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Abstract 

Herein, a novel strategy is presented for enhancing light absorption by incorporating gold 

nanostars (Au NSs) into both the active layer of organic solar cells (OSCs) and the rear-contact 

hole transport layer (HTL) of perovskite solar cells (PSCs). We demonstrate that the power 

conversion efficiencies of OSCs and PSCs with embedded Au NSs are improved by 6% and 

14%, respectively. We find that pegylated Au NSs are greatly dispersable in chlorobenzene 

solvent, which enabled complete blending of Au NSs with the active layer. The plasmonic 

contributions and accelerated charge transfer are believed to improve the short-circuit current 

density and fill factor. This study demonstrates the roles of plasmonic nanoparticles in the 

improved optical absorption, where the improvement in OSCs was attributed to surface plasmon 

resonance (SPR) and in PSCs was attributed to both SPR and the backscattering effect. 

Additionally, devices including Au NSs exhibited better charge separation/transfer, reduced 

charge recombination rate, and efficient charge transport. This work provides a comprehensive 

understanding of the roles of plasmonic Au NS particles in OSCs and PSCs, including an 

insightful approach for the further development of high-performance optoelectronic devices. 
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Introduction 

For the past few years, extensive efforts have been devoted to boost the photovoltaic 

performance of organic solar cells (OSCs) and perovskite solar cells (PSCs), owing to their cost-

effectiveness, ease of fabrication, light weight, and potential as mainstream energy harvesting 

sources. Despite the high efficiency of OSCs
1
 and PSCs,

2
 their poor optical absorption efficiency 

and inefficient charge transport represent major obstacles to improving their power conversion 

efficiency (PCE). Different strategies have been explored in the past to improve the optical 

absorption capability in OSCs and PSCs, including the use of surface texturing,
3
 micro-lenses,

4
 

nanograting,
5
 and photonic crystals

6-7
 to increase light trapping efficiency. Among these, one 

prominent approach is to utilize plasmonic metal nanoparticles (NPs) to improve the 

photovoltaic performance of OSCs and PSCs through plasmon optical and electrical effects. The 

optical effects include plasmon-enhanced scattering, propagation of surface plasmon polariton 

modes, and excitation of localized surface plasmon resonance (LSPR), and the electrical effects 

include hot carrier generation, efficient charge transport, and efficient carrier extraction.
8-9

 

Utilizing the localized surface plasmonic effect of metal NPs, which arises from the collective 

oscillations of conduction electrons of metal and incident electromagnetic waves, allows 

strengthening of the light harvesting by increasing the absorption and scattering of incident light. 

Surface plasmons associated with metal NPs enhance the localized field due to the scattering of 

light and increasing the optical path length, which aids light propagation in the active layer and 

increases exciton generation. In addition, metal NPs exhibit strong absorption in the UV–visible 

range, which is within the optical absorption region of the organic and perovskite layers used in 

OSCs and PSCs. Therefore, by changing the geometrical parameters of metal NPs such as size, 
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shape, or dielectric environment, their optical properties can be easily tuned
10-11

 to enhance the 

overall photovoltaic performance.  

Various research groups have reported enhancements in the PCE of OSCs through the use 

of various nanostructures and metal NP sizes, especially using Au
12-13

 and Ag,
14

 after blending in 

the active layer,
12, 15

 anode buffer layer,
14, 16-17

 or at the interface.
18-19

 Amid the plethora of 

reports on using metal NPs to enhance efficiency, ensuring uniform dispersion of these NPs 

while maintaining the surface morphology in the active layer and the electron transport layer 

(ETL) or hole transport layer (HTL) has always remained a critical concern. It has been reported 

that the incorporation of metal plasmonic nanostructures in the front side layer (in mesoporous 

and thin film configurations) of PSCs such as TiO2,
20-22

 NiO,
23

 and PEDOT:PSS
24

 leads to 

promising enhancements of photovoltaic performance. Previously, penetrated gold metal 

evaporated into [6,6]-phenyl-C61-butyric acid methyl ester was found to be advantageous in 

changing the optical density due to plasmonic effects;
25

 therefore, these findings demonstrate 

opportunities for new designs incorporating plasmonic nanostructures in the rear contacts of 

PSCs. Incorporating Au NPs into poly(3-hexylthiophene-2,5-diyl) (P3HT) as the rear HTL of 

PSCs has led to significant improvement in photovoltaic performance, owing to light scattering 

induced by the additional photon absorption of the perovskite layer.
26

 However, the PCEs 

yielded by this approach are relatively low compared to those of the commonly used 2,2′,7,7′-

tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9 ′ -spirobifluorene (spiro-OMeTAD) HTL. So far, 

only slight improvements to the PCE have been realized when embedding the Au NPs in spiro-

OMeTAD due to the non-uniform distribution of the Au nanoparticles (Au NPs) used.
27

 In 

contrast, the insertion of gold nanorods (Au NRs) into a TiO2 layer at the rear side of OSCs has 

Page 4 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5 

 

yielded 13% improvement to power conversion efficiency (PCE) due to backscattering and 

localized SPR.
28

  

In this study, Au NSs were employed as the metal plasmonic nanostructures because their 

anisotropic morphologies (namely, a central core with several extending round-edged tip 

branched nanostructures) yield strong local electromagnetic field enhancements compared to 

those of other gold nanostructures
29-30

 and because they have great potential in improving light 

absorption in the active layer.
31

 Au NSs embedded into the buffer layer of OSCs exhibit 

significant enhancement in PCE,
31

 but so far the plasmonic effect of Au NSs in active layer of 

OSCs and the use of Au NSs acting as rear contact scatterers in PSCs have not been investigated, 

making this is a highly desirable area of study. Herein, we demonstrate the successful 

embedment of highly dispersed (methoxypolyethylene glycol thiol) mPEG thiol–modified gold 

nanostars (mPEG-Au NSs) into blended layers of thieno[3,4-b]thiophene/benzodithiophene 

(PTB7):[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM; hereinafter PCBM) and the 

perovskite/spiro-OMeTAD interface, resulting in 6 and 14% PCE improvements, respectively. 

The mPEG-thiol was used as capping agent in order to improve the dispersion and stability of the 

Au NS particles in chlorobenzene solution. The present work includes a systematic investigation 

of the morphologies of Au NSs, the photovoltaic performances, and the optical and electrical 

contributions of Au NSs in these cells. This work also includes optical simulations performed to 

further understand the underlying mechanism of the improvement in device performance after 

the incorporation of Au NSs.  

Results and discussion 
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Figures 1a and 1b depict the typical inverted-type OSC and conventional-type PSC device 

configurations that were used in this study. The Au NSs incorporated in the active layers of 

OSCs and the HTLs of PSCs were synthesized by means of reducing chloroauric acid (HAuCl4) 

in the presence of a hydroxylamine hydrochloride (NH2OH-HCl) reducing agent and phosphate 

buffer. Details on the synthetic procedure are given in the Experimental Details section. The 

morphology of Au NSs was characterized by means of transmission electron microscopy (TEM), 

which showed that they were distributed uniformly and well controlled with sizes around 35 nm; 

the formation of multiple spikes was also clearly evident, showing that the particles were Au NSs 

(Figure 1c). In detail, the average size distribution of the Au NS diameter, core size of the Au 

NSs, and spike length are plotted in Figures S1a-c, where the core to spike ratio is 2.6. Surface 

plasmonic absorption spectra of the prepared Au NSs dispersion acquired before and after 

mPEG-thiol modification are shown in Figure 1d. The mPEG-Au NSs exhibited a pronounced 

surface plasmonic resonance peak at 630 nm in chlorobenzene (CB) solution, which is red 

shifted by 10 nm compared to that without mPEG-thiol because of the change in dielectric 

medium of Au NSs.
32

 Based on Figures S2a and S2b, Au NSs were successfully incorporated 

within the active layer of OSCs and at the perovskite/HTL interface of PSCs, due to the highly 

dispersed Au NSs in the CB solution.  

The performance of the PSCs prepared without (as a control) and with Au NSs was 

systematically characterized to investigate the effectiveness of the plasmonic particles in 

improving the solar cell performance. Figure 2a shows the current density–voltage (J–V) 

characteristics of a control and OSC embedded with Au NSs device. As summarized in Table 1, 

incorporation of Au NSs into the active layer yielded slight improvements in the Voc, Jsc, and FF 

compared to the control device, leading to enhancement of PCE from 8.30 to 8.78%. The 
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optimum concentration of Au NSs was achieved at 0.01 wt%, above which the photovoltaic 

performance began to decrease (Figure S3). As comparison, gold nanoparticles (Au NPs) of size 

20–30 nm were also embedded in the active layer and the resulting photovoltaic parameters were 

evaluated (Figs. S4a,b). These Au NPs yielded a lower maximum PCE of 8.67%, which could be 

attributed to the weaker near-field electric enhancement of Au NPs compared to Au NSs. 

Incorporation of Au NSs in a different layer such as the PEDOT:PSS layer was also investigated, 

and the resulting J–V characteristics and photovoltaic parameters are shown in Figure S5 and 

Table S2. As expected, the maximum PCE of 8.49% was lower than the maximum PCE obtained 

by embedding Au NSs and Au NPs in the active layer. This could be attributed due to the greater 

size of the Au NSs (~30 nm) compared to the PEDOT:PSS film thickness (~10 nm), which 

would provide a direct pathway for electrons to travel from the active layer to the anode, thereby 

enhancing recombination.  

Figure 2b depicts typical J–V characteristics of planar PSCs without Au NSs (denoted as 

control) and with Au NSs embedded in the HTL. Incorporation of Au NSs significantly 

increased Jsc and FF relative to those of the control, whereas Voc remained nearly the same. As a 

result, PCE was enhanced from 12.49% to 13.97%, as summarized in Table 1, and the 

relationship between photovoltaic performance and Au NSs concentration is plotted in Figure S3. 

Placing Au NSs in the MAPbI3 layer degraded the Jsc and Voc as well as the FF (Figure S6). This 

detrimental effect could arise from the presence of Au NS impurities influencing the crystallinity 

of the MAPbI3 and known to cause nonradiative recombination in PSCs.
33

 Overall, the above 

results suggest that embedding Au NSs into the active layer of OSCs and perovskite/HTL 

interface of PSCs could improve their PCEs by 6% and 14% under the optimized concentrations 

of 0.01 and 0.02 wt%, respectively. 
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To further evaluate the effect of plasmon-enhanced scattering upon Jsc improvement in 

the corresponding wavelength range, the incident photon–to–current efficiency (IPCE) was 

measured with and without Au NSs. The IPCE spectra shows systematic increases for both OSCs 

and PSCs when Au NSs were incorporated (Figs. 2c,d), which is consistent with the 

improvements to Jsc listed in Table 1. The IPCE enhancement spectra (∆IPCE) clearly showed a 

maximum peak at 510 nm for OSCs; for PSCs the peaks were bathochromically shifted and 

demonstrated two distinct peaks at 580 and 740 nm, indicating significant enhancement of light 

absorption by means of incorporating Au NSs. The shifts of ∆IPCE observed for embedding Au 

NSs in the PSCs were mainly attributed to the higher refractive index of perovskite
34

 compared 

to that of the PTB7:PCBM layer.
35-36

 To confirm the above findings, total light absorption was 

carried out using reflectance measurements for the incident light from the ITO side of real OSC 

and PSC device structures, as shown in Figures S7a and S7b. The calculated absorption 

enhancement (∆α) clearly showed peaks similar to those for the ∆IPCE spectra. However, the 

∆IPCE spectra demonstrated broadband enhancement over the visible range, suggesting that 

improvement of IPCE is affected by both optical and electrical properties in OSCs and PSCs.  

To verify the improvement of light absorption after incorporation of Au NSs and the 

underlying contributions of plasmonic optical effects, theoretical simulations were performed 

using the finite element method. Figure 3 shows the electric field distribution of Au NSs 

positioned in the PTB7:PCBM and spiro-OMeTAD layers at certain excitation wavelengths (λex) 

according to the peaks observed in the ∆IPCE spectra. The positions of Au NSs in the OSCs and 

PSCs were simulated based on the cross sections depicted in Figure S2. Note that for 

perovskite/spiro-OMeTAD, the incoming light direction was simulated from perovskite film. 

Figure 3a shows the Au NSs in the PTB7:PCBM layer, suggesting that the improvement of light 
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absorption was partially due to near-field enhancement via the SPR effect. Meanwhile, the 

electric field around the surface of the particle was much stronger in the perovskite/spiro-

OMeTAD interface (Figures 3b,c). The weak electric field intensity of Au NSs in OSCs is 

known to arise from the higher absorption coefficient of PTB7:PCBM,
28

 resulting in suppression 

of light scattering. Further enhancement in the field at the round edges of Au NS tips was 

observed when excited at an NIR wavelength (λex = 740 nm), leading to field decay that reached 

the perovskite layer (refer to Figure S8). These results can be attributed to near-field 

enhancement and the simultaneous backscattering effect, which prolong the optical pathway and 

provide more photogeneration in the perovskite layer. Based on a previous report,
31

 we can 

deduce that the two distinct peaks observed in the ∆IPCE spectra originated from the SPR effect 

of Au NSs and light scattering.  

To better understand the effects of Au NSs embedded in OSCs and PSCs, we further 

employed Raman spectroscopy as shown in Figures 4a and b, yielding spectra with peak features 

of PTB7 and spiro-OMeTAD that were in good agreement with previous reports.
37-38

 The Raman 

intensity of both OSCs and PSCs improved significantly in the cases where Au NSs were 

incorporated, indicating that plasmonic near-field enhancement by Au NSs could lead to 

improved light absorption. In addition, charge dissociation or separation in the presence of Au 

NSs was investigated by means of photoluminescence (PL) measurements of both PTB7 and the 

perovskite/thin layer of spiro-OMeTAD (dopant-free) films coated on glass substrates with and 

without Au NSs. The films embedded with Au NSs showed relatively lower PL intensities than 

pure PTB7 and spiro-OMeTAD (Figures 4c and d), a trend that is in accordance with previous 

studies
20, 39

 and is attributed to the strong local electric field in the vicinity of Au NSs, which 

promotes efficient charge separation of photogenerated excitons in the active layer of OSCs and 
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charge transfer at the perovskite/spiro-OMeTAD interface of PSCs. Similarly, time-resolved PL 

(TRPL) showed slightly shorter exciton lifetimes for PTB7:Au NSs (631 ps) than for pristine 

PTB7 (641 ps; Figure S9a). Due to the detection limit of TRPL measurements, the exciton 

lifetime of perovskite/spiro-OMeTAD could not recorded; however, it is expected that the 

lifetime is shorter when Au NSs are present, owing to increased PL quenching.  

The exciton generation rate and charge collection probability of OSCs, denoted 

respectively as Gmax and P(E,T), were calculated to investigate improvements in Jsc. Photocurrent 

density is plotted versus effective voltage in Figure S9b and the calculations are explained in the 

Supporting Information. The incorporation of Au NSs yielded the slightly higher calculated Gmax 

value of 1.23 × 10
28

 s
−1

 m
−3

 compared to 1.11 × 10
28

 s
−1

 m
−3

 for the control device; similarly, 

P(E,T) under the short circuit condition (refer to Figure S9c) showed a slight increment from 85% 

to 88% with the incorporation of Au NSs. This revealed that Au NSs in the active layer 

contributed to both light absorption and charge dissociation, which is in good agreement with the 

reflectance spectra and PL quenching trend. The higher Jph of OSCs with Au NSs also indicated 

that Au NSs improved the charge extraction efficiency and led to an enhanced FF,
40

 as shown in 

Table 1. For further analysis, impedance spectroscopy (IS) under illumination was carried out 

with various applied biases (Vapp) for both OSCs and PSCs, under constant white LED 

illumination; the corresponding Nyquist plots are presented in Figure S10. According to the 

literature,
41-42

 the IS responses of OSCs and PSCs are composed of two different arcs in the 

Nyquist plot: the first arc (high frequency) is mainly attributed to the charge transport resistance 

at the HTL, denoted RHTM, and the second arc (low frequency) corresponds to the charge 

recombination resistance, denoted Rrec. Subsequently, the equivalent circuit in Figure S10 was 

used to extract the Rrec of OSCs and the RHTL of PSCs, both with and without Au NSs (Figs. 
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5a,b). It can be clearly seen from Figure 5a that the Rrec of OSCs with Au NSs was significantly 

lower compared to that of the control device, even at high Vapp. The low Rrec indicates that 

embedding Au NSs enhances the charge carrier density
43

 and energy barrier to hole extraction,
44

 

thereby increasing Voc. Moreover, Figure 5b shows that the RHTL of PSCs with Au NSs was 

dramatically suppressed compared to that of the control device, indicating that the Au NSs 

reduced the hole transport resistance and consequently improved the hole collection transport 

properties of spiro-OMeTAD. These results explained the higher FF observed in the J–V 

measurements.  

 Figures 5c and d show the results of intensity modulated photovoltage and photocurrent 

spectroscopies (IMPS and IMVS) carried out under red LED illumination with a wavelength of 

635 nm to investigate the charge recombination (τR) and transport (τCT) times of fabricated OSCs 

and PSCs. OSCs embedded with Au NSs showed better τR of 148 µs compared to the 64 µs of 

the control device, suggesting suppression of recombination, whereas τCT differed negligibly in 

the cases with and without Au NSs (Figure S11). These results explained the slight increment of 

Voc of OSCs observed in the J–V measurements. For PSCs, the calculated τCT values were 15 and 

4 µs without and with Au NSs, respectively, where the τCT values are relatively larger within the 

given range of current density (as shown in Figure S12), implying a fast hole-transfer rate and 

efficient hole collection. The faster charge transport within the spiro-OMeTAD may be due to 

the enhancement in hole mobility provided by the Au NSs, thus explaining the Jsc increment 

listed in Table 1. 

 

Conclusions 
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We have demonstrated the incorporation of highly dispersed Au NSs within the active layer of 

OSCs and perovskite/HTL interface (rear contact) of PSCs by means of solution processing. The 

PCEs of both OSCs and PSCs embedded with Au NSs were significantly improved by 6 and 

14%, respectively, due to their enhanced optical and electrical properties. Optically, Au NSs 

improved light absorption by means of the SPR effect in OSCs, while the improvement for PSCs 

was due to both SPR and backscattering effects. Electronically, the strong electric field of Au 

NSs caused efficient charge separation within the active layers of OSCs and enhanced charge 

transfer at the perovskite/spiro-OMeTAD interface. The electrical improvements are considered 

to be due to the reduced charge recombination rates and faster charge transport observed in both 

OSCs and PSCs with the incorporation of Au NSs. The present work provides useful guidelines 

and new designs to achieve high-performance solar cells and other optoelectronic devices that 

exploit the effects of dual plasmonic nanostructures.  
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Experimental details 

Materials. Gold chloride trihydrate (HAuCl4·3H2O; ≥99.99%), mPEG-thiol (mPEG-SH; M.W: 

6,000), sodium citrate tribasic dihydrate (≥99%), hydroxylamine hydrochloride (99.99%), and 

polyvinylpyrrolidone (PVP; M.W. 40,000) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). All reagents and chemicals were used without further purification. ZnO sol-gel was 

prepared by dissolving 1.64 g of zinc acetate dihydrate (Zn(CH3COO)2·2H2O; Aldrich, 99.9%) and 

0.5 g of ethanolamine (NH2CH2CH2OH; Aldrich, 99.5%) in 10 g of 2-methoxyethanol 

(CH3OCH2CH2OH; Aldrich, 99.8%), followed by stirring at room temperature for 30 min.
45

 

PEDOT:PSS Clevios P VP AI 4083 was purchased from Heraeus. Lead iodide (99%), 4-tert-

butylpyridine (tBP), and bis(trifluoromethane)sulfonimide lithium salt (LiTFSi) were purchased from 

Aldrich. Methylammonium iodide (MAI) was purchased from Dyesol, and spiro-OMeTAD was 

purchased from Lumtec, Taiwan. 

 

Synthesis of mPEG-modified gold nanoparticles and nanostars (mPEG-AuNPs and mPEG-

Au NSs). Au NSs were synthesized by means of a two-step seed-mediated growth method.
46

 In 

the first step, colloidal Au NP solution was synthesized by adding 15 mL of 5 mM sodium citrate 

solution to 100 mL of boiling hot 0.25 mM HAuCl4 under vigorous stirring. The solution was 

constantly stirred for 15 min after the sodium citrate addition and was then cooled to room 

temperature. The reaction mixture was centrifuged at 8000 rpm for 15 min to collect the Au NPs, 

the supernatant was discarded, and the Au NPs were redispersed in distilled water and stored at 4 

°C. In the second step, 2 mL of a dispersion of as-synthesized Au NPs (~20 nm) having an 

optical density of 1 (at λmax = 520 nm) was added to a conical centrifuge tube, and to this 1 mL 

of 1% PVP and 200 µL of 0.1 M phosphate buffer (pH 8.0) were also added. Then, 400 µL of 0.1 
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M NH2OH-HCl solution was added, followed by dropwise addition of 400 µL of 5 mM HAuCl4 

under slow vortexing. The solution changed from red to dark blue, indicating the formation of 

Au NSs. The solution was vortexed for a few seconds and then centrifuged at 8000 rpm for 15 

min. To modify the surfaces of the Au NPs or Au NSs with mPEG-SH, 6 mg of mPEG-SH was 

dissolved in 500 µL of distilled water and then 160 µL of this solution was added to 10 mL of a 

solution of Au NPs or Au NSs. The mixture was shaken for 1 h and then the particles were 

collected by means of centrifugation at 8000 rpm for 15 min. Finally, the desired concentration 

of particles was redispersed in chlorobenzene solution including a small amount of methanol.  

Fabrication process of OSC devices. ITO-coated substrates were precleaned by means of 

ultrasonication in acetone, methanol, and boiling iso-propanol for 10 min each, and then dried in 

a 120 °C oven for 1 h. Subsequently, the ITO was ultraviolet ozone (UVO)-treated for 15 min 

and the ZnO sol-gel solution was spin-casted onto the ITO at 5000 rpm for 40 s, followed by 

dynamic annealing to 150 °C for 20 min in ambient air, yielding a thickness of 20 nm. An active 

layer with a thickness of 90 nm was deposited on top of the ZnO layer in an N2-filled glove box 

from a solution of 8 mg PTB7 and 12 mg PCBM (1:1.5) in chlorobenzene/1,8-diiodooctane (97:3 

by volume). Different concentrations of mPEG-Au NSs, namely 0.01, 0.03, and 0.12 wt%, were 

blended into the PTB7:PCBM solution. Afterwards, PEDOT:PSS was spin casted over the active 

layer at 5000 rpm for 50 s to form a 10 nm HTL. Without further drying, a 100-nm thickness 

layer of Ag was deposited by thermal evaporation at ~10
−6

 Torr through a shadow mask with 

active area of 0.096 cm
2
. 

Fabrication of PSC devices. A ZnO thin film was coated onto ITO substrates in a manner 

similar to the above procedures. The method of depositing a 250 nm perovskite layer on top of 

the ZnO layer can be found in our previous work.
47

 An HTL was deposited by means of spin 
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coating a spiro-OMeTAD solution doped with Li-TFSI and tBP over the perovskite film at 3000 rpm 

for 60 s; to incorporate Au NSs into the HTL, various concentrations of mPEG-Au NSs (i.e. 0.01, 

0.02, and 0.03 wt%) were blended into the spiro-OMeTAD solution. Finally, a 100-nm layer of Ag 

was deposited on top of the HTL via thermal evaporation at ~10
−6

 Torr through a metal mask 

with active area 0.096 cm
2
. 

Materials and Device Characterization. Cross-sectional FESEM images of OSC and PSC devices 

were acquired using a Hitachi S-4800 FESEM instrument, and high-resolution TEM (HRTEM) 

images of Au NSs were acquired using a Zeiss EM-912 Omega instrument. J–V curves were acquired 

using a Keithley 2400 SMU instrument under simulated AM 1.5G illumination of irradiance 100 mW 

cm
−2

 (Oriel Sol 1A, Newport). IPCE spectra of OSCs and PSCs were acquired using a quantum 

efficiency measurement instrument (Oriel IQE-200) consisting of a 250 W quartz tungsten halogen 

lamp as the light source, a monochromator, an optical chopper, a lock-in amplifier, and a calibrated 

silicon photodetector. Reflectance spectra of OSCs and PSCs were acquired using a Perkin Elmer 950 

UV/Vis/NIR spectrophotometer. Raman shifts of PTB7 and spiro-OMeTAD were characterized by 

means of Raman spectroscopy (Nanofinder 30, Tokyo Instruments Inc.), using laser excitation with a 

488 nm wavelength and 1 mW power; PL measurements were carried out using a Jasco FP-6500 

spectrofluorometer with an excitation wavelength of 580 nm for PTB7 and 650 nm for 

perovskite/spiro-OMeTAD. To obtain TRPL spectra, PTB7 thin films with and without Au NSs were 

excited at 532 nm and exciton dynamics were recorded using a time-correlated single photon counting 

(TCSPC) spectrometer (FLS920-T, Edinburgh Instruments). Impedance spectroscopy, IMVS, and 

IMPS were carried out using an impedance analyzer (CompactStat, IVIUM Tech.) equipped with an 

LED module; Nyquist plots were fitted using the ZView software (Scribner Associates). 
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Theoretical simulation. All calculated optical spectra and electric field distribution profiles were 

calculated by means of the finite element method using the ANSYS HFSS software (ANSYS, 

Inc., USA). A 35 nm Au NS was simulated as a 20 nm Au nanoparticle with 7.5 nm long round-

edge branches from the core to resemble a star shape. The positions of Au NSs in the center of 

PTB7:PCBM for OSCs and in spiro-OMeTAD layer where only 10 nm above the boundary of 

perovskite layer based on the cross section in Figure S1. The dimension of whole layers was the 

same as for the schematic view and plane waves propagated along the Z direction with 

polarization along the X direction. The simulation region, including the radiation box for 

boundary conditions, was 1×1×1 µm
3
, with a minimum mesh volume of 0.08 nm

3
.  

 

Supporting Information 

Gold nanostars (Au NSs) size distribution, position of Au NSs photovoltaic performance of 

organic and perovskite solar cells, reflectance analysis, optical simulation, time-resolved 

photoluminescence, photocurrent generation, and Nyquist plot.
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Table 1. Summary of photovoltaic parameters in PSCs with Au NSs embedded in the active 

layer and HTL, under AM1.5G illumination of 100 mW cm
−2

.  

 

Type 
Position of 

Au NSs 

Voc 

(V) 

Jsc 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

PCEmax 

(%) 

OSCs 

Control 0.747 ± 0.002 15.94 ± 0.28 68.58 ± 1.01 8.17 ± 0.13  8.30 

Active layer 0.752 ± 0.002 16.29 ± 0.10 71.28 ± 0.06 8.72 ± 0.06  8.78 

PSCs 

Control 1.021 ± 0.013 17.43 ± 0.35 67.32 ± 2.34 11.98 ± 0.51  12.49 

HTL 1.041 ± 0.012 18.21 ± 0.44 72.13 ± 0.46 13.66 ± 0.31 13.97 
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Figure 1. Typical device configurations showing the positions of Au NSs in (a) inverted OSCs 

and (b) planar-based PSCs. (c) TEM image of Au NSs dispersion in CB solution; (c inset) 

magnified image of single Au NSs. (d) Optical absorption spectra of Au NSs with and without 

mPEG-SH modification; (d, inset) dispersions of Au NSs with and without mPEG. 
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Figure 2. J–V characteristics of (a) OSCs and (b) PSCs under AM1.5G illumination of 100 mW 

cm
−2

, without and with incorporation of Au NSs. IPCE spectra of (c) OSCs and (d) PSCs; the 

increase in IPCE is denoted ∆IPCE.  
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Figure 3. Simulated local electric field distribution around 35 nm Au NSs with respect to the 

incident light electric field in (a) PTB7:PCBM and (b and c) spiro-OMeTAD. Scale bars: 25 nm; 

color intensity is expressed as |E|
2
.  
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Figure 4. Raman spectra of (a) OSCs and (b) PSCs with and without Au NSs, with an excitation 

wavelength of 488 nm and a laser power of 1 mW. PL spectra of (c) PTB7 (λex = 580 nm) and (d) 

perovskite/spiro-OMeTAD (λex = 650 nm) with and without Au NSs. 
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Figure 5. Extracted (a) Rrec values of OSCs and (b) RHTL values of PSCs versus applied voltage 

(Vapp) under white LED illumination with and without Au NSs. Typical Nyquist plots prepared 

from (c) IMVS and (d) IMPS spectra of OSCs and PSCs acquired under red LED illumination 

(635 nm).  

 

 

 

 

Page 29 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30 

 

Table of content (TOC) 

 

Page 30 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


