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ABSTRACT 

This paper reports on the fabrication and photovoltaic characteristics of a heterojunction solar cell based on an organic small 
molecular semiconductor N-749 black dye (N749-BD). N749-BD is a novel semiconducting material for solar cells 
applications with the advantage of broad absorption spectrum of sunlight. For this purpose, an ITO/PEDOT:PSS/N749-
BD/Ag heterojunction device is prepared - where poly (3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) is 
used as buffer layer/hole transport layer (HTL) and indium tin oxide (ITO) as conducting transparent. The photovoltaic 
properties of the device are investigated at standard testing conditions (STC); i.e., 25 0C, 1.5 AM global and 100 mW/cm2 

irradiation, photovoltaic parameters of the device such as fill factor (FF) and power conversion efficiency (PCE) are found to 
be 0.65 and 3.8±0.5 %, respectively. Current-voltage (I-V) characteristics of the device are also studied in dark conditions at 
room temperature to measure reverse saturation current (I0), series resistance at the interface, rectification ratio (RR), barrier 
height (ϕb) and ideality factor (n). Optical bandgap (Eg) of N749-BD thin film is found by applying Tauc’s plot on its 
ultraviolet-visible (UV-Vis) spectrum which is measured to be 1.80 eV and 2.69 eV. Bond dynamics and composition of 
analysis of N749-BD is carried out via Fourier transformed infrared (FTIR). Morphology of the thin film of N749-BD on 
quartz glass are investigated by utilizing scanning electron microscopy (SEM) with in-situ energy dispersive x-ray (EDX) 
spectroscopy which exhibits random distribution of N749-BD grains across the surface with nearly uniform grain size. The 
higher FF and PCE of the ITO/PEDOT:PSS/N749-BD/Ag device suggests the potential application of N749-BD to be used 
in state-of-the-art, low cost, simple manufacturing process and high performance solar cells. 
 
Introduction 
Harvesting full solar spectrum is a massive challenge to fulfill energy demand in the present era, thus, 
researchers and engineers are constantly struggling in exploring novel functional materials and methods for 
photovoltaic applications. These efforts are aimed to enhance the overall power conversion efficiency (PCE), 
lifetime and/or stability and to lower the production cost of solar cells. Recently, newly developed techniques 
and architectures for device fabrication including organic bulk heterojunction (BHJ) solar cells (SCs)1, dye-
sensitized solar cells (DSSCs)2, perovskite solar cells (PSCs)3 and tandem SCs have paved the way towards next 
generation solar cells. SCs are made with various designs, such as nanostructures, layer-by-layer architectures, 
heterojunctions, and so on, to achieve higher conversion efficiencies. Many of the devices can have 
heterojunction interfaces such as lasers, diodes, sensors, SCs, and transistors are some examples of 
heterojunction created between inorganic and/or organic semiconductors4. The organic heterojunction structures 
have become a standard platform for small molecular and polymeric photovoltaic (PV) applications5. The 
architectures of these heterojunctions have a significant impact on the devices' efficiency, durability and 
electrical characteristics6,7. 

Dyes are compounds that are used to give materials like textiles, paper, and leather a solid color. However, 
they have been widely used as sunlight harvesters in the DSSC for sensitization to attain higher efficiencies. 
Dyes are categorized in two basic areas; one is the metal based organic dyes which include ruthenium 
complexes e.g. N3 dye, N719 dye and N749 black dye (N749-BD)while the second category is metal-free 
organic dyes that use donor and acceptor materials in a junction 8. The metal based ruthenium complexes are 
some of the benchmark sensitizers for DSSCs, which achieved above 10% efficiency owing to their broad 



optical absorption spectrum and higher current density (Jsc) values 9. The ruthenium dye N749-BD is a 
panchromatic dye that belongs to the ruthenium family.N749-BD is one of the best dye sensitizers among other 
dye sensitizers because of its outstanding light absorption over a broad range of the visible spectrum and 
exceptional performance in PVs. Despite its dark green hue, it has gained the name "black dye" in the dye-
sensitized SCs community due to its significant absorption in a wide range of visible light (~920 nm). In 
DSSCs, dye molecules play a vital role in light-harvesting efficiency, which establishes a PCE threshold. Till 
date, numerous molecular sensitizers have been exploited in DSSCs, which include N719, N3 and N749 10–12. 
Notably, only N749-BD has the potential to extend light absorption spectrum to the red and near-infrared (NIR) 
range, which makes it capable to achieve higher light harvesting efficiency and, hence, higher PCE of a device 
13. N749-BD has been extensively explored in the dye sensitized solar cells (DSSCs) 14–16, however, it is hardly 
ever used in thin film based PV devices. To obtain the full benefit of the N749-BD, it has been employed, for 
the first time, in thin film layer-by-layer structured based SCs with PEDOT:PSS as a hole transport layer (HTL) 
as well as a buffer layer to study its potential use for PCE.   

Herein, we report simple spin coating fabrication of N749-BD based layer-by-layer 
ITO/PEDOT:PSS/N749-BD/Ag heterojunction SCs and its photovoltaic properties at STC. In the device, 
PEDOT:PSS serves as a buffer layer and HTL to facilitate hole transport across the device. The aim of this work 
is to realize the potential of N749-BD as an active material in SCs for energy harvesting applications. N749-BD 
thin films' structural, morphological, and optical features are also investigated and connected with device 
performance. 
 
Materials and Methods 
Material and Device Preparation 
PEDOT: PSS and N749-BD are obtained from Sigma Aldrich and used as received. Figure 1(a) and 1(b) shows 
the molecular structures of PEDOT: PSS and N749-BD, correspondingly. The pre-patterned ITO coated on 
glass and quartz glasses are used as substrates for heterojunction device and morphological study of N749-BD 
thin films, respectively. The substrates are first cleaned in acetone followed by isopropanol using ultrasonic bath 
for 15 minutes in each solvent and, afterwards, are dried with dry nitrogen (N2) gas. A 20 nm layer of 
PEDOT:PSS (from solution of 10 wt% in water) was deposited on the cleaned ITO substrate by using spin 
coater (Holmarc Model no: HO-TH-05, Global Analytical Co.) at 2000 rpm for 20 sec. Later, the samples are 
kept on hotplate for 2 hours at 50 oC under N2 gas flow in order to evaporate solvent. A uniform solution of 
N749-BD is prepared in ethanol at a concentration of 20 mg/ml by using magnetic stirrer. The solution of N749-
BD is, then, spin coated at the rate of 2000 rpm for 30 sec on PEDOT:PSS/ITO. The sample is dried by using 
hotplate as mentioned before. Lastly, 80 nm thick layer of silver (Ag) electrode is thermally evaporated on top 
of N749-BD layer using Edwards Auto-306 vacuum thermal evaporator to complete the formation of 
ITO/PEDOT:PSS/N749-BD/Ag device. The chamber pressure is maintained at 1.5×10-5 mbar during thermal 
deposition, with a deposition rate of roughly 0.2 nm/s. Figure 1(c) and (d) shows the schematic figure and 
energy level diagram of the fabricated ITO/PEDOT:PSS/N749-BD/Ag device, respectively. 

 

 



 

Figure 1. Molecular structure of (a) N749-BD and (b) PEDOT:PSS (c) Architecture of fabricated 
ITO/PEDOT:PSS/N749-BD/Ag solar cell and (d) Energy level diagram of the materials used in the device. 
 
Device and Thin Films Characterization 
UV-Vis and FTIR spectroscopic studies are performed to know bandgap and structural information and/or bond 
dynamics of N749-BD, respectively. A PerkinElmer Lambda 1050 UV/vis/NIR spectrometer is used to measure 
the UV-Vis spectrum and PerkinElmer Spectrum™ 3 FT-IR spectrometer) is used for FTIR spectrum. 
Morphology and elemental analysis of N749-BD films are studied by scanning electron microscopy (SEM) 
(JEOL JSM-5910) with in situ energy dispersive X-ray (EDX) spectroscope. For crystallinity and phase analysis 
of N749-BD, X-Ray diffraction (XRD) instrument (JEOL, JDX-3532) is used. For photovoltaic measurements 
of ITO/PEDOT:PSS/N749-BD/Ag device, a Newport Oriel solar simulator with 1.5 AM filters, 25 0C and 100 
mW/cm2 is used. The I-V characteristics in dark condition are measured by using SMU Keithley-236. 

Results 
Material Characterization 
SEM images of thin film of N749-BD are shown in Figure 2 (a) and inset of Figure 2 (a) with low and high 
resolutions, respectively. These images reveal slightly non-uniform surface features with granular structure of 
N749-BD that are nearly uniformly distributed throughout the surface of the film. However, at a few places, 
there is some non-uniformity and agglomeration of grains which might be due uneven and high growth rate 
deposition of N749-BD film during spin coating process. Charge carriers localize due to charge trapping and 
interfacial states as a result of the irregularity and roughness of the film. For the purpose of elemental analysis, 
EDX spectrum of N749-BD is shown in Figure 2 (b) that exhibits various peaks at different energy (keV) on x-
axis. Each peak specifies the presence of different corresponding elements in N749-BD film. EDX analysis 
shows that N749-BD film is composed of carbon, oxygen, sulfur, nitrogen and ruthenium with different 
proportions/percentages which are shown in Table 1. 

The XRD method is utilized to study the crystal nature i.e., crystalline, polycrystalline or amorphous, of 
N749-BD. The XRD spectrum of the N749-BD film deposited on pre-cleaned quartz glass is obtained at room 
temperature which is shown in Figure 2 (c). The absence of any significant peak in the spectrum demonstrates 
the amorphous nature of N749-BD. Furthermore, the flat-curve obtained from the diffractogram also reveals 
amorphous nature of the semiconductor. The reflection of X-rays from the glass substrate or the presence of 
impurity on the surface of the N749-BD thin film could explain the peak at 22.050. 

Bond dynamics and chemical structure/functional groups analysis of N749-BD film is studied from the 
FTIR spectrum as shown in Figure 2 (d). The N749-BD film is probed with infrared radiations and transitions 
between vibrational energy levels are measured as transmission spectrum at different energies (cm-1) as shown 
in the Figure 2 (d). The peaks occurring at 3072 cm-1 and 2961 cm-1, identify a single bond between carbon and 
hydrogen (C-H) and the mode of vibration is stretching. The carbon-nitrogen double bond (C=N) is identified 
by the peaks at 1699 cm-1 and 1596 cm-1 while the carbon-nitrogen single bond (C-N) is verified by the peaks at 
1167 cm-1 and 1042 cm-1. Whereas, the peaks appearing at 1466 cm-1 and 1403 cm-1 confirm the presence of 

(a) (b) 

(c) (d) 



carbon-carbon single bond (C-C). The carbon oxygen single bond (C-O) stretch occurs at 1232 cm-1. In the 
figure, the most intense absorption peak at 2101 cm-1 verifies the presence of thiocyanates ligand (-N=C=S). All 
the labeled peaks in Figure 2 (d) justify the chemical structure, composition and bonds of N749-BD. Table 2 
presents all the peaks at different energies and their corresponding bond dynamics. 

 

Table 1.Elemental analysis of N749-BD film. 

 
Element Weight% Atomic% 

C K 70.66 89.26 

O K 2.26 2.14 

Na K 0.44 0.29 

S K 13.08 6.19 

Ca K 0.38 0.14 

Ru L 13.18 1.98 

 
 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) SEM micrographs (b) EDX spectrum (c) XRD pattern and (d) FTIR transmission spectrum of 
N749-BD thin film.       
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Table 2.Bond dynamics in N749-BD film. 

Peaks at Energy (cm-1) Bonds nature/dynamics 

728 Out-of-Plane C-H Bend 
795 In-Plane C-H Bend 

880 Out-of-Plane C-H Bend 
1042 In-Plane C-H Bend 
1232 In-Plane C-H Bend 
1346 In-Plane Pyrrole Stretch 
1466 C-C Benzene Stretch 

1596 C-C Benzene Stretch 

1699 C-C Benzene Stretch 
2101 C-H Stretch 

 

Optical absorption width and bandgap of N749-BD is found from the UV-Vis spectrum as shown in Figure 3 
(a). The spectrum reveals that N749-BD demonstrates better light absorption and/or harvesting efficiency with 
broad spectral range from UV to NIR i.e., 290-800 nm. Such broad and large optical absorption make N749-BD 
one of the best candidates for harvesting large number of incident photons that contributes to higher PCE of 
solar cells 14–16. Also, it can be seen from the diagram shown in Figure 1(d) that materials used in the device 
have higher bandgaps which attribute to larger values of Voc and smaller values of Isc of the device. However, at 
very large bandgaps there is dramatic decrease in Voc because of very low Isc. The value of Voc is also limited by 
the charge recombination. 

Due to highly conjugated 𝜋-electrons in N749-BD, its electronic spectrum is comprised of two different 
bands, i.e., Soret or B-band and Q-band. The former band occurs at relatively higher energy with intense peaks 
in the UV region while the later happens in the visible region with comparatively weak peaks. Figure 3 (a) 
exhibits three prominent peaks in the Soret or B band at 290, 330 and 406 nm which are ascribed to the intra-
ligand 𝜋-𝜋* transitions from ground states (S0) to the second or higher excited states (S2 or Sn). Whereas, 
another peak is evident in the Q-band at ~ 600 nm that can be attributed the transition from ground state to the 
first excited state (S0-S1) and also to metal-to-ligand charge transfer complexes. The results shown in Figure 3 
(a) are in good agreement with those reported elsewhere 17,18. 

To calculate optical bandgap of N749-BD, the following Tauc’s relation 19 is used; 
 

 )( gEEE            (1) 
 

Where Egrepresents energy bandgap, E is incident photon energy,θ is a transition constant and   is absorption 
coefficient that can be found as; 
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Here A is absorbance and d is N749-BD film thickness. The transition constant θ equals to 2 for indirect 
transition and ½ for direct transition between the energy levels. Since N749-BD is a direct bandgap 
semiconductor, so, the direct transition model is adopted to calculate the value Eg of N749-BD. According to 
Equation (1), (αE2) is plotted verses E, as shown in Figure 3(b), and intercept of the slope of linear regions in the 
curve at zero y-axis gives the value of Eg. The Eg values for N749-BD are found to be 1.80 eV and 2.69 eV 
which are closer to the value (~1.9 eV) reported in the literature 17. 

 
 

 
 



 

 

 

 

 

 

  
 
 

Figure 3.(a) UV-Vis absorption spectrum and (b) Optical energy bandgap of N749-BD. 
 

Current-Voltage (I-V) Characteristics 
 
I-V Characteristics in Dark 
The I-V measurements of ITO/PEDOT:PSS/N749-BD/Ag device in dark conditions at 25 0C are investigated to 
find and understand the heterojunction/interfacial properties. Figure 4 (a) shows asymmetrical I-V curve that 
demonstrates a rectifying and non-ohmic nature of the ITO/PEDOT:PSS/N749-BD/Ag device. Current 
rectification ratio (RR) and turn-on voltage VTO are found to be 57.2 at ±2.3 V and 1.86 V, respectively. In 
forward voltage region, the interfacial states, series resistance (Rs) and depletion region/barrier height ϕb formed 
between N749-BD layer and ITO strongly affect the exponential behavior of the I-V characteristics. Quality of 
interface/heterojunction is characterized by ideality factor (n) that provides sufficient information and 
understanding about the device performance. In reverse bias, reverse saturation current determines the amount 
of minority charge carriers across the heterojunction2021. The value of Rs ~ 31 kΩ is found from the dV/dI 
relation in the forward bias of Figure 4 (a). Rs is an undesired and parasitic parameter that in fact limit current 
through the heterojunction and, hence, results in lower value of RR. This parasitic effect of Rs further leads to 
higher value of n which influence quality of ITO/PEDOT:PSS/N749-BD/Ag device. However, the obtained 
value of Rs ~ 31 kΩ is still lower than that of other small molecular semiconductors reported elsewhere 22. By 
using Equations (4)-(7) 23, the other key junction parameters of the device such as n, ϕb and I0 are calculated 
from the log-linear scale (ln(I)-V) of I-V characteristics as shown in the inset of Figure 4 (a) which are 7.7, 0.98 
eV and1.610-7A, respectively.   
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Where q is electronic charge, k is Boltzmann constant and T is absolute temperature. 
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where ‘A’ is the active area of device, A* is Richardson constant (A*=1.3105 Acm-2K-2 for ITO substrate) 24. 
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Figure 4. (a) I-V graph (in dark), (inset) semi-log I-V graph and (b) log I-log V curve of ITO/PEDOT:PSS/ 
N749-BD /Ag heterojunction.     

Charge conduction mechanism in ITO/PEDOT:PSS/N749-BD/Ag heterojunction can be explained from the 
log I-log V graph, as shown in Figure 4 (b), by applying Power law/Child’s law, i.e., mVI  25.Whereas m is a 
slope of a linear region of the curve shown in Figure 4 (b) and different values of m indicate different 
conduction processes. When m=1, i.e., VI  , it indicates ohmic conduction process and, hence, there is no 
rectification in current by applying voltage. When m=2 the relation becomes 2VI  , which shows space charge 
limiting current (SCLC) region that is associated with depletion region and is responsible for asymmetrical I-V 
characteristics as well as for current rectification across the heterojunction. When the value of m > 2, it 
demonstrates trapped charge limiting current (TCLC) region 26 which is attributed to various traps, i.e., shallow 
and/or deep traps, at the heterojunction and are responsible for limiting the current flow across the device. For 
ITO/PEDOT:PSS/N749-BD/Ag device, there can be seen three distinct regions, i.e., I, II and III, in logI-logV 
graph shown in Figure 4 (b) which describe ohmic conduction at beginning at m=1, SCLC conduction 
mechanism at m=2 and TCLC process at m=3.3, respectively. Since, ITO/PEDOT:PSS/N749-BD/Ag device 
shows asymmetric I-V curve and rectifying behavior, as shown in Figure 4(a), hence, its dominant conduction is 
SCLC mechanism. In SCLC, the density of charge-carriers injected is much higher than that of thermally 
generated free charge-carriers which leads to current rectification. 
 
Photovoltaic I-V Characteristics   
For photovoltaic measurements, current density (J) vs.V graph of ITO/PEDOT:PSS/N749-BD/Agheterojunction 
device is plotted as shown in Figure 5 which is measured at STC, i.e. 100 mW/cm2, AM 1.5 G and 25 0C. The 
graph shows that photocurrent through the gadget is larger in the light than in the dark. The higher value of J is 
ascribed to creation of the excitons (electron-hole pairs) in absorber layer (N749-BD film) which dissociate into 
separate electrons and holes at the interface of heterojunction leading to excess of photocurrent. To measure 
photovoltaic performance of ITO/PEDOT:PSS/N749-BD/Ag device, quantitative values of fill factor (FF) and 
PCE are calculated by using the following relations; 

scoc JV
JVFF maxmax       (8) 

and 

  100
EA
VJFFPCE ocsc       (9) 

Where Vmax, Jmax, Voc and Jsc are maximum voltage, maximum current density, open circuit voltage and short 
circuit current, respectively, whereas in Equation (9), E represents the solar irradiance and A is the active area of 
device. The values of Voc, Jsc and FF are measured as 0.88 V, 6.0 mA/cm2 and 0.65, respectively. From Equation 
(9), PCE for ITO/PEDOT:PSS/N749-BD/Ag device is calculated to be 3.8±0.5 %.    
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Figure 5. J-V graph of ITO/PEDOT:PSS/N749-BD/Ag device. 

The higher value of FF can be ascribed to the enhanced values of Vmax and Jmax which might be due to strong 
and wide spectral absorption of light in the bulk of the N749-BD layer. Thus, more excitons are generated which 
get dissociated at the interface of N749-BD/ITO. Moreover, the improved Jsc of the device can be attributed to: 
(1) lower charge recombination in N749-BD layer; (2) large interface surface area that gives rise to enhanced 
charge carrier transport 27. 

A key parameter that quantitatively describe the characteristics of solar cells is  external quantum efficiency 
(EQE), which is the ratio of number of electron-hole pairs collected at the electrodes to number of incident 
photons absorbed at zero voltage (0 V). Mathematically, EQE is expressed as follows: 

A

sc

Pq
hcIEQE


 )()(            (10) 

where the parameters λ, Isc(λ), h, c, q, P(λ) are wavelength of the incident light, short-circuit current,  Planck’s 
constant, speed of light, electronic charge and the power of incident light, respectively. 

The EQE spectrum of ITO/PEDOT:PSS/N749-BD/Ag device is shown in Figure 6. There are two peaks in 
Figure 6, one at 532 nm and the other at 626 nm, which can be attributed to N749-BD absorptions. At the 
relatively higher peak 626 nm, EQE value is about 12.89 %. Besides from the material (N749-BD) properties, 
EQE is strongly affected by light absorption, exciton diffusion, exciton dissociation and charge carrier transport. 
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Figure 6. EQE spectrum of ITO/PEDOT:PSS/N749-BD/Ag solar cell. 

 

Table. 3 Comparison of parameters of ITO/PEDOT:PSS/N749-BD/Ag solar cell with previously reported solar 
cells. 

 

     Compared with earlier reported organic solar cells, the device based on N749-BD showed relatively larger 
Voc and FF, which remarkably influenced the performance ITO/PEDOT:PSS/N749-BD /Ag solar cell. Table 3 
presents comparison of the present work with the previously reported work done on small organic molecular 
semiconductors and dyes.  

Heterojunction structure FF (%) Voc(V) Jsc(mA/cm2) PCE (%) References 

Al/BCP/C60/PtOEP/PEDOT/ITO 42 0.58 5.0 1.2 28 

Ag/ZnPc/PEDOT:PSS/ITO 48 
 

0.55 
 

 
5.01 

 
2.8 29 

N719 39 0.65 3.33 0.86 30 

Z907 38 0.71 3.70 1.01 30 

N3 47 0.53 11 2.78 31 

ITO/PEDOT:PSS/N749-BD/Ag 65 0.88 6.0 3.8±0.5 Present  work 



 
Conclusions 
In this work, an ITO/PEDOT:PSS/N749-BD/Ag heterojunction device is fabricated by using N749-BD as an 
active photo-absorber layer for its potential in photovoltaic applications. The fabricated device is first studied 
under dark conditions to explore its various heterojunction properties such as n, Rs, ϕb and I0 which helps in 
understating the performance/quality device. The I-V characteristics of the device reveal rectifying and 
asymmetrical behavior. Moderate value of n (7.7) and comparatively lower values of ϕb (0.98 eV) and I0 
(1.6x10-7 A) exhibit good quality ITO/PEDOT:PSS/N749-BD/Ag device. From the photovoltaic measurements 
of the device at STC, FF and PCE are calculated as 0.65 and 3.8 ±0.5%, respectively. The higher value of PCE 
is evident from the strong and broad optical absorption measured from UV-vis spectrum. The most probable 
values of optical bandgap Eg for N749-BD photo-absorber layer are 1.8 and 2.69 eV. SEM images show nearly 
uniform grains distribution at the film surface of N749-BD. XRD and FTIR confirm amorphous nature and right 
chemical composition/bonds dynamics of N749-BD. These remarkable properties–strong and broad absorption 
of the UV-vis, higher FF and PCE – make N749-BD one of the promising candidates for SCs applications in 
tandem and DSSC structures.  
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