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Abstract: Dye sensitized solar cells (DSSC) have become a topic of significant research in the last two decades because of their scientific importance in the area of energy conversion. Currently DSSC is using inorganic Ruthenium (Ru)-based, metal-free and natural dyes as sensitizer. The use of metal free and natural dyes have become a viable alternative to expensive and rare Ru-based dyes because of low cost, ease of preparation, easy attainability and environmental friendliness. Most of the alternatives to Ru-based dyes have so far proved inferior to the Ru-based dyes because of their narrow absorption bands (Δλ≈100-250 nm), adverse dye aggregation and instability. This review highlights the recent research on sensitizers for DSSC, including Ru-complex dyes, metal-free dyes and natural dyes. It also details and tabulates all types of sensitizer with their corresponding efficiencies. Plot of progress in efficiency(η) of DSSC till date based on three types of sensitizers is also presented.
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1.  Introduction
Following the important and novel contribution on dye-sensitized solar cells (DSSC) by Grätzel et al in 1991 [1], several reports have been published considering DSSC as an efficient low cost alternative for the conventional solar cells [1-2]. A DSSC presents three important steps to convert sunlight into electrical energy: It relies on the visibile photo-excitation of dyes triggering an electron transfer into the conduction band of the metal oxide semiconductor (generally TiO2), followed by regeneration of the oxidized dye molecules by the electron donation from the redox couple in the electrolyte, and finally migration of electron through the external load to complete the circuit [3, 4]. The entire operation takes place with the help of different components of DSSC, such as the light-absorber (dye/sensitizer), the electron-transport agent (wide band-gap nanocrystalline semiconductor), and the hole-transport agent (redox couple in electrolyte) [5, 6].  
Moreover in order for a DSSC to be successful, all the components constituting the system should effectively play their role. Sensitizer/dye in particular should possess certain important features for efficient performance, namely, a broad and strong absorption from visible to near infra red region [7-9], chemical stability of the appropriate LUMO and HOMO levels for effective charge injection into the semiconductor [10, 11] and dye regeneration from the electrolyte, high molar extinction coefficients in the visible and near-infrared region for light-harvesting, good photostability and solubility to hamper the recombination [12,13]. 
The most successful sensitizers in terms of efficiency and stability are based on Ru- bipyridyl compounds. Moreover, these dyes are also having advantageous characteristics such as excellent stability, higher absorption in the visible range of solar spectrum; excellent electron injection and efficient metal-to-ligand charge transfer [14-16]. Even though Ru based dyes are capable of yielding conversion efficiencies greater than 10 %, their preparation normally requires multi-step procedures and time consuming chromatographic methods [17, 18]. 
Other issues in considering Ru based dyes are their cost as Ru is a rare metal with a high price and its toxic nature. They also possess low molar extinction coefficients and restricted NIR absorption [4]. However, efficient Ru-free sensitizers that could also lead to an efficient light harvesting with a decrease in total cell cost are also studied [19]. Thus, research into Ru free dyes, including metal-free organic dyes and metal-complex porphyin dyes, has intensified because of the high cost of Ru metal [20]. 
On the other hand, natural dyes have also been studied widely for usage as DSSC sensitizer because of their large absorption coefficients in visible region, relative abundance, ease of preparation and environmental friendliness [21, 22]. Most importantly, the synthesis route for natural dye based DSSC is cost effective as it does not involve noble metals like Ru. Despite the availability and low cost of natural dyes, most of them do not yield energy conversion efficiencies of over 2 %, although some natural dyes derivatives are capable of higher energy conversion efficiencies [23]. 
To the best of our knowledge, there are only limited review articles that details on different types of sensitizers employed in DSSC [15, 23]. This review article exclusively highlights and discusses the recent research and advances on sensitizers/dyes for DSSC, including Ru-complex dyes, metal-free organic dyes, metal-complex porphyin dyes, and natural dyes. The different sensitizers used for DSSC is explained in the view of considering the DSSC operating with iodine based electrolytes, as it is today impossible to disconnect dyes and electrolytes. It also details and tabulates all the types of sensitizer with their corresponding efficiencies. Plot of progress in efficiency (η) of DSSC till date based on three different types of sensitizers is also presented.
2. Requirements for efficient performance of a sensitizer
The role of a sensitizer in DSSC is to as a molecular electron pump. It helps in absorbing the visible light, pumping an electron into the conduction band of TiO2 layer, accepting an electron from the redox couple, and then repeating the cycle [24, 25]. A sensitizer should possess certain peculiar characteristics such as (1) strong absorption in the visible range (2) high stability in the oxidized, ground and excited states (3) suitable redox potential (4) good efficiency in the charge injection and regeneration processes. Few important characteristics of a sensitizer are discussed below. All the reactions that occur inside a DSSC with HOMO-LUMO energy levels and with the corresponding electrical potential vs SHE (standard hydrogen electrode) are schematically represented in Figure 1.
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Fig.1 Schematic of all reactions that occur inside a DSSC with HOMO-LUMO energy levels and with corresponding electrical potential vs SHE (standard hydrogen electrode)
2.1. Absorption spectrum
Concentration of the dye within the nanoporous TiO2 surface and the absorption coefficient determines the fraction of light that is absorbed by the TiO2 layer [12]. A sensitizer should possess a high absorption coefficient in the visible region and a high affinity to the TiO2 surface in order to ensure a dense coverage of the surface [26]. Also increase in absorbance helps in reducing the thickness of the TiO2 layer thereby decreasing the recombination probability [12, 26].
Generally at longer wavelengths, the absorption decreases significantly, thus a substantial fraction of the solar spectrum will be lost. The absorption of the dye can be described with Beer-Lambert's Law (Equation 1) [12, 27, 28]
									(1)
 where I(x) is the light intensity at the point x (Wm-2)
I0 is the initial light intensity (Wm-2)
α is the absorption coefficient (M-1cm-1)
λ is the wavelength (nm)
cdye is the concentration of the dye (M)
x is the path length (cm)
2.2 Attachment groups
When the semiconductor oxide film is exposed to the dye solution, the attachment group of the dye helps to form a monomolecular layer. This molecular layer ensures a high probability of relaxation of the excited dye molecules into the semiconductor conduction band by electron injection. A common anchoring group is carboxylate group which can form an ester bond with the TiO2 surface, allowing facile electronic communication [29-31].
2.3. Energy level
In order to ensure efficient charge injection, the difference between the LUMO and HOMO level of the excited dye molecule should be in the order of 0.2-0.3 eV above the conduction band of the TiO2 [32, 33]. In this case the activation energy for reduction of the oxidized sensitizer by a TiO2 conduction band electron (back reaction) increases and the corresponding rate constant becomes very less to compete with the dye regeneration by the electrolyte.
The energy level of the dye, especially at high dye coverage can be shifted if the dye agglomerates on the surface of the TiO2. High dye coverage refers to effective intermolecular interactions with no back-electron transfer. This shift may result in different electronic properties of the ground state and/or the excited state, which generally affects the charge injection efficiency [34, 35]. 
2.4. Charge injection and charge recombination
	Charge injection generally occurs from the π*-orbital of the anchoring group to the titanium 3d-orbital. An efficient charge injection can be ensured only when these orbitals overlap each other. Injection of electrons from the dye to the conduction band (CB) of TiO2 happens in a femtosecond (fs) to picosecond (ps) time scale whereas charge recombination takes place in the micro to millisecond time scale [12, 36]. The equation for charge injection and charge recombination is given in Equation 2 and Equation 3 respectively.

							(2)

								(3)
	A prerequisite for an efficient charge injection is that the back reaction of a TiO2 conduction band electron to the oxidized dye should be much slower than the reduction of the oxidized dye by the electrolyte. Similarly, charge injection can occur either from the singlet or the triplet state. The rate of a reaction (rate constant) for injection differs as electron is injected from either singlet or triplet state. The rate constant for injection in both the cases is on a time scale of less than 100 fs [37, 38]. 
2.5. Stability
	Any sensitizer in a DSSC has to sustain and should not have significant degradation at least for twenty years of operation and should sustain natural light for this period of time [39]. Ideally, the electron injection and electron regeneration is completely reversible. However, in any real device, some degradation of the dye occurs. The rate constant for decomposition (k) is given by the following equation [38, 39]

									(4)
	where k is the rate constant for degradation from the ground state (s-1)
	  cdye,0 is the initial dye concentration (M)
	  cdye,lifetime is the dye concentration at some time ‘t’(M)
	  lifetime is the lifetime of the cell (example: 20 years ≈ 6.3*108 s)
	Under illumination, degradation occurs from the excited state dye* or from the oxidized state dye+. Since the injection from dye* state is ultrafast, it is believed that light induced degradation mainly occurs from the state dye+. The irreversible degradation of the oxidized dye molecule competes with the regeneration by the electrolyte (rate constant k) and is represented by the Equation 5 [12, 29].

									(5)
where I‑ is the iodide concentration (M)
3. Recent developments in DSSC sensitizers
Tremendous attempts have been made for developing different sensitizers which can be broadly divided into the following three types
1. Ru-complex dyes
2. Organic dyes
3. Natural dyes
3.1. Ru-complex dyes
In 1991, Ru-based DSSC showed a remarkable success with a conversion efficiency of 7.1% [1]. Ru (II) metal is always a good choice of study for a number of reasons: (1) its octahedral geometrical structure tolerate extending of specific ligands in a controlled manner; [40] (2) the photophysical, photochemical and electrochemical properties of Ru (II) complexes can be tuned; (3) it possesses stable and accessible oxidation states from I to IV [40, 41]; (4) possess good solubility in many solvents [12]. 
Further in 1993, DSSC with a conversion efficiency of 10.3 % was reported by Nazeeruddin et al [40], using Ru dye (N3 dye) as sensitizer (N3-cis-di (thiocyanato) bis (2, 2-bipyridine-4, 4-dicarboxylate) ruthenium). In 2001, Nazeeruddin et al. reported DSSC with 10.4% efficiency using a Ru dye called ‘black dye’ [42] and in 2006 reported a new dye called N179 (di-tetrabutyl ammonium cis-bis (isothiocyanato) bis (2, 2′-bipyridyl-4, 4′-dicarboxylato) ruthenium (II)) which was similar to N3, but resulted in a conversion efficiency of 11.2% [43].
Generally Ru dyes are classified as carboxylate polypyridyl Ru dyes, phosphonate Ru dyes and polynuclear bipyridyl Ru dyes. The main difference between the first two types lies in their adsorption groups. Whereas, the first two types of sensitizers differ from the third one by the number of metal centres present in their structure [44]. 
N3 dye in its structure possesses two bipyridine and two isothiocyanato (NCS) ligands. The chemical structure of N3 dye is shown Figure 2a. It absorbs up to 800 nm radiation due to the loosely-attached NCS groups [44]. The light absorption by the dye is attributed to the transition metal-to ligand charge transfer (MLCT) and the molecular orbitals HOMO and LUMO. The isothiocyanato ligands are the chromophore of the molecule and they shift the HOMO level negatively towards a red shift in its absorbtion spectra [29, 40].
Changing the protonation of the acid groups has been found to be a successful improvement to the dye structure that can lead to the synthesis of N719 dye. N719 dye has the same structure as N3 dye but has TBA+ (tetrabutyl ammonium) instead of H+ at two carboxyl groups and has been so far the most successful dye for DSSC [29, 30, 44]. The chemical structure of N719 dye is shown Figure 2b.
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Fig.2 Chemical structures of Ru complexes (a) N3 dye (b) N719 dye (c) black dye
N749 dye (black dye), absorbs up to 860 nm of radiation and showed performance similar to that of N3 and N719 dyes. The chemical structure of black dye is shown Figure 2c. However, the absorption coefficient of N749 is lower than N3 and N719 dyes. Lower absorption coefficients usually require thicker metal semiconductor oxide electrodes to adsorb more dye molecules [29, 44]. Disadvantages in increasing the thickness of the metal semiconductor oxide layer lies in the view of electron transport, that is, it could lead to decrease in short circuit current density and open circuit voltage [45]. 
3.2. Metal free dyes
	Metal free dyes are desired in the last years and the current application of these dyes for usage in DSSC has increased and is comparable to that of Ru-based sensitizers [29, 46]. The advantages of choosing metal free dyes as an alternative for Ru-based complexes are their very high molar extinction coefficients, free form expensive and toxic Ru metal, facile synthesis, easily tunable absorption energies, low cost and stability under elevated temperature and/or prolonged illumination [12, 29]. 
Metal free dyes are generally divided in three major parts in terms of molecular structure such as donors, linkers and acceptors. Linkers are usually π-conjugated system that link electron-donating (D) and electron-accepting (A) groups by bridges; so-called D-π-A sensitizers [47, 48]. In order to increase the conversion efficiency, the structure of these dyes needs to be altered [20, 29]. This can be achieved by extending the π-conjugation of the linkers and increasing the electron-donating and electron-accepting capability of donors and acceptors. Moreover, aggregation of dye molecules on TiO2 surface should be avoided although a controlled aggregation could be considered beneficial. This problem can be avoided by incorporating long alkyl chains and aromatic groups into the dye structure [49].
There are many classes of organic sensitizers that have been studied for the application in DSSC. The most promising metal free dye classes at the moment are coumarin dyes, porphyin dyes and indoline dyes [12, 49].
3.2.1. Coumarin dyes
	Coumarin is a natural chemical compound found in many plants. The first coumarin dye was named as C343 and was demonstrated by Kay and Gratzel in 1996 [50] and found fast injection rates of 200 fs from dye into the conduction band of TiO2 [12, 20, 29]. The chemical structure of C343 dye complex is shown Figure 3a. Since C343 has a narrow absorption spectrum, the conversion efficiency of this specific compound was found to be low. Addition of more methane groups can help in expanding the π-conjugation linkers and thereby helps in increasing the efficiency of the DSSC [49]. 
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Fig.3 Chemical structures of Metal free dyes (a) coumarin dye (b) porphyrin dye (c) indoline dye
3.2.2. Porphyin dyes
	Another class of metal free dyes is porphyin dyes or porphyins. Porphyins are characterized by four modified pyrrole subunits interconnected via methane bridges (=CH-). The chemical structure of porphyin dye complex is shown Figure 3b. This structure resembles a high π-conjugated system with very intense absorption in the visible region and with high extinction coefficient [20, 29]. Moreover, porphyins have a long life time in its excited singlet state (> 1 ns), very fast electron injection rate (fs range), milli second time scale electron recombination rate and tunable redox potentials [20]. 
3.2.3. Indoline dyes
Indole has a bicyclic structure, consisting of a six-membered benzene ring combined to a five-membered nitrogen-containing pyrrole ring [51]. The chemical structure of indole is shown Figure 3c. To date, these indole based dyes have a great potential as sensitizers. Structure of this dye consists of an electron withdrawing anchoring group on the benzene ring and an electron donating group on the nitrogen atom [52]. 
Generally the indole moiety acts as electron donor and is connected to a rhodanine group which act as electron acceptor. Furthermore, the absorbance in the IR region of the visible spectra and the absorption coefficient of the dye can be greatly enhanced by introducing aromatic units into the core of the indoline structure [20, 52]. 
	Table 1 summarizes the photo electrochemical parameters of various Ru-based dye sensitizers.
Table 1 Photo electrochemical parameters of Ruthenium based and metal free sensitizers

	Dye
	Jsc (mA/cm2)
	Voc (V)
	FF
	η (%)
	Ref

	N3 
	18.2
	0.72
	0.73
	10
	[53]

	N719
	17.73
	0.84
	0.75
	11.18
	[54]

	Black dye
	20.5
	0.72
	0.704
	10.4
	[55]

	Black dye
	20.9
	0.73
	0.722
	11.1
	[56]

	Z907
	13.6
	0.72
	0.692
	6.8
	[57]

	Z907
	14.6
	0.72
	0.693
	7.3
	

	K8 
	18
	0.64
	0.75
	8.64
	[58]

	K19
	14.61
	0.71
	0.671
	7
	

	N945
	16.5
	0.79
	0.72
	9.6
	[59]

	Z910
	17.2
	0.77
	0.764
	10.2
	[60]

	K73
	17.22
	0.74
	0.694
	9
	[61]

	K51
	15.4
	0.73
	0.685
	7.8
	

	C343
	14
	0.6
	0.71
	6
	[62]

	Porphyin based
	3.76
	0.54
	0.67
	1.4
	[63]

	
	2.63
	0.61
	0.71
	1.2
	

	
	5.79
	0.61
	0.66
	2.4
	

	Indoline 
	18
	0.69
	0.78
	9.4
	[64]


3.3. Natural dyes
Naturally available fruits, flowers, leave, bacteria etc exhibit various colors and contain several pigments that can be easily extracted and employed in DSSC [65]. Advantages of employing these natural dyes in DSSC are their large absorption coefficients in visible region, relative abundance, ease of preparation and environmental friendliness [16, 17]. Most importantly, the synthesis route for natural dye based DSSC is cost effective as it does not involve noble metals like Ru. [18]. 
These plant pigments exhibit electronic structure that interacts with sunlight and alters the wavelengths that are either transmitted or reflected by the plant tissue. This process leads to the occurrence of plant pigmentation and each pigment is described from the wavelength of maximum absorbance (λmax) and the color perceived by humans [66]. Pigments for natural dyes include chlorophyll, carotenoid, flavonoid and anthocyanin that are relatively easy to extract from natural products when compared to synthetic dyes [67]. 
3.3.1. Chlorophylls
Chlorophylls belong to natural photosynthetic pigments [68, 69] which give plants green color. The two major types of chlorophylls are chlorophyll ‘a’ and chlorophyll ‘b’. Chlorophylls and their derivatives are employed as sensitizers in DSSC because of their tendency to absorb blue and red light. The most efficient is the derivative of chlorophyll ‘a’ (methyl trans-32-carboxy-pyropheophorbide) [66]. The absorbance spectrum of chlorophyll ‘b’ shows a characteristic blue tinge and has a redshift when compared to chlorophyll ‘a’. Chemical structure of Chlorophyll ‘a’ and Chlorophyll ‘b’ is shown in Figure 4a.
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Fig.4 Chemical structures of Natural dye pigments (a) chlorophyll (b) flavonoid (c) anthocyanin (d) carotenoid
3.3.2. Flavonoids
Flavonoids are the most widespread and physiologically active group of natural constituents with a basic C6-C3-C6 skeleton. Flavone consists of two benzene rings, joined together by a γ ring that distinguishes one flavonoid compound from the other [66]. Figure 4b shows the basic chemical structure of commonly occurring flavonoid.
In case of flavonoids, the charge transfer transitions from HOMO to LUMO require lesser energy, energizing the pigment molecules by visible light, leading to a broad absorption band in the visible region. This flavonoid gets rapidly adsorbed to the surface of TiO2 by displacing an OH– counter ion from the Ti (IV) site that combines with a proton which is donated by the flavonoid [18, 70]. 
3.3.3. Anthocyanins
	Anthocyanins are glycoside salts of phenyl-2-benzopyrilium based on a C15 skeleton with a chromane ring bearing a second aromatic ring B in position 2 (C6-C3-C6) [71, 72]. Basic chemical structure of anthocyanin is shown in Figure 4c. 
[image: C:\Users\User\Desktop\shalini\review\new review\SS\Fig5.tif]	Anthocyanins are responsible for existence of attractive colors, from scarlet to blue, of flowers, fruits, leaves etc and are also identified in mosses and ferns [73]. Anthocyanins are also responsible for modifying the quantity and quality of light that is incident on the chloroplasts [74]. Anthocyanin molecules have carbonyl and hydroxyl groups bound to the surface of TiO2 semiconductor, which helps in excitation and transfer of electrons from the anthocyanin molecules to the conduction band of porous TiO2 film [18]. The bonding between the functional groups such as carbonyl and hydroxyl groups with TiO2 surface is schematically presented in the Figure 5.



Fig.5 The Schematic representation of the bonding between carbonyl and hydroxyl groups with the surface of TiO2 
3.3.4. Carotenoids
Carotenoids are a large family (over 600 members) of isoprenoids that provide many fruits and flowers with distinctive red, orange and yellow colors. Carotenoids are distinguished by the presence of C40 hydrocarbon backbone which induces structural and oxygenic modifications [66]. Figure 4d shows the chemical structure of carotenoid. The light absorption is achieved by a photo induced transformation of ‘p’ delocalized electrons of carotenoid molecules. This in turn transfers the absorbed energy to the chlorophyll molecules to form a singlet chlorophyll state with a slightly higher energy. This transfer of energy from carotenoids to chlorophyll molecules is facilitated by physical structure of chlorophyll [75].
	Table 2 summarizes the photoelectrochemical parameters of the different natural dyes extracted from leaves, seeds, flowers, fruits, vegetables and tree barks.
Table 2 Photoelectrochemical parameters of the natural dyes extracted from leaves, seeds, flowers, fruits, vegetables and tree barks
	Dye Solution
	Jsc (mA/cm2)
	Voc (V)
	FF
	η (%)
	Ref

	Begonia
	0.63
	0.537
	72.2
	0.24
	[76]

	Tangerine Peel
	0.74
	0.592
	63.1
	0.28
	

	Rhododendron
	1.61
	0.585
	60.9
	0.57
	

	Fructus Lycii
	0.53
	0.689
	46.6
	0.17
	

	Marigold
	0.51
	0.542
	83.1
	0.23
	

	Flowery Knotweed
	0.60
	0.554
	62.7
	0.21
	

	Mangosteen Pericarp
	2.69
	0.686
	63.3
	1.17
	

	Rose
	0.97
	0.595
	65.9
	0.38
	

	Lily
	0.51
	0.498
	66.7
	0.17
	

	Coffee
	0.85
	0.559
	68.7
	0.33
	

	Broadleaf Holy Leaf
	1.19
	0.607
	65.4
	0.47
	

	Hibiscus Sabdariffa L.
	1.63
	0.40
	0.57
	0.37
	[77]

	Clitoria Ternatea
	0.37
	0.37
	0.33
	0.05
	

	Erythrina Variegata
	0.78
	0.48
	0.55
	–
	[78]

	Rosa Xanthina
	0.64
	0.49
	0.52
	–
	

	Hibiscus Surattensis
	5.45
	0.39
	0.54
	1.14
	[79]

	Nerium Olender
	2.46
	0.40
	0.59
	0.59
	

	Hibiscus Rosasinesis
	4.04
	0.40
	0.63
	1.02
	

	Red Bougainvillea Glabra
	2.34
	0.26
	0.74
	0.45
	[80]

	Violet Bougainvillea Glabra
	1.86
	0.23
	0.71
	0.31
	

	Red Bougainvillea Spectabilis
	2.29
	0.28
	0.76
	0.48
	

	Violet Bougainvillea Spectabilis
	1.88
	0.25
	0.73
	0.35
	

	Raspberries
	0.26
	0.42
	64.8
	1.50
	[81]

	Grapes
	0.09
	0.34
	61.1
	0.38
	

	Red turnip
	9.50
	0.425
	0.37
	1.7
	

	Spinach
	0.47
	0.55
	0.51
	0.13
	[82]

	Ipomea
	0.91
	0.54
	0.56
	0.28
	

	Madder
	0.540
	0.389
	0.69
	0.10
	[83]

	Khella
	0.384
	0.437
	0.47
	0.05
	

	Turmeric
	0.288
	0.529
	0.48
	0.03
	

	Bloodleaf
	0.260
	0.267
	0.46
	0.04
	

	Alkanet
	0.268
	0.372
	0.46
	0.03
	

	Lemon Leaves
	0.286
	0.539
	0.74
	0.05
	




	Plots of progress in effieciency (η) of DSSC from 1991 to 2014 based on three different types of sensitizers: Ru-based dyes, Metal free dyes and Natural dyes are shown in the Figure 6. 
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Fig.6 Plots of progress in effieciency (η) of DSSC till date based on three different types of sensitizers: Ru-based dyes, Metal free dyes and Natural dyes 
From the graph it can be seen that, there is a steady progress in Ru-based dyes since 1991 and a maximum efficiency of 13 % is achieved in the year 2014 [84]. Metal free dyes on the other hand started its growth from the year 2004. There are several metal free dyes that yield comparable efficiency to that of Ru-based dyes. A maximum of 10.7 % efficiency has been reported in the year 2010 [85]. Finally on considering natural dyes, enormous efforts have been devoted towards improvement in the efficiency of these dyes. A maximum of 1.7 % has been reported in the year 2008 [86]. There are ample of opportunities for further development in regard to the repeatability and reliability of the sensitizers in DSSC for the purpose of commercialization.
4. Recommendations for the improvement of sensitizer stability and efficiency of DSSC
1. High stability of the sensitizer can be obtained in a DSSC system by including I− ions as the electron donor to dye cations [87]. 
2. The pigment molecules present in the dye extract should have a shorter distance between the dye skeleton and the point connected to TiO2 surface. This could facilitate better electron transfer from the extract to the TiO2 surface resulting in an increased conversion efficiency of DSSC [15, 79]. 
3. The charge transfer in the TiO2/dye/electrolyte interface resistance leads to a decrease in short circuit current density. Introduction of a functional group and optimization of the dye structure is necessary to improve the efficiency of DSSC [15].
4. The controlling the temperature of dye extraction is important in determining the charge-transfer effectiveness of natural dye and thus has a direct impact on the conversion efficiency of DSSC [88]. 
5. Dye aggregation becomes a serious issue that reduces the efficiency of the DSSC. This problem can be avoided by incorporating long alkyl chains and aromatic groups into the dye structure [35].
6. Improved charge transfer leading to higher efficiencies can be accomplished with enhanced interaction between TiO2 and dye molecules [70]. 
7. Absorption coefficient of the photosensitizer and the light scattering effect of the semiconductor film improve the IPCE performance in the long wavelength region. Improving the open circuit voltage is also important for realization of higher efficiencies [89].
5. Conclusions 	
In this paper, we reviewed on the status and advances of the different types of sensitizers used in DSSC, including Ru-complex dyes, organic dyes and natural dyes. Ru complexes have shown the good photovoltaic properties such as broad absorption spectrum, suitable excited and ground state energy levels, relatively long excited-state lifetime, and good stability.
It is clear that research into the sensitizers for DSSC is progressing and new Ru-based structures are continue to be reported. Ru-based complexes are considered as best for the production of efficient DSSC having efficiency of 10-11%. But the noble metal Ru is an expensive rare metal and so in order to obtain even cheaper dyes for DSSC, organic photosensitizes and natural dyes are strongly desired. 
Ru-free dyes are found to produce excellent conversion efficiencies, which indicate that they are promising candidates for photosensitizers in DSSC. However, the mechanism of dye aggregation is still not fully understood in order to match the performance of Ru complexes. But all the alternatives to Ru-based dyes have so far proved inferior to the Ru dyes.
In summary, DSSC offer a low cost, high efficient option for entry into the commercial market of solar cells. Hence there still remains scope for further development for this technology.
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