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Abstract 

In this work, the relation between the photovoltaic and resistive switching (RS) properties of 

metal-oxide-semiconductor devices containing Si nanocrystal (Si NC) superlattices is 

investigated. A first approximation concludes that the low resistance state achieved by the RS 

process allows for enhanced photogenerated carrier extraction when compared to the high 

resistance state and pristine devices. By using different current compliance values during the 

electroforming process, the low resistance state is further modified, improving its conductivity 

and the collection probability of photogenerated carriers. Conversion efficiency is enhanced by 

at least one and up to five orders of magnitude by applying different electroforming processes. In 

addition to promoting the RS properties in these devices, spectral response measurements 

demonstrate that Si NCs are partially responsible for the optical absorption, and that their 

contribution is maintained after electroforming. We thus conclude that the proposed methodology 

can improve the conversion efficiency of this and other multijunction solar cells or structures that 

also exhibit RS properties. Through RS, a dense network of conductive filaments is promoted in 

the insulating region, which reduces the travel distance of photocarriers for their collection. 
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1. Introduction 

Silicon nanocrystals (Si NCs) have attracted much attention during the last two decades thanks 

to their higher radiative-transition rate with respect to bulk Si. Moreover, the electronic quantum 

confinement within the NCs can be engineered by controlling their size, and thus their band gap 

energy.[1,2] One of the approaches to achieve control on the NC size is depositing alternated 

nanometric stoichiometric and non-stoichiometric silicon dioxide multilayers (MLs) and applying 

afterwards a temperature treatment,[3] exhibiting outstanding structural and optical properties. 

These properties have been exploited in the particular field of photovoltaics, where the 

combination of higher bandgap Si NCs and bulk Si in a tandem solar cell structure was addressed, 

aiming at overcoming the Shockley-Queisser limit for single bandgap materials,[4,5] In this 

frame, several attempts have been carried out, but with little success owing to the inefficient 

extraction of carriers generated after photon absorption.[6,7] This low performance is due to the 

insulating nature of the SiO2 matrix, which, despite conferring Si NCs an excellent potential 

barrier that favours quantum confinement, it also makes it difficult for the current to flow through 

the layers, consequently limiting the electrical conductivity of the system. 

To solve the drawback of poor charge extraction, several approaches exist in the literature that 

address the problem in different ways. On one hand, doping the Si NCs and/or the insulating 

layers has been a commonly employed strategy in the literature for improving their electrical 

properties,[8,9] by effectively achieving an intrinsic electric field through the Si NCs/SiO2 MLs, 

but at the expense of usually employing processes including toxic reactants and inducing some 

disorder in both the SiO2 matrix and the Si NCs, which deteriorates the overall optical properties 

of the system. On the other hand, it is also possible to directly influence the operation of the MLs-

containing devices without affecting their fabrication. In this case, and associated with the limited 

electrical conductivity of SiO2 and other dielectric layers, it has been recently observed that 

atomic rearrangement can be induced by applying a strong enough external electric field.[10–13] 

In SiOx layers, this electric field can promote a large diffusion of O2- ions that, in turn, contributes 

to the formation of nanometre-sized conductive filaments (CFs), or conductive paths, that may 

even lead to the electrical connection of both electrodes.[14,15] As a result, there is a sudden, but 

controlled, by means of a current compliance (CC), change in the electrical resistivity that can be 

tuned under certain bias conditions. Being this rearrangement process reversible, the creation or 

destruction of those conductive paths modifies the device conductivity, giving rise to either high 

or low resistance states (HRS and LRS, respectively). This effect can occur many times and is 

known in the literature as resistive switching (RS). This novel phenomenon allows dielectric 

materials to act, when embedded in the proper device structure, as resistive random-access 

memories (RRAMs), by employing the intrinsic material properties to mimic the digital behaviour 

used in memory storage. 
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The operation of RS devices is not trivial, and it requires an adequate combination of applied 

voltage and injected current at different steps of the cycle. In the most common structure for this 

kind of devices, a metal-insulator-metal (MIM) capacitor, the initial dielectric nature of the oxide 

active material sandwiched between the two metallic electrodes makes it necessary to perform an 

electroforming process in order to promote the first CF generation. Simultaneously to the creation 

of conductive paths, a network of oxygen vacancies is also created, which plays a major role in 

successive cycles of partial oxidation and reduction of the aforementioned paths. Actually, this 

network of oxygen vacancies remains within the dielectric layer throughout device operation after 

electroforming, making it more conductive than in the pristine state but with little or no influence 

on the macroscopic optical properties due to their small size relative to the device.[16] A 

schematic representation of such described RS process and the different resistance states is 

detailed in Fig. 1 for a MIM design, using a metal oxide as insulator layer. 

 

 

Figure 1. Schematic representation of the complete RS process in a MIM device, with a metal oxide as 
insulator layer. The insulator is originally in the pristine state. Via an external electric field, the 
electroforming process is promoted, a network of oxygen ions is liberated from the insulator and CFs are 
generated, thus achieving the LRS. Under a different electric field polarity, the CFs can be oxidized in the 
reset process, physically disconnecting the electrodes and reaching the HRS. Similar to electroforming, the 
set process reconnects the CFs to restore a LRS. 

 

Apart from the purely electric properties exhibited by RS devices, light interaction with these 

structures has demonstrated to strongly influence on both the writing and the reading of their 

resistance states. On one hand, RS devices using different semiconductor or dielectric materials 

(like ZnO or SiOx) have undergone controlled illumination with the aim of lowering the required 

voltage for the electroforming process.[17,18] On the other hand, in a previous work employing 

analogous Si NCs/SiO2 MLs on a Si substrate, some of the authors observed the possibility to 

electrically read the resistance state of the devices at Vread = 0 V, thanks to the photocarriers 

generated in the substrate and the connections established between the top electrode and the 



5 
 

bottom p-type silicon substrate.[13] The combination of the excellent optical properties and their 

improved electrical conductivity in the LRS after the electroforming in Si NCs can be exploited 

for photovoltaic (PV) applications, overcoming in this way the high energy barriers that SiO2 pose 

to carrier extraction.[19] 

In this work we study the light interaction with Si NCs/SiO2 MLs deposited on a Si substrate 

after the electroforming process for different CC values ranging from 1 µA to 1 mA. When 

illuminated with white light at 1000 W m–2, a photocurrent enhancement of more than 5 orders of 

magnitude with respect to the pristine state has been observed for CC higher than 100 µA. This 

study demonstrates the possibility of using the RS phenomenon for solving the limited 

conductivity presented by the top dielectric-embedded Si NCs layers in tandem solar cells. 

 

2. Materials and methods 

Devices consisting in 5×Si-rich silicon oxynitride (SRON)/SiO2 superlattices (SLs), were 

fabricated by plasma-enhanced chemical-vapour deposition (PECVD) on p-type (100)-Si 

substrates ([B] ~ 1016 cm-3, resistivity ~1–20  cm), at a substrate temperature of 375 °C. The 

thickness of the stoichiometric barrier layer was held constant at 1 nm, found to be optimum for 

efficient charge transport,[20,21] whereas the thickness of the Si-rich sublayers, with a controlled 

stoichiometry of SiO0.93N0.23 (corresponding to a Si excess of 17 at.%), was nominally fixed at 

3.5 nm. Prior to the first SRON sublayer,2-nm-thin Si3N4 sublayer was grown on the substrate 

prior to the first SRON sublayer, with the aim of enhancing electron injection to the MLs in 

inversion conditions due to the fixed positive charges it contains, consequence of its defective 

nature.[22,23] A 10-nm capping SiO2 layer was deposited on top of the structure, thus prevent the 

samples from further oxidation and keeping the SL structure during the post-deposition annealing 

process. The SLs were annealed at 1150 °C for 1 hour in a high-purity N2 atmosphere in order to 

induce the precipitation and crystallization of the Si excess in the form of Si NCs. The existing 

dangling bonds were afterwards H2-passivated. The resulting average NC diameter was found to 

be dNC = 2.9 nm, as determined by Raman spectroscopy following the same methodology 

described in Refs. [21,24,25]. After all those processes, the SiO2 capping layer of 10 nm was 

removed by wet chemical etching. The final device structure was achieved with a 

photolithography-patterned 200-nm-thick layer of ZnO deposited by atomic layer deposition on 

top of the SLs, as transparent conductive oxide (TCO), followed by full-area Al metallization on 

the bottom of the p-type Si substrate, resulting in a final device area of ~7.9×10-3 cm2 (see scheme 

in the inset of Fig. 2). The overall structure resembles a tandem photovoltaic device, acting the Si 

substrate as the bottom junction and the Si NCs MLs as the top multijunction, whereas the whole 
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heterojunction ZnO/Si NC/p-Si provide a band offset of about 2 V.[22] Further details on the 

material and device fabrication processes can be found elsewhere.[20,21,26] 

Current-voltage [I(V)] characteristics were performed in dark and under illumination by using 

an Agilent B1500A semiconductor device analyser. The bottom contact (Al) was grounded, 

whereas voltage was applied on the top contact (ZnO) that was swept from –7 V to 7 V and/or –

1 V to 1 V, with slow enough voltage steps to ensure quasi-static conditions (measurements were 

performed at voltage ramps of 100 mV s–1 or 8 mV s–1, respectively). For measurements under 

illumination, the devices were illuminated with either a white light source (quartz-halogen lamp) 

or by using a combination of quartz-halogen and Xe lamps coupled to a monochromator with a 

2-nm spectral resolution, which allows for monochromatic excitation. The power density of the 

white illumination is around 1 kW m–2, simulating the optical power of the Sun (solar simulator 

class B), whereas the power density of monochromatic excitation in the 400–1100 nm spectral 

range lies in the order of ~0.4–1.2 mW m–2. Electrical current measurements under 

monochromatic excitation allowed determining the spectral response (SR) of the SL structures. 

The SR was obtained by measuring the variation, at 0 V, of the current generated under 

illumination and the residual current existing in dark conditions, and normalized by the incident 

optical power (i.e., the incident photon flux). The external quantum efficiency (EQE) has been 

evaluated from the measured SR. Reflectance measurements at normal incidence were carried out 

with the same monochromator-coupled quartz-halogen and Xe lamps using an integrating sphere. 

 

3. Results and discussion 

 

Figure 2. Current-voltage I(V) cycling applied to ZnO/Si NCs/p-Si devices resulting in RS. The first cycle 
displays the electroforming and first reset of the device with a solid red line. A representative (nth) cycle 
with set and reset processes is depicted with a dashed-dotted black line. Both cycles employ 100 µA as 
current compliance for the electroforming and set processes. Inset includes a schematic sketch of the device. 
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In order to obtain the current-voltage I(V) characteristics of the three different resistance states 

(pristine, LRS and HRS) in dark, the ZnO/Si NCs/p-Si devices underwent consecutive I(V) 

sweeps. Two complete RS cycles are displayed in Fig. 2. Initially, the voltage was increased up 

to 20 V, using a CC of 100 µA, to induce the electroforming process (solid red curve in Fig. 2). 

It is evident from the curves that there is a sudden increase in the current at a voltage around 11 

V, reaching this CC value. Reducing the voltage down to zero, the change in the I(V) characteristic 

is clear, as the devices exhibit a much lower resistivity: the device is currently in the LRS. Further 

reducing the voltage down to –12 V, the current starts increasing (in absolute value) until there is 

another sudden current decrease at –9 V, indicating an increase in its resistivity: the device lies 

now in the HRS. Please note that our I(V) curves evidence that the HRS is slightly more 

conductive than the pristine state, due to the partial formation of the CFs, as it has been reported 

elsewhere in the literature.[27] After this first voltage sequence, the device underwent subsequent 

RS cycles alternating from LRS to HRS (a representative one being displayed as the black curve 

in Fig. 2), as shown in previous works using similar devices.[10] 

 

Figure 3. Current-voltage I(V) measurements of the devices under study at the three different RS states: 
(a) pristine, (b) HRS and (c) LRS, using 100 µA as CC. Black lines correspond to measurements in dark 
and red lines to measurements under white light illumination. Insets for each state present a zoom-in of the 
region close to 0 V, allowing the observation of the generated photocurrent. 

 

Using these three different states of the ZnO/Si NCs-SiO2/p-Si devices (pristine, HRS and 

LRS), we analysed their I(V) characteristics under illumination, comparing them to the ones 

obtained in dark. In Fig. 3, we present the experimental results obtained for each state in dark and 

under white light illumination (1 kW m–2). There is a clear current increase at all voltages in 

pristine and in HRS under illumination (more than one order of magnitude for V > 2 V) as a 

consequence of the photocarriers generated within the whole device structure, thus increasing its 

conductivity. The situation in the LRS is, however, slightly different since only a rather marginal 

current increase (a factor 2 at high V) can be observed. As a summary, Table 1 compares the 

associated resistance values for a commonly employed read voltage of Vread = 0.1 V, calculated 
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from the data in Fig 3. As it can be observed, the resistance decreases from pristine to HRS and 

again in LRS, both in dark and under white light illumination. 

 

Table 1. Associated resistance values for the different states and measurements performed in Fig. 3, at a 
read voltage of Vread = 0.1 V. 

 RPRISTINE (MΩ) RHRS (MΩ) RLRS (MΩ) 

In dark 1.3×104 2.3×103 4.6×101 

Under illumination 1.3×103 1.0×103 3.3×100 

 

Apart from the already mentioned increase in the conductivity for all states, all the curves 

present a sizeable current and voltage either at V = 0 V or I = 0 A, respectively (see insets in Fig. 

3), revealing weak but non-negligible short-circuit current (ISC) and open-circuit voltage (VOC) in 

each state. This is due to the fact that the device structure in the pristine state resembles a p-i-n 

heterojunction, such as the ones devoted to PV applications,[28] which allows extracting some of 

the photogenerated carriers before their recombination. The inset for each RS state in Fig. 3 

displays a zoom-in to the measured voltage range close to 0 V, in linear scale. To obtain reliable 

results in this range and to avoid either charge trapping or other transient effects (especially for 

the pristine and HRS states), these measurements were performed under quasi-static conditions, 

by reducing the voltage ramp down to 8 mV s–1. Indeed, the device in its pristine state already 

presents a weak short circuit current of about ISC ~ 10 pA (weak, but well above the resolution 

limit of our experimental set-up, around 0.1 pA) and an open circuit voltage around VOC ~ 160 

mV. In the case of the HRS, there are slightly higher values, obtaining ISC ~ 60 pA and VOC ~ 500 

mV, which could be related to the increase in its conductivity with respect to the pristine state 

that facilitates the extraction of the photogenerated carriers. The most impressive results, 

however, are observed in LRS, where ISC ~ 40 nA, three orders of magnitude higher than in HRS. 

In addition, we also observed a VOC ~ 280 mV, lower than the one observed in the HRS but much 

higher than the one in the pristine state. 

The observed change in the electrical behaviour, both in dark and under illumination, can be 

explained by the RS mechanism. With the application of an external electric field, oxygen 

migration is promoted from the dielectric layer towards the positively-biased electrode, 

generating a network of oxygen vacancies and conductive filaments of nanometre-sized 

dimensions that end up connecting top and bottom electrodes.[14] Thus, the presence of higher 

conductivity sites distributed throughout the dielectric (i.e., the CFs) increases the diffusion length 

of the photogenerated electron-hole pairs, thus reducing their recombination. This, in turn, 

facilitates their extraction, which results in the overall improvement of their PV response in terms 
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of ISC and, to a lesser extent, of VOC. Actually, the density of these CFs distributed along the 

dielectric layer (i.e., Si NCs/SiO2) strongly depends on the first electroforming process: an 

increase in the CC would induce higher oxygen migration, generating a denser network of CFs, 

that results in an enhanced PV response (although reducing its RS performance). 

 

Figure 4. Zoom-in of the quasi-static current-voltage I(V) measurements under white light illumination of 
the devices under study in LRS after an electroforming process with different CC. The representation of 
the absolute value in logarithmic scale allows visualizing the ISC as the current at 0 V (dashed line) and the 
VOC as the voltage at a peak towards low currents (equivalent to the change of sign in linear scale). 

 

To analyse the effect of current compliance on the CF formation and their influence on the PV 

response, an additional study was performed with a set of different devices initially in the pristine 

state and submitted to an electroforming process, each of them with a different CC value. After 

the first CF generation, a I(V) measurement from –1 V to 1 V and under illumination was 

performed. Figure 4 displays a zoom-in of the –0.5 V to 0.5 V region of the I(V) curves obtained 

in devices in the LRS where different electrical stress were applied. The I(V) curves show a clear 

conductivity increase as the limit in the CC during the electroforming process increases, 

evidencing different LRS. Moreover, all the curves exhibit the same trend observed in Fig. 3c 

under illumination: there are non-negligible values of ISC and VOC. In Fig. 5a and 5b we have 

plotted the short-circuit current density (JSC, which is the short-circuit current normalized by the 

electrode area), and the VOC for each CC value: JSC shows a clear increasing trend, whereas VOC 

exhibits a mostly constant tendency although with a higher dispersion than the JSC. From these 

measurements, it can also be extracted the point of maximum output power density (Pout,m) after 

the electroforming process, given by 

𝑃୭୳୲,୫ = 𝐽୫ · 𝑉୫ ,

 

(1) 
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where Jm and Vm correspond to the current density and voltage at the maximum power point, 

respectively. The values of Jm and Vm have been obtained by numerically evaluating the maximum 

power extracted. From equation (1), the power efficiency (𝜂) of the devices can be calculated as 

the ratio between the maximum electrical output power density and the light input power density 

(Pin): 

𝜂 =  
௉೚ೠ೟,೘

௉೔೙
=  

௃೘ · ௏೘

௉೔೙
.

 

(2) 

In the case of our experimental setup, the light source has an optical power density of Pin = 1 

kW/m2. Following equation (2), Fig 5c displays the efficiency corresponding to the devices under 

test after the aforementioned electroforming processes: the efficiency increases from ~10-6 % to 

10-2 %, when the CC is modified from 1 µA to 1 mA, in good agreement with the observed trend 

in JSC and VOC. 

 

 
Figure 5. (a) Short-circuit current density, (b) open-circuit voltage and (c) power efficiency in the LRS as 
a function of the current compliance applied during the electroforming process to a set of initially pristine 
devices. 

 

The results here presented can relate the trends exhibited by JSC, VOC and the conversion 

efficiency η to the structural modification taking place in the material. On one hand, for a given 

incident photon flux, JSC depends on parameters related to geometry (area of the CFs and their 

number) and photon-to-electron conversion (photon absorption, charge generation and extraction, 
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diffusion length). Of all these parameters, the carrier diffusion length, and therefore the 

probability of carriers being collected by the electrodes, can be largely influenced by the 

generation of a higher number of CFs, whereas the modification of the rest of the parameters has 

minor (or negligible) contribution, due to the small CF-to-device volume ratio.[16] Indeed, 

according to the RS filament model, either the size of the filaments or their number increases as 

CC increases. In this frame, our increasing JSC trend in Fig. 5a can be explained with an increase 

in the number of filaments –or a combination with an increase of their size– that increases the 

diffusion length of the insulating layer. In order to be extracted before recombination, 

photogenerated carriers no longer need to travel the whole thickness of the insulating Si NC/SiO2 

but rather the distance to the closest CF. In contrast, just an increase in the CF size without 

considering an increase in the number of filaments would not be sufficient to collect so effectively 

the photogenerated carriers. 

On the other hand, Fig. 5b shows not so significant an evolution of VOC with the CC as found 

for JSC. Indeed, the VOC represents the point where photocarrier generation and recombination are 

in equilibrium, and it is largely influenced by the reverse saturation current density, JS, that is, the 

minority carriers circulating under dark conditions in reverse. Under illumination conditions, the 

photogenerated carriers recombine with these minority carriers. Since neither the photogeneration 

nor JS are expected to be affected by the presence of CFs, the observed small variation of the VOC 

with a high data dispersion can be mainly attributed to device-to-device variability. 

From the results displayed in Fig. 5c, measured in the LRS, it is clear that the PV properties 

of the Si NCs/SiO2 MLs are strongly dependent on the extent of the applied electroforming 

process. In particular, a higher CC increases the extraction efficiency of generated photocarriers 

by giving rise to a denser network of conductive filaments, through which photocarriers are 

extracted before their recombination. Focusing on the numerical results, it is found that increasing 

the current compliance by three orders of magnitude (from 1 µA to 1 mA) results in a conversion 

efficiency increase of almost four orders of magnitude (from η ~ 10–6 % to η ~ 10–2 %). With 

respect to the pristine state, where extremely low conversion efficiencies of η ~ 10–7 % are 

obtained (not shown here), electroforming using the highest CC results in a LRS state with an 

efficiency gain of almost five orders of magnitude. When reversing towards the HRS, devices 

exhibit efficiencies of ~10-6 %, again demonstrating that the conductivity level of the pristine state 

is never reached back, owing to the partial re-oxidation of the CFs. 

So far, the PV data proved that the structural modification of the dielectric layer (Si NCs/SiO2 

MLs) induced by controlled electroforming improves charge extraction of the devices under 

study. Nevertheless, this structural rearrangement can also induce alterations in the optical 

properties of the devices, especially in terms of optical transmission and absorption, which might 

be of great interest for solar cell applications. In order to analyse the effect of the RS phenomenon 
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on the optical properties, the EQE of the devices has been determined in the LRS after employing 

different CC values, from spectral response [SR(λ)] measurements (current extracted per incident 

optical power, in A W–1). The SR of the devices has been measured in the range of 300–1100 nm 

and at 0 V, which allows calculating the EQE of the devices by applying the following relation: 

𝐸𝑄𝐸(𝜆) =  𝑆𝑅(𝜆) ·
௛௖

௤ఒ
,

 

(3) 

where h is the Plank’s constant, c is the speed of light in vacuum, q is the elementary charge and 

λ is the wavelength of the incoming photons. The EQE spectra of the devices submitted to 

electroforming processes at different CC are displayed in Fig. 6. It is evident that there is an 

increase of the EQE at all wavelengths as the CC increases, indicating a clear improvement of 

photocarrier extraction ratio at increasing CC. The results hereby reported again demonstrate that 

the lower the current limitation (i.e., the higher the CC), the more efficient the carrier extraction 

and thus quantum efficiency. 

From these spectra, the short-circuit current density (JSC) of the devices can be evaluated by 

considering the solar spectral irradiance F(λ) and the experimentally determined reflectance of 

the devices R(λ) and integrating in the range from 300 nm to 1100 nm (limiting the integration 

range to the near UV, where there is little spectral irradiance, and below bulk-Si band-gap energy, 

where there is no absorption): [29] 

𝐽ௌ஼ = 𝐽௅|௏ୀ଴ =
௤

௛·௖
· ∫ 𝐹(𝜆)

ଵଵ଴଴

ଷ଴଴
· [1 − 𝑅(𝜆)] · 𝐸𝑄𝐸(𝜆)|௏ୀ଴ · 𝜆 · 𝑑𝜆.

 

(4) 

For the calculation of JSC with Eq. 4, the F(λ) employed corresponded to the AM1.5G standard. 

When comparing directly measured and calculated from EQE spectra, all values lie within the 

same order of magnitude and the overall increasing tendency previously observed is maintained. 

This fact well corroborates that the measurements performed via electrical (current-voltage 

curves) and electro-optical (spectral response analysis) methods are consistent with each other. 
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Figure 6. (a) External quantum efficiency spectra in the LRS for each employed current compliance. (b) 
Normalized EQE for the higher CC and comparison with a ZnO/Si reference device. 

 

Carefully examining the spectra in Fig. 6a, three distinct regions are observed, where the 

overall intensity is modified in a different way with the CC: (i) lower compliances below 10 µA, 

which result in almost no modification of the device EQE (as previously stated in Ref. [10], in 

some cases these limitations result in unstable LRS); (ii) up to 100 µA, where there is an increase 

in efficiency but differences between different CC values are not significant; and (iii) at large 

compliances, where increase of efficiency becomes evident (although at this point the resistance 

state is not reversible, i.e., the device is set to a permanent LRS). Indeed, from this last region it 

becomes evident that the EQE line-shape is barely modified irrespective of the employed current 

limitation level. 

Comparing the line-shapes of the spectra represented in Fig 6b for different CC, the small 

differences observable can be identified with device-to-device variability. The spectral line-shape 

of these devices compared with a reference Si sample has been previously analysed by some of 

the authors (the reader is kindly redirected to Ref. [13]). It was concluded in that work that whilst 

the Si substrate is responsible for most of the absorption, Si NCs also contribute, as deduced from 

a strong signal at short wavelengths and a blueshift at longer wavelengths, both occurrences being 
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compatible with quantum confinement (and thus the presence of nanostructured Si) within the 

sample. These features are maintained in the present analysis, as it can be observed by comparison 

in Fig. 6b with a normalized EQE of the reference device, indicating that even with large CC, CF 

generation does not induce a lateral percolation of the Si NC networks,[30,31] and therefore 

confinement of the Si NCs is still maintained. It is therefore possible to conclude that, under the 

current limitations employed in this study, the induced rearrangement of randomly-distributed 

oxygen vacancies through the dielectric layer results in an increase of the overall electrical 

conductivity and thus carrier extraction, while barely affecting the optical absorption of the 

presented devices. 

Some authors have previously reported the effect of ferroelectric resistive switching in the 

photovoltaic properties of ferroelectric materials, where the change in resistance modifies their 

conduction and the interface with the electrodes.[32–35] These works are mainly focused on the 

possibility of optically reading the device state, without exploring the possible advantages of RS 

in tandem PV systems. The presented methodology, namely the utilization of controlled RS on 

PV absorber materials to improve CF generation, is validated by our results and has shown an 

improvement in solar cell efficiency. This can be extended to other high-bandgap absorbing 

materials which simultaneously exhibit RS phenomenon, to further enhance their extraction 

efficiency. 

 

4. Conclusions 

In this work, the RS methodology has been employed in combination with electro-optical 

measurements in ZnO/(SiNCs/SiO2 MLs)/p-Si photovoltaic devices. A great enhancement of the 

PV conversion efficiency of such devices has been achieved after electroforming, inducing 

controlled nanoscale modifications within the dielectric layer in the form of oxygen vacancies 

rearrangement and the consequent formation of CFs. In particular, compared to the pristine and 

HRS states, when the devices lay in the LRS they allow a more efficient photogenerated-carriers 

extraction under either high-power white-light (class B solar simulator) or low-power 

monochromatic-light illumination. In addition, the use of higher CC values to limit the LRS is 

translated into enhanced carrier extraction by increasing the density of the CF network, thus 

attaining a higher collection probability. Finally, the spectral analysis of photon-to-electron 

conversion in LRS and its comparison with a reference Si device has identified the non-negligible 

absorption of Si NCs within the system, which is maintained at larger current compliances 

indicating a small scale of structural modifications that do not completely eliminate the quantum 

confinement properties associated to Si nanostructures. Overall, the presented RS procedure 
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applied to multijunction photovoltaic devices greatly improves their carrier extraction efficiency 

while maintaining the optical properties, resulting in an enhancement in their PV performance. 
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