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Photovoltaics, more generally known as solar cells, are made from 

semiconducting materials that convert light into electricity. Solar cells have received 

much attention in recent years due to their promise as clean and efficient light-harvesting 

devices. Single-walled carbon nanotubes (SWNTs) could play a crucial role in these 

devices and have been the subject of much research, which continues to this day. SWNTs 

are known to outperform multi-walled carbon nanotubes (MWNTs) at low densities, 

because of the difference in their optical transmittance for the same current density, 

which is the most important parameter in comparing SWNTs and MWNTs. SWNT films 

show semiconducting features, which make SWNTs function as active or charge-

transporting materials. This chapter, consisting of two sections, focuses on the use of 

SWNTs in solar cells. In the first section, we discuss SWNTs as a light harvester and 

charge transporter in the photoactive layer, which are reviewed chronologically to show 

the history of the research. In the second section, we discuss SWNTs as a transparent 

conductive layer outside of the photoactive layer, which is relatively more actively 

researched. This section introduces SWNT applications in silicon solar cells, organic 

solar cells, and perovskite solar cells each, from their prototypes to recent results. As we 

go along, the science and prospects of the application of solar cells will be discussed. 

 

1. Single-walled Carbon Nanotubes as the Photoactive Material in Solar Cells 

SWNTs provide an ideal light-harvesting medium that has a wide range of direct 

band gaps,1 strong absorptions within the solar spectrum,2–4 and high carrier mobility5,6 



with excellent chemical stability. Compared with carbon nanotubes (CNTs), organic 

compounds have inherently low carrier mobility and low stability. Organic 

semiconductors have carrier mobility that is hundredth that of inorganic materials. This 

creates a bottleneck in the performance of organic solar cells (OSCs).7–11 Therefore, 

incorporating CNTs in OSCs can improve device performance greatly. In this section, we 

discuss the use of SWNTs in the photoactive layer of photovoltaics, and review 

demonstrations of this technology in literature. 

An individual SWNT can form a p-n junction diode, giving rise to the 

photovoltaic effect.12,13 Thus, SWNTs exhibit high power conversion efficiency (PCE) 

under illumination. SWNTs comprise semiconducting and metallic forms, generally in 2 

to 1 ratio. Semiconducting SWNTs form Schottky contacts with metallic objects, which 

are responsible for the ideal diode behavior, whereas metallic SWNTs easily recombine 

electrons and holes.14 It is therefore important that SWNTs be purified according to their 

use. The difference in electronic structure between semiconducting and metallic SWNTs 

originates from their chirality, and they can be chiral-specifically synthesized15,16 or 

sorted by various methods based on their diameters and electronic properties (Figure 1). 

Well-known sorting methods are density gradient ultracentrifugation,17,18 gel-

chromatography,19 and aqueous two-phase separation20. These methods exploit 

differences in diameter, chirality, and electronic properties of CNTs to precisely collect 

multiple chiralities of semiconducting SWNTs. Since each chirality absorbs a specific 

light wavelength, the semiconducting SWNTs obtained by this method can be used as a 

photoactive material. Because CNTs have high conductivity along the tube axis, SWNTs 

can act effectively, not only as a light harvester, but also as a charge transporter in 

photoactive layer. This means that SWNTs possess dual functionality of a light absorber 

and a charge-selective material.    



 

Figure 1. a) Definition of chiral vectors in a hexagonal lattice. b) For a SWNT 
chirality of (n,m), if the value of (n-m)/3 is an integer, the SWNT is metallic. The red 
dots represent metallic SWNTs. 

 

Solar cell devices, in general, are mainly composed of an active layer, a charge 

selective layer, and a charge conductive layer. The active layer absorbs light and 

generates excitons. The charge selective layers are placed above and below the active 

layer to filter out any unwanted charges to prevent recombination after excitation. These 

are then followed by the conductive layers, which extract the filtered charges. A polymer 

matrix composed of conductive polymer, and SWNTs allows exciton dissociation in a 

strong electric field, with the CNTs functioning as the electron transporter.21 An 

interpenetrating donor–acceptor heterojunction achieves efficient charge separation and 

charge collection such that electrons and holes can travel toward their respective contacts 

through the polymers donors and CNT acceptors. Poly(3-hexylthiophene) (P3HT) and 

poly(3-octylthiophene) (P3OT) are the most commonly used polymer donors and are 

generally mixed with SWNTs in solution.22,23  

 

1.1 CNT as Electron Acceptors / Transporters 

In this line of research, CNTs started out as electron acceptors. Friend and 

colleagues reported polymer- and CNT-based OSCs using poly(p-phenylene vinylene) 

(PPV) and MWNTs (Table 1: Report A for the first time to the best of our knowledge.24 

Despite effective charge transfer from PPV to the CNTs, charge recombination within the 



CNT networks limited the device performance. Moreover, poor dispersion of CNTs in 

PPV resulted in severe aggregation of the CNTs. Kymakis and Amaratunga reported the 

OSCs using SWNTs, which were mixed with P3OT (Table 1: Report B).21,25 Although 

the PCE was low (0.04%), they successfully demonstrated the electron acceptor behavior 

of the SWNTs with an open-circuit voltage (VOC) of 0.9 V and fill factor (FF) of 0.4. The 

results revealed that photoinduced electron transfer occurred at the polymer/nanotube 

interface and showed the promise of conjugated polymer-SWNT composites. C60-

modified SWNTs were mixed with P3HT to give a much improved PCE of 0.57% (Table 

1: Report C).26,27 SWNTs and C60 were mixed in toluene and irradiated with microwaves, 

followed by addition of P3HT. Improved short-circuit current density (JSC) was a direct 

result of higher electron mobility owing to the SWNTs. Furthermore, a change of 

morphology increased FF as well.  

The thermal post-treatment was discovered at this point, which entails heating 

devices beyond the glass transition temperature of the polymer donor. This treatment 

caused beneficial phase separation of the blend and improved the ordering of the 

polymeric chains, which improved charge transfer, transport, and collection. It was also 

reported that this treatment substantially increased the hole mobility of the polymer-CNT 

composites.28 Jousselme and colleagues reported SWNT, P3HT, and 1-(3-

methoxycarbonyl)-propyl-1-phenyl[6,6]C61 (PCBM) nanocomposites that were prepared 

by a method using high dissolution followed by concentration to control the ratio of 

CNTs to P3HT/PCBM in the mixture and disperse the CNTs homogeneously throughout 

the matrix (Table 1: Report D).5 A P3HT/PCBM (1:1) mixture with 0.1 wt % MWNTs 

gave the highest PCE of 2.0%. Ozkan and colleagues realized controlled placement of an 

SWNT monolayer network at four different positions in polymer-fullerene solar cells and 

found that SWNTs on the hole-collecting side of the active layer gave a high PCE of 

4.9% (Table 1: Report E) (Figure 2).6 They also demonstrated that SWNTs on top of the 

active layer led to an increased fluorescence lifetime of P3HT. Dip coating from a 

hydrophilic suspension was used for this experiment. The research of SWNTs as an 

electron acceptor with Gradecak and co-workers demonstrating SWNT/P3HT bulk 

heterojunction solar cells with a PCE of 0.72% (Table 1: Report F).29 A key point in this 

research was using purely semiconducting SWNTs coated with well-ordered P3HT by –



 interactions to enhance charge separation and transport. They found that the electrical 

characteristics of the devices were strongly dependent on the SWNT loading. Modeling 

of the VOC suggested that despite the large carrier mobility in SWNTs, PCE was limited 

by carrier recombination. 

 

Figure 2. Illustration of a work reported in reference 6. SWNTs located either 

above or below the hole-transporting layer of OSCs perform the best (the numbers 

indicate PCEs obtained with different position of the SWNT layer).  

 

1.2 CNT as Light Absorber and Electron Donor 

Arnold and colleagues went further and showed that semiconducting SWNTs can 

be used not only as an electron acceptor but as a light-harvesting electron donor as 

well.30–32 They formed a semiconducting SWNT/PCBM bulk heterojunction with a layer 

of bathocuproine (BCP) and overcame the limited diffusion of semiconducting SWNTs 

to produce near-infrared efficiency of 1.3% (Table 1: Report G).33 A follow-up work,34  

provided some mechanistic insights but did not produce a higher efficiency, particularly 

in the visible region of the solar spectrum. Higher efficiency was not realized until 

reduced graphene oxide (r-GO) was introduced as a cascade material connecting SWNTs 

and fullerene acceptors. Both Pristine CNTs and graphene have low surface energy 

arising from neutral C–C bonding.35,36 In contrast, chemically modified graphene, such as 

r-GO and nitrogen-doped GO, have higher surface energy due to their surface functional 



groups and doped heteroatoms with differing electronegativity.37–39 With atomic-scale 

flatness and sufficiently high surface energy, chemically modified graphene adds a robust 

additional layer to be built upon in further nanoscale processing. The high thermal and 

chemical stability of chemically modified graphene is advantageous for direct nanoscale 

processing. Huang and colleagues achieved PCEs of 0.21% and 0.85% using C60 and C70, 

respectively, in a system, with semiconducting SWNTs as the donor, fullerenes as the 

acceptor, and r-GO as an energetically mediating species (Table 1: Report H).40,41 Ren 

and colleagues followed suit, but this time, they used r-GO and SWNTs with [6,6]-phenyl 

C71-butyric acid methyl ester (PC71BM). Also, poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-

(4,40-(N-(4-sec-butylphenyl)) diphenylamine)] (TFB) was used as a hole-blocking layer, 

which is rather unusual. They achieved a PCE of 1.3% using a composition of PC71BM 

(88-97%)/semiconducting-SWNT (1-10%)/r-GO (~2%) (Table 1: Report I).42 Bao and 

colleagues reported an attempt at an all-carbon OSCs, in which the anode, the active layer, 

and the cathode were all made up of carbon materials. As a first step, they optimized the 

active layer composed of a bilayer film of solution-sorted semiconducting SWNTs as the 

light absorber and donor and C60 as the acceptor between indium tin oxide (ITO) and 

metal electrodes. By optimizing the semiconducting SWNT dispersion and deposition 

conditions and the C60 layer thickness, they produced a PCE of 0.46% (Table 1: Report 

J).43,44 As a next step, they replaced the ITO anode with r-GO layers and the metallic 

cathode with an n-type SWNT film to achieve an all-carbon OSC. However, PCEs were 

on the order of 0.1%. In 2014, Hersam and colleagues reported a National Renewable 

Energy Laboratory-certified PCE of 2.5% and a highest PCE of 3.1% using 

semiconducting SWNTs of various chiralities as the hole-transporting and light-

harvesting materials (Table 1: Report K).45 Compared with single-chirality 

semiconducting SWNTs, multi-chiriality semiconducting SWNTs enabled a wider range 

of absorption from visible to near-infrared. Normal and inverted architectures were also 

fabricated and compared. Inverted architecture gave a higher efficiency owing to ZnO 

nanowires (NWs) penetrating the active layer (Figure 3).     



 

Figure 3. Illustration of a) an inverted solar cell where ZnO NW and 
SWNT:PC71BM were used and b) the energy level diagram. 

 

1.3 CNT as Charge Transporter and Others 

Despite considerable research effort, the use of CNTs as a charge transporter did 

not yield in a substantial leap in PCE without the use of dopants and the introduction of 

inorganic materials, such as quantum dots (QDs). Kim and co-workers addressed the 

intrinsic limitation imposed by the recombination effect and improved PCE by more than 

30% through B- and N-doping (Table 1: Report L).46 B and N doped CNTs functioned as 

effective charge-selective transport materials without a quenching effect. The low work 

function of N-doped CNTs aligned well with the electron-transport energy level, while 

the high work function of B-doped CNTs aligned well with the hole transport level. 

Kamat and colleagues studied the interaction between SWNTs and light-harvesting 

CdS.47,48 Since then, Raffaelle and colleagues49 demonstrated the first incorporation of 

QDs into SWNT composites in 2005 and colloidal QD-decorated N-doped CNTs were 

developed for synergistic charge separation and transport enhancement. Positively 

charged QDs could directly attach at N-doped sites of CNTs via electrostatic interactions. 

Such an ideal hybrid structure without an adhesive layer showed a synergistic effect, 

combining effective electron and hole separation. Efficiency sored, reaching 4.7–6.11% 

(Table 1: Report M) when using indene-C60 bisadduct (ICBA) as the electron acceptor50 

and climbing to 7.5–8.6% upon further development using different organic photoactive 

materials (Table 1: Report N).51 With QDs as an acceptor and doped CNTs as an efficient 

charge transporter, these studies demonstrate that work function-tunable chemically 



modified CNTs have the potential to improve charge separation, transport, and 

recombination in SWNT-based OSCs, which generally suffer from trapping and slow 

transport of charge carriers in their organic active layers and energy-level mismatch at 

interfaces. 

Other approaches have been taken to apply SWNTs in the active layer. We 

reported the use of multilayered MoS2 on low-cost metallic/semiconducting SWNTs as 

the electron acceptor in a bulk heterojunction with P3HT in inverted OSCs (Figure 4).52 

MoS2 is an inorganic material that is intrinsically immiscible with organic compounds. 

However, we were able to disperse it in organic matrix by exploiting the tendency of 

SWNTs to intercalate with P3HT through – interactions. The successful binding of 

MoS2 onto SWNT bundles and its photovoltaic effect was clearly seen in PCE of 0.46% 

(Table 1: Report O).  

 

Figure 4. Illustration of MoS2:SWNT:P3HT-based solar cells. 

We have briefly reviewed the use of SWNTs as the light harvester or charge 

transporter in the photoactive layer of solar cells. Chirality, chemical doping, and 

dispersibility in solution were crucial factors in achieving high performance. Various 

approaches have been introduced to improve SWNT applications and these findings 

expanded the possibilities of CNT technology in solar cells. Yet, this is still just the tip of 

the iceberg. Uniform blending of the electron-donating conjugated polymer and the 



electron-accepting CNT is one of the most challenging as well as crucial aspects in 

creating efficient photocurrent collection in CNT-based OSC devices. Therefore, research 

on using CNTs in the photoactive layer of OSC devices is still in the early stages and 

room remains for novel methods to take better advantage of the advantageous properties 

of CNTs. 

 Table 1. Photovoltaic data of representative devices from literature, in which 
SWNTs have been used as either a light-harvester or charge transporter. 

 

 

 

 

 

 

 

 Structures PCE (%) Note 

A MWNT/PPV/Al 1.8 The very first OSC using CNTs in the active layer 

B ITO/P3OT:SWNT/Al 0.04 The first OSC using SWNTs in the active layer 

C ITO/PEDOT/P3HT:C60-SWNT/Au 0.57 C60-SWNT composites were used 

D ITO/PEDOT/CNT:P3HT:PCBM/LiF/Al 2.0 Studied the effect of CNT content in composites 

E ITO/PEDOT:SWNT/P3HT:PCBM/Al 4.9 Investigated positional effect of SWNTs on PCE 

F ITO/PEDOT/SWNT:P3HT/BCP/Al 0.72 Using semiconducting SWNTs coated with P3HT 

G ITO/SWNT:PCBM/C60/BCP/Ag 1.3 SWNTs as electron donor and infrared absorber 

H ITO/PEDOT/SWNT:r-GO:C70/C70/Al 0.85 Incorporated reduced graphene oxide 

I ITO/PEDOT/TFB/PC71BM:r-GO:SWNT/Al 1.3 Further improved PCE by using PC71BM 

J ITO/PEDOT/SWNT/C60/Ag 0.46 No SWNT composite, attempt at full-carbon SC 

K ITO/ZnO NW/SWNT:PC71BM/MoOx/Ag 3.1 Application of ZnO NW 

L ITO/PEDOT/P3HT:PCBM:B-CNT/TiOx/Al 4.1 B-, N-doped MWNTs were used to enhance PCE 

M ITO/PEDOT/P3HT:ICBA:QD:N-CNT/TiOx/Al 6.1 QDs were used to enhance doping and dispersion 

N ITO/PEDOT/PTB7:PC71BM:N-CNT/Ca/Al 8.6 Low band-gap polymer, PTB7 was used 

O ITO/ZnO/P3HT:SWNT/MoS2/PEDOT/Au 0.46 SWNTs enabled a mixture of MoS2 and P3HT 



2. Single-walled Carbon Nanotubes as a Transparent Electrode in Solar Cells 

Many types of solar cells have been developed over the years: silicon solar cells, 

followed by OSCs53–55, and most recently perovskite solar cells (PSCs), which have 

emerged as a focus of research. A critical aspect common to these devices is their 

transparent electrode through which light travels before causing excitation in the active 

layer. Conventionally, ITO has been used as the transparent electrode, and is an essential 

component in almost all the devices discussed in the first section. The high conductivity 

and transmittance of ITO are unparalleled thus far. There have been many attempts to 

replace ITO because of its high cost and limited earth-abundance. Other downsides 

include its brittleness, which makes it unable to withstand cyclic flexibility tests without 

breaking. One of the other drawbacks includes ITO’s vulnerability to high temperature. 

Therefore, fluorine-doped tin oxide (FTO), which can withstand higher temperatures than 

ITO, is sometimes used instead. Avoiding these limitations by using alternative 

transparent electrode materials has therefore been the subject of intense research for 

many years.56,57 The difficulty has been the finding an alternative electrode that is not 

only robust and cheap, but also optically transparent and electrically conductive.58–60 

CNTs have good optical transparency over a broad range from the visible to the near-

infrared as well as high electrical conductivity.61–64 In addition to this, the outstanding 

mechanical resilience of CNTs not only exceeds that of ITO but also affords flexibility to 

solar cell devices. SWNTs are effective for hole collection because their work function is 

in the range 4.8 to 5.0 eV, which is higher than that of ITO (usually less than 4.8 eV).64 

The cost of CNT fabrication has also been reported to be the same or lower than that of 

ITO.65 In this section, we discuss the feasibility of SWNTs as a transparent flexible 

electrode in solar cells by reviewing applications reported to date.  



Figure 5. Sheet resistance vs. transmittance plot for various transparent 

conductors (Pristine SWNT [63], Doped SWNT [63], CVD graphene [69], CVD DWNT 

[70], ITO from Kuramoto Co., Ltd., PET/ITO from Nitto Denko Co., Ltd., FTO from 

Nippon Sheet Glass Co., Ltd., and Ag nanowires [67])  

. 

 

2.1 Single-walled Carbon Nanotubes as a Transparent Electrode in Silicon Solar 

Cells 

The high cost of silicon led scientists to look for other semiconductors that were 

viable alternatives. It was found that CNTs can serve as both photogeneration sites and 

the charge transport layer. A semi-transparent CNT film next to an n-type crystalline 

silicon substrate creates high-density p-n heterojunctions inducing charge separation in 

which electrons are extracted through n-Si and holes are extracted through CNTs. 

Although the mechanism is not fully understood, there are two prevailing theories. In the 

first theory, the CNT film is the p-type semiconductor material (Figure 6a)72-74 and 



silicon absorbs the photons dominantly as normal silicon solar cells.75 Although CNT 

films can absorb photons, this is limited when the film is transparent to the incident light 

pass. The photons generate excitons, and then the excitons are separated into free charge 

carriers by the built-in potential between the p-type CNT and n-type Si. The second 

theory is that a Schottky junction is formed when metallic CNT is in contact with 

semiconductor Si, and typically it is believed that a thin insulator, SiO2 exists (Figure 

6b)76,77 again as normal silicon solar cells.78–79 Excitons are produced by silicon 

absorbing photons and diffuse into SiO2 which is formed by the built-in potential of the 

Fermi level difference and minority carriers are transported by tunneling thorough the 

thin layer of SiO2. Taking the chirality of CNTs into account can further complicate the 

mechanism. Many individual nanotubes are present in a device, and each forms a 

heterojunction with the n-type silicon. As CNTs exhibit semiconducting or metallic 

behavior depending on their chirality, a p-n junction can be expected for the former and a 

Schottky junction for the latter.      

 

 

Figure 6. Illustration of a) the CNT film functioning as a p-type emitter material and b) a 

Schottky junction is formed by an insulator, SiO2 (work functions taken from references 

72, 77) 



The very first CNT-based silicon solar cell was reported by Jia et al., in which 

they used double-walled CNTs. The CNTs performed multiple functions, such as charge 

separation, charge transport, and charge collection.80 On the same year, Biris and 

colleagues showed a PCE of 1.3% (Table 2: report A) using SWNT.81 They formed this 

SWNT film by spray coating from a dimethylformamide suspension. They also tested 

post-treatment with SOCl2 for the first time, which led to mobility and carrier density 

being increased by more than 60% according to Hall effect measurements. In the 

following year, Biris and co-workers reported a PCE of 4.5% (Table 2: report B).82 Again, 

they used the same SOCl2 treatment, but transferred as-grown SWNT onto silicon.83 

More detailed studies of acid doping were subsequently conducted. They identified 

SOCl2 as a p-type dopant that shifts the Fermi level of SWNTs below ν1, thus increasing 

the mobility and carrier density (Figure 7a).84 This results in suppression of the S11 

transition in the semiconducting SWNTs and stronger doping would suppress the S22 

transition as well (Figure 7b) as observed by near-infrared absorption spectroscopy. It is 

argued by some researchers that after the acid treatment, CNTs and silicon switched from 

acting as a p-n junction to acting as a Schottky junction, giving the CNTs more metallic 

character. In other words, the mechanism acting in the interface network changed from 

variable range hopping to tunneling. The correlation between suppression of the 

transitions and CNT chirality was analyzed in greater detail by Levitsky and colleagues 

(Table 2: report C).85 They used the photocurrent with a high-resolution absorption 

spectrum to identify the S11 band at around 1100 nm, corresponding to the (7,6) and (8,6) 

chiralities of SWNTs. They also discovered that metallic SWNTs function as a light 

absorber in a Schottky junction, though their device showed a PCE of only 1.7%. In the 

same year, Rinzler and colleagues reported a whopping 10.9% (Table 2: Device D).86 The 

devices initially had a PCE of 8.5%, but by using electrolyte junction control of gate 

potential, they controlled the Fermi level to strengthen the interface dipole at the 

electronic junction. Jia et al. further improved PCE by treating SWNTs with dilute nitric 

acid (Table 2: Device E).87 The HNO3 treatment increased FF greatly by reducing series 

resistance (RS) as a result of p-doping lowering the Fermi level of the SWNTs. They also 

demonstrated improved doping in the effectiveness by employing porous CNTs. 

According to them, the contact between CNTs and silicon was significantly improved 



through formation of a semiconductor/electrolyte interface by the exposed silicon surface 

in the empty areas without CNTs. They further demonstrated NaCl doping to show that 

any wet state of CNT doping works as an electrolyte bridge. Subsequently, encapsulating 

the active area with polydimethylsioxane (PDMS) further improved PCE and stability 

(Table 2: Report F).88 They discussed that the improvement in PCE came from the anti-

reflective function of the PDMS film and SiO2 layer increasing VOC by reducing charge 

recombination. Stability was improved by the PDMS protecting n-Si from oxidation. In a 

follow-up study, Rinzler and colleagues achieved a PCE of 12% using grid lines of 

SWNTs etched to cover only a fraction of the silicon surface (Table 2: Report G).89 The 

addition of electrolyte immediately improved the device performance. The mechanism at 

play is said to be similar to that of nitric acid doping, where improvement in performance 

came partly from the accumulation of NO3
- at the junction, which has electron-blocking 

functionality in addition to that of SiO2. Likewise, the surface dipole of the accumulated 

negative ions in the electrolyte is supposed to block electrons, preventing charge 

recombination.90 Matsuda and colleagues reported 2.4% PCE by optimizing the thickness 

of (6,5) SWNTs (Table 2: Report H).91 Returning to acid doping, an even higher PCE of 

greater than 11.2% was achieved by Taylor and colleagues via keeping the acid inside the 

void space of CNTs (Table 2: Report I).73 They discussed the characteristics of dark 

forward current density with varying temperature and found that temperature-dependent 

current rectification originates from thermally activated band-to-band transitions of 

carriers in silicon and that the SWNT thin films established a built-in potential for carrier 

separation/collection. In the same year, Taylor published another paper with a marginally 

improved PCE of 11.5%. a new super acid slide casting method was used for the CNT 

fabrication (Table 2: Report J).92 10.0% PCE was also achieved by us using micro 

honeycomb CNT network in silicon SCs (Table 2: Report K).93 We reported vertically 

aligned SWNTs and treated with water to form honeycomb network on n-Si substrate. 

CNTs and graphene were combined with crystalline silicon wafers to fabricate silicon 

solar cells. Solar cells with direct graphene-to-silicon contact exhibited better 

characteristics than did those with CNT-to-silicon contact, owing to improved junction 

quality and increased contact area. Using the composite films, the obtained 

SWNT/graphene/Si solar cells reached a PCE of 14.9% (Table 2: Report L).94 A problem 



with wet acid doping is a high exciton quenching rate, but they resolved this issue by 

employing aligned CNTs, which shortened the transport distance. Moreover, the aligned 

CNTs were in better contact with the silicon as evident from an increase in JSC. Cui et al., 

used pristine aerosol SWNTs with long bundle lengths to fabricate SWNT/Si solar 

cells.95 A PCE approaching 11% was achieved using a pristine SWNT without any 

chemical treatment (Table 2: Report M). More importantly, the solar cells were stable for 

at least 10 months in air without any passivation. In fact, a slight increase in PCE after 

storing in air, in contrast to previous results in the literature. Li et al.,96 demonstrated an 

n-SWNT/p-Si photovoltaic system by tuning SWNTs from p-type to n-type through 

polyethylene imine functionalization. Recently, Matsuda and colleagues used metal oxide 

layers to prepare both p-SWNT/n-Si and n-SWNT/p-Si with significantly improved 

PCEs.97 The metal oxides also serve as both an antireflective layer and an efficient carrier 

dopant, leading to reduced loss of incident solar light and increased photocurrent, 

respectively. As a consequence, the photovoltaic performance of both p-SWNT/n-Si and 

n-SWNT/p-Si heterojunction solar cells using MoOx and ZnO layers was improved, 

resulting in very high PCEs of 17.0% and 4.0%, respectively (Table 2: Report N). 

 

Figure 7.  a) Density of states and v1 of an armchair SWNT, a zig-zag SWNT, and a 

chiral SWNT. b) Density of states after p-doping. 



Table 2. Photovoltaic data of representative SWNT-used silicon solar cells from 
literature. 

 CNT treatment Si treatment Structures PCE (%) Note 

A SOCl2 n/a Si/SWNT 1.3 The first SWNT-based silicon solar cells 

B SOCl2 n/a Ag/Si/SWNT/Ag 4.5 Transferring as-grown SWNT onto silicon 

C n/a HF Ag/Si/SWNT/Cr/Au 1.7 Studied CNT chirality and transition reduction 

D n/a oxide etch - 10.9 Electrolyte junction control of gate potential 

E HNO3/NaCl HF Ti/Si/SWNT/Au 13.8 p-doping of HNO3 

F HNO3 HF Ti/Si/SWNT/Au 10.0 Encapsulating the active area by PDMS 

G n/a oxide etch - 12.0 Grid lines of SWNTs to cover small area of Si 

H - - - 2.4 (6,5) SWNTs with optimized thickness 

I HNO3 HF Al/Si/SiO2/SWNT/Cr/Au 11.3 Keeping acid inside the void space of CNTs 

J HNO3 HF Au/Si/SiO2/SWNT/Cr/Au(Al) 11.5 super acid slide casting method 

K HNO3 - Pt/Ti/n-Si/SWNT/Pt 10.0 Micro honeycomb network CNTs 

L - - - 14.9 SWNTs and graphene comparison next to Si 

M - - Pt/Ti/n-Si/SWNT/Pt 11 Application aerosol SWNTs 

N MoOx HF In/Si/SWNT/MoOx/Au 17.0 Application of MoOx doping. 

 

Since the early reports of around 1%, CNT-Si solar cells have seen rapid 

performance gains up to around 17%. However, the mechanism is still not clear, as the 

Schottky metal oxide junction theory established by Jia et al. contradicts with the p-n 

junction theory of Ong et al.85 However, the Schottky metal oxide junction theory seems 

to be more dominant for the time being. Although the polychirality of CNTs further 

obscures this issue, pure CNTs are becoming increasingly available, so we can anticipate 

a clearer understanding in the near future. Considering the decades of wide-ranging 

research into silicon solar cells, this is still a relatively small area of research and it is 

worthwhile to investigate these devices further. The apparent ease with which high PCEs 

have been rapidly achieved by a limited number of research groups, is both exciting and 

sure to prompt further research.  

 

2.2 Single-walled Carbon Nanotubes as a Transparent Electrode in Organic Solar 

Cells 



OSCs received spotlight in recent academic research.98–100 OSCs provide 

flexibility and low cost that silicon solar cells cannot match. OSCs utilize conductive 

organic compounds as electron donors and electron-rich fullerene derivatives as electron 

acceptors.55,101 Owing to their high absorption coefficient, low cost and mechanical 

flexibility, OSCs have established as one of the important categories of the solar cell 

research. Nevertheless, despite laudable achievements in recent years, OSCs are still 

faced with limitations including the fixed light absorption range of organic compounds, 

restricted hole mobility, and intrinsic instability.102 Above all, the maximum PCEs of 

OSCs (ca. 10%) are lagging behind those of silicon solar cells (ca. 20%).     

Early on, many studies were conducted that used CNTs as a light harvester in 

OSCs, as discussed in the first section of this chapter.21 Nowadays, however, CNTs in 

OSCs are typically not responsible for exciton generation upon light absorption. Instead, 

a more promising approach is to use CNTs on either side of the device as a charge-

collecting transparent electrode. In this section, we focus mainly on the use of SWNTs as 

electrodes in OSCs. SWNTs have been used mostly as the anode. For example, Gruner 

and colleagues reported the use of SWNTs as a transparent anode and demonstrated 

efficient, flexible OSCs with a structure of polyethylene terephthalate (PET)/SWNT/	

poly(3,4-ethylenedioxythiophene) (PEDOT)/P3HT:PCBM/Al. SWNTs were deposited 

using a filtration method, and PEDOT was used to coat the rough CNT surface and lower 

RS through its acidic nature functioning a weak dopant (Table 3: Report A).103 The 

resulting flexible device showed a PCE of 2.5%, which was close to that of the ITO 

glass-based control device. Moreover, PET-based devices demonstrated outstanding 

flexibility, with good performance even at large bending angles, where the ITO-based 

devices cracked at a bending angle of 60°.104 In another study, SWNTs were used as a 

transparent cathode, which requires a lower Fermi level (Table 3: Report B).105 

Chhowalla and co-workers fabricated inverted OSCs with a configuration of 

PET/SWNT/ZnO nanowire/P3HT/Au, which achieved a maximum PCE of 0.6%. The 

resulting OSCs showed good long-term stability, but the PCE was extremely low 

presumably because of an intrinsic energy-level mismatch and a lack of doping effect. 

Thus, researchers have focused on applying SWNTs, Franghiadakis and colleagues 

reported hybridization of PEDOT and SWNTs to replace both ITO and PEDOT as a hole-



transporting electrode (Table 3: Report C).106 A PCE of 1.3% was achieved and the only 

drawback was low FF (0.4), which arose from high resistance between the polymer and 

SWNT film. Four years later, DeMello and colleagues investigated two SWNT film 

fabrication method: spin-coating from dichloroethane solvent and spray coating from 

deionized water containing sodium dodecyl sulfate or sodium dodecyl benzene sulfonate 

as a surfactant (Table 3: Report D).107 Films produced by both of the methods were 

mechanically robust. HNO3-treated SWNT films yielded sheet resistances of around 

100 Ω sq−1 with an average transmittance of 90%. Spin-coated SWNT films provided 

better performance and a PCE of 2.3%. In the following year, Hersam and colleagues 

focused on reducing the roughness of SWNTs in order to increase performance via 

improved morphology (Table 3: Report E).108 In addition, they investigated the change in 

PCE according to the ratio of metallic and semiconducting SWNTs, and found that a 

purely metallic (99.9% metallic) SWNT film gave the best performance as the 

transparent electrode. The device using a purely metallic SWNT film exhibited a PCE of 

2.035%, in stark contrast to the value of 0.038% for the device using a purely 

semiconducting SWNT film. Zarbin and colleagues used interfacial synthesis of CNTs to 

produce a transparent conductive film for ITO-free OSCs (Table 3: Report F).109 The 

interfacial synthesis produced a mixture of SWNTs and MWNTs and very high CNT 

loadings could be achieved using these films without a significant effect on transparency. 

Secondary polyaniline was used for doping to achieve a PCE of 2.27% in a flexible 

device. The PCE of SWNT-based OSCs reached a new peak of 6.04% in 2015, when our 

laboratory reported OSCs based on aerosol-synthesized SWNTs (Table 3: Report G) 

(Figure 8 and 9).110 Anaerobic thermal annealing of CNTs next to MoO3 increased their 

conductivity greatly.111 This doping effect lasted much longer than that of HNO3.112 

Using this approach, we thermally annealed an SWNT film sandwiched between MoO3 

layers at around 300 °C in nitrogen for longer than 2 hours. The composition of MoO3 

changed to MoOx where x is between 2 and 3 (Figure 10).113 The same SWNT films were 

used as the top electrode in an inverted structure, which was reported in Scientific 

Reports.114 These semi-transparent OSCs with a top electrode consisting of laminated 

transparent SWNTs are highly promising when used in tandem or power-generating 

windows (Table 3: Report H) (Figure 11). 



 

 

Figure 8. Current densityvoltage curves of the devices from the report G.  

 

Figure 9. Literature PCE values of SWNT-based OSCs as compared to the work 

presented in reference 110.  



 

Figure 10. Schematic of the device from the report G. 

 

Figure 11. Transparent OSCs for window application. 

From the results discussed above, we can see that SWNTs have shown 

tremendous potential for use in OSCs. They can replace not only ITO but also metal 

electrodes. Nevertheless, further study is needed, as these results do not completely stack 

up to the performance of ITO. We will discuss how to go about addressing this issue at 

the conclusion of this chapter.  

Table 3. Photovoltaic data of representative SWNT-OSCs from literature. 

 Structures PCE (%) Note 

A SWNT/PEDOT/P3HT:PCBM/Al 2.5 Filtration-transferred CNTs as anode on PET 

B PET/SWNT/ZnO NW/P3HT/Au 0.6 Filtration-transferred SWNTs as cathode on PET 

C SWNT/PEDOT/P3HT:PCBM/LiF/Al 2.3 Spin-coated SWNTs as anode 

D PEDOT-SWNTs/P3HT:PCBM/Al 1.3 SWNTs and PEDOT hybrid as anode 



 

 

 

 

2.3 Single-walled Carbon Nanotubes as a Transparent Electrode in Perovskite Solar 

Cells 

2.3.1 DSSCs 

To discuss PSCs, let us first review dye-sensitized solar cells (DSSCs). Due to 

their simple fabrication and high efficiency, DSSCs have attracted considerable interest 

from researchers around the world. Titanium dioxide nanoparticles have been widely 

used as the working electrode in DSSCs because they provide higher efficiency and more 

robustness than any other metal oxide semiconductor investigated.115 

To search for an effective counter electrode in DSSCs, Yanagida and co-workers 

examined different kinds of carbon materials.116 A PCE of 4.5% was obtained when 

SWNTs were used (Table 4: Report A). This value was comparable to that of platinum-

sputtered fluorine-doped tin oxide-based DSSCs. There had been several attempts at 

fabricating DSSCs using a carbon material as the counter electrode, but this work was the 

first to produce a fair PCE.117 Later, Kim and colleagues investigated the effects of acid-

treatment of SWNTs in a TiO2 film with the dyes anchored. Compared with an 

unmodified cell, DSSCs using acid-treated SWNTs at the TiO2/electrolyte interface had 

significantly improved photocurrent-voltage characteristics.118 The modified cell showed 

a 25% increase in JSC, which resulted from improved contact between the acid-treated 

SWNTs and the TiO2 particles and enhanced light scattering by TiO2 clusters. For dye-

linked, acid-treated SWNTs anchored to the TiO2/electrolyte interface, VOC increased by 

around 0.1 V, mainly due to the basicity of the TiO2 surface from the NH groups of 

E SWNT/PEDOT/P3HT:PCBM/LiF/Al 2.0 Purely metallic SWNTs as anode 

F CNT/PEDOT/F8T2/C60/Al 2.27 CNT was generated by interfacial synthesis 

G MoOx/SWNT/MoOx/PEDOT/PTB7:PC71BM/LiF/Al 6.04 Aerosol synthesized SWNT film 

H ITO/ZnO/PTB7/PTB7:PC71BM/MoO3/SWNT 4.1 p-doped SWNT film as top electrode  



ethylenediamine moieties in the anchored dye linked to the SWNTs. Kamat and co-

workers reported a use of SWNTs not only as an electrode but also as a charge 

transporter.119 SWNTs utilized as conducting scaffolds in TiO2-based DSSCs boosted 

PCE by a factor of 2 (Table 4: Report B). Titanium dioxide nanoparticles were scattered 

on an SWNT film to improve photo-induced charge separation and transport of carriers to 

the collecting electrode surface. An approximately 100 mV shift in the Fermi level of the 

SWNTs-TiO2 system compared with the pristine TiO2 indicated equilibration of the 

Fermi level between the two systems. The interplay between the TiO2 and SWNTs for 

achieving charge equilibrium was an important factor in improving solar cell 

performance. Yoo and colleagues used the sol-gel method to prepare TiO2-coated 

MWNTs for use a DSSC electrode (Table 4: Report C).120 CNTs coated with TiO2 

achieved better solar cell performance through a reduction in RS. Compared with the 

conventional device, the TiO2-CNT (0.1 wt.%) cell showed a �50% increase in PCE from 

3.32% to 4.97%, which is attributed to the increase in JSC due to improved 

interconnectivity between the TiO2 particles and the TiO2-CNTs in the porous TiO2 film. 

2.3.2 PSCs 

The emergence of organic-inorganic halide PSCs, which have PCEs of 

approximately 20%, has caused a paradigm shift from DSSCs to PSCs (Figure 12).121,122 

Just within the five years that PSCs have been at the forefront of photovoltaics research. 

This entailed some of the researchers from OSC field to join the PSC research. Initially 

there was a confusion in coinage of the PSC structural types as to which is “normal” and 

which is “inverted”. A broad range of fabrication approaches and device concepts are 

being constantly developed and this diversity suggests that performance is still far from 

being fully optimized.123 



 

Figure 12. Certified solar cell PCE charts of all types of solar cells. We can see 

the PCEs of PSCs in orange (https://www.nrel.gov/pv).  

 

The first application of an SWNT film as an ITO replacement in PSCs was 

demonstrated by our laboratory in 2015.124 Specifically, we examined the use of SWNTs 

subjected to acid treatment, wettability control, and MoOx doping. Diverse methods were 

employed to overcome the hydrophobicity of SWNTs and doping issues in solar cell 

devices, including modification of the wettability of PEDOT, MoO3 thermal doping, and 

HNO3 (aq) doping with various dilutions from 15% to 70 % (v/v) to minimize the 

instability and toxicity of the SWNTs. We discovered that isopropanol-modified PEDOT 

worked better than surfactant-modified PEDOT as an electron-blocking layer on SWNTs 

in PSCs because of superior wettability, whereas MoO3 was incompatible due to energy-

level mismatch. A diluted HNO3 (35% v/v)-doped SWNT-based device produced the 

highest PCE of 6.32% among the SWNT-based PSCs tested—70% of the PCE of an 

ITO-based device (9.05%). Furthermore, a flexible cell was prepared using a PET film 

and realized a PCE of 5.38% (Table 4: Report D) (Figure 13). By inverting the structure, 

the SWNT film could be deposited from above to replace the metal electrode. Mhaisalkar 



and co-workers reported transparent PSCs made by laminating aerosol-synthesized 

SWNT films onto a CH3NH3PbI3 layer, with the SWNT films functioning as both a hole 

collector and electrode.125 This enabled metal deposition, an energy-consuming vacuum 

process, to be bypassed. In the absence of an organic hole-transporting material and metal 

contact, CH3NH3PbI3 and CNTs formed a solar cell with efficiency of up to 6.87% (Table 

4: Report E). The CH3NH3PbI3/CNTs solar cells were semi-transparent and produced 

photovoltaic output under dual side illumination because of the transparency of the CNT 

electrode. Interfacial charge transfer in solar cells were investigated through 

photoluminescence and impedance measurements. The flexible and transparent CNT 

network film showed great potential for realizing flexible and semitransparent PSCs. 

With the addition of 2,2,7,-7-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-

spirobifluorene (spiro-MeOTAD) to the CNT network, PCE improved from 6.87% to 

9.90% as a result of enhanced hole extraction and reduced charge recombination. A 

similar approach was demonstrated by Wong and colleauges.126 Ti foil-TiO2 nanotubes 

with an organic-inorganic halide perovskite absorber and transparent CNTs was adopted 

in PSC fabrication. Ti foil-TiO2 nanotubes were formed by one-step anodization. The 

composition served as a deposition scaffold and electron conductor for the perovskite 

absorber. Later, a transparent conductive CNT film was laminated on top of perovskite 

and served as a hole transporter as well as a transparent electrode for light illumination. A 

PCE of 8.31% was achieved, which is the highest among TiO2 nanotube-based flexible 

solar cells. These kinds of PSCs, in which CNTs were used to replace the top metal 

electrode, reached their current peak in a study by Boschloo and co-workers.127 They 

demonstrated highly efficient PSCs with a hybrid hole-transporting counter electrode 

based on aerosol-synthesized SWNT films and drop-cast spiro-MeOTAD. An average 

PCE of 13.6% with a maximum of 15.5% was recorded, while the reference solar cell 

with spiro-MeOTAD and a gold electrode showed an average of 17.7% (Table 4: Report 

F). The results revealed the feasibility of high-efficiency PSCs with carbon-based hole-

transporting materials. The SWNTs function not only as a charge conductor or 

transporter, but also as an encapsulating layer that protects the device from water 

infiltration. The stability of PSCs using SWNTs was addressed by Snaith and colleagues 

(Table 4: Report G).128 They demonstrated a method for mitigating thermal degradation 



by replacing the organic hole-transporting material with polymer-functionalized SWNTs 

as in an insulating polymer matrix. With this sort of composite structure, a PCE of 15.3% 

was accomplished, along with strong retardation of thermal degradation and good 

resistance to water infiltration. Going back to the bottom transparent electrode, our group 

compared SWNT with graphene in the viewpoint of photovoltaic and mechanical 

performance (Table 4: Report H).129 With the demonstration of 12.8% PCE, we 

discovered that using graphene electrode as the bottom electrode results in slightly higher 

photovoltaic performance than that of SWNT, yet SWNT had the upper hand in terms of 

mechanical resilience and reproducibility. The use of SWNT electrode expanded to 

replacing both metal and transparent metal oxide conductor. As shown in Fig. 14, flexible 

PSC using SWNT both as cathode and as anode is recently demonstrated by our group.130 

Although the achieved efficiency was 7.32%, a possibility of roll-to-product 

processability was demonstrated.            

 

 

Figure 13. Flexible SWNT-PSC structure (right) and its picture (left). 

 



 

Figure 14. Flexible PSC using SWNTs both as cathode and as anode. structure 
(left) and its picture (right). (Table 4: Report J) 

 

 

Table 4. Photovoltaic data of representative SWNT-DSSCs and -PSCs from literature. 

 

Up to this point, we have looked at the applications of SWNTs as transparent 

electrodes in solar cells. There is no doubt that the excellent properties of SWNTs make 

them promising candidates for incorporation into future low-cost, multifunctional 

photovoltaic devices. Their application initially started as the photoactive materials in 

solar cells due to their semi-conducting properties. However, difficulties in purification 

slowed the progress. In silicon solar cells, SWNTs began to be used as both electrode and 

 Structure or research impact PCE (%) 

A membrane filter/SWNT/electrolyte/reflection layer/TiO2/dye/FTO 4.5 

B TiO2 particles were scattered on SWNTs to improve charge separation and transport 0.6 

C DSSCs using the sol-gel method to obtain TiO2 coated MWNTs 4.97 

D SWNT/PEDOT/CH3NH3PbI3/PCBM/Al 6.32 

E  FTO/TiO2/mesoporous TiO2/CH3NH3PbI3/SWNT/spiro-MeOTAD 9.90 

F FTO/TiO2/mesoporous TiO2/(FAPbI3)3-x(MAPbBr3)x/SWNT/spiro-MeOTAD 15.5 

G FTO/TiO2/Al2O3/CH3NH3PbIxCl3−x/P3HT/SWNT/PMMA/Ag 15.3 

H SWNT/MoO3/PEDOT/CH3NH3PbI3/C60/BCP/Al 12.8 

J SWNT/P3HT/CH3NH3PbI3/PCBM/SWNT 7.32 



photoactive materials, boosting their potential as a solar cell component. With the 

emergence of thin film solar cells, namely OSCs and PSCs, the number of reports on 

application of SWNTs soared up rapidly as they could replace ITO, generating flexible 

and low-cost photovoltaics. There has been intermittent reports on their usage as the 

photovoltaic materials, again the progress was limited by challenging nature of the 

separation of the semiconducting SWNTs. Overall, many challenges still remains. Below, 

we outline five key points that are crucial for further improvement:  

1. Conductivity and transparency: The performance of photovoltaic devices is 

strongly dependent on CNT properties. The sheet resistance and transparency of CNTs 

are not yet comparable to those of ITO, which has sheet resistance of around 5 Ω sq-1 and 

transparency of more than 90%. Therefore, it is imperative that more stable and effect 

dopants be investigated. 

 2. Fermi level: To achieve high performance, especially as the cathode in OSCs, 

CNT electrodes must have a proper Fermi level to minimize energy barriers for charge 

transfer. Normally, carbon materials have a Fermi level of 4.5–5 eV, similar to that of an 

ITO film with a work function of 4.6–4.8 eV. The Fermi level can be tuned for various 

electrode uses.128–131 Materials like PEDOT are commonly used to increase the Fermi 

level for charge injection at the anode, whereas materials like Cs2CO3 are used to reduce 

the Fermi level for electron collection at the cathode.  

3. Wettability: CNTs are hydrophobic, so either they need to be made hydrophilic 

or materials being deposited on top needed to be hydrophobic. Even better would be 

deposition of the material by a method that is independent of the wettability, such as 

thermal evaporation. Many chemical treatments to increase hydrophilicity decrease 

conductivity by introducing oxygen-containing groups or defects. Thus, other methods 

are needed that do not undermine the properties of CNTs while improving the wettability. 

4. Surface roughness: A rough surface of CNTs creates shunt pathway within the 

device, which results in reduced of the performance. The reproducibility of SWNT-based 

OSCs mainly hinges on their surface roughness. Therefore, much more attention should 



be paid to keeping the surface smooth and clean during the fabrication and processing of 

SWCNTs. 

5. Encapsulation: Device stability under ambient conditions is a crucial issue for 

practical applications, especially for OSCs and PSCs. The photoactive materials of these 

types of cells are rather unstable in air, and the barrier properties of plastic encapsulation 

are simply not good enough. Therefore, it is necessary to develop a flexible barrier that 

can passivate the device effectively. CNTs have shown some promise in this regard, yet 

not much research has been conducted. Further study will help open a path to more 

industrially viable CNT-based solar cells. 
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