJ tandem cells with 50-nm thick (n)nc-SiOx:H interlayer and variable refractive 

index from 1.8 to 3.0. c. Simulated and d. experimental EQE and total absorbance (1R) 

curves for perovskite/SHJ tandem cells with n = 2.6 (n)nc-SiOx:H interlayer and variable 

thickness in the range of 20  150 nm. Equivalent photocurrents absorbed in top-, bottom-cell 

and photocurrent loss by reflection out of the cell (“air”) are indicated for each device. 
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c                     Simulations 

 

b                     Experimental a                     Simulations 
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Figure S9. Measurement certification performed at the Fraunhofer Institute of Solar Energy 

(ISE). a. IV-curve parameters under Standard Testing Conditions (STC) of the certified 

perovskite/SHJ tandem solar cell. b. MPP-tracked current voltage, current and power output. 

 

 

 

a b 
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Figure S10. Example of the initial light soaking dynamic of the champion cell. The 

efficiencies shown here were measured in-house on a dual-zone sun simulator and calculated 

using the reverse IV-sweep after a MPP tracking. 
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Figure S11. Tandem cells with thinner perovskite top cell absorber layer. a. EQE curves of 

tandem cells where the perovskite absorber layer was deposited using a concentration of 

1.05 mol/L and 1.15 mol/L in the solution, respectively. The I/Br ratio was 80/20 in this case. 

The IV-parameters of the best cell deposited with these parameters were FF = 71.8%, Voc = 

1.785 V and PCE = 25.0 (in-house measurement). b. SEM picture of a cell fabricated using 

the 1.05 mol/L solution. c. Thickness of the perovskite absorber as obtained from ellipsometry 

and SEM as a function of molarity of the spun solution. 
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Figure S12. The statistical distribution of the power conversion efficiency (PCE), open-

circuit voltage, fill factor and current density for two different perovskite materials (I/Br = 

78/22 and 80/20) and different interlayer properties of the experiment producing the 

champion cell. These measurements were performed in-house using a dual-zone sun simulator 

and before light soaking. Note that these samples origin from a larger batch and the ones 

shown here were selected because of their quality based on single-zone measurements before 

AR coating to reduce processing and testing time. Furthermore, the statistics are influenced by 

a dynamic upon light soaking of the cells.  


