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Abstract 

Phosphorene nanoribbons (PNRs) have been widely predicted to exhibit a range of 

superlative functional properties, however since they have only recently been isolated, these 

properties are yet to be shown to translate to improved performance in any application. PNRs 

show particular promise for optoelectronics, given their predicted high exciton binding 

energies, tunable band gaps, and ultrahigh hole mobilities. Here, we verify the theorized 

enhanced hole mobility in both solar cells and space-charge-limited-current devices, 

demonstrating the potential for PNRs improving hole extraction in universal optoelectronic 

applications. Specifically, PNRs are demonstrated to act as an effective charge-selective 

interlayer by enhancing hole extraction from polycrystalline methylammonium lead iodide 

(MAPbI3) perovskite to the poly(triarylamine) semiconductor. Introducing PNRs at the hole-

transport/ MAPbI3 interface achieves fill factors above 0.83 and efficiencies exceeding 21% 

for planar p-i-n (inverted) perovskite solar cells (PSCs). Such efficiencies are typically only 

reported in single-crystalline MAPbI3-based inverted PSCs. Methylammonium-free PSCs also 

benefit from a PNR interlayer, verifying applicability to architectures incorporating mixed 



perovskite absorber layers. Device photoluminescence and transient absorption spectroscopy 

are used to demonstrate that the presence of the PNRs drives more effective carrier extraction. 

Isolation of the PNRs in space-charge-limited-current hole-only devices improves both hole 

mobility and conductivity; demonstrating applicability beyond PSCs. This work provides 

primary experimental evidence that the predicted superlative functional properties of PNRs 

indeed translate to improved optoelectronic performance. 

 

Introduction 

Phosphorene is a monolayer of black phosphorus where its tunable, direct bandgap, high-

carrier mobility, and anisotropic characteristics make it a promising candidate for a range of 

applications.1–8 While 2D materials in sheet form, such as phosphorene, are widely 

investigated, their 2D-ribbon counterparts offer new opportunities given their width-induced 

confinement effects and edge states that could enable further tuning of properties and 

emergent exotic phenomena.9–14 As a result, graphene nanoribbons are now a widely studied 

class of materials. Despite the motivation of many theory papers predicting exciting 

properties, synthetic routes for phosphorene nanoribbons (PNRs) are only recently appearing 

in the literature.8,14–17 Early attempts focused on lithography15–17 of 2D phosphorene, creating 

singular ribbons with limited control over geometry and thus properties. In 2019 an 

intrinsically scalable, top-down synthesis of stable PNR liquid dispersions was 

demonstrated.14 The produced ribbons are discrete, atomically-flat single crystals, cut 

perfectly along the zigzag crystallographic orientation with uniform widths ranging between 

~4–50 nm and lengths of up to 75 µm, opening up applications beyond individual 

nanoelectronic devices.8,14 During the preparation of this manuscript, Yu et al.18 used PNRs 

as a protective layer in lithium-ion batteries to prevent lithium dendrite growth. Interestingly, 

it was the chemical edge states of the ribbons that were proposed to react with lithium to 

provide a protective layer, rather than the intrinsic properties of the PNRs themselves. 



Therefore, despite the predicted superlative properties of PNRs discussed in theoretical 

studies, there is still no experimental evidence that their electronic properties indeed translate 

to improved functionality in application. For example, an electronic property of interest is 

their predicted high hole mobilities,9 giving PNR films potential as novel hole transport 

materials (HTMs) in photovoltaic (PV) devices.  

 

Perovskite solar cells (PSCs) have rapidly emerged as one of the most promising candidates 

for future PV due to their visible to near-infrared absorption,19,20 long diffusion lengths,21,22 

electronic and physical tunability,23,24 high efficiency,25,26 and low manufacturing costs.27,28 

One major advantage of PSCs is their solution processability, which has generated further 

avenues of improvement by the incorporation of nanomaterials.29–31 The most successful 

HTMs in PSCs are either small organic molecules or semiconducting polymers, and this has 

represented one of the major challenging components for further enhancements in both device 

stability and efficiency. Capitalizing on PNRs in PSCs will depend heavily on their ability to 

transport holes and thus requires sufficient pairing with other constituents in the device 

architecture to prevent the formation of a potential barrier, such as at the HTM/perovskite 

interface. Analogous to phosphorene, the conduction and valence band of PNRs is thickness 

dependent, thus enabling energy level matching with the other components within a PSC.32 

Studies exploiting phosphorene or black phosphorus in PSCs at the hole transport layer 

(HTL)/perovskite33,34 or electron transport layer (ETL)/perovskite interface35,36 is to date 

limited, where a majority of the work has involved black phosphorus quantum dots. In 2020, 

Zhang et al.37 demonstrated synergistic cascade carrier extraction via dual interfacial 

positioning of black phosphorene in n-i-p structured PSCs and achieved an efficiency of 

19.8%. The anisotropic nature of black phosphorene was utilized to tune proper thicknesses at 

both the ETL/perovskite and HTL/perovskite interfaces, resulting in synergistic enhancements 



of charge transfer and charge collection. Despite this impressive result, no examples of 

layered phosphorene have been studied in p-i-n structured (inverted) PSCs. 

 

Here, we introduce the use of PNRs in optoelectronics in which we investigate their 

applicability as a HTM with a poly(triaryl amine) (PTAA) semiconductor in inverted PSCs. 

The addition of PNRs at the HTL/perovskite interface achieves fill factors above 0.83 and 

efficiencies exceeding 21%. We couple device photoluminescence (PL) and femtosecond 

transient absorption spectroscopy (fs-TAS) to demonstrate that spin coating a PNR interlayer 

at the HTL/perovskite interface provides fast and efficient hole extraction from the absorber 

layer to PTAA. We also fabricate space-charge-limited-current (SCLC) hole-only devices and 

demonstrate improvements in both mobility and conductivity when PNRs are present. This 

work reveals a promising use of PNRs in perovskite optoelectronics and also demonstrates 

their potential for universal applicability in next-generation optoelectronic devices. Using a 

range of experimental processing and characterization, we demonstrate that the predicted 

superlative properties of PNRs indeed translates to improved functionality in application. 

 

Results and Discussion 

PNRs were produced as per our previous report and dispersed in N-Methyl-2-pyrrolidone 

(NMP) or dimethylformamide (DMF).14 Brief sonication of the LiP8 salt in anhydrous NMP 

and mild centrifugation yields a yellow, cloudy solution of PNRs, with strong absorption at 

~380 nm and a broad scattering background from dispersed nanoscale species (Figure 1a). 

The band gap (Eg) of the PNRs is ~1.97 eV, calculated from cyclic voltammetry (Figure S1), 

which correlates well to previously reported phosphorene.38 The synthesized PNRs formed 

have a distribution of widths and lengths (typically 50 nm to 10 μm in length and 5 to 50 nm 

in width) consistent with our previous report14. A TEM micrograph of an individual ribbon is 

shown in Figure 1b and a false colored version of this data, with the PNR highlighted in red in 



Figure S2. Our measurements also revealed that the highest occupied molecular orbital 

(HOMO) for the PNRs is ~5.41 eV, which prompted us to investigate this material’s hole 

extraction ability in PSCs. Since the PNRs are dispersed in polar aprotic solvents, this study 

focused on inverted PSCs where PNRs were placed at the HTL/perovskite interface. Placing 

PNRs between the perovskite/HTL in an n-i-p architecture would compromise the perovskite 

layer due to its own solubility in polar aprotic solvents. The effect of PNR hole extraction was 

examined using our established inverted architecture with PTAA as the HTL and 

methylammonium lead iodide (MAPbI3) as the perovskite absorber material.39 The band 

diagram for the proposed hole extraction mechanism from MAPbI3 to the respective HTLs is 

shown in Figure 1d. All processing was carried out in a nitrogen filled glovebox where films 

were subject to additional spin coating steps and gentle heating/vacuum to remove excess 

NMP or DMF (see experimental section). Prior to device fabrication, the presence of PNRs 

on the PTAA films was confirmed by Raman spectroscopy as shown in Figure 1c, although 

direct visualization of PNRs on PTAA was not feasible through probe microscopy due to the 

intrinsic roughness of the substrate (Figure S3). In addition, Raman spectroscopy for LiP8 

crystals from Li/NH3 treatment of black phosphorus and neat PTAA films are shown in 

Figure S4. To investigate whether the PNRs would affect the morphology or crystallization of 

the perovskite layer, X-ray diffraction (XRD) and scanning electron microscopy (SEM) were 

used to check the MAPbI3 after deposition on PTAA. XRD of MAPbI3 films with and without 

PNRs on PTAA is shown in Figure S5a, where the 110 diffraction peak at 14.2 2 shows no 

change in peak full-width-half-maximum (FWHM) or peak shifting, supporting that PNRs do 

not influence the crystallization of the perovskite layer. Furthermore, Figure S5b shows an 

SEM image of the MAPbI3 on PNR/PTAA substrate. The topography of MAPbI3 is identical 

to our previous report when deposited on PTAA,[35] suggesting that the PNR layer does not 

induce any issues with the morphology of the MAPbI3 film.  



 

Figure 1. (a) UV-visible spectra of PNR solution showing a strong peak at ~380nm and the exponential background typical 

of scatter from objects of comparable length scale to the incident light. (b) TEM micrograph of an individual PNR deposited 

on holey carbon grid. Inset (red) shows zoom of isolated PNR and inset (yellow) shows SAED pattern. False colored version 

with the PNR highlighted in red is provided in Figure S2. (c) Normalized Raman spectra (785 nm excitation) of black 

phosphorus and PNR on PTAA. (d) Energy diagram schematic of hole transfer from MAPbI3 to PNR, PTAA and ITO. (e) 

Inverted PSC device stack with PNRs deposited between PTAA and perovskite. 

 

MAPbI3 was sandwiched between PNR/PTAA as the HTL and fullerene derivative [6,6]-

phenyl-C₆₁-butyric acid methyl ester (PCBM) as the ETL. An ultrathin layer of poly(9,9-

bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-

dioctylfluorene))dibromide (PFN) was added on top of the PTAA to improve wetting40 and 

bathocuproine (BCP) was added between the PCBM and copper electrode to minimize non-



radiative recombination at the ETL/Cu interface (Figure 1e).41 Given that the direct band gap 

of PNRs is thickness dependent, it is vital to control the number of spin coated cycles of 

PNRs on PTAA in order to match the energy levels and optimize device performance. PNRs 

were optimized with respect to PV performance (Figure S6 and Table S1) and are labelled as 

PNR-1,2,3, or 4 which represents the number of spin coated cycles between the 

HTL/perovskite interface. A summary of the PV parameters of the PSCs incorporating PNR-1 

is presented in Table 1, which show that the average power conversion efficiency (PCE) 

values improved from 18.66 ± 0.43% (control) to 20.12 ± 0.51% (PNR), due to improvements 

in all PV parameters; short-current density (JSC), open-circuit voltage (VOC), and fill factor 

(FF). When PNR-2,3, and 4 were employed, the average PCE decreased to 16.81 ± 0.39%, 

16.05 ± 0.42%, and 12.68 ± 0.20%, respectively. Despite the lower PCE, the average JSC still 

remained higher than the control cells except when PNR-4 was employed, where the PSCs 

showed a decrease in JSC to 18.29 ± 0.16 mA cm-2. We attribute this 21% decrease in JSC to 

the increased thickness of the PNR layer, which possibly impeded charge extraction from the 

PNRs to the PTAA. This was further supported in Figure S7 that shows a current-voltage (J–

V) curve for PSCs incorporating a 5th cycle of PNRs (PNR-5), further decreasing the JSC with 

respect to the control and PNR-4 PSCs. The VOC was also reduced by ~100 mV with respect 

to control devices when PNR-2 or more were employed. The significant decrease in voltage 

can be attributed to an energy level mismatch with respect to the anisotropic nature of the 

PNRs,37 where PNR-1 provided the most suitable conditions for optimized PSCs. Although 

the FF remained over 0.7 for all PNR devices, there was a notable decrease as the number of 

PNR cycles increased above 3, which can be attributed to parasitic resistive losses leading to 

reduced charge carrier extraction. Lower PNR contents (from diluted solutions) were also 

investigated and shown to be less effective than PNR-1 conditions (see Table S2). This 

confirms that adding lower PNR contents does not further improve the PSCs, however 

additional layers of PNRs indeed lowers the performance.  



 

Figure 2a shows a cross-sectional SEM image of the optimized PNR-1 PSC structure based 

on ITO/PTAA/PFN/PNR/MAPbI3/PCBM/BCP/Cu, where the thickness of the MAPbI3 is 

approximately 580 nm, consistent with previous work.39,42 From here on, PNR will refer to 

the optimized PNR-1 PSCs. J–V curves of champion devices with and without PNRs are 

shown in Figure 2b. Champion control devices measured with a reverse scan show a PCE of 

19.60%, JSC of 22.30 mA cm-2, VOC of 1.089 V, and FF of 0.807. Devices incorporating the 

PNRs exhibited a PCE of 21.14%, JSC of 23.33 mA cm-2, VOC of 1.093 V, and FF of 0.829.  In 

order to only focus on the effect of the PNR interlayer, no additional passivation strategies 

were employed. We note that the use of PNR interlayers enabled PCEs in polycrystalline 

MAPbI3-based inverted PSCs, comparable to those typically only reported in single-crystal 

devices.43 Given that hysteresis changes dynamically depending on the measurement 

parameters,44 plots of the maximum power point (MPP) tracking of the devices are shown in 

the inset of Figure 2b and show stabilized power outputs (SPOs) of 18.90% (control) and 

20.10% (PNR). Forward and reverse J–V scans are shown in Figure S8 of devices with and 

without PNRs, where they remain essentially unchanged – a recognized advantage of using 

the inverted architecture.45,46 Integrated current densities derived from the external quantum 

efficiency (EQE) are shown in Figure 2c and match the JSC from the J–V curves, excluding 

any spectral mismatch as highlighted in previous work.47 Furthermore, 1000 hour stability 

measurements of the devices held at open-circuit conditions is shown in Figure S9, 

demonstrating that the introduction of the PNRs does not impede the device stability. A 

statistical distribution of all PV parameters for ~70 devices (control and PNR) is shown in 

Figure 2d. Although all average PV parameters were improved for PSCs with the PNR 

interlayer, the most notable improvements were in the JSC, along with a slight improvement in 

VOC and FF. The improvement in FF for the PSCs can be partly attributed to the reduced 

average series resistance (Rs) for the PNR devices (2.97 ± 0.45 Ω cm2) compared with those 



of the control devices (3.89 ± 0.37 Ω cm2). To investigate the improved PV parameters 

further, JSC and VOC were measured as a function of light intensity for PSCs with and without 

PNRs. The incident light intensity (I) was varied from 100 mW cm-2 (1 sun) to 1 mW cm-2 

(0.01 sun) and the power law dependence of JSC with I is shown in Figure S10, in which the 

logarithm of JSC and I are plotted. PSCs with and without PNRs show α values close to 1, 

where an α of 0.97 (control) and 0.98 (PNR), suggest minimal space charge limited 

behavior.48 It is possible that the addition of the PNRs provides a more favorable interface 

between the HTL/MAPbI3, which plays a role in minimizing recombination in the PSCs, and 

this is also supported by the high FFs and reduced Rs.
49 To further investigate the 

recombination processes, the dependence of VOC on I is shown in Figure 2e. For bimolecular 

recombination, the slope of VOC vs. ln(I) is equal to, 𝑘𝐵𝑇/𝑒, where 𝑘𝐵 is Boltzmann constant, 

T is temperature, and e is the elementary charge. However, for monomolecular recombination 

(trap-assisted recombination), the electron and hole densities at open circuit would each be 

proportional to I, and the slope of VOC vs. ln(I) is given by 2𝑘𝐵𝑇/𝑒.50 While this provides a 

straightforward method of distinguishing bimolecular and monomolecular recombination, the 

ideality factor (𝑛𝐼𝐷) is a useful tool that can be used to assess intermediate recombination 

processes where the VOC dependence on ln(I) gives the slope 𝑛𝐼𝐷𝑘𝐵𝑇/𝑒.51,52 In the absence of 

monomolecular recombination, the ideal diode equation applies where 𝑛𝐼𝐷 equals 1. On the 

other hand, in the presence of monomolecular recombination, 𝑛𝐼𝐷 can increase up to a value 

of 2.53–55 Figure 2e shows an 𝑛𝐼𝐷 of 1.64 (control) and 1.54 (PNR), demonstrating that the 

PNRs reduced monomolecular recombination, leading to more ideal diode characteristics. 

This reduction in trap-mediated processes also supports the slightly higher VOC measured for 

the PSCs with PNRs (Figure 2d).  

 



Given the growing concerns regarding the stability of PSCs incorporating methylammonium 

(MA),56,57 MA-free devices with and without PNRs were prepared using formamidinium and 

cesium cations, FA0.95Cs0.05PbI3. In line with our findings discussed above, PSCs 

incorporating PNR-1 show improved PV performance with respect to control cells. PSCs 

based on FA0.95Cs0.05PbI3 achieved average PCEs of 18.93 ± 0.47% (control) and 20.13 ± 

0.43% (PNR) and a statistical distribution of the PV parameters is shown in Figure S11. Such 

efficiencies are in line with previous reports incorporating an MA-free absorber layer in 

inverted PSCs.58,59 The improvement seen for FA0.95Cs0.05PbI3 confirms that the introduction 

of PNRs in PSCs is not limited to MAPbI3 (or its bandgap) and can be complementary to 

other systems and/or possible architectures. 

 

Figure 2. (a) Cross-sectional SEM of PSC with PNRs, (b) J–V curve of champion PSCs with and without PNRs (inset 

showing stabilized PCEs), (c) EQE and integrated current density of control and PNR PSCs, (d) PV parameters as statistical 

distribution for ~70 PSCs with and without PNRs, (e) semi-log plot of VOC as a function of light intensity.  

Table 1. Photovoltaic parameters extracted from the J-V curves for control and PNR inverted PSCs. Champion devices are 

highlighted in bold. 

 

Device JSC (mA cm-2) VOC (V) FF PCE (%) SPO (%) 

Control 

 

22.30 

21.85 (+/- 0.23) 

1.089 

1.078 (+/- 0.007) 

0.807 

0.792 (+/- 0.015) 

19.60 

18.66 (+/- 0.43) 

18.90 

PNR 23.33 

23.11 (+/- 0.35) 

1.093 

1.084 (+/- 0.007) 

0.829 

0.803 (+/- 0.015) 

21.14 

20.12 (+/- 0.51) 

20.10 



To understand more about the effect that the PNRs had on the hole transport properties, we 

isolated the PNRs from the absorber material and prepared space-charge-limited-current 

(SCLC) hole-only devices with the configuration ITO/PEDOT:PSS/PTAA/Au and 

ITO/PEDOT:PSS/PTAA/PNR/Au. The J–V characteristics can be described by the SCLC 

with, J(V) = (9/8)ϵϵ0μV2 / d3 where ϵ is the dielectric constant (3 for organic films) and d is the 

film thickness.60–63 The mobilities of hole-only devices were extracted from Figure 3a as 1.08 

× 10-4 cm2 V-1 s-1  (control) and 2.76 × 10-4 cm2 V-1 s-1 (PNR), consistent with previous values 

reported in the literature.64,65 The improved mobility in the PNR devices suggests that hole 

extraction is improved and recombination minimized, consistent with the improved FF 

measured for PSCs with PNRs (Figure 2d). Furthermore, the direct current (DC) conductivity 

(σ0) was extracted from the slope of the current–voltage (I–V) curve, I = σ0Ad-1V,66 where A 

is the area of the sample and d is the thickness of the PTAA. The corresponding 

conductivities were extracted from Figure 3b as 9.25 × 10-7 S cm-1 (control) and 1.02 × 10-6 S 

cm-1 (PNR), which suggests that the PNRs reduced the series resistance in the PTAA, which 

is consistent with J–V characteristics of full devices. Therefore, it is expected that from the 

improved mobility and conductivity of devices incorporating the PNRs, charge carriers are 

more efficiently transported to the PTAA. The SCLC results demonstrate that the PNRs 

facilitate hole extraction without a perovskite absorber, further complementing their 

application in optoelectronics beyond PSCs. 



 

Figure 3. (a) Log-log J-V plot of hole-only SCLC devices with the architectures ITO/PEDOT/PTAA/Au and 

ITO/PEDOT/PTAA/PNR/Au. The yellow line represents the gradient of the fitted regions for mobility extraction. (b) J-V 

plot for conductivity extraction at the ohmic region for hole-only devices with the architectures ITO/PTAA/Au and 

ITO/PTAA/PNR/Au. 

To investigate the effect that the PNRs had on the recombination and charge carrier extraction 

characteristics, we performed 1-sun equivalent photoluminescence (PL) spectroscopy for 

complete devices at both open-circuit (OC) and short circuit (SC) conditions. The device OC 

to SC quenching efficiency (PLQOC-SC) has been previously demonstrated as an effective 

figure-of-merit to assess the charge carrier extraction efficiency in PSCs, which is calculated 

as PLQOC-SC=(PLOC-PLSC)/PLOC.67,68 Figure 4a shows that under OC condition, there is 

almost no difference in PL intensity of both control and PNR devices, demonstrating the same 

radiative recombination and quasi-fermi-level-splitting (QFLS).69 This suggests that the PNRs 

do not introduce any additional interfacial recombination paths at the HTL/MAPbI3 interface 

or change the properties of bulk MAPbI3. Interestingly, under SC conditions devices with the 

PNRs show lower PL intensity, enhancing the PLQOC-SC from 0.91 (control) to 0.94 (PNRs). 

We also demonstrate that regardless of the excitation fluences (Figure S12), under SC 

conditions devices with PNRs show lower PL intensity. This implies PNRs have improved 

the charge extraction compared to the control PSCs which is in agreement with the improved 

PV parameters, JSC and FF. W 



In order to compare the charge extraction/separation behavior, steady-state PL and 

femtosecond transient absorption spectroscopy (fs-TAS) were used to probe the excited states 

in ITO/PTAA/PNR/MAPbI3 films. Due to the air-sensitive nature of the PNRs, all films were 

sealed in a nitrogen filled glovebox before spectroscopic measurements were carried out. 

Prior to performing PL measurements, UV-visible spectroscopy of the films with and without 

PNRs was carried out and no notable changes in absorption were observed (Figure S13). In 

addition, the thickness of the layers in the control devices also remained unchanged –

eliminating any inconsistences based on thickness (Figure S14). Steady-state PL of neat 

MAPbI3, ITO/PTAA/MAPbI3, and ITO/PTAA/PNR/MAPbI3 is shown in Figure S15. The PL 

quenching efficiency was calculated as per our previous report,30 where PNRs improved the 

quenching of the PTAA by 37%.  We attributed this to improved charge extraction from the 

MAPbI3 to the PNR/PTAA rather than increased surface recombination, since PNR devices 

also show improved VOC. We further probed the effects of the PNRs by replacing PTAA with 

PMMA to investigate the quenching effects using an inert polymer with otherwise poor 

quenching efficiency. Figure S16 shows that the PNRs improve the quenching of the PMMA 

by 44%, demonstrating that the effectiveness of the PNRs is not limited to semiconducting 

polymers like PTAA. We now turn to fs-TAS, which is an optical technique used to 

determine the charge extraction properties.21 Figure 4c represents the fs-TAS spectra at 

different delay times, demonstrating the spectral changes of the photobleaching (PB) between 

the films with and without PNRs. Neat MAPbI3 fs-TAS spectra also at different delay times is 

shown in Figure S17 of the SI. The most prominent feature for all films is the negative optical 

density change (∆OD) peaked at 758 nm, which can be attributed to PB at the band edge.21 It 

is also noticeable that in the early time scale (< 450 fs) that there is a rising of negative PB 

signal at higher energy (751 nm), along with a decrease of the positive photoinduced 

absorption peak at 777 nm. These kinetic features can be assigned to hot carrier cooling at the 

band edge.70 Right after the carriers are cooled, the PB peak reaches its maximum at the same 



time for all films, and then starts to decay due to recombination of cooled carriers. To further 

understand the evolution of ∆OD as a function of time, we probed the decay kinetics of the 

band edge PB in a 6 ns range for neat MAPbI3, ITO/PTAA/MAPbI3, and 

ITO/PTAA/PNR/MAPbI3 films. Figure 4d shows these PB decay kinetics; it is apparent that 

the presence of interlayers results in faster decay kinetics, assigned to hole extraction from 

MAPbI3 to the interlayer. Decay kinetics with lifetimes of 15.5 ns (control) and 9.9 ns (PNR) 

are shown, indicating faster hole extraction from the MAPbI3 to the PNRs when the pump 

fluence is 4 μJ cm-2. All fs-TAS measurements were also repeated using a lower pump 

fluence of 0.8 μJ cm-2, where the trend is clear and consistent with the previous conditions 

and faster hole extraction is observed in the PNR film (Figure S18). Figure 4b shows the 

proposed hole transfer schematic which are based on the charge extraction results obtained 

from Figure 4a and quantified from Figure 4d. To further verify the kinetics implied by the fs-

TAS measurements, the PL decay kinetics were analyzed using an excitation of 635 nm and 

probe of 770 nm. The PL decays shown in Figure S19 were fitted with the biexponential 

function, 𝑦 = 𝑦0 + 𝐴1𝑒
−
𝑥

𝑡1 + 𝐴2𝑒
−
𝑥

𝑡2 .71 We attribute  primarily to the hole extraction time at 

the HTL/ MAPbI3 interface of 1.9 ns (control) and 1.5 ns (PNR). We attribute   primarily to 

the diffusion limited hole extraction time as bulk charges takes time to reach HTL/MAPI 

interface before been transferred (we note the extraction lifetimes determined from fs-TAS 

should be an average of these two TCSPC decay phases). In addition to the faster extraction 

times, A1 is also larger for the PNR than the control films which is indicative of more 

efficient hole extraction of the former (Table S3). These results are in good agreements with 

the steady-state PL and fs-TAS data. Although defect passivation of the perovskite layer 

remains a popular argument for improved PSC performance, any potential passivation effects 

from the PNRs at the interface do not appear to play a significant role here. Improved hole 

extraction is indicated by the steady-state and device PL and the time-resolved decays from 

TCSPC and TAS, collectively. While high hole field-effect mobility has led to predictions of 



efficient hole extraction in phosphorene-based materials,3 this is the first report on PNR-

mediated hole extraction in any optoelectronic application using discrete nanoribbons. Future 

theoretical and experimental studies will help further develop the mechanisms put forward in 

this work and assist in expanding prospective electronic applications incorporating PNRs. 

 

Figure 4. (a) Device PL of control and PNR PSCs at open circuit and short circuit conditions under 1-Sun equivalent laser 

illumination , (b) proposed schematic of enhanced hole extraction with PNRs, (c) transient absorption spectra evolution 

within 6 ns of control and PNR films at a pump fluence of 4 μJ cm-2, (d) normalized transient absorption spectra of the band-

edge transition in MAPbI3 recorded at the maximum PB bleach signal after two pump excitation of 4 μJ cm-2. 

 

Conclusion 

In conclusion, we have demonstrated that PNRs can provide enhanced hole extraction in 

inverted PSCs by inserting an ultrathin layer between PTAA and the perovskite, resulting in 

reduced recombination losses, which led to PSCs with FFs exceeding 0.83 and PCEs above 

21%. We also demonstrate that our approach can be applied to MA-free PSCs, where PNRs 

routinely improved PV performance of the inverted PSCs above 20%. In both cases, the 

efficiency enhancement was mostly ascribable to a significantly improved JSC and FF. SCLC 



hole-only device analysis also revealed that the incorporation of PNRs improved both the 

conductivity and mobility of the PTAA, further demonstrating the potential for PNRs 

improving hole extraction in universal optoelectronic applications. By virtue of device PL, we 

show that devices with PNRs show more effective carrier extraction and lower defect 

densities contributing to higher average efficiencies compared to control cells. Probing the 

charge transfer dynamics using fs-TAS revealed that films with PNRs show faster decay 

kinetics with a lifetime of 9.9 ns, compared to control films with lifetimes of 15.5 ns. Faster 

decay kinetics measured from fs-TAS, aligned well with both the steady-state and time-

resolved PL measurements, revealing faster hole extraction from the perovskite to the PTAA 

when PNRs were employed. As the first example of PNRs in optoelectronic devices, this 

work opens up new opportunities for future theoretical and alternative experimental 

applications employing this novel nanomaterial. 

 

Experimental Section  

 

Characterization 

Cyclic voltammetry: Tetraethylammonium hexafluorophosphate was used as the salt with 

PNRs (3 mg/ml) in DMF. A glassy carbon electrode was used as the working electrode, a Pt 

wire as counter and Ag/AgNO3 reference electrode was also used. Ar gas was blown over the 

solution whilst CVs were performed. The scan rate was set at 1 mV/s, with 10 scans averaged 

to obtain the observed trace. 

 

Spectroscopy: Raman spectroscopy was performed on a Renishaw InVia spectrometer fitted 

with a 785 nm laser. LiP8 crystals were wax-sealed in a quartz capillary. PTAA was spin 

coated onto plasma-cleaned glass cover slips using the above procedure below, and PNRs 

were spin coated 4 times (as for the ‘PNR-4’ devices) onto the PTAA film. PNR films were 



removed from the glovebox and measured in air immediately. Photoluminescence and 

absorption spectra were obtained using a Horiba FL 1039 and Shimadazu UV-2600, 

respectively. A 635 nm continuous-wave laser purchased from THORLABS adjusted to 

different light intensities was used for excitation. Specifically, the 1 sun equivalent intensity 

was calibrated by matching the current under laser illumination with the AM1.5 illumination 

from solar simulator. A mask was used during the measurement. The TCSPC measurements 

were conducted by a Delta Flex system (detector: PPD-900, Horiba scientific). A 635 nm 

laser diode with < 200 ps pulse duration (NanoLED N-02B, Horiba scientific) was used to 

achieve the excitation with repetition rate of 1 MHz and fluence of 0.64 nJ cm-2 pulse-1. 

Ultrafast transient absorption spectra and kinetics were recorded using a HELIOS transient 

absorption spectrometer with a 630 nm excitation source generated by an optical parametric 

amplifier (TOPAS Prime from Spectra-Physics) and a frequency mixer (NirUVis from Light 

Conversion). The white light probe pulse was generated through a sapphire crystal. Both 

pump and probe light were seeded by a Solstice Ti:Sapphire regenerative amplifier (Newport, 

Spectra-Physics), with a resulting system instrument response time of 200 fs. The excitation 

density of the pump beam was monitored by VEGA energy meter (OPHIR Photonics) at a 

repetition rate of 500 Hz. 

 

Electron Microscopy: TEM micrographs were taken on a JOEL JEM 2100 with an 

LaB6 source operated at 200 kV. Samples were prepared by drop casting neat PNR solution 

onto QUANTIFOIL® holey/continuous carbon 200- or 300-mesh copper or gold TEM grids 

(EM Resolutions). During transfer to the TEM chamber, the grids were exposed to air for ~ 

2 min (for mounting in the holder) and ~ 5 min (for evacuating the holder) before insertion in 

the microscope. Scanning electron microscopy (SEM) was used to study the cross-sectional 

morphology of the devices. To reduce charging effects and improve image quality, cross-



sections were sputtered with 10 nm of chromium. SEM images were acquired via an in-lens 

electron detector using a LEO Gemini 1525 field emission SEM operated at 3 kV.  

 

Solar Cell Characterization: J–V measurements were carried out between one sun (AM 1.5G) 

and 0.1 suns illumination using a calibrated solar simulator with a Xenon lamp (LOT) and 

neutral density filters. Device performance was measured with a Keithley 2400 source meter 

by scanning at 50 mV s-1. Each device contained four pixels which were measured using 

masks of 0.045 and 0.09 cm2. EQE measurements were carried out with a halogen lamp 

chopped to a frequency of 188 Hz through a Newport monochromator and a 4-point probe in 

connection with a lock-in amplifier was used to collect data. The monochromatic beam was 

calibrated using a silicon photodiode and the data was analyzed with Tracer 3.2 software 

(LOT) to produce the EQE spectra.  

 

Material Preparation 

PNR solutions: Procedure adapted from Watts et al.14  Back phosphorus crystals (Smart 

Elements) were outgassed (~10-7 mbar), transferred to an argon-filled glovebox and ground 

with pestle and mortar to ~1-5 mm crystals. The phosphorus (250 mg) and freshly cut lithium 

(7.5 mg, Sigma Aldrich, 99.9%) were placed in a glass tube fitted with a Swagelok valve, 

cooled to -50 °C, and placed under vacuum (~10-6 mbar). Ammonia gas (Sigma Aldrich 

99.99%, cleaned by previous condensation over lithium metal) was condensed to cover the 

phosphorus and left for 12 h. The ammonia was removed and the LiP8 crystals were dried 

under vacuum (10-6 mbar) for 1 h, before transferring to the glovebox. In a tight-sealing vial, 

LiP8 (7 mg) was added to NMP (7 mL, Sigma Aldrich, 99% anhydrous, dried further with 3 Å 

molecular sieves), and sonicated for 30 min before centrifuging (~100g, 30 min) and 

decanting to give the PNR solution. 

 



Perovskite solutions: 1.5 M MAPbI3 was prepared by dissolving PbI2 (TCI, 99.99%) and 

CH3NH3I (Dyesol, 99.99%) at a molar ratio of 1:1 in anhydrous N,N-dimethylformamide 

(DMF)/ dimethylsulfoxide (DMSO) (9:1.1 volume ratio). 1.25 M FA0.95Cs0.05PbI3 was 

prepared by dissolving PbI2 (TCI, 99.99%), CH5IN2 (Dyesol, 99.99%), CsI (Alfa Aesar, 

99.9%) at a molar ratio of 1:0.95:0.05 in anhydrous DMF/NMP (4:1 volume ratio). We would 

like to highlight that both perovskite solutions were prepared via the Lewis-base adduct of 

lead(II) iodide for both MAPbI3
72 and FA0.95Cs0.05PbI3,

73 which we find to be highly 

reproducible. 

 

Device Fabrication 

Solar Cell fabrication: ITO was sequentially ultrasonically cleaned in acetone, Milli-Q water, 

acetone, and iso-propanol for 10 min in each solvent. The ITO was then dried with nitrogen 

and treated by oxygen plasma for 7 minutes. PTAA (Ossila 14,000 mW, 2.5 mg mL-1 in 

toluene) was then spin-coated on the ITO at 5000 rpm (acceleration of 5000 rpm) for 20s. An 

ultrathin layer of PFN-Br (1-Material, 0.01 wt% in methanol) was then spin-coated on top of 

the PTAA at 5000 rpm (acceleration of 5000 rpm) for 20s. PNRs in DMF were spin-coated on 

top of the HTL at 4000 rpm (acceleration of 5000 rpm) for 30 s and immediately annealed at 

100 °C for 30 min to remove DMF. If NMP was employed as the PNR solvent, gentle 

vacuum was required (in addition to heating) to remove excess solvent. MAPbI3 was spin-

coated on the HTL at 4000 rpm (acceleration of 4000 rpm) for 20 s and after 7 s, 0.4 mL of 

diethyl ether was rapidly dropped on top of the spinning substrate. The substrate was then 

immediately annealed at 65 °C for 2 min before further annealing at 100 °C for 60 min. When 

FA0.95Cs0.05PbI3 was used as an absorber layer, it was spin-coated on the HTL at 4000 rpm 

(acceleration of 4000 rpm) for 20 s and after 10 s, 0.4 mL of diethyl ether was rapidly 

dropped on top of the spinning substrate. The substrate was then immediately annealed at 

65 °C for 2 min before further annealing 150 °C for 15 min. After annealing, all films were 



glassy black and allowed to cool for 10 min before deposition of the ETL. PCBM (Solenne 

99.5% purity, 30 mg mL-1 in chlorobenzene) was then spin-coated on top of the perovskite 

layer at 2000 rpm (acceleration of 4000 rpm) for 20 s. BCP (Lumtec 99.5% purity, 0.5 mg 

mL-1 in methanol) was then spin-coated on top of the PCBM layer at 5000 rpm (acceleration 

of 4000 rpm) for 20 s. Immediately after BCP was deposited, the substrates were transferred 

(under nitrogen) to another glovebox and subject to thermal evaporation. Finally, 100 nm of 

Cu was thermally evaporated as a top contact at a base pressure of 5 × 10-6 mbar. For open-

circuit stability measurements, 100 nm Au was thermally evaporated instead of Cu at the 

same base pressure. 

 

SCLC hole-only device fabrication: ITO was cleaned as per the description above. 

PEDOT:PSS (Hercules) was filtered and spin-coated onto ITO at 5000 rpm (acceleration of 

4000 rpm) for 45 s and annealed for 30 min at 150 °C. A 600 nm thick layer of PTAA (Ossila 

14,000 mW, 100 mg mL-1 in toluene) was then spin-coated on top of the PEDOT:PSS at 2000 

rpm (acceleration of 1000 rpm). For samples with PNRs, the PNRs were spin-coated on top of 

the PTAA as per the methods described above. Finally, 100 nm of Au was thermally 

evaporated as a top contact at a base pressure of 5 × 10-6 mbar.  
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