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Abstract 

Dye-sensitized solar cells (DSCs) are well researched globally due to their potential to 

be a low-cost photovoltaic (PV) device, especially suited for building and automobile 

integrated PV (BIPV, AIPV) and portable or indoor light harvesting applications. Large 

monetary and intellectual investments for developing them into a deployable technology 

created a wealth of knowledge on nano-interfaces and devices through an increasing numbers 

of research reports since 1991. In response to those investments, the dawn of the new 

millennium witnessed the emergence of a corporate sector on DSCs. Advances in their device 

designs, their incorporation on flexible substrates, development of solid state modules, 

enhanced stability under outdoor exposure, and the advancements in their scalable fabrication 

tools and techniques elevated the DSCs from laboratory to real-life applications. Although 

photoconversion efficiencies are not on par with commercially available CIGS or single 

crystalline silicon solar cells, the features of transparency, light weight, flexibility, 

conformability, workability under low-light conditions, and easy integration in buildings as 
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solar windows compel further dwelling in DSC modules. In fact DSC panels have been 

shown to deliver even more electricity compared to the silicon and the thin film counterparts 

of similar power rating when exposed to low light operating conditions, due to their 

workability at such conditions, thereby offering possibilities to be market leaders in BIPV 

and indoor light harvesting photovoltaic technology. However, the large area dye-solar 

modules lacks in performance compared to their laboratory scale devices and also suffer from 

long term stability issues. Herein, we discuss the main factors behind their inferior 

photovoltaic performance and also identify the opportunities in materials’ architecture and 

device designs for more efficient DSC modules. 

Keywords: Renewable energy, Organic photovoltaics, roadmap of dye solar cells, solar 

module designs, charge transport in dye solar modules. 

 

1. Introduction—renewable energy scenario 

Primary supply of clean and sustainable energy is one of the top global issues. A 

greater portion of today’s energy demand (>85%) is fulfilled by fossil fuel based resources 

but at the expense of the global warming and consequent severe impact on climate changes.
1
 

The statistics of increasing energy demand and depleting fossil fuels are alarming: (i) the 

energy demand is expected to increase 2 folds by 2050; and (ii) due to depleting fossil fuel 

reserves an additional energy demand equal to today’s total energy consumption is expected 

in next three decades.
2, 3

 The renewable energy resources such as solar and wind are 

potentially cost effective, abundant in nature, and are fairly distributed across the globe, 

therefore, have potential to contribute towards this energy gap.
4
 These resources also 

eliminate the environment issues associated with the use of fossil fuels. Among the renewable 

energy resources, solar energy alone has the potential to meet world’s primary energy 

demand; it requires covering less than 0.4% of our planet’s surface with 15% efficient solar 

Page 2 of 72Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



   3 

 

panels.
5
 Alternatively, using 25% efficient solar panels, a solar farm of area ~400 km × 400 

km in the Sahara desert would meet the projected energy demand. Above all, energy from 

sunlight is 200 times more abundant than all other renewable energy resources combined.
3
  

Photovoltaic effect was discovered in the 19
th

 century by Edmond Becquerel. 

Subsequently, solar energy appears not only as a promising alternative energy resource but 

also a better off–grid choice in remote applications and in portable electronics. The solar cell 

technology can be divided into three types, (i) crystalline silicon solar cells, (ii) thin film 

solar cells (CuInGaSe2, CdTe, a-Si:H etc.) called thin as their working electrode comprises of 

much thinner films (~1 m) compared to that of the first generation (~350 m), and (iii) 

molecular absorber solar cells in which molecules or inorganic clusters are the primary 

absorbers. Examples of the last type are polymer solar cells, dye-sensitized solar cells 

(DSCs), quantum dot solar cells, and recently emerged perovskite solar cells. Over half a 

century research in silicon based solar cells, which currently dominate the photovoltaic 

market, resulted in an installed capacity of  >40 GW till date, up from 1.5 GW in 2000 as 

shown in Figure 1.
6
 This installation brought solar cells (mostly silicon based) to contribute 

to energy demand in peak hours; in Germany ~5.3% of daily demand is fulfilled by solar 

electricity which increases to 20% in longer sunny days.
4,7

 Commercial modules of silicon 

based solar cells (first generation) of efficiency () up to ~20% are routinely available in the 

market. On the other hand, thin film solar cells (second generation) based on CuInGaSe2 

(CIGS) have achieved  >20% at laboratory scale;
8
,
9
 and commercial modules of  ~15% are 

available in the market.
10

 Despite the rapidly increasing global installations, many of the first 

and second generation solar cells  still suffer from issues such as long payback, relatively 

high costs associated with extreme purity requirement in the active material, scarcity of 

materials such as indium and silver, their low working capability in cloudy hours or in shaded 

regions.
4, 11

 Besides, owning to their opacity (for example, silicon solar cells), these solar 
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cells are not a choice for integration in buildings. These drawbacks bring into account the 

third generation photovoltaics, which aims to resolve  many of the issues of the first two 

generations. Although initial developments for these new photovoltaics entail delivering 

applications, building integrated photovoltaics (BIPV), automotive integrated photovoltaics 

(AIPV) for example, their further cost reduction remains an important target as the cost of 

silicon solar cells is seen to be significantly dropped in recent years. However, the third 

generation devices currently generally suffer from lower  and short term outdoor stability 

compared to the other two well-established photovoltaics.  

 

Figure 1: (a) A chart showing paradigm shift of the share of  renewable energy sources (data collected from 

ref.
12

 and ref.
13

). The values are in million tons of oil equivalents (mtoe). 

 

Purpose of this article is to review the progress made in deploying a third generation 

solar cell – the dye sensitized solar cell (DSC) – from the laboratory scale to the real life 

application. Comparable photoconversion efficiency with that of market leading CIGS or 

single crystalline silicon solar cells is yet to be achieved by DSCs; however, positive inherent 

features as their workability under low-light conditions, transparency, flexibility, 
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conformability, superior performance under low levels or indoor light conditions and easy 

integration in buildings as solar windows will facilitate their market entry. This article is 

organized as follows: section 2 outlines the working principle, various components and types 

of laboratory scale DSCs. Section 3 of this article compares the outstanding features of DSC 

technology that facilitates its entry into photovoltaic market. In section 4, we discuss their 

worldwide business growth and in sections 5 – 9, the developments in dye–solar modules 

(DSMs) are elaborated. Section 10 critically analyze the major factors behind the areas of 

inferior performance of DSMs and also introduces alternative designs of these modules. 

Research in long term stability of DSMs is reviewed in section 11 while section 12 talks 

about the standards required for elevating DSCs from laboratory to a successful commercial 

application. In Section 13, we conclude our observations and make recommendations to open 

up windows for future research for high performance and cost effective DSMs.  

 

 

2. Dye-sensitized solar cells 

Among various types of 3
rd

 generation solar cells, DSCs are promising as they are 

cost effective, relatively easier to fabricate on large panels, light weight and flexible, and 

offer transparency compared to the first two generation solar cells.
14-16

 Due to the unique 

feature of transparency,
17

 DSCs can easily be integrated into BIPVs and in AIPVs, however, 

the outdoor long term stability is yet to be achieved. Furthermore, they have shown superior 

performance under indoor lighting
18

 and also been developed extensively on flexible 

substrates.
19

 Many reports are published on the phenomenology of photovoltaic action in 

DSCs and choice of various materials used.
20-22 

The DSC is a photoelectrochemical device in 

which the photocurrent is generated at a junction between a dye-anchored metal oxide 

semiconductor and a hole-conducting electrolyte upon light absorption. Various materials and 
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their interfaces constituting the DSCs and the photochemical process are explained in the 

Figure 2.   

 

Figure 2: Schematics of the working mechanism of a DSC. N719 and Z907 are Ruthenium based dyes. ECO
3+

, 

EFc/Fc
+
, and EI3

-
/I

-
 are the electrochemical potentials of the cobalt, ferrocene and iodide electrolytes, respectively 

measured with respect to a standard hydrogen electrode (NHE). The working electrode (WE) is a mesoporous 

film of thickness ~3 – 20 m of a metal oxide semiconductor (MOS, usually TiO2) is coated on a conducting 

glass substrate. The film is then conjugated with a molecular absorber (dye); a junction is made by putting the 

film in contact with an electrolyte and subsequently sealed with a conducting counter electrode (CE) equipped 

with a catalyst layer. Upon absorption of sunlight, the dye oxidizes and injects the photogenerated electrons into 

the MOS which are collected at the WE. The oxidized dye is regenerated by accepting electrons from the redox 

couple. The electron travels to the CE via an external circuit and completes the cycle. Fractions of absorbed 

energy are lost at the dye-TiO2 interface (overpotential#1) and the dye-electrolyte interface (overpotential#2). 
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The rest i.e. {absorbed energy – (overpotential #1+overpotential #2)} contribute to the open circuit voltage 

(VOC). The redox potentials and HOMO level of the dyes are taken from the references 23,24 and figure b & c 

are the chemical structures of the dyes Z907 and N719, respectively. Figures adapted from reference 25 with 

permission from American Chemical Society. 

 

DSCs are promising due to their low cost fabrication compared to the first two 

generation solar cells; however, their η is much lower than commercially available thin film 

and silicon solar modules. Although η up to ~13% was reported in DSCs
26

 the certified value 

is ~11.9% for devices built on rigid substrates (fluorine doped tin oxide (FTO) coated glass)
9 

and ~7.6% built on flexible substrates (Polyethylene terephthalate (PET)/indium tin oxide 

(ITO)).
27

 As shown in Figure 3, independent certifications for other types of DSCs such as 

solid state DSCs (s-DSCs), p-type DSCs (p-DSCs), and tandem DSCs (T-DSCs) are yet to be 

seen. In view of commercial applications, solar panels outdoor stability is crucial besides 

their . For example, amorphous silicon (~10%) and organic thin film modules (6.8%) with η 

much lower than the certified value of DSMs (8.2%) are available in the market owing to 

their significantly higher lifetime (~ 20 years for thin film modules).
28

 Although DSCs have 

shown significant stability in indoor accelerated testing
29, 30

 the lifetime of liquid electrolyte 

based DSCs (l-DSCs) is far lower in outdoor conditions due to their high volatility. 

Alternatively, s-DSCs have been developed in order to overcome some of the issues related 

to the liquid electrolyte. Future research on s-DSCs to be dedicated to solve their primary 

issues such as poor pore filling (infiltration of hole transport material into mesoporous MOS), 

inferior hole mobility and hole diffusion length in these devices. The T-DSCs are also 

promising; however, their performance is limited due to the low voltage of p-type 

photocathodes.
31

A breakthrough in the third generation solar cells is the emergence of 

perovskite sensitized solid state solar cells (PSCs) which employ an organic – inorganic 

hybrid perovskite absorber (commonly CH3NH3PbX3, X = Br, Cl, or I) on a very thin MOS 
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layer (< 1m),
32-37

 Although PSCs initially emerged as a class of DSCs, they are likely to be 

considered a new class of solar cells. The confirmed  as high as ~17.9% was reported in 

PSCs which is a four times increment in just four years since its first report.
9 

The PSCs, 

which are recently at their spring, are another emerging area; nevertheless, the replacement of 

lead (Pb) with some non-toxic material may presumably increase its market acceptability.
38 

Results on the scalable fabrication of PCSs have recently been reported across the globe with 

 up to 8.7%.
39, 40

  

 

Figure 3: Efficiency comparison of various types of DSCs. The stars show certified efficiency values of 

corresponding devices. The confirmed  for various devices is reported in reference 
9
.

 

3. DSCs versus other PV technologies  

One of the major drawbacks of the conventional silicon PV technology is the amount of 

solar irradiation required for its start-up operation (200-300 watt/m
2
) which increases to 800-

900 watt/m
2 

for peak performance.
41 

Despite the fact that the certified  in DSMs (8.2%)
76

 are 

far lower than that is achieved in the first two generation solar cells (~15 – 20%), their 

Page 8 of 72Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



   9 

 

working capability in low light conditions and transparency place them at the forefront for 

applications such as BIPVs. This exclusive feature of DSMs not only increases their 

operating hours but also deploys them in shaded regions, corners or bends in buildings. A 

comparative study by Dyesol Ltd. revealed that DSMs delivers 65-300% higher power output 

in cloudy days compared to silicon and thin film solar cells as shown in Figures 4(a&b).
42 

Their analysis revealed that the performance of DSMs is higher in days when the solar 

irradiance is <300 kW/m
2
. In another six month comparative study by Aisin Seiki CO. Ltd., 

43 
DSMs (64 cell modules of size 10 × 10 cm

2
) showed 10% increased performance in a hot 

sunny day and 20% higher in a cloudy day than single crystalline Si-modules. The study also 

showed better performance of DSMs in midmorning and midevening thus widening the 

available performing hours. A similar performance was demonstrated in Japan in a world 

solar car rally (July 2008), where a 2×8 m
2
 DSMs (developed by Taiyo Yuden Co. Ltd.) were 

deployed on a test race car and achieved a speed of 11.8 km/h in cloudy weather which was 

almost similar to 12.5 km/h in sunny weather.
43

 These reports spotlight the exclusive features 

of DSMs and their capability of working in low light conditions that overcome the limitations 

of the conventional PV technology. Moreover, a recent study by Zardetto et al.
44 

showed that 

DSMs on flexible substrates when turned into a curve shape outperform a flat device thereby 

further strengthens the claim on their application diversity. The study showed ~10% higher 

power output in the flexible device built on a metallic substrate than a flat one when 

normalized to their footprint. All these results are encouraging for DSMs’ potential 

applications at low light areas and conditions. As an example, in zero energy buildings DSMs 

can be deployed as smart windows to simultaneously add aesthetic while producing solar 

electricity almost entire day. 
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Figure 4(a): Performance comparison of DSCs’ with other photovoltaic technologies on a sunny day, (b) a 

cloudy day (data courtesy to Dr. Damion Milliken of Dyesol Ltd.). 

 

Unlike the first two generation solar cells, which require clean room and vacuum based 

device fabrication facilities, DSMs can be fabricated in less demanding conditions. To further 

ease its fabrication, researchers successfully showed low temperature (<150 oC) binder free 

coating process on plastic substrates and demonstrated  as high as ~8% in their single cells
27

 

and ~3-4.5% % in DSMs.
45,46

 

The performance of DSCs improves from  room temperature to ~40 

C

47
 because 

viscosity of the electrolyte decreases upon increase in temperature which meliorates the ionic 

transport inside the MOS.
48, 49

 Conversely, silicon based solar cells drops in performance at 

elevated temperatures as the dark recombination current increases with temperature.
50, 51

 

 

3.1 Manufacturing cost for DSMs 

Besides the advantage of DSMs for applications in low-light and flexible conditions, 

its deployability would strongly depend on the module manufacturing cost and associated 

economics. Table 1 shows a comparison of manufacturing cost normalized with respect to the 

peak output power compiled from various sources. Kalowekamo et al.
52 

estimated the 

manufacturing cost for DSMs and compared it with first two generation solar cells. In their 
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study, the estimated DSM cost varies from 0.5$/WP (η ~5%) – 1$/WP (η ~15%). The DSMs 

provide solar electricity at a cost significantly cheaper than first two generation of solar cells 

(Table 1). A DSM manufacturer Fujikura Ltd. reports that the manufacturing cost can be 

reduced to 0.4$/WP provided an annual production level of 100 MW is achieved.
53 

Lower 

cost of DSMs could be attributed to the cheaper material cost and easy fabrication. Besides, 

the photoelectrode MOS such as TiO2, ZnO, SnO2, are largely abundant unlike indium which 

is a used in come of the thin film solar cells .
4
 

Table 1: Cost/WP and  comparison of various types of solar cells/modules; the values are taken from ref. (
28

) 

unless stated otherwise. Certified efficiencies are marked with a ‘*’  

*Market prices of silicon panels have droped in latest years  to as low as ~0.7 $/Wp; however, such prices are 

from few producers and the realisticity and sustainability of such prices are yet to be determined. 

(http://www.nyse.com). 

 

 

 

 

 

 

 

 

 

Major contribution (50 – 60%) to DSMs’ manufacturing cost arises primarily from 

dyes, electrolyte, and substrates.
57,59

 Furthermore, the materials for DSMs are still produced 

on research scale; the cost would significantly reduce on a commercial scale production.  

Device  in cells (%)  in modules (%) Module manufacturing 

cost/Wp($) 

Multijunction (III– V) 44.7* (FhG-ISE) --- --- 

Si  24.7 (UNSW) 14.5 (ref. 
54

) ~0.7*-1.29 (ref. 
55

) 

CIGS  19.8* (NREL) 18.7*(FhG-ISE) 1.13 (ref.
55

) 

Si (amorphous) 10.1* (AIST) --- --- 

CdTe 17.3* (NREL, ref.
55

) 11.7 0.74 

Organic PVs 10 (ref. 
55

)  6.8* 0.75-2 (ref. 
56

) 

Dye solar cells 11.9* (SHARP) 8.2* (SHARP) 0.5-0.94(ref
52,57

) 

Perovskite solar cells 17.9*
9
  8.7 (planar 

structure)%
40

 

5.1% (Monolithic 

modules)
39

 

NA 

QDSCs 7(ref.
58

) Not developed yet NA 
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Figure 5: Left panel is estimation of the projected share to overall cost during large scale manufacturing and the 

right panel is cost for various materials while fabricating the 20 MW DSMs. Data taken from reference
59

. 

 

Figure 5 shows manufacturing cost data for series monolithic DSMs (90 cm ×60 cm, 

power output 50 WP/m
2
). These statistics were compiled by one of the world leading DSM 

developers, Solaronix Ltd., for an annual production of ~20 MWP/year.
59

The DSMs 

manufacturing cost was estimated to be ~0.97 Euro/WP with η ~7% and ~90% process output 

yield. Notably, two thirds of the total cost arise from materials where dyes and electrolytes 

contribute one third, sealing and interconnections cost more than one third (37%) and 

substrates cost ~17% of the material cost (~22%, ~25% and ~12% of the total cost, 

respectively). As suggested by Hashmi et al.
57 

a substantial decrement of this price is possible 

by replacing some of the expensive material components; i.e., replacing glass with plastic 

will reduce substrates cost by one third, although one must consider the additional costs of 

additional barrier layers. Replacing FTO by stainless steel sheets can save up to 80% of the 

substrate cost (9% of the total cost). Similarly, although s-DSCs offer less sealing difficulties 

than l-DSCs however, they are still vulnerable to moisture and oxygen permeation.  
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4. Dye-solar modules: From laboratory to commercial development 

After the  report in 1991 of single cells, the same group reported first DSMs in the 

year 1996.
60 

In their module, six DSCs of area ~3.3 cm
2
 were serially connected on an FTO 

substrate to get  ~5.3%.  Since then a number of reports have been published across the 

globe for the development of various type of DSMs in various designs including series, 

parallel or their combination. A survey of literature shows that efforts in the development of 

DSMs are rather unimpressive: only one research paper is published for DSMs for each 

hundred papers on laboratory devices. Figure 6 (a) shows a summary of research papers and 

patents published on DSCs and DSMs. A study on the country’s involvement in DSMs are 

also made and shown in Figure 6(b). One would observe that China, Japan, Korea, Taiwan 

and the USA are the leaders in DSM fabrication in the descending order of their contribution.   

 

 

Figure 6(a): Research trends in DSCs, (i) bottom panel indicates papers published on single cells, (ii) 

middle panel represents publications on DSMs, and (iii) patents registered globally (data is taken from reference 

61
), and (b) trends shows the affiliation of various countries working on large area development of DSCs. (Data 

is taken from Scopus on January 2014 using keywords ‘dye-sensitized solar modules’ and ‘large area dye-

sensitized solar cells’).  
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4.1 Dye-solar cell/modules as electrochromic windows 

For residential and commercial users, a significant portion (10-30%) of the peak 

electricity demand arises from overheating caused by glass windows that allows heat 

radiation to enter into a building.
62 

This share can be reduced by (i) controlling the optical 

transparency of the windows to block heat radiations entering the buildings and (ii) 

converting the passive windows into smart windows that can additionally harvest the solar 

light into electricity.
63-65

 Towards the second strategy, an energy storage smart window, also 

called electrochromic device (ECD), that simultaneously harvest and store the solar energy 

by integrating two electrochemical devices (DSC and supercapacitors) has been developed.
66, 

67
 The ECD can be divided into two parts, photovoltaic and EC components separated by an 

ionic conductor with negligible electronic conductivity to avoid short circuit between them. 

Such devices are self-powered unlike the conventional ECD windows which need an energy 

supply for its operation. The window changes from bleached to colored state due to the 

reversible reaction in the electrolyte upon light absorption.
68

 

Self-powered switchable devices can be made in two ways: (i) photoelectrochromic 

window (PECW), which changes its transmittance using electrical output of the DSC and 

thereby blocks heat radiations (Figure 7)
69

and (ii) smart energy storage window where prime 

concern is to produce electricity and store it in an integrated supercapacitor.
66 

The primary 

requirement for PECWs is an electrochemical material which changes its transmittance with 

an applied potential. Various metal oxides (WO3, NiO, IrO2, and Nb2O5) and polymers such 

as polyaniline and Poly(3,4-ethylene-dioxythiophene) have been employed as an EC 

material.
70-73

 In a recent study, Yang et al.
69 

reported a lowering of transmittance from 47 to 

9% upon electrochemical reaction employing PECW (η ~1.2%). In another report, Al doped 

boron oxide based PECW reported η up to ~2% owing to conductivity of the dopant used.
74
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Figure 7: Switching sequence of an ECW. Figure adapted from reference 
75

. 

 

As the self-powered switchable devices need to be highly transparent, the films 

should be made very thin. These devices usually consist of three sequentially coated layers 

and required precise fabrication to avoid short circuit.
76,77 

Thin silicon solar modules are 

commercially available as a switchable windows with η ~5%;
78

 however, DSC based ECDs 

are still in the laboratory stage. There are rare reports on employing T-DSCs as switchable or 

smart windows; however, the work is still at laboratory scale.
79 

 

4.2 Emergence of dye solar modules business 

 

DSMs have now reached a level of deployment as a photovoltaic device. Table 2 

shows a list of industrial sectors that have emerged develpoing this photovoltaic technology, 

their inferred core business and key achievements. Owing to the transparency in DSCs and 

their excellent performance in low level of light illumination, the potential key venues for 

installing DSCs are indoor electronic application and BIPV (Figure 8 a – d),
80 

as its efficiency 

vs transparency performance can be tuned.
17

 DSCs work well in diffused or low light and is 

less effected by the angle of incidence with efficiencies which increase with angle of light 

incidence (up to ~50

) by ~10–16%%.

81
 Moreover, BIPVs has the advantage over centralized 

solar power generation represented by the fact that electricity generated is consumed at the 

same place thereby avoiding the transmission line losses and infrastructure cost. DSMs with 
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active area of ~200 m
2
 were installed as windows of a green building in April 2014 at the 

École Polytechnique Fédérale De Lausanne (EFPL) campus, Switzerland (Figure 8a & b).
82

 

These panels are estimated to be able to generate ~2000 kWh of annual solar electricity. 

These transparent panels are in five different colors (representing a desirable unique feature 

of DSCs) and were developed by Solaronix. This massive production is an important 

milestone for the commercial deployment of DSCs although a number of issues including 

lifetime of these panels under operating conditions for many are yet to be fully addressed.  

 

Figure 8: (a & b) DSMs installation recently completed at EFPL campus (Photos are courtesy of David 

Martineau of Solaronix Ltd.), and (c) images of few commercial DSC products in market (i—iii are 
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indoor electronics by G24 and iv and v are developed by 3G Solar., and (d) DSMs installed as an 

interior of a washroom by Dyesol Ltd. (Image courtesy: Dr. Damion Milliken of Dyesol Ltd.). 

 

Dyesol, another leading industry in DSCs, has recently launched projects on the 

integration of DSCs into buildings with their various industrial partners (Tata Steel Europe of 

UK, Pilkington North America of USA, Timo Technologies of South Korea), and on DSC 

powered Combined Energy Generation and Storage (CEGS) devices.
83 

These projects are 

expected to further reduce the cost/kWh as double coated glass windows in the buildings, 

meant for UV protection and antireflective coatings, are used as substrates for DSMs. Oxford 

Photovoltaics, a spin-off company of Oxford University, is working on all solid state 

perovskite based modules (PSMs). However, the lifetime of the solid state PSMs under 

outdoor conditions is yet to be realized.  

  

Table 2: Globally emerged commercial companies on dye-solar cells/modules developments. The information 

is inferred from their websites/published reports on websites and (ref 
43

), unless stated otherwise.   

No Company Affiliation Core Business Major Achievements in DSCs 

1 S Samsung 

SDI 

Korea Electronic devices such as 

LCDs, mobile phones, and 

more recently energy storage 

and harvesting devices 

Dye solar panels for BIPVs, smart windows 

with integrated storage, tandems DSPs. 

2 SHARP Japan Electronic products Certified  of 11.9% in single cells by tuning 

haze effect, certified highest module PCE (8.2 

%) in W-type module, cost effective back 

contact DSCs ( ~7.1%) with only one 

substrate, 8.1% efficient quasi s-DSCs 

employing a polymer electrolyte. 

3 G24 Power UK Solar power especially third 

generation PVs 

Started DSC plant in 2007 (18000 sq. ft), 

flexible water proof bags, commercial 

application for indoor electronics, roll-to-roll 

processing capability of 800m in ~ 3hrs, 

specialized in indoor electronics such as key-

boards, mouse, e-book cover, solar bags, MP3 

etc. 

4 Konarka USA Spinout company of MIT for 

DSCs 

Licensed it DSC IP to G24. 

5 Dyesol Australia DSCs materials and 

commercial development 

DSMs, BIPVs, Integration of DSCs in roof 

material (in process), s-DSMs and f-DSMs. 

Developing DSMs and s-DSMs. 

6 Solaronix Switzerland DSCs materials and 

commercial development 

Panels of an active area ~200m2 are shipped for 

EFPL with an estimated annual production of 

2000kWh. Developing DSMs and materials for 

solar cells/modules. 

7 Dynamo Sweden DSCs materials and 

commercial development 

Preparing Co-based electrolytes and Porphyrine 

dyes. 

8 Oxford PVs UK s-DSMs, PSMs Currently working on perovkite solar modules. 
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9 Dyepower Italy Development of DSM for 

BIPV and facades applications 

Running an automated pilot line for the 

production of A4 size DSMs and for larger area 

strings/panels. UV, humidity-freeze and damp-

heat IEC 61646 stability tests successfully 

passed on A4 size modules.  

10 EFPL  Switzerland Organic PVs, materials and 

characterization 

Held the main patent on mesoporous dye solar 

cells structure. Highest uncertified  in DSCs 

(13%), one of the highest  in perovskite based 

solar cells (15%), the first report on DSMs in 

1996 (monolithic series modules (10×10 cm2) 

with η ~ 6%. 

11 Fujikura Japan Optical fibers Developing DSCs for both outdoor applications 

and indoor electronics such as mobile phones, 

testing ionic liquids and gel-electrolytes in 

modules, thermal stability and outdoor testing 

of more than 200 sub modules (20 cm2) 

modules passed IEC 61646 (stability test). 

12 3G Solar Israel DSCs technology Installed DSC mini modules to charge 

computer peripherals, surveillance cameras, 

electronic bracelets and medical devices. 

13 CSIRO Australia Research agency Colorful and transparent DSMs for BIPVs, 

materials for cost-effective DSCs.  

14 Taiyo Yuden 

Co. Ltd  

Japan Electronic components Flexible DSC using Ti foil as counter electrode 

for a sub module of 15×15 cm2 (o.3 mm thin), 

test race car using 2×8 m2 connected sub-

modules in world solar car rally in 2008 and 

achieved a speed of 11.8 km/h in cloudy 

weather which was almost similar to 12.5 km/h 

in sunny weather. 

15 SONY 

Technology 

Centre 

Japan Electrical appliances Started research on DSC in 2001, applications 

for terrestrial power and indoor electronics, 

achieved 11.1 % confirmed  in 2009 (APL, 

94(073308)), “Hana-akari”a solar lamp 

powered by DSCs developed. 

16 Shimane 

Institute of 

Technology 

Japan Governmental organization J2 dye, large area DSC (1.25m × 0.75 m) 

developments and stability testing for 1000 h at 

80 oC, ‘EneLEAF’ in collaboration with Nissha. 

Ltd. 

17 Toyota/ 

Aisen Seiki 

Japan Components and systems for 

automotive industry 

One of the earlier industrial R&D on DSMs, S-

type monolithic connections, stability test in 

outdoor exposure in 2006 for 2.5 years. 

18 Peccell 

Technologies, 

Inc. 

Japan Venture company of Toin 

University of Yokohama 

Plastic modules of DSCs, 4 V in a serially 

connected module of 10 × 10 cm2, The world 

largest fully developed plastic modules ( 0.8 × 

2.1 m) is the lightest DSMs weight (800g/m2) 

with a capability of providing >1000 V.  

19 Eneos Co. Ltd Japan Iol company but established a 

joint sub company named as 

‘Sanyo Eneos Solar Co. Ltd.’ 

Bi-layer photoanodes, solid state DSMs (10 

×10 cm2). 

20 NGK Spark 

Plug Co., Ltd. 

Japan Spark plugs Started DSC research in 2003, adopted 

lithography in monolithic module fabrication, 

founder of ball grid DSC structures which 

replace Pt for catalysis purpose and utilizes 

95% active area. 

21 ITRI Taiwan  

(Industrial 

Tech. 

Research Inst. 

Of Taiwan) 

Taiwan Applied research and technical 

services 

Transferred technology to Formosa Plastics and 

the mass production is expected at 2015. 

22 Mitsubishi 

paper mills 

Japan Paper, pulp, and photosensitive 

materials 

D-series dyes or indoline dyes perform better 

with ZnO due to metal free nature. 

23 Panasonic 

Denko Co. 

Ltd. 

Japan Branch company of Panasonic, 

electronic appliances 

See-through modules for indoor applications, 

stability testing and encapsulation to prevent 

electrolyte leaking, use of K9 dye instead N719 

to improve stability.  
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24 KIST (Korean 

Ins. Of Sc. 

and Tech.) 

 Material for DSCs and device 

development 

Flexible DSC especially stainless steel based 

devices with  ~4.2% higher than plastic based 

DSCs, molecular engineering helped in 

achieving an PCE of 11% at their labs, the 

technology is transferred to Dongjin Semichem 

Ltd.  

25 J touch 

Taiwan 

Taiwan Touch panel solutions Started indoor electronic by DSCs such as in 

portable time clocks. 

 

26 Fraunhofer 

ISE 

Germany Environmentally friendly 

energy harvesting and storage 

research 

Scalable development and stability research on 

DSMs, first large area (30 ×30 cm2) glass frit 

based module design with thermal stability 

testing till 80 oC. 

27 Institute of 

plasma 

Physics   

(CAS, China) 

China  Utilization of the fusion 

energy  

500 W DSC power station was installed in 2004 

with  ~5.9% in parallel module, research is 

oriented on photoanode optimization, device 

packaging and interconnections. 

28 ECN (energy 

research 

center of the 

Netherlands) 

Netherlands Energy research institute First EU lab for DSC development started in 

1995, stability tests for 1000 and 10,000 h, 

introduced master plate design, installed semi-

automated DSC manufacturing up to 100 cm2. 

29 Gunze Ltd.  Japan Electronic components and 

garments 

Wearable DSC a unique application (28 cells 

with required electronics are attached to a 

jacket and used as mobile charge). 

30 Yingkou OPV 

Tech New 

Energy Co., 

Ltd. 

China Up scaling DSCs/DSMs Colorful, artistic and transparent DSMs in form 

of glass windows, and screens. Flexible and 

portable DSMs are also manufactured and 

available for commercial use. 

31 Ricoh Japan Electronic (imaging and 

printing device, for example) 

s-DSMs for indoor lighting. 

32 Merck Germany Chemicals and 

pharmaceuticals 

Electrolytes for DSCs, precursors for various 

photoanode materials. 

33 Acrosol Korea  Research & development, 

solar panel manufacturer 

NA 

34 NLAB 

Solar(name 

changed to 

exeger) 

Sweden Industrial production of DSMs Pilot plant installed for the production of DSMs 

as BIPV and AIPV. 

35 Dyetec Solar 

(Dyesol-

Pilkington 

JV) 

USA/Global DSMs in BIPV Joint venture of Dye-sol and Pilkington. 

36 Tata Steel 

Europe 

India Steel roofing Joint venture of Dye-sol and Tata Steel. 

 

5. Current research on dye solar modules 

Several major advancements have been made to upscale DSMs in terms of their 

various interconnection designs, material components, scalable fabrication processes, outdoor 

stability testing, tandem cells/modules to absorb wider light over solar spectrum, and 

innovative applications such as a hybrid energy harvesting and storage device. The 

advancements are paving the way towards the ultimate goal of the technology; their 

successful commercial deployment as a fossil fuel alternative and compete cost effectively 
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with the incumbent photovoltaics. Many developments are witnessed in the scalable 

production of DSMs such as fabrication of modules up to 8.2%  certified ,
84

 emergence of s-

DSCs and s-DSMs to enhance the device lifetime,
85-87

 initiation of flexible DSMs and their 

low temperature processing,
44, 46

 long term stability and thermal testing of transparent 

conducting oxide (TCO) based DSCs up to 80 

C,

81,119 
and their application as smart 

windows.
88, 89

 The recent achievements such as the  first commercial large scale delivery of 

DSMs from Solaronix,
 
high efficiency s-DSMs from Dyesol (announced  ~11.3% at 1 sun, 

results are to be published yet),
90 

and the thermal stability testing up to 90 

C further orient 

the successful commercial production of DSMs.
91 

Figure 9 shows a timeline of DSMs 

development since the first report in 1996 till 2014. It highlights the major achievements of 

DSMs and also projects their potential future. In this section, we briefly review various 

developments in DSMs fabrications techniques and various designs.  

 

Figure 9: Step-by-step historical evaluation of dye-sensitized solar modules. 
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5.1 Fabrication processes of dye-solar modules 

The fabrication of DSMs differs from that of single cells primarily due to the 

electrical connections among neighboring cells. Screen printing is usually employed as a 

coating method for photoanodes of DSMs,
92, 93

 as it permits the facile and controlled 

deposition in the few to 20 m thickness and is also compatible with roll-to-roll processing. 

Besides, the technique also offers compactness and good adhesion of TiO2 with the substrates 

which otherwise often peels off from the surface upon annealing. Screen printing technology 

is a commercially available method for printing arts and can be used for printing on both 

glass and plastic substrates. Figure 10 shows a block diagram of various processes involved 

in DSMs fabrication. For details of each section, we refer to the pioneering work by Spath et 

al.
94 

and a recent review by Hashmi et al.
57

 

The working and pre-drilled counter electrodes are cleaned using trichloroethylene, 

acetone and ethanol. The electrodes are then etched for series connections. CEs are platinized 

by depositing Pt precursor pastes and then cured in a furnace.TiO2 layers are coated on the 

working electrode (WE) via screen printing to get a desired photoanode thickness (~10 µm). 

A heat treatment (100 

C) after each coating cycle is helpful to obtain stability of each layer. 

In a batch process, the coated FTOs are heated on a belt furnace to remove organic binders in 

the paste and to sinter TiO2 nanoparticles together. Interconnections (series) or current 

collecting fingers (parallel) between neighboring cells are made using conducting media 

(such as silver). The WEs are sensitized with a dye and device is completed by placing the 

patterned CEs on the WEs with 30-60 µm thick spacer between them and sealed. The Ag 

patterns are encapsulated to avoid their contact with the liquid electrolyte. Electrolyte is filled 

through drilled holes and after filling, the holes are sealed via cover slips and sealant 

material. 
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The typical dye-sensitization methods are not suitable for DSM batch production as it 

require longer soaking hours. Accelerated dye-sensitization process are introduced which 

require few minutes for dye-anchoring and yield similar photovoltaic performance to that of 

typical overnight soaking. Such accelerated methods may reduce the batch production time 

significantly. ECN researchers introduced a novel dye-anchoring method where they pumped 

the dye solution in a pre-sealed DSM through two drilled holes.
95

 Such method is beneficial 

when the device is to be sealed using glass frit that requires high temperature (~500 

C) for 

adhesion; at which temperatures the dye decomposes. During DSMs fabrication, 

encapsulation and electrolyte filling are amongst crucial steps. Good encapsulation is crucial 

for long lifetimes and improper filling would lead to significant performance degradation for 

similar type of devices. At present, many of the researchers use pre-drilled holes at CE to 

inject the electrolyte via vacuum filling. This process is however tedious and a number of 

automated units for electrolyte filling are now offered by various companies such as Dyesol 

Ltd. easing the continuous production of DSMs. 

 

Figure 10: A schematic of a parallel DSMs assembly line. The figure is drawn based on the references
96, 97

 

which outlines the steps for parallel modules. For  series connected modules the FTO has to be scribed for cell 

isolation. The W-type modules requires no Ag interconnections and for the Z architecture the order of the steps 

can change. For more detail on series modules fabrication, we refer to the reference 96 and 98. 
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5.2 Design configurations of dye solar modules 

After intensive research for nearly two decades, commercial DSMs developments are 

underway (Table 2). The fabrication of DSMs is different from a laboratory scale device due 

to (i) large scale metal oxide coating on TCOs, (ii) extensively impermeable sealing to 

humidity, air and to prevent liquid electrolyte from drying and leaking, (iii) electrolyte filling, 

(iv) interconnection for modules (series or parallel) and external electrical connections, and 

(v) the most important is the anticipated lifetime of the device compared to that offered by 

silicon based devices (~20 years). Electrical connections need intensive care during 

fabrication process as an ineffective contact will ultimately lower FF by adding to the series 

resistance and eventually lowering the .
98, 99

 Two major types of connections are employed 

for DSMs fabrications, (i) parallel designs which provide high photocurrent such as parallel 

grid connections and (ii) series designs for high output voltage including Z-type, W-type, and 

monolithic connections. These designs employ large rectangular strips (area ≥3cm
2
) 

interconnected serially or in parallel as shown in Figure 11(a-e). Other types of connections 

such as master plate design and ball-grid connection are reported by few researchers.
128,129
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Figure 11: Some common adopted designs of conventional DSMs. (a) design schematics of sDSM employing 

P3HT (Poly(3-hexylthiophene-2,5-diyl)) as a hole transport media,
87

(b) DSMs design for façade application 

under a Euorpean project COMSOL,
100

(c) a flexible plastic DSMs,
101

(d) a series Z-type module,
102 

and (e) a 

parallel grid type design where the individual strips are surrounded by a metallic curent collector.
103 

Other 

common architecture involves the W-type and monolithic designs for series connected DSMs (not shown). 

 

In this section, we highlight the differences in these various interconnections, their 

advantages and disadvantages and also critically analyze their photovoltaic performance.  For 

convenience, we define three common terms (active area, aperture area, and total area) that 

will be intensively used in this article. Active area is the area covered by only the TiO2 strips 

on a substrate; aperture area is the sum of active area and the region between the cells (which 

are occupied by the sealants, interconnections or collecting grids); and total area is the total 
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substrate area which also includes the periphery area used for bus bars and blank spaces on 

the substrate. 

 

5.2.1 Series connections 

i. Monolithic design (S-type) 

The term monolithic here refers to deposition of electrode material layers sequentially 

by pasting and pressing them successively. The monolithic DSMs are attractive as they are 

made on a single substrate (Figure 12a) and eliminate the need for the CE. Owing to their 

single substrate architecture, monolithic designs are highly compatible with roll-to-roll 

processing of flexible DSMs as they do not require continuous photoanode thickness.
104 

The 

fact that the device is fabricated layer-by-layer, rather than by assemblind two electrodes 

together, make this design more tolerant to substrate non-planarity. These designs also 

replace expensive platinum by cheaper carbon black as CE; therefore, 20–30% of material 

cost reduction is estimated in monolithic type of series modules designs compared to the 

other designs.
105

 

Monolithic design is also called Kay cell, named after the inventor Andreas Kay,  who 

reported the first  DSM in 1996 with  ~5.3%.
60 

The notable achievements in their report are 

(i) replacement of expensive platinum with porous carbon as CE, (ii) a porous insulating 

layer between WE and CE to avoid short circuit but letting the electrolyte diffuse through its 

pores freely, and (iii) a continuous, conveyerized fabrication process of series connected 

DSMs. Thickness of the photoanode in Kay cell was ~80 µm (TiO2 10 µm, Rutile spacer 10 

µm, & carbon black 60 µm). The DSMs (six strips of 4.7 × 0.7 cm
2 

and total area ~21 cm
2
)  

yielded η ~5.3% (VOC ~3.90 V, ISC ~28.55 mA, & FF ~0.61). Major drawbacks of this design 

are much lower JSC (1.3 mA/cm
2
) despite a high output voltage ~4 V, high opacity, and poor 
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sealing of the device. ZrO2 is also employed to replace opaque rutile spacer; however, the 

transparency was lower than that of a conventional Pt electrode.
104

 

Since the first report on series interconnections, there has been no significant progress 

in these designs. Thirteen years after the work of Kay in 1996, improved transparency of the 

monolithic designs was reported by AISIN SEIKI.
106 

They replaced (i) the opaque counter 

CE material (carbon black) by a highly transparent paste comprising In2O3:Sn and Pt 

nanoparticles and (ii) opaque rutile spacer by SiO2 (refractive index 1.5, close to that of 

electrolyte used) thereby improving the transparency considerably.
 

The photovoltic 

performance of their module was rather inferior than the first report; the four times larger 

modules developed by AISIN SEIKI (95 mm × 95mm, area ~91 cm
2
) resulted in 30% 

incereased JSC (~1.7 mA/cm
2
) compared to the Kay’s first design (area ~21 cm

2
). The lower 

JSC limited the  to be <3% despite a higher output voltage (~8 V).  

 

Figure 12: Schematic of series type of connections (a) monolithic, (b) Parallel grid (c) Z-type and (d) W-type. 

 

Monolithic DSMs are built on a single subtrate (WE only) and therefore known as a 

cost effective design. Another major advantage of this design is the high active to total area 

ratio. In both reports on monolithic designs, this ratio was >90%. However, these connections 
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result in lower JSC due to high series resistance and low FF (≤ 0.6) thereby.
106, 107 

As the 

individual strips are connected in series, immense attention is to be given to match the JSC in 

all individual cells. Due to series type of connection, the final JSC will be the lowest one in the 

serially conencted cells. Monolithic transparent DSMs on a single substrate with high 

transprency are yet to be seen. 

 

ii. Z-type and W-type interconnections 

 Both these types are series connected devices: one of them uses a vertical metallic 

conductor to connect the neighbouring cells (Z – type) whereas the other (W – type) does not 

require it (Figure 12 c& d). The names ‘Z-type’ and ‘W-type’ stem from their resemblance to 

‘Z’ and ‘W’ alphabets, respectively. The Z-type connection, also called Z-contact, is adopted 

from thin film solar cells.
104 

In this design the individual cells are serially interconnected via a 

conducting medium (usually silver) in a way that the CE of the first cell is  connected to the 

WE of neghbouring cell and vice versa as shown in Figure 12c.  

 The first Z-type DSM was demonstrated in 2004 by Toyoda et al.
108 

who connected 

64 DSMs (10 × 10 cm
2
) in series to form a large panel. The researchers carried out the first 

long term stability testing of DSMs for six months and compared the performance with a 

crystalline silicon module of similar output power rating. Although photovoltaic parameters 

of DSMs are not exlusively reported the DSMs showed 10 – 20% larger power output for a 

period of six months. The major issue reported during fabrication is the hermetic sealing of 

the DSMs which resulted in performance degradation. This issue is resolved in a subsequent 

report by Sastrawan et al.
95 

who introduced a highly stable glass frit as a sealent. As the frit is 

to processed at high temperature (>500 

C), at which temperatures the dye decomposes, a 

novel pumping method for dye anchoring was employed. The dye was pumped via two holes 

after the sealing of DSMs of total area upto 30 × 30 cm
2
. The DSMs resulted in η ~3.5% (VOC 
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~20 V, ISC ~168 mA, & FF ~0.53) with an active area ~680 cm
2 

(74% of total area). The 

major drawbacks of these reports are the low FF (<0.55) and low JSC (<0.5 mA/cm
2
) arising 

from the high series resistance of photoelectrodes. Jun et al.
107 

reported a DSM (10 × 10 cm
2
) 

resulting in sigificantly superior performance, i.e.,  ~6.6% (VOC ~8V, JSC ~1.23 mA/cm
2
, & 

FF ~0.67). The significant enhancement in FF and JSC is achieved by restriciting the width of 

each individual strip (<1 cm). A similar advancement is reported by Giordano et al.
102 

by 

optimizing the geometry of the photoelectrode and using a back reflector to achieve η up to 

~7% on apaerture area in modules of ~45 cm
2
 area.  

 Despite the high acheiveable voltage by Z-type DSMs, it can suffer from relatively low 

active area due to the vertical connections and surrounding sealings, complexity of 

fabrication and the additional series resistance offered by added interconnection which can 

reduce the fill factors. Furthermore, the silver interconnects corrodes easily in the presence of 

liquid electrolytes. In an innovative design by Dyesol, the silver is repalced by less corrosive 

material (titanium particle of size 45 µm and tungsten particles of size 5 µm in a polymer 

matix).
109

Although presumambly the vertical connections are less conductive, per unit 

section, than Ag, besides adding stability to the device, this design also eliminated some 

additional sealing to protect the interconnections required by the Z-type.  

 The W-type design offers comparitivly higher active area than Z-type as it avoids 

additional metallic interconnections.
104

Unlike the Z-type, the neighbouring cells of 

alternative bias are interconnected in W-type as shown in Figure 12(d). Their simpler design 

and no additional serial interconnections can result in higher FF in the devices. The operation 

of W-type DSMs is different from Z-type as on the same module there are two types of cell 

configurations, i.e., front illuminated (TiO2 side, also called F-side) and back illuminated (Pt 

side, also called R-side). The issue with W-type designs is the difficulty to match the JSC in 

these two different types.
98

 The JSC decreases in the R-side due to light absorption by 
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iodide/triiodide and low transmittance of platinum.
84 

Thus, many optimization procedures to 

match the JSC of both types add complexity to fabrication. Yet, SHARP Co. reported the 

highet confirmed  in W-type interconnected DSMs (8.2% and 9.3% with respect to active 

and total area, respectively). The active area (25.45 cm
2
) was 85% of the total area.  

 One crucial requirement for both Z- and W-type designs is the seperation required 

between neighbouring cells to avoid mass transfer of electrolyte.
104 

As the redox potential of 

the electrolyte changes when illuminated, a possible ion exchange between adjacent cells 

would separate the redox couple. This process is called photophoresis and is responsible for 

performance deterioration over time in DSMs. Thus an individual cell has to be a completely 

isolated compartment. 

 

5.2.2. Parallel connection 

Despite high VOC by series interconnected DSMs, the required precision to match the 

JSC of individual cells and intensive care to interconnect the neighbouring cells to avoid lower 

FF and metal corrosion make their design and fabrication  complex. On the other hand, 

parallel grid type DSMs offer ease of fabrication as they avoid interconnection of working 

and counter electrodes (Figure 12b). An example of such connections is the ‘masterplate’ 

designed by a joint research of various European institutions under the programme 

Nanomax.
128

 In parallel connections, charge is collected not only from the bottom of the 

electrode in contact with the FTO but from the sides of the strips also by using a metal grids 

(Ag, Ni, Cu Al, and Au).
49,110-114 

These metals grids significantly enhance the photovoltaic 

performance of DSMs; 100% increments in JSC, >200% increment in FF and 5 folds 

enhancement in η is reported when silver grids are coated around large strips.
144

 Spath et 

al.
125

 reported a reproducible manufacturing of parallel connected DSMs (27 DSMs with total 
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area ~100 cm
2
) with  ~4.3±0.07%. This method is further developed to deliver  ~7.4% 

employing silver as current collecting grids.
115

 

These designs can result in high FF but the major drawback is the low active area due 

to silver current collectors which need to wide enough to collect the high currents with 

minimal voltage drops. Care must also be put in avoiding corrosion of silver grids by the 

iodide/triiodide electrolyte, for example,by using thick spacers (Surlyn or Bynel) covering the 

grids.
57, 104

 

 

5.2.3. Ball grid DSC (BD-DSCs) 

Ball grid connection (based on ball grid array connection in electronic circuits) was 

introduced by NGK Spark Plug Co., Ltd., Japan to overcome lower FF when the electrode 

width was increased beyond a critical size.
43, 116

 This critical width is determined to be ~0. 5 – 

1 cm
2
 such that the ohmic resistance of the film is reduced and offers higher FF.

102, 117 
The 

ball grid design (Figure 13 b&c) resembles monolithic designs as it employs only one 

substrate (FTO). These modules are connected in parallel and employ vertical metallic balls 

as current collectors; the major difference is that the electrons and holes are collected at the 

same side unlike all other designs where electrons are collected from the FTO (Figure 13c). 

The vertically oriented balls are then connected to a flexible hybrid copper polyimide 

substrate and are taken to the external circuit. Surprisingly, the DSMs of 8 × 8 cm
2
 area 

resulted in similar performance to that of a single cell (area ~0.5 cm
2
); the DSMs showed η 

~7 – 8% (JSC ~16 mA/cm
2
, VOC ~760 mV, FF ~0.65) with VOC higher than that of a single 

cell. The remarkable performance of ball grid, which can also bring commercial advantages, 

is due to their ability to retain the performance of a single cell during scale up process and 

also due to their cost effectiveness as they eliminate the expensive Pt coated CE. These 
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designs do not require additional interconnections and external electrical connection; and 

therefore, result in very high active area (95%) as shown in Figure 13(b).  

 

Figure 13: (a) solder shape ball connects on flexible copper polymide substrate, (b) an 80 mm square sub-

module with  7-8%, and (c) cross-section of a ball grid DSM. Figures are taken from an online report from 

NGK Spark Plug.
 

 

5.2.4. Combined Series and Parallel connected DSMs 

Until now we have discussed various series or parallel connected DSMs which 

provide either added photovoltage or photocurrent, respectively. In such designs, one of the 

two parameters is compromised; the DSMs with high VOC result in very low JSC and vice 

versa (Table 3). To control the value of both of these parameters in a single device, which 

may be important for managing the electrical output of the module, a combination of series 

and parallel connection is also attempted by researchers (Table 3).
148,149

 Such dually 

interconnected best performing device so far resulted in η ~6% (VOC ~1.4 V, ISC ~ 287 mA , 

FF ~0.56) in a device of area ~90 cm
2
. The issue here is very low active area; ~50% of the 

total area is utilized for additional interconnections. Nevertheless, such designs are desired, 

especially, while designing large area panels as will be discussed in section 8. 
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6. Fabrication of flexible modules 

 At present, the automated manufacturing of DSMs has steps (Figure 10) that still 

require development for a high volume low-cost production. The rigid glass substrate used 

for DSMs manufacturing and the high temperature required to evaporate the organic binders 

in the TiO2 paste  and electrolyte insertion are typical issues in the batch production of 

DSMs. Alternatively, various flexible substrates are introduced which are compatible with 

roll-to-roll process.
118-121

 Besides flexibility, these substrates are also cost effective. For 

example, commercial plastic substrates (PET/ITO) available from Solaronix cost only one 

third to that of FTO coated TCO.
122 

Note however, that additional encapsulation may be 

required, especially for long term outdoor operation, which can offset these cost lowering. 

However flexible devices are very desirable for applications where light weight, 

conformability, flexible, thin power sources are sought. Furthermore roll-to-roll high-

throughput manufacturing can be applied.
19

 

 

To utilize the flexibility of these substrates, various researchers replaced the 

conventional FTO coated TCOs with conducting plastic
123

 and metallic substrates such as Ti 

foil or steel (Table 3).
124, 125

 For developmental history of flexible DSCs and DSMs (f-

DSMs), we recommend the comprehensive review by Weerasinghe et al.
126 

and also by and 

also by T.M. brown et al.
19

 The first report on f-DSMs utilized a stainless steel substrate as 

WE and Pt coated flexible plastic as CE and demonstrated η ~3% (VOC ~6.5 V , ISC ~47 mA, 

FF ~0.33).
124 

The observed low FF in less resistive metallic substrate is surprising, which was 

attributed to high series resistance. However, a reference single cell also showed similar FF 

and JSC (~8 mA/cm
2
); therefore, the low FF could be due to poor device fabrication and poor 

contact between the substrate and photoanode layer. Such poor performance of a metallic 
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substrate is later improved by employing a Ti foil and growing vertically aligned nanotubes 

of ~35 µm by Jen et al.
123 

They employed a Pt coated flexible polyethylene naphthalate 

(PEN)/ITO as CE. A parallel connected f-DSM (~5.5 cm
2
) resulted in η ~4.8% (VOC ~ 0.76 

V, JSC ~13 mA/cm
2
, FF ~0.54). Here, a better contact between TiO2 nanotubes and Ti foil 

resulted in significantly improved performance; however, stability of the devices is not 

addressed so far. Conducting plastic substrates (PET/ITO and ITO/ PEN) are widely 

employed as substrates in f-DSMs owing to their transparency. Ikegami et al.
101 

reported  

~2% (VOC ~6.6 V, ISC ~77 mA, FF < 0.50) in DSMs (30 × 30 cm
2
) on a PEN substrate. The 

corrosive electrolyte badly affected the performance of these f-DSMs over time; the 

performance degraded ~40% after ~1000 h primarily due to removal of ITO from the 

substrate caused by the reaction with electrolyte.  

A mass production compatible process for the TiO2 paste application is an elusive 

issue. Various methods employed so far such as anodization,
127-129

 lift up technique for a 

mesoporous highly conductive TiO2 layer,
130 

compression method to enhance TiO2 film 

interconnection,
131-135

 and printing of binder free paste via doctor blading,
118, 136

 hinders the 

roll–to–roll production of f-DSMs. Zardetto et al.
46 

employed a UV irradiation process for 

fabrication of both working and counter electrodes which is compatible with roll–to–roll 

process and showed (i) η ~4.3% (VOC ~0.73 V, JSC  ~11 mA/cm
2
, FF  ~0.56) in single cells 

and (ii) η ~3.3% (VOC ~3.8 V , JSC  ~1.8 mA/cm
2
, FF ~0.53) in W-contact modules of area 

~17 cm
2
. In another comparative study on the performance of flat and bent f-DSM, the same 

group showed that DSMs when bent can yield 10% extra power output compared to a flat 

device.
44

 

The flexible DSMs routinely demonstrate lower FF and JSC resulting from high sheet 

resistance due to the poor contact of the mesoporous layer with the substrate and higher sheet 

resistance of the conducting substrates.. Addition of thin TiO2 layer via TiCl4 solution 
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treatment is a common practice in conventional DSCs to improve adhesion of photoanode 

layers.
137-139

 However, it cannot be applied on f-DSMs as it requires annealing at 450 

C 

before coating mesoporous TiO2 layer. The flexible plastic substrates are not compatible with 

such high temperature. Replacing conducting plastic with low resistive metallic substrate 

such as steel did not show a significant progress. Ti foil, however, is an often used material in 

this regard as TiO2 nanostrucutres can be grown directly onto it and there are no adhesion 

issues between the substrate and the mesoporous layer. A report by Wu et al.
140 

made a 

significant development towards this end and reported η ~7% (VOC ~0.72 V, ISC ~727 mA, 

FF ~0.73) at 55 mW/cm
2 

in a flower shaped mesoporous film directly grown on Ti foil. High 

FF and JSC (~8 mA/cm
2
) are achieved due to the absence of additional interconnections 

thereby resulting high ratio of active to total area of the device (>90%) . However, the  

reported is at 55 W/m
2
; therefore, a correlation of the performance of f-DSMs with the high 

efficiency DSMs on TCOs is not straightforward. 

 

7. Emergence of solid state DSMs 

Although the l-DSCs have achieved >8% in DSMs and ~13% in DSCs, they are 

susceptible to performance degradation due to leakage and the change in redox species 

concentration during regeneration process.
81,

 Furthermore, electrolyte insertion is not a trivial 

process over large areas. Because of these issues DSMs with alternative HTMs such as quasi-

solid state electrolytes
141

 and solid state hole conductors are tested.
85 

The s-DSMs using 

HTMs are relatively new and only few reports are published. The first report on s-DSMs 

employed poly-methyl-meta-acrylate (PMMA) and propylene carbonate to make a gel of the 

conventional iodide/triiodide electrolyte.
141 

Their series connected DSMs of 100 cm
2 

resulted 

in η ~0.8% (VOC ~ 5.16 V, ISC ~37 mA, FF ~0.47). They also demonstrated that s-DSMs can 

be fabricated without sealing the neighboring cells; however, the performance of such DSMs 
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dropped 60% in ~1000 h. Their up scaled s-DSMs of size up to ~625 cm
2 

(23 serially 

connected DSCs of active area ~12.5 cm
2
) showed relatively inferior performance than that 

of DSMs of total area ~100 cm
2
; the η dropped to 0.32% mainly due to decrease in ISC (28 

mA) and FF (0.35). The lower FF and JSC (2 – 3 mA/cm
2
) in both DSMs is primarily due to 

high series resistance (200 – 400 Ω) and reduced TiO2 thickness (4 – 4.5 m) compared to a 

conventional photoelectrode (15m), respectively. On the other hand, these modules showed 

slight improvement in performance after 1000 h unlike the liquid based DSMs (l-DSMs). In a 

similar report, Freitas et al.
142 

employed plasticized polymer electrolyte based series 

connected s-DSMs (4.5 cm
2
). Although a high VOC ~8V is obtained in outdoor testing, the 

low ISC (~ 20mA) resulted in a lower η < 1%. Furthermore, the performance of these s-DSMs 

is rather discouraging after 1800 h and the devices retained only 30 – 40% of original power 

output.  

Unlike the l-DSMs, the performance of s-DSMs is significantly inferior to their single 

cells. In a comparative study by Snaith et al.
86 

serially connected 8 cm
2
 s-DSMs employing 

mesoporous TiO2/Al2O3 and spiro-OMeTAD showed η ~2% (VOC ~1.5 V , ISC  ~35 mA, FF 

~0.47), merely 25% of a reference single cell of area ~0.12 cm
2
. Low pore-filling (~40%) is 

found to be one of the factors contributing to low  in their modules which can be improved 

by changing solvent concentration of HTM and porosity of the photoanode film. In a similar 

report by Matteocci et al.
87 
η ~2% (VOC ~0.3.2 V , ISC ~22 mA, FF ~0.39) on a TCO based 

device is reported on an active area of ~14 cm
2
. The  is ~6.7% in flexible s-DSMs fabricated 

on Ti foil.
140

 The researchers employed P3HT as HTM with TiO2 nanoparticles photoanode.  

The performance of s-DSMs is mainly hindered due to the poor infiltration of HTM 

into mesoporous photoanode unlike the liquid electrolyte which easily penetrates throughout 

the TiO2 film (~15 m). Owing to the inferior pore filling (~40% in both the reports where s-
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DSMS showed , the TiO2 photoanode thickness is restricted to ~2  µm and thereby 

yielding only 30% of JSC to that of a l-DSMs. The pore filling could be improved by using 

tubular or hollow nanostructures with high porosity (>60%) instead of nanoparticles enabling 

thus to increase the layer thickness 10 µm. If these issues can be resolved, together with 

developing semi-transparency (i.e. for BIPV) for thus type of devices, the future of s-DSMs 

has strong industrial potential since they do not use volatile liquids, an issue for lifetimes, and 

fabrication costs of s-DSMs is expected to be cheaper than l-DSMs as they require less 

complicated sealing during fabrication.  

 

8. Dye solar panels (DSPs) 

For realistic commercial applications, DSMshave to be transformed into larger panels 

for installation. The primary difference DSMs and DSPs is their size, even though there is no 

clear description of size limit. In this article, we define a panel when photoelectrode size 

≥1000 cm
2
.  

Numerous industrial developments can be seen across the globe for the DSPs (Table 

2); however, only few experimental results are published on their performance.
100, 143

 The 

first panel was reported in 2008 with a total area >2 m
2
, the invidual modules were of area 

~300 cm
2
 each.

113 
The dually interconnected panel resulted in ~6% on active area (VOC 

~9V, ISC ~2.1 A, FF ~0.62) at 0.87 sun. This  is the highest reported for DSPs so far. 

Subsequently a joint Euorpean project termed ‘ColorSol’ was established to develop DSPs 

for BIPV applications.
100 

DSPs of area upto ~14000 cm
2
 (serially connected individual 

modules of area ~900 cm
2
) resulted in η ~3.6% (VOC ~4.55 V, ISC ~945 mA, FF ~0.56) with 

respect to total area under 1 sun conditions (η = 4.6% with respect to its active area) was 

developed under this program. These panels employed glass frit as sealing material; and 
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therefore, reported high stability (~500 h). Both these panels were manufactured by serially 

inerconnecting individual DSMs; and therefore, the main issue in upscaling the DSC 

technology, i.e., development of an automated process for large scale panel, still remains a 

challenge. A research by Hinsch et al.
143 

reported a semi-automatic process for the fabrication 

of DSPs up to ~1 m
2
, which is an industrially viable size. Although the performance of these 

panels were comparitivly low ( <3%) than previous reports this is the first published report 

on development of a semi-automatic reproducible process.  

 

9. Summary of DSMs development  

All these designs have relative merits and drawbacks. Monolithic series are good in 

terms of continuous industrial mass production and are cost effective however they 

compromise on performance because of pore filling issues. Similarly, parallel (Ag grid 

encapsulated) designs are being developed by companies such as 3G solar but they lead to 

problems for large areas as currents become so high as to cause problems in voltage drops. 

W-type is the simplest to makes but has problems with current matching which can limit 

efficiencies and stability. Z-type delivers good performance, although their manufacturing is 

more complex due to the vertical interconnections and their encapsulation.  
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Table 3: A comparison of PV performance and devices designs of a few DSMs is listed. The percentage of active to total area is also given for a meaningful comparison.  

Connection 

type 

Active Area 

(cm
2
) 

Active to 

total area  

ISC (mA) VOC 

(V) 

FF η (%) Comments Reference 

 

 

Parallel 

(grid 

coated) 

68  68% NA 0.7 0.65 4.3  

These designs are mostly grid coated using Ag or other 

metals such as Ni. This type of connection results in 

enhanced current density but creates stability issues in 

device. To avoid metallic grid exposure to electrolyte, it 

should be encapsulated into sealant thus adding 

complexity to fabrication process. The advantage of these 

designs is a more simple power management at the 

individual DSM level compared to series design where 

high levels of current matching are required. These 

designs also survive reverse bias degradation. 

94
 

187 62.3% 1296 0.7 0.52 4.84 
110

 

81 81% 820 0.7 NA 4.3 
111

 

75 NA 50 0.76 0.7 5.7 
49

 

2246 63% 2100 9 0.62 5.9
a
 

113
 

18 73% 235 0.63 0.67 5.47
b
 

114
 

151 67% 2287 0.72 0.68 7.4
c
 

115
 

15.12 60.5% 172 0.75 0.66 5.52 
97 

17.11 (ap. 

area) 

NA 19.4 0.719 0.71 9.9
d
  

Series+ 

Parallel 

110 NA 120 2.2 NA NA This design reduces active area available on 

photoelectrode and provides lower JSC but multiplies VOC. 

The design is not widely adopted and has minimal scope 

for commercialization. 

103
 

NA NA 23.45 1.85 0.58 3.
e
 

144
 

90 50 287 1.4 0.56 5.9 
145

 

 

 

Z-type 

43 73 51 9 0.65 7 Z-type DSMs provide good performance and high active 

area. However they can suffer from lower FF due to 

excess interconnections which adds to series resistance. 

Careful encapsulation of vertical connections is 

102
 

47.5  47% 58 7.7 0.68 6.6 
107

 

505  74% 169  20 0.53 3.5 
146

 

Page 38 of 72Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



   39 

 

512  73% 140 29 0.58 4.5 necessary. 
147

 

W-type 25.5  85% 54 6.3 0.61 8.2
f
 The highest certified efficiency reported in any DSM. 

However care design for current matching is required. 

84
 

Series 

Monolithic 

19.75 94%  28.55 3.9 0.61 5.29 Any mismatch of current in cells will affect efficiency of 

the module. This design yields lower current density. 

60
 

90.25 90.25% 40 9 ~0.6 <2.5 
106

 

Ball Grid  80 95% ~1200 0.76 NA ~8% Very high active area, similar performance of that of a 

single cell. 

116
 

DSCs 

(Single 

cells)  

~0.2  4.6 0.91 0.78 13  

Routinely reported JSC values in best performing l-DSCs. 

26
 

0.2 -- ~4.6 0.93 0.74 12.3 
148

 

0.22 -- 4.57 0.73 0.72 11.1 
149

 

 

 

s-

DSMs/quasi 

s-DSMs 

100 ~45% 37 5.16 0.47 0.8  

 

Pore-filling, lower photoelectrode thickness, high 

stability 

141
 

625 46% 28 10.6 0.35 0.32 
141

 

112 52% 20 8 NA 0.9 
142

 

2.25 NA 20 0.62 0.50 2.8 
150

 

8 NA ~35 1.5 0.47 ~2.5 
86

 

 13.5  54% 21.5 3.2 0.39 2  
87

 

s-DSCs 0.2 -- 19.2 0.73 0.73 10.2
g
 The highest efficiency solid state laboratory scale device. 

151
 

 

 

58  ~60-70% 47 6.5 0.33 ~3  
124

 

900 NA 77 6.7 <0.5 2-3%  
101
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Flexible 

DSMs 

5.4 NA 69
h
 0.76 0.54 4.8 Devices fabricated on conducting plastic (PET/ITO) or 

metallic substrates such as Titanium foil. 

123
 

16.4 69% 30 3.8 0.53 3.3 
46

 

100 90% 727 0.72 0.73 6.7
i
 

140
 

Large area 

panels  

2246 63% 2100 9 0.62 5.9
a
 As per the definition of DSPs in section 5.3, large area 

panels are ≥ 1000 cm
2
.  

113
 

14000  74% 945
j
 4.5 0.56 3.58 

100, 143
 

6000 48% -- -- -- 2.3 
143

 

a 
At 0.84 sun, 64 series and parallel connected DSMs; 

b 
η 7% at 0.5 sun; 

c 
CE consist of mixed Ti:Pt;

 

d 
The values is taken from reference 28, the original report stating the value is not found out in our search.

 

e 
3D wire shaped DSM tree, I-V measured at 0.87 sun;  

f 
the highest certified  in DSMs; 

g
reported  is without a mask; 

h 
calculated with respect to active area only; 

i
Ti Foil as a substrate and photovoltaic performance is reported at 55 mW/cm

2
; 

j 
the reported photocurrent is only for a single DSM of area ~700 cm

2
. 
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10. Emergence of alternative designs 

10.1. Dye solar module designs with improve FF  

As described in Table 3, various designs of DSMs, s-DSMs, f-DSMs and DSPs are 

fabricated to bring the device from laboratory scale to a level compatible with industrial mass 

production. These various types of connections resulted in devices with a voltage as high as 

~20 V and a current as high as ~2.5 A in separate devices. However, since the first report on 

large area DSCs till date, lower JSC is routinely observed in DSMs as compared to their single 

cells (Table 3). The highest confirmed JSC in any DSM is ~18 mA/cm
2
 reported by L. Han et 

al.
84 

in W-type designs and by Giordano et al.
102

 in Z-type designs but the routinely achieved 

JSC is much lower than it. The highest JSC in any other design is ~15 mA/cm
2 

(in parallel 

designs). On contrary, the highest JSC in a laboratory scale single cells is ~27 mA/cm
2
,
35 

and 

JSC > 20 mA/cm
2
 is commonly obtained in high efficiency devices as shown in Table 3.  

This loss of 30 – 50% of generated photoelectrons in large area devices is crucial and 

seldom explained in the published reports. A few reports published on DSMs suggest that the 

comparatively lower JSC in DSMs is due to increased series resistance (RS) which also affect 

the FF of these devices. This increased RS is originated from two sources (i) the width of the 

TiO2 photoanode and (ii) the added metallic interconnections particularly in series type 

DSMs.
100, 117

 The realization that TiO2 width contributes to the RS was first experimentally 

demonstrated in 2006 by Biancardo et al.
141 

The researchers varied the TiO2 strip thickness 

from 2 – 0.5 cm and suggested that the lower thickness results in superior performance of 

DSMs; however, a clear trend between FF and RS could not be drawn from their experimental 

results. In a subsequent report, Jun et al.
107 

demonstrated the effect of photoelectrode 

dimensions (length and width of TiO2) and their effect on FF. They first optimized the TiO2 

strip width (WS) to be 0.8 cm for optimum FF (~0.65 – 0.62) by varying it from 0.25 to 3 cm. 

The FF dropped drastically from 0.65 to 0.3 when WS increased from 0.8 cm to 3 cm. On the 
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other hand, when the length (L) is varied from 5 – 15 cm by keeping the WS ~0.8 cm, the FF 

showed no dependence on L. Similar dimensions are recommended by Zhang et al.
117 

using 

simulation and by Giordano et al.
 98 

through experiments aimed to design guidelines for 

DSMs geometric parameters. The latter suggested WS to be kept between 0.5 – 0.7 cm for 

photoelectrode length up to 15 cm as it provides a best compromise between aperture area 

and resistive loss. In another report, Giordano et al.
102

 via modeling of geometric dimension 

showed a systematic decrease in FF is upon increasing the WS from 0.5 – 2 cm. No effect is 

found on VOC or JSC of the devices upon varying the L. They correlated the RTCO with 

photoelectrode dimensions (WS, L, and distance to the collecting electrode ‘d’) as   

             (
    

 
)                                                    (1) 

Nevertheless, the optimization suggested in all these reports only involves minimizing 

the WS to reduce the RS offered by substrate. An increase in WS is suggested as the primary 

source of elevation in RS and thereby a drop in FF in all the above reports. However, even 

after minimizing the width of the individual strips to <1 cm, the performance of DSMs is 

only < 50 – 60% of that of DSCs at 1 sun.
152

 The suggested optimization in these designs 

although improving the FF of the DSMs, added a number of interconnections reducing the 

aperture ratio of the modules. However, none of the reports on the optimization of device 

geometry discussed the reasons behind the low JSC in DSMs. Furthermore, a comparative 

charge transport analysis of large area photoelectrodes with that of a single cell was lacking; 

and therefore, a detailed understanding of charge dynamic was surprisingly still missing in 

DSM literature. 
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10.2. Area dependent charge collection in DSMs  

We note that all the adopted designs in DSMs are similar. In a common practice, these 

modules are made in the form of large rectangular strips (Figure 11 a–c) of an area ≥3 cm
2
 

interconnected in either series, parallel or both. Many of these designs are adopted from other 

PV technologies; the parallel or grid connections are adopted from amorphous silicon solar 

cells while the series interconnections are inspired from thin film modules. Recent studies by 

Fakharuddin et al.
153-157

 suggest that these designs do not fit well for DSMs due to their 

diffusive charge transport in a “soft” environment which is largely different from the first two 

generation solar cells. It is noticed that due to negligence of charge transport parameters 

while up scaling the DSCs, significant current collection is only from a limited region of the 

photoelectrode. For example, at similar experimental conditions, ECN researchers obtained  

~12 % in their single cells and  ~4-5% in modules of ~225 cm
2 

in a master plate design.
105

 

Such trends are routinely seen in DSMs; their JSC (Table 3) values are significantly smaller 

than that of DSCs.  

 

Figure 14: (a) The efficiency of a DSC decreases biexponentially with the increasing device area in a range of 

0.15 cm
2
 – 2cm

2
, (b) schematic shows electron collection from only a fraction of the photoelectrode film nearer 

to the WE in DSCs of large photoelectrode area. Figure reproduced from reference.
154
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Important to note that the charge transport in DSCs is via hopping or trap-mediated 

conduction through n-MOS which is several orders slower than that through single crystalline 

semiconductors.
158-163

 Due to diffusive charge transport and in a competitive situation where 

the generated electrons are rapidly intercepted by the ions in electrolyte, the photoelectrode 

thickness is limited below ~15 µm in single cells (area ≤ 0.2 cm
2
). Currently, diffusion length 

(Ln = (Dn.τn)
1/2

) is the only defined parameter considered for complete collection of 

photogenerated electrons in TiO2 film,
164-166

 where Dn is the electron diffusion coefficient and 

n is the electron lifetime. i.e., the length above which electrons recombine with holes in the 

electrolyte. In recent experiments it is noticed that the number of paths and path lengths of 

electron diffusion increases during scaling up; and therefore, the Ln as a device parameter has 

limitations in DSMs.
156, 157

 We first reported that the  drops biexponentially upon increasing 

the active area in photoelectrode for TiO2 NPs.
154

 The  drops off 3 fold when the 

photoelectrode area is increased in the range 0.15 – 2cm
2
; the main contributor to which is 

the drop in JSC (Figure 14a). The detailed charge transport studies of these devices suggests 

that upon increasing the photoelectrode area, the recombination resistance (RCT) decreases 

and electron transport time (τd) increases and consequently, photoelectrons from a fraction of 

TiO2 (few microns) nearer to the working electrode are only collected as shown in Figure 14 

(b). A similar idea is reported by Halme et al.
22 

who suggested via device simulations that the 

possibility of electrons to be collected is higher if they are produced nearer to the working 

electrode substrate. As the τn is several tens millisecond in DSCs employing TiO2 NPs, a high 

RCT and low τd  (10 – 100 times smaller than τn) is preferred for high efficiency devices.
20, 167
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Figure 15: (a) Schematic of stacked cells on a single substrate and (b) IV curve of the three DSCs. Figures 

adapted from reference
157

. 

 

Table 4: Comparison of photovoltaic parameters of the three devices (S1 – S3). The parameters are calculated 

by considering the active area (28 mm
2
), and aperture area (28, 28.8, and 30.28 mm

2
 for S1, S2 and S3 

respectively). Reproduced from reference 
157

. 

Device 

design 

Dimensions & 

active area (cm
2
) 

ISC  

(mA) 

JSC  

(mA/cm
2
) 

VOC  

(V) 

FF η1 % 

(active 

area) 

η2 % 

(aperture 

area) 

Single (S1) ~0.28 3.11 10.67 0.66 0.701 5.01 5.01 

Split (S2) ~0.14 × 2 = 0.28  3.70 13.21 0.67 0.678 6.06 5.87 

Split (S3) ~0.07 × 4 = 0.28 4.65 16.21 0.67 0.644 7.32 6.88 
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These studies show that the Ln alone as a device parameter has limitations to describe 

the collection of photoelectrons in large area DSCs and a three-dimensional analogue, such as 

the diffusion volume (Vn), is suggested to be a possible alternative. In the designed 

experiment of ref 
157

 (where three photoelectrode are of similar active volume but in different 

device designs as shown in Figure 15a), it was shown that restricting the diffusion pathways 

in three dimensions by appropriate device designs resulted in enhanced JSC and  in 

photoelectrode of similar active volume (Figure 15b). Upon increasing the photoelectrode 

area, the competition between τn and τd becomes crucial. Given the τn of few milliseconds, 

the photoelectrons beyond a limit are never collected due to their longer τd. A ~20% greater 

charge collection efficiency (cc) in those designs was demonstrated by considering Vn which 

resulted in overall enhanced ; = f (α, ϕin, ϕreg, cc). The α (absorption coefficient), the ϕin 

(injection efficiency) and the ϕreg is the dye-regeneration efficiency are same in all the 

devices as they are made of similar materials and of similar photoelectrode thickness (~14 

µm).  
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Figure 16: (a) A DSM photoelectrode (100 cm
2
) printed at the

 
Nanostructured Renewable Energy 

Materials Laboratory, Faculty of Industrial Sciences & Technology, Universiti Malaysia Pahang laboratory with 

individual cell dimensions are 0.5 cm x 0.5 cm with 2 mm interspacing, (b) a 25 cm
2 
printed electrode with tiny 

dots of 1 mm
2
 and interspacing of ~0.3 mm, and (c) is a 25 cm

2 
photoelectrode with individual cell size of 4 

mm
2 
and an interspacing of ~1mm.Such designs are expected to yield very high JSC or VOC depending on the 

type of interconnection. 

 

Based on our insights on photoanode area dependent DSC performance, we tested 

various module designs, where each unit cell consists of 1– 100 mm
2
. We note that such split 

designs are likely to add difficulty in fabrication process as sealing and interconnection of 

individual cell will become a major issue. However, such designs have greater success 

possibility in s-DSMs as difference in concentration of the redox species between the 

Page 47 of 72 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



   48 

 

neighboring cells do not arise in solid electrolytes. Based on the connection types, these cells 

are likely to provide very high photocurrent or photovoltage in DSMs. 

An alternative to avoid lateral diffusion and improve the cc could be the use of 

vertically aligned one-dimensional structures such as nanowires or nanotubes that would keep 

constant values of JSC even with increased electrode area. Unfortunately up to now, the use of 

this kind of nanostructures in small area DSCs has not reported comparable JSC values with 

respect to nanocolloidal films due to their lower roughness and thus dye uploads. 

 

11. Stability test of DSMs  

For DSC technology to be commercially successful, their long term performance 

under the device working conditions such as high temperature, humidity, and continuous light 

illumination are to be ensured. Commercial deployment of DSCs requires device working 

performance without a significant degradation for >10 years,
168 

especially when its 

contenders, i.e., silicon PVs perform ~25 years with >80% of original  retained.  Here we 

separately discuss the stability of (i) various components of DSC such as dye and electrolyte 

and (ii) outdoor long term stability of DSMs. 

 

11.1.  Thermal stability of dyes and electrolytes  

The DSCs’ organic materials are known to suffer high degradation rates when 

exposed to ambient conditions.
169 

Also, liquid electrolyte causes leaking and corrodes the 

metallic grids used for interconnections if not properly encapsulated. In DSCs, the stability is 

primarily associated to the hermetic sealing: (i) the sealants should be stable at high 

temperature, (ii) passive to liquid electrolytes, and (iii) in case of spot sealing failure 

(pinholes), the materials chosen for grids should be resistant to corrosion and design should 

be robust enough to avoid spreading of the electrolyte out of the cell compartment.   
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The ECN started the Joule program (LOTS-DSC JOR3-CT98-0261)  to realize the 

device outdoor performance capability for ~10 years.
170, 171 

They investigated DSCs stability 

under intensive light (2.5 sun) and also thermal stability at temperatures up to 80 C. Their 

master plate design using surlyn spacer with η ~5 – 6% showed stability up to 8300 h at 2.5 

sun; a time equivalent to ~10 years outdoor operation. The η decreased <10% for 2000 h 

operation at 60 C; which at 80 
o
C was 30%.

49 
Such thermal stability is achieved by 

chemically changing the iodide/triiodide based electrolyte composition via addition of  MgI2 

and CaI2. The higher temperature induces instability to (i) the dye molecules by detaching it 

from the TiO2 surface,
172 

and (ii) the electrolyte components such as tert-butyl pyridine(TBP) 

and lithium iodide (LiI) during thermal aging.
 49 

To improve the high temperature stability of 

dyes, co-grafting it with 1-decylphosphnic acid (1-DPA) or hexadecylmalonic acid (HDMA)  

is suggested as a possible remedy.
173, 174 

Although the above procedure improved the integrity 

of the dye–TiO2 surface the additional dilution reduced amount of dye-anchoring and light 

harvesting thereby. On the other hand, the major advancement in electrolyte stability is 

reported by Grätzel et al.
 172 

who introduced a low volatile robust electrolyte in conjunction 

with an amphiphilic ruthenium sensitizer (K19). In their study ~8.2% efficient DSCs retained 

98% of the original performance after soaking 1000 h at 60 

C in light. Thermal stability of 

the above dye – TiO2 conjugate was further verified at 80 

C in dark. Through these studies, 

for the first time, the DSCs achieved the specifications laid out for outdoor performance of 

silicon solar cells.  

A significant advancement in the DSCs’ performance at temperature >80 

C is 

reported by Dyesol Ltd. By employing stable dyes (N709 and Y123) and 3-

methoxypropionitrile (MPN) based electrolyte, the DSCs showed stability over 90% for 1000 

h at 95 

C.

91 
The major contributor to the observed ~10% drop in  is from the VOC 

Page 49 of 72 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



   50 

 

originating from change in concentration of the redox species in the electrolyte. Other 

photovoltaic parameters (JSC and FF) showed no notable degradation. These results are 

encouraging and open the possibility that DSC technology can be deployed in extremely hot 

places. 

The substitution of Surylin by other more stable sealants such bynel (EPFL), frits 

(ECN) or UV-cured epoxy composite sealants (Dyesol) has been a key point in these 

advancements. Surylin starts softening at 70ºC what makes it unsuitable for high temperature 

applications and is permeable to water, what may cause long term problems of stability.  

 

11.2.  Long term stability of DSMs 

Only few studies are reported on stability of DSMs so far. In general, stability of 

DSMs is inferior to its laboratory counterparts. In 2004,  a research group of AISIN SEIKI 

carried out the first outdoor stability testing of DSMs (64 serially connected cells of 10×10 

cm
2
) for over half an year.

108 
Surprisingly, no significant effect of moisture on device 

performance was noticed. They reported that a DSM generated comparatively more 

electricity than silicon based cell over an year due to (i) DSMs’ superior performance in low 

light; (ii) improved rheology of the electrolyte at higher temperatures and (iii) their less 

dependence on angle of light incidence. The devices showed ~20% drop in output power after 

one year of operation although the source of this drop was not elaborated except the leakage 

of the electrolyte in few cells. This drop was overcome in an extended investigation using a 

set of experimental techniques to figure out the contribution from each component of DSMs 

on its performance degradation.
103 

This study showed remarkable results for a long term (2.5 

years) outdoor stability: (i) no leakage of the electrolyte was found out in the device, (ii) the 

dye (N719) and the carbon counter electrode were stable as confirmed by Raman 

spectroscopy and stable JSC. However, the concentration of triiodide is still reduced in the 
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electrolyte.. This effect has been attributed to irreversible reactions of iodide and iodine 

species with water present in the electrolyte such leading to the bleaching of the electrolyte 

and the irreversible formation of 


3IO .
175

, 
176

 













IHIOOHI

OHIOhOHI

IOHIOOHI

5633

366

8363

322

23

233

                                                               (2) 

 

These reactions have been shown to be enhanced by UV light and temperature.
176,177

   

Bleaching of electrolyte is also dependent of electrolyte solvent and its origin, not clearly 

stated yet, associated to TiO2-electrolyte or TiO2-dye-electrolyte interactions.
178

 Good sealing 

and low humidity conditions during the fabrication process are then required to obtain good 

long term stability results. 

Towards the thermal stability testing of DSMs, a report by Kroon et al.
179 

of ECN 

showed significantly stable (80%) performance at >80 C for 3000 h. The devices showed 

~20% decrement in output power using robust electrolyte. In another study by Mastroianni et 

al.
99 

the stability of DSMs (30 cells of area 3.6 cm
2
) are tested in indoor (at AM 1.5 G and 85 


C) and outdoor (horizontally placed and titled at 25


conditions.  For a period of 3200 h, the 

outdoor DSMs were significantly stable with only 10% fall in its original efficiency. 

However, the vertically placed outdoor cells showed higher degradation at maximum power 

point due to uneven triiodide concentration indicating that the vertical orientation of l-DSMs 

affect the device lifetime. A detailed impedance characterization also revealed reduction in 

the diffusion length and a possible alteration at TiO2/electrolyte interface.  

Asghar et al.
169 

summarized the major instability issues in a recent review and 

suggested that (i) Z709 and K19 are the only stable dyes at temperature ~80 

C and (ii) 

devices mostly employing polymer and ionic liquid electrolytes passed light soaking test (60 
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
C) and thermal stress test (80 


C) for 1000 h. Although significant advancements are made 

towards the stability investigation on DSC and DSMs, nevertheless, such reports were only 

limited to glass substrate based devices. Stability of flexible DSCs/DSMs at temperature >50 


C temperatures is yet to be investigated although they have shown considerable stability 

until 50 

C.

180
 Furthermore, a standard criterion is needed to be set to investigate stability as 

the device undergoes chemical changes when exposed to outdoor conditions; and therefore, 

chemical investigations along with electrical characterizations are essential while reporting 

the stability analysis.  

The design of DSMs introduces a larger complexity than the simpler DSCs and 

consequently, sealing process becomes more difficult. To avoid that a failure in a single point 

of the sealing ruins the performance of a complete module, it is needed that the external 

components that may be affected by direct contact with leaking electrolyte do not degrade. Of 

particular importance are the collecting grids; silver should be avoided in the most exposed 

sections of the cells as iodide reacts very efficiently with it. Alternative materials for 

collecting electrodes may be Carbon, Titanium or Tin (at cathode).  

Robust module designs must contemplate ways to control or neutralize the occurrence 

of a localized escape of electrolyte. The use of gellified electrolytes
181,182

 or solid electrolytes 

or double sealing structures (Fujikura) may help to avoid the loss of electrolyte and thus 

improve module performance. 

 

11.3.  Reverse bias degradation of DSMs 

With respect to single cells, stability of modules is made considerably more complex 

by the fact that large areas increase the probability of disuniformities and defects which can 

lead to increase degradation rates or failures (e.g. non uniform coverage or pinholes in the 

encapsulation or interconnections). Furthermore, when cells are connected together in series 
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in a module, the possibility of the occurrence of reverse bias degradation effects must be 

considered. In fact, a cell that is electrically mismatched in a module, which occurs when it is 

shadowed or has degraded at a higher rate compared to other cells, can become inversely 

polarized by the other well-performing cells of the system.
146

 Current is then forced though it 

by the other cells. Over the long term, this can lead to device degradation and even failure.
183

 

Contributing to reverse bias degradation are triiodide depletion and the presence of 

impurities, in particular water. Gaining a further understanding of reverse bias phenomena, 

acting upon these components and setting up diode protection strategies is important for 

delivering long-lasting DSMs.
184

 

 

12. Standards for DSMs  

Except for some exceptions, due to the relative infancy of industrial development, 

reports on systematic statistical long term testing outdoors are also scant. At the moment 

stability testing on DSMs has involved protocols developed for thin films. Even if more 

statistics and continued tests are required, some promising developments have been reported. 

The DSMs have passed thermal stability testing (IEC 1215) but still with its  decreased by 

30–40%. Fujikura have shown cells and submodules that have passed several endurance tests 

according to JIS C 8938 standards.
185

 Dyepower has shown successful UV preconditioning, 

humidity freeze and damp heat IEC 61646 tests carried out over large area (> 500 cm
2
) DSC 

modules.
186

 The IEC tests are meant only for indoor analysis and do not consider the 

chemical changes that DSMs undergo upon exposure to atmospheric conditions. For DSMs, a 

different set of standards are required that analyze the device performance close to the natural 

outdoor conditions and should also involve chemical changes such as UV-stability and 

chemical stability under atmospheric conditions.  

Page 53 of 72 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



   54 

 

For DSMs to be a successful commercial product, it has to pass few standards which 

are widely applied on silicon and thin film solar cells such as IEC 61646, IEC 1215, IEC 

1646, and IEC 1215. These standards are necessary to predict sufficient stability of the device 

and assurance of the lifetime required. Test protocols tailored for DSC technology have yet to 

be designed and implemented. Besides, there is also a need to set standards for DSM 

fabrication and characterization because different fabrication techniques and experimental 

conditions result in significant variation in  (sections 5 – 9).  A similar standardization is 

suggested by Yang et al.
187

 for laboratory scale DSCs for their reliable evaluation such as the 

calibration of the solar simulator via reference cells, the measurement time of the 

photovoltaic characterizations (I-V & incident photon-to-current conversion efficiency), and 

the masking process. Nevertheless, absence of such standards in DSMS leads to 

misconceptions, particularly, while reporting module efficiency values: a number of 

researchers reported  with respect to active area while few other reported with respect to 

active and aperture area. Ultimately, the latter is the most important number. In fact, since 

aperture ratios (the ratio between active and aperture areas) can differ greatly depending on 

the methods of construction, the performance on active area and aperture area of DSMs can 

differ significantly. In fact, in the literature aperture ratios vary from 85%,
84

 to less than 

50%,
141

 so that  η drops between 85% and less than half  of the reported active area value 

when total area is considered. It is important that both numbers are given.  

13.  Conclusions and Future Projections 

Any PV technology entering the market has been usually pitched against three main 

parameters: (a) efficiency, (b) lifetime and (c) cost. Over 80% of the current market is 

cornered by silicon cells which thus remains the benchmark for PV systems. Over the last 

few years the price of silicon modules has decreased considerably. In fact, the drop has been 
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so significant that in 2012 the average cost of modules came below the significant threshold 

of 1$/Wp (i.e. 0.8 $/Wp).
188

 While part of this is due to oversupply in the market, a good 

portion is also due to advances in technology and economies of scale due to an increase in 

cumulative worldwide PV production. Thus, whereas a decade ago new technologies may 

have aimed at also competing on cost calculated in $/Wp, even when considering initial 

markets, today a more suitable roadmap considers seeking applications where the new 

technology offers competitive advantages in functionality over silicon or other existing PV 

technologies. In Figure 17, we have added a technological “functionality” entry to the 

competitive mix in which DSM must compete. 

Figure 17 can help identify entry or niche markets products (each with a different mix 

of the 3 parameters and associated technological functionalities) to which particular DSM 

technology development can be focused. Subsequently, with continued R&D development 

the market space will grow, economies of scale will also kick-in so that, in the longer term, 

the technology may enter even the more conventional PV system arena. Capital cost to 

implement industrial fabrication of DSMs is another advantage of this technology as required 

investments are one order of magnitude smaller than standard technologies. The roadmap for 

the technological development of DSMs depends strongly on the application. This is also the 

reason why different designs and architectures for DSMs are being explored (e.g. glass, 

flexible, liquid based, solid state, monolithic, double plate Z, W or parallel etc). 
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Figure 17: Scheme representing inter-relations between the three parameters (power conversion 

efficiency, stability and cost) which must be considered, together with functionality, for a successful industrial 

product development for dye solar cell modules. Different applications and markets lead to different mix of 

requirements and thus different DSM technological development (e.g. glass, flexible, material combinations, 

device architecturesetc). 

 

Although there are many commercial developers of materials and technology working 

on various aspects of DSMs and prototypes, the market where actual commercial products are 

available integrating DSMs in retail products (at the time of writing), is represented by 

electronic products, especially those for portable or indoor environments.
19

 G24 Power Ltd is 

a provider of DSMs for these applications, which are made with flexible titanium foil 

working electrodes and plastic/ITO counter electrodes and are series connected. 

Due to their remarkable performance under low levels of light and compact 

fluorescent lamps, there is strong interest both for glass based products 

(http://ricoh.com/release/2014/0611_1.html) and even more so for thin flexible DSMs 

(www.gcell.com) which can be easily integrated in fixed or portable electronic products such 

as sensors in the home and personal computer peripherals. Although efficiencies of these 
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flexible modules are still not particularly high under STC, their power output has been shown 

to outperform competing technologies, including amorphous silicon (the current most 

suitable technology) under indoor lighting.
18

 The commercialization of these products with 

integrated DSMs has been enabled by the fact that efficiencies are particularly high at 

indoors, their flexibility and light weightness permit easy integration (and portability), 

degradation rates are reduced in less-harsh indoor conditions and lifetimes of few years 

(similar to that of the electronic product they are integrated on) are commercially acceptable. 

The DSMs, in this particular arena, thus deliver functionality which conventional crystalline 

silicon does not. The cost here is not measured in $/Wp but in the added value their 

integration brings (eg. eliminating the need to replace batteries). The development roadmap 

for flexible devices involves continuing to diminish costs (opening up the possibility of 

integrating the devices in cheaper products), increasing lifetimes even outdoors (for portable 

or semi-fixed/protable installations) by researching more performing (and cheaper) material 

combinations and encapsulation barrier strategies. Furthermore, the development of efficient 

hole blocking compact layers at the working electrode is particularly important under low 

levels of illumination. 

A huge market for DSMs is represented by BIPV where devices can be incorporated 

into big installations worth hundreds of millions of dollars globally. Development work is 

ongoing by various industrial entities (see Table 2) to produce prototypes and demonstrators 

for integration in applications such as bus shelters, roofing and building facades, including 

semi-transparent windows.
189

 The latter is particularly suited for DSMs because most of the 

technology development has been carried out on glass. Glass has also exceptional barrier 

properties (which is crucial for lifetimes) and is becoming ever more a widespread material 

for modern buildings. For integration in shelters, lifetimes of a few years can suffice. 
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However integration in buildings requires very challenging lifetimes of over 15-20 years. The 

competitive advantage glass DSM technology brings, is that of enabling the power-generating 

unit to be semitransparent.
190

 In fact the transparency versus efficiency of the DSM can be 

tuned depending on the requirements for energy generation, visible light transmission and its 

color.
17

 For properly rating glass facade applications, the efficiency parameter at STC should 

be at least complemented by other parameters such as energy produced over the course of the 

year in real environmental conditions,
191

  which depends greatly on location, both geographic 

and related to the building (e.g. vertical or tilted conditions). DSMs have been shown to 

deliver 10-20% more energy (at the same power rating) compared to silicon installations 

(even though efficiencies still remain significantly lower).
108

 For BIPV applications, 

perfecting encapsulation, developing more stable dyes, less volatile electrolytes with 

stabilizing additives, quasi or fully solid-state carrier mediators are paths followed by 

researchers to improve stability. For large scale installations, the uniformity and tolerances 

that can be achieved in the manufacturing process over (very) large areas, together with the 

management of the electrical output power of the modules (and panels), are important and 

complex issues to be tackled. The most suitable device architecture can depend on the size of 

the unit module which makes up the panel. Either parallel or series or combined 

interconnections can be selected to deliver the required voltage and current levels. Electrical 

and diode protection strategies will also differ depending on the type and size of the module. 

For BIPV, as much as the $/Wp, it is important to consider the marginal added costs with 

respect to conventional building material (e.g. the cost of a façade with PV functionality 

compared to that without). Much of the engineering work to bring efficiency, stability and 

costs to the levels required by the BIPV industry, together with the peculiar functionality of 

DSMs required by the markets, is being carried out, often “quietly” in industrial R&D 

divisions and results and developments are only partly publicly available. The growing 
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activity in patent filing in this field shows (see Figure 6a), however, that intense work is 

being carried out to bring the technology to market and, at the same time, that there are 

tremendous opportunities for exciting innovation in the field.  

While an immense research is carried out on improving laboratory scale DSCs, a little 

focus is given to their large area devices: research on DSMs is ~1% of that on DSCs. Due to 

this negligence, the  in the DSMs showed comparatively little improvement since their first 

report (5.6% in 1996). The maximum reported in the DSMs is 8.2% through optimized front 

and back illumination, which is still significantly lower than that obtained in high efficiency 

single cells (~13%). Little attention towards device engineering and a complete negligence of 

charge transport in DSMs are the main factors behind the comparatively lower performance 

of DSMs.  
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