
Chpater-6

This chapter focuses on the fabrication of DPP-TTT/C3N5 polymer 

nanocomposite thin films at the air-liquid interface using the UFTM. 

It further explores charge transport studies through Time-Resolved 

Second Harmonic Generation (TRM-SHG), providing insights into 

how C3N5 nanosheets influence and enhance charge transport in the 

nanocomposite films.

Direct Visualization of Carrier Motion in 

DPP-TTT/C3N5 Blended Organic Thin 

Film Transistor by Optical Second-

Harmonic Generation.



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

6.1.  

Materials falling under the classification of organic-inorganic and organic hybrids, which 

include diverse nanofiller types, are currently witnessing a significant boost in 

performance, particularly in the realm of OFETs and optoelectronic devices [52, 172-174]. 

The enhanced performance is a result of their unique optical and electrical properties [175]. 

Additionally, these materials offer the advantage of easy processing in solution, further 

contributing to their growing prominence in these applications [54]. Recent advancements 

in charge carrier movement between organic and inorganic materials have significantly 

enhanced device performance[52, 106, 176]. Inorganic materials, with their ultra-flat 

surfaces and high carrier mobility, serve as excellent substrates for organic materials, 

ensuring sharp interfaces and superior charge transportation[53, 175]. This synergy has led 

to the development of high-performance electronic and optoelectronic devices. Organic 

materials, known for their tunable optical absorption, have improved 2D TMDC 

photodetectors like MoS2 and WSe2 by extending their spectral detectivity range and 

enhancing responsivity and charge dissociation[177]. Additionally, organic materials help 

tune the electronic properties of inorganic materials, acting as n-type and p-type dopants 

and facilitating defect healing in sulphury-containing transition metal dichalcogenides 

(TMDCs). This results in better carrier mobility for FETs and makes organic-inorganic 

heterostructures ideal for efficient solar cells due to ultra-fast charge carrier dissociation 

and slow recombination[52]. These advancements demonstrate the potential of hybrid 

materials in creating superior electronic and optoelectronic devices. Despite the rapid 

advancements in applications involving organic inorganic and organic hybrids with 

nanofiller types, certain ambiguous behavior still poses challenges that require 

comprehensive understanding[40, 52, 54]. These include notable current voltage 

hysteresis[178], the prevalence of ion migration[179], trapping and detrapping 



 
 

effects[180]. Traditional methodologies have offered considerable insights into the 

electrical properties of OTFTs, predominantly through indirect measurements that infer 

carrier dynamics from macroscopic device behaviors [181-183]. However, the intrinsic 

complexity and heterogeneity of organic semiconductors, compounded by the critical 

influence of microstructural features and interfaces on charge transport, call for more direct 

and refined investigative techniques. 

To address these issues, a focused examination of fundamental carrier behaviours such as 

injection, transport, and the nature of photogenerated species is crucial. Current research 

efforts are intensely focused on uncovering the basic optical and electrical characteristics 

of organic-inorganic hybrid materials. Specifically, there is a concerted effort to directly 

observe carrier injection from the electrode and understand its transport mechanisms. This 

approach is deemed essential for gaining a deeper insight into the intricate carrier behavior 

exhibited by these organic hybrid materials. The study of carrier motion within various 

materials is a crucial area of interest that spans the disciplines of physics, materials science, 

electronics, and electrical engineering[184]. The investigation into this phenomenon 

leverages a variety of electrical techniques, significantly advancing our comprehension of 

the underlying principles that dictate material behavior. This, in turn, influences a broad 

array of scientific and technological fields. At the heart of these investigative techniques is 

the principle of indirectly studying carrier motion and related electrical phenomena[32]. 

Tools such as electrometers are used for this purpose. Among the various methods utilized, 

the Time-of-Flight (TOF) technique stands out for its effectiveness in measuring the drift 

mobility of a wide range of materials, including both inorganic amorphous solids and 

organic compounds[70, 185]. In the TOF method, the observation of Maxwell's 

displacement current in an external circuit act as an indirect probe into the carrier motion 

over long distances within the material. This process involves the creation of a thin carrier 



 
 

sheet via light-pulse irradiation near one electrode, which then drifts towards the opposite 

electrode under the influence of an applied electric field. The journey of this carrier sheet 

through the material alters the induced charge at the counter electrode, with these changes 

being monitored through transient current measurements. This allows for the indirect 

observation of the carrier sheet's motion, from which the drift mobility is calculated by 

dividing the material's thickness by the product of transit time and the applied electric field. 

Additionally, the transient current trace analysis offers insights into carrier traps within the 

material, making TOF measurements particularly valuable for studying devices like OFETs 

[186]. However, the indirect nature of this technique necessitates a sophisticated 

mathematical approach for current pulse analysis, presenting challenges in accurately 

replicating observed pulses, especially in scenarios involving multiple carrier traps or the 

differentiation between carrier-injection and carrier-transport processes. This complexity 

is not unique to the TOF method but is shared by other electrical techniques that indirectly 

assess carrier motion, such as pressure-wave propagation and pulsed electro-acoustic 

methods. These methods face a fundamental challenge due to their dependence on indirect 

measurements, highlighting the necessity for a technique that can directly examine carrier 

motion. To meet this requirement, we employed an optical strategy to directly observe 

carrier motion in organic thin films. This was achieved through the use of time-resolved 

microscopic optical second harmonic generation (TRM-SHG) [187, 188]. This technique 

uses a highly sensitive cooled CCD camera to capture time-resolved SHG images of 

organic thin films. TRM-SHG relies on the non-destructive interrogation of locally induced 

electric fields within materials via a two-photon process[31]. This methodology's 

applications span various devices, including OFETs and organic electroluminescence (EL) 

devices. It provides crucial information for simulating carrier movement in both organic 

insulators and semiconductors. 



 
 

 

In this work, I successfully synthesized C3N5 and used a mechanical exfoliation technique 

to generate C3N5 nanosheets from the bulk materials. These nanosheets were then utilized 

as a filler in the fabrication of an OFETs using the DPP-TTT polymer. The fabrication 

process involved the application of the Unidirectional Floating Film Transfer Method 

(UFTM), known for its efficiency in producing extensive, uniform, and well-aligned thin 

films of conducting polymers (CPs). The UFTM process begins with the fabrication of 

oriented and durable thin films on a liquid substrate positioned orthogonally. Subsequently, 

these films are seamlessly transferred onto the desired substrate. Notably, a study by 

Syafutra et al [145]. highlighted that UFTM films exhibit a consistent orientation 

throughout their entire thickness, making them highly suitable for diverse device 

geometries. In our work, we harnessed the advantages of UFTM films by using them as the 

active layer in the fabrication of the OFETs. The charge carrier dynamics of these OFETs 

were thoroughly investigated using TRM-SHG, providing valuable insights into the 

performance and behavior of the devices. This study enhances our knowledge of the 

dynamics of charge carriers and the influence of C3N5 nanosheets on the charge transport 

behavior in devices based on DPP-TTT conjugated polymers. This advanced methodology 

allows us to precisely elucidate the charge transport behavior within the polymer and 

accurately determine the inherent charge transport capabilities of the charge carriers, 

underscoring the intrinsic properties of these materials. 

6.2.  

6.2.1.  

Poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[3,2-

b]thiophene)], commonly known as DPP-TTT, was purchased from Ossilla Co. With a 

chemical composition of (C60H88N2O2S4)n, it possesses an average molecular weight of 



 
 

183 KDa, and its chemical structure is shown in Figure 2.1(a). The CAS number assigned 

to this polymer is 1260685-66-2. DPP-TTT is notably recognized for its ease of processing 

and resilience to environmental conditions, making it a valuable material for various 

applications. Ethylene glycol, glycerol, and chloroform were sourced from Sigma Aldrich, 

while a SiO2 wafer with a thickness of 300nm was obtained from Global Nanotech Ltd. 

6.2.2.  
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6.3.

6.3.1

6.3.1.1

Figure 6. 1 (a) XRD pattern of the bulk C3N5, (b) FTIR spectra of C3N5.



6.3.1.2.

6.3.1.3.

Figure 6. 2 (a) UV-visible absorption spectra of C3N5 (b) transformed Kubelka-Munk 
function versus photon energy for C3N5



6.3.1.4.

Figure 6. 3  High-resolution deconvoluted elements (a) C1s, (b) N1s, (c) XPS survey of 
C3N5



6.3.1.5.

Figure 6. 4  Represents the Sem image of (a) bulk C3N5 (b) exfoliated C3N5 (c) elemental 
survey of C3N5 (d) represents the elemental mapping of carbon and nitrogen.



 
 

 

6.3.2.  

Figure 6.5, illustrates the FTIR spectrum of both the DPP-TTT and DPP-TTT/C3N5 hybrid 

solution, revealing a series of notable peaks and their corresponding vibrational modes. The 

distinctive peak at 3429 cm-1 

of the presence of hydroxyl (-OH) functional groups that could be because of adsorbed 

moisture[192]. Notably, the emergence of the 801 cm-1 peak is attributed to the out-of-

within the polymer structure. The peak at 1107 cm-1 corresponds to the stretching vibrations 

of CN bonds, indicating the presence of cyno (-CN) groups in the material. Peaks at 1225 

cm-1 -1 

the presence of chloroform molecules, offering information about the interaction between 

the material and the surrounding environment. The FTIR spectrum also reveals a peak at 

2855 cm-1

peak at 2925 cm-1 attributed to the asymmetrical stretching of C-H bonds within the 

thiophene ring. These vibrations provide valuable insights into the molecular structure and 

bonding configuration of the polymer. In the DPP-TTT/C3N5 hybrid, additional peaks 

appear between 3380-3093 cm-1, associated with the stretching vibration of surface-free 

amino groups. There is a shift in the (C-H) stretching visible, pristine DPP-TTT shows at 

1225 cm-1 while DPP-TTT/C3N5 shows at 1241cm-1. The emergence of an extra peak at 

890 cm-1 in the hybrid material is indicative of the characteristic stretching vibration of the 

s-triazine ring unit, signifying the incorporation of C3N5. Additionally, a shift in the out-of-



 
 

-1 in the pristine 

DPP-TTT to 807 cm-1 in the hybrid material. These changes in the DPP-TTT/C3N5 blend 

offer evidence of the interaction between C3N5 and the surrounding environment, 

contributing to a comprehensive understanding of the composite's surface chemistry. 

 

Figure 6. 5  FTIR spectra of DPP-TTT/C3N5 blend solution. 

 

6.3.3.  

6.3.3.1.  

To investigate the impact of C3N5 on the crystallographic properties of DPP-TTT thin films, 

out-of-plane grazing incidence X-ray diffraction (GI-XD) patterns were obtained for the 

untreated thin films of pristine DPP-TTT and for the optimal DPP-TTT/C3N5(3%) mixture. 

As presented in Figure 6.6(a), a set of well-defined (h00) diffraction peaks are visible in 

both films, which indicates the presence of highly organized lamellar structures. Based on 

our prior observations and additional reports, semiconducting polymer thin films typically 

- UFTM [91]. In the 

'edge-on' arrangement, the polymer's alkyl side chains are observed to stack at a right angle 



 
 

to the substrate surface, leading to the formation of multiple diffraction patterns along the 

qz-axis. These observations provide confirmation of the substantial crystalline nature of the 

thin films, signifying a well-ordered and close packing of polymer chains. Nonetheless, 

some significant changes can be noticed in the (100) peak for these two thin films as shown 

in Figure 6.6(b). First, the intensified peak in the case of DPP-TTT/C3N5(3%) thin film 

corroborates the enhanced crystallinity and relatively more ordered structure compared to 

the pristine polymer films. Secondly, a higher angle shift ( ) in the peak position 

indicates a reduction in interplanar spacing ( ). Thus, incorporation of exfoliated C3N5 

as a filler within the DPP-TTT matrix notably resulted in enhanced structural coherence 

within the hybrid thin film, and hence C3N5 serve as templates for a superior self-assembly 

of DPP-TTT over the air-liquid interface. To quantitatively examine the impact of 2D 

nanosheets on the crystalline characteristics of thin films, we calculated the correlation 

length 'Lc' of reflection peaks to estimate the average crystallite size using the Scherrer 

equation. While Scherrer's equation is typically used to determine crystallite dimensions, 

the disordered nature of CP crystallites complicates precise measurements. Consequently, 

we refer to this measure as the coherence length Lc, which serves solely for comparing 

crystallite sizes between the samples. The coherence length of the hybrid film was 

approximately twice that of the pristine polymer films Achieving a higher coherence length 

in DPP-TTT/C3N5 thin films indicates greater crystallinity, which directly enhances charge 

transport efficiency. This increase in coherence length typically points to larger crystalline 

domains and fewer grain boundaries, enabling more efficient charge movement across the 

material[40]. Charges are better able to travel through these ordered regions because they 

encounter fewer defects and scattering points. Additionally, the larger coherence lengths 

contribute to improved stability and operational consistency in organic devices. With larger 

crystalline domains and enhanced molecular alignment, these materials exhibit fewer 



structural irregularities. This reduction in defects leads to more consistent electrical 

properties and ultimately, boosts device reliability.

Figure 6. 6 (a) GIXRD pattern of DPP-TTT and DPP-TTT/C3N5 (3%). (b) represents the 
shifting in the (100) peak of the DPP-TTT/C3N5 (3%) with respect to pristine DPP-TTT

6.3.3.2.

Next, optical analysis was conducted to elucidate the influence of C3N5 on chain ordering, 

polymer chain aggregation, and the polymer's bandwidth in the hybrid material. To 

determine the molecular orientation of the film, measurements were taken in two 

orientations: parallel and perpendicular to the polarizer, as illustrated in Figure 6.7(a). The 

molecular orientation was ascertained by calculating the dichroic ratio (DR)of thin film as 

shown in Figure 6.7(b), defined as DR = (A )/(A ) a. Here, (A ) represents the absorption 

with the polarizer aligned parallel ( ) to the polymer orientation, and (A ) indicates the 

absorption with the polarizer aligned perpendicular ( ) to the polymer orientation.  At a 

wavelength of 830 nm, the DR ratio was found to be 3.5. These DR ratios provide additional 

confirmation of the molecular orientation within the thin film, following the initial 

validation via UV-Visible spectroscopy. In the recorded spectra, two distinct peaks were 

observed at 830 nm and 753 nm, corresponding to A0-0 and A0-1, respectively [193], as 

illustrated in Figure 6.7(c). With an increase in the fraction of C3N5 in the polymer, a slight 



 
 

reduction in the shoulder peak at 753 nm was observed compared to the normalized 830 

-stacking in the hybrid material. As per the Spano 

model[194], this types of molecular stacking often termed as the J-type aggregation, which 

is prominent in DPP- - -acceptor interaction causes densely 

packed rigid rod like structures. The modified Franck-Condon analysis was applied to 

extract meaningful insights into the packing order of aggregates in polymers. This was 

accomplished by analyzing the vibronic progression ratios between the A0-0 and A0-1 peaks 

in relation to the exciton bandwidth. Typically, a decrease in the A0-0 /A0-1 peak ratio, 

leading to a broader exciton bandwidth (W), signifies an increase in interchain Coulombic 

interactions and a reduction in intrachain excitonic interactions as previously reported by 

Venkatesh, Rahul, et al[194, 195]. The correlation between the vibronic progressions of the 

A0-0 and A0-1 peaks and the exciton bandwidth, as inferred from the modified Franck-

Condon analysis, is depicted in Figure 6.7(d), offers insights into how the photophysical 

aggregates are organized based on variation of C3N5 concentration. The decrease in the A0-

0 /A0-1 ratio and redshift associated with the increasing C3N5 fraction in the polymer provide 

evidence for the presence of J-aggregates. Interestingly it has been found that, up to 3% 

loading of C3N5 causes the highest ordering and smallest excitonic binding energy in the 

hybrid thin film, while the ordering decreases with further loading. It is needless to say that 

a J-type aggregation and their uniaxial orientation in hybrid material thin film leads to an 

enhanced charge transport in planar devices [93]. 



Figure 6. 7  (a) represents the thin film with polarizer red double-sided arrow shows the 
direction of polarizer and blue arow presents the direction of flow. (b) Polarized spectra 
of thin film, (c) Normalized UV-VIS absorption spectrum of DPP-TTT and DPP-TTT/ C3N5

hybrid film. (d) A0-0/A0-1 ratio (black half-filled hexagonal) and exciton bandwidth (red 
diamond) as a function of C3N5 (wt.%) concentration in DPP-TTT.

6.3.3.3



Figure 6. 8  (a) & (b) AFM height profile and its 3D image of the DPP-TTT thin film, 
respectively, (c) & (d) AFM height profile and corresponding 3D image of the DPP-
TTT/C3N5(3%) hybrid thin film, respectively.

6.3.3.4.

To evaluate the impact of C3N5 on the electronic structure of the polymer thin film, we 

conducted a CV experiment, and the results have been displayed in Figure 6.9. The results 

revealed distinctive features differentiating the pristine DPP-TTT from the hybrid thin 

films. Pristine DPP-TTT thin film exhibited a broad redox peak at approximately 0.97 V 

with onset potential ( ) at approximately ~0.83 V. Whereas the DPP-TTT/C3N5(3%) 

hybrid thin film displayed an oxidation peak at around 0.95 V with a slightly lower onset, 

, compared to the pristine one. The HOMO level of the samples was 

determined using the formula [54]. Pristine polymer thin film 

displayed a HOMO level of approximately 5.23 eV, whereas the DPP-TTT/C3N5(3%) 

hybrid thin film exhibited a slightly lower HOMO level of about 5.19 eV. This decrease in 



 
 

the HOMO level is likely attributable to the decrease in the ionization potential of hybrid 

thin films, resulting from an elevated degree of molecular ordering in contrast to pristine 

DPP-TTT films [196]. 

 

Figure 6. 9 CV curve of DPP-TTT and DPP-TTT/C3N5(3%) hybrid thin film. 

 

6.3.4.  

I used the UFTM to fabricate OFETs to investigate the influence of C3N5 nanoflakes on the 

electrical characteristics of a thin film featuring aligned molecules. This setup ensured the 

polymer domain's orientation direction was parallel to the channel that forms between the 

source and drain electrodes, and schematics of OFETs are given in Figure 6.11(a). 

Electrical characterization of the OFETs was conducted at room temperature under 50% 

relative humidity conditions in a light-attenuated environment, employing a Keithley 

(2612) source meter. Figure 6.10(a) illustrates the output characteristics of the DPP-TTT 

polymer, while Figure 6.10(b) depicts the output characteristics of the OFETs based on the 

DPP-TTT/C3N5 (3%) nanohybrid thin film. The observed output characteristics confirm the 

P-channel behavior of the transistor. 



Figure 6. 10 (a) Output characteristics of DPP-TTT (b) Output characteristics DPP-
TTT/C3N5 (3%)

Figure 6.11(b) presents the transfer characteristics of both the DPP-TTT polymer and the 

polymer nanohybrid thin OFETs with C3N5 nanoflakes incorporated into the polymer. 

Additionally, Figure 6.11(c) shows the ID
1/2-VG relationship of DPP-TTT/C3N5 OFETs. To 

determine the saturated field-effect mobility ( ) and threshold voltage of the device, we 

employed a linear equation fitting approach to the ID
1/2-VG curve, as specified by the 

equation 6.1[66].

                                                                     (6.1)

In the given equation, stands for the saturated drain current, is the areal capacitance 

of the dielectric, measured at 10 nf/cm2. is the threshold voltage. (L) and (W) represent 

the channel length (30 µm) and width (2.8 mm), respectively. Additionally, denotes 

the saturation field-effect mobility, and and are the potential differences between 

the drain and source, and the gate and source, respectively.The pristine DPP-TTT-based 

Field-Effect Transistor (FET) demonstrated an average saturation mobility ( ) of 

approximately 0.11 cm²/V.s. However, upon introducing C3N5 nanosheets into the DPP-

TTT polymer matrix, a notable modulation in the mobility of the resulting DPP-TTT/ C3N5

composite devices was observed as shown in Figure 6.11(d). For DPP-TTT/ C3N5 (3%) 



composite devices a substantial enhancement of mobility to 0.49 cm²/V.s.  

Figure 6. 11 (a) Represents the device schematic (b) Transfer characteristics of DPP-
TTT/C3N5 (c) square root ID-VG of DPP-TTT/C3N5. (d) represents the mobility v/s C3N5 

fraction.

This enhancement can be attributed to several interrelated mechanisms. Firstly, the 

integration of C3N5 sheets facilitates improved charge transport by creating efficient 

pathways, leveraging the high aspect ratio and conductive properties of C3N5 to reduce the 

energy barriers associated with charge carrier hopping between polymer chains. 

Concurrently, the morphological optimization achieved by the inclusion of C3N5 promotes 

- ns 

critical for charge transport [52]. Moreover, the interface between C3N5 sheets and the DPP-

TTT matrix plays a pivotal role in modifying the local electronic structure, thereby 

potentially lowering energy barriers for charge injection and enhancing overall mobility. 

Additionally, this composite material exhibits a decreased density of trap states, further 

facilitating seamless charge carrier flow by minimizing capture and immobilization. To 



 
 

gain a comprehensive understanding of the observed mobility enhancement, a thorough 

evaluation of structural qualities, alignment, and orientation influencing mobility is 

necessary. The relatively small on/off ratio in the DPP-TTT/ C3N5 scenario can be 

rationalized by considering measurement conditions and the concentration of 2D 

nanosheets. The presence of acceptor moieties in the DPP-TTT polymer restricts the on-

off ratio to 105, and 2D nanosheets further exacerbate the decline in the on-off ratio[197].  

6.3.5  

Electric field-induced second harmonic generation (EFISHG) measurements offer a direct 

method to visualize the motion of injected carriers. When a step voltage pulse with a 

duration of 100 nanoseconds is applied, carriers are injected from the source electrode into 

the organic semiconductor layer. Subsequently, these carriers undergo transportation 

between the two electrodes. The existence of these carriers induces the generation of an 

electric field within the organic semiconductor. As a result, SHG light is emitted, a 

phenomenon that can be attributed to the third-order nonlinear optical susceptibility of the 

organic compounds. [70]. To measure SHG, a positive voltage pulse of 120 V was applied 

to the source electrode. Meanwhile, both the gate and drain electrodes were short-circuited 

and connected to the ground, as depicted in Figure 6.12, a significant observation was 

made at the onset of the experiment.  



Figure 6. 12 Optical configuration for Second Harmonic Generation (SHG) analysis, and 
the sample architecture for Field-Effect Transistor (FET) evaluations. 

At an exact delay time of 0 nanoseconds, the laser pulse was synchronized with the initial 

rise of the voltage pulse, as observed in Figure 6.13. At this juncture, Second Harmonic 

Generation (SHG) signals emerged near the source electrode's boundary, signifying the 

commencement of carrier injection. Sequential imaging strikingly showed that the emission 

band of the SHG signal progressively shifted across the channel, moving from the source 

towards the drain electrode as the delay time increased. The observed progression of the 

emission band from the source electrode, rather than the drain, offers conclusive proof of 

hole injection from the gold source electrode. This is indicative of a low barrier to injection. 

This phenomenon indicates that the DPP-TTT/C3N5-based OFETs exhibits p-type 

conductivity and enters an 'on' state upon the application of a positive voltage. This 

capability stands out as a significant advantage, offering a direct observation method that 

the TRM-SHG technique facilitates, allowing for the precise determination of carrier types 

in the OFETs device.

The luminous cloud's position and brightness reveal the location and density of holes at any 

given moment. Figure 6.13 (a) & 6.13 (b) display the precise positions of carriers (holes) 



 
 

at a specific time following the application of a -120 V pulse for DPP-TTT and DPP-C3N5 

(3%), respectively. A prominent bright horizontal line near the bottom marks the location 

of the source electrode. As time progresses, this luminous cloud ascends towards the drain 

electrode. The darker patches or regions observed in these images can be attributed to the 

morphology of the deposited films. The absence of light in these areas is due to the fact that 

the emitted light was not at an oblique angle, and therefore, was not captured by the 

detector. The Figures clearly demonstrate that the injection of carriers occurs smoothly 

across all the films. A detailed examination of these images reveals that the carriers move 

quickly at first. Yet, as they move further away from the electrodes, their pace noticeably 

slows down. This phenomenon can be ascribed to a reduction in Coulombic repulsion, 

stemming from changes in carrier concentration over time. In the case of Pristine DPP-TTT 

as shown in Figure 6.13 (a), both the carrier movement and carrier density appear to be 

slower when compared to the DPP-TTT/C3N5 blend as shown in Figure 6.13 (b). Within 

100 nanoseconds, carriers are seen reaching the drain electrode in the DPP-TTT sample. In 

both cases, the cloud becomes more evenly dispersed near the end as the carrier movement 

gets progressively less acute. This means that the carriers are distributed uniformly. The 

DPP-TTT/C3N5 blend shows a significant improvement in mobility compared to pure DPP-

TTT. The mobility value rises from 0.06 to 0.31 cm²/V.s (measured 100 nanoseconds after 

the carriers are injected). The mobility was calculated by using equation 6.2  [86] 

                                               (6.2) 

Where x is the peak position, V is applied voltage, µ is mobility and t are time interval.  

This method allows us to accurately track the carrier locations in both space and time 

dimensions, and measure how fast they move under an electric field. To compare the values 

in a fair way, we choose a reasonable time interval of 100 nanoseconds. The mobility value 

drops sharply because the carriers need to hop between different crystal regions to cover 



the whole length. Charge entrapment also results from structural instability, flaws, and 

inadequate interconnectivity, which reduces the mobility of conducting polymers during 

motion. I calculated average mobility values by analyzing the OFETs transfer 

characteristics in order to explore the charge transport dynamics in more detail. 

Figure 6. 13 SHG image of (a) DPP-TTT OFETs with different time interval (b) SHG 
image of DPP-TTT/C3N5 OFETs with different time interval.

In the investigation of the charge transport behavior in polymer-based composites, the 

integration of two-dimensional (2D) materials emerges as a pivotal strategy to enhance 

electrical properties and device performance. The comparative analyses of the DPP-TTT 

polymer and its composite with C3N5 2D sheets, as depicted in Figure 6.13, offer profound 

insights into the mechanistic enhancements provided by 2D materials in polymer matrices. 

The time-resolved images further corroborate these findings, where the visual data from 

the DPP-TTT/C3N5 composite under various time frames show a more homogeneous 

intensity across the device. This uniformity in SHG signal is indicative of a smoother, more 



uniform charge flow, underscoring the effectiveness of the 2D sheets in modulating the 

electronic properties of the polymer. 

Figure 6. 14 (a) Represents the pixel position of DPP-TTT OFET under different time 
interval, (b) Represents the pixel position of DPP-TTT/ C3N5 (3 %) OFET under different 
time interval, (c) Presents the position of the charge carrier of DPP-TTT and DPP-
TTT/C3N5 calculated from the SHG image 

Further these carrier distributions were plotted with pixel number as shown in Figure 6.14

(a & b). The image illustrates significant distinctions in charge carrier distribution between 

the pure polymer and the composite material. In the pure polymer DPP-TTT, charge 

distribution exhibits a high degree of localization, as evidenced by the sharp, irregular peaks 

in intensity across the pixel range over time as shown in Figure 6.14(a). This behavior 

indicates the presence of substantial trap states within the polymer matrix, which localize 

charge carriers, impeding their uniform distribution and free movement. These trap states, 

often associated with structural imperfections or molecular disorientation, severely restrict 

the efficiency of charge transport across the polymer matrix. Conversely, the DPP-



 
 

TTT/C3N5 device demonstrates a markedly improved charge distribution. The intensity 

profiles from the composite samples display a more flattened and uniform distribution over 

time, suggesting a dynamic and efficient charge transport pathway. The role of C3N5 sheets 

can be attributed to their ability to fill the inherent trap states in the polymer matrix. The 

molecular structure of the 2D sheets likely provides alternate pathways for charge carriers, 

facilitating their movement by bypassing or neutralizing the trap states. Moreover, the 2D 

sheets enhance the overall structural alignment within the composite as confirmed by XRD 

and UV, promoting a more ordered arrangement of polymer chains which is conducive to 

charge mobility. 

The integration of C3N5 2D sheets within the DPP-TTT polymer matrix is thus shown to 

be a critical factor in mitigating the limitations posed by trap states. By providing a more 

homogeneous charge distribution and filling trap states, the 2D sheets not only enhance the 

intrinsic electrical conductivity but also improve the operational stability and efficiency of 

the polymer-based devices. The enhanced mobility observed in composite films 

incorporating DPP-TTT and C3N5 can be attributed to several potential mechanisms, each 

contributing to the overall improvement in performance. These mechanisms include: (a) 

C3N5, with its unique structure, may directly enhance the composite's conductivity by 

introducing additional charge carriers or facilitating their movement. (b) The presence of 

C3N5 within the organic semiconductor matrix might facilitate charge transfer interactions, 

effectively improving the mobility of charge carriers by creating pathways for easier 

movement. (c) The C3N5 nanosheets could act as a conducting scaffold within the 

composite, particularly enhancing conduction in the polymer's amorphous regions, thereby 

improving overall mobility. (d) The integration of C3N5 may positively affect the interior 

morphology of the films, leading to a more favorable environment for charge carrier 

mobility. DPP-TTT inherently has a backbone prone to instability due to its alternating 



 
 

single and double bonds. The introduction of C3N5 not only provides additional mobile 

-bonding electrons 

along the polymer's conjugated backbone, creating more efficient pathways for carrier 

movement. We also calculated the average carrier velocity[198] of DPP-TTT and DPP-

TTT/ C3N5 (3%) transistors. The average charge carrier velocity for the DPP-TTT transistor 

was calculated 5630 cm/sec, while for DPP-TTT/C3N5 transistor was 11000 cm/sec from 

its pixel positions as shown in Figure 6.14 (a) & 6.14 (b), respectively, this charge carrier 

velocity also reveals the C3N5 works as conducting template to easy access the flow of 

charge carrier. All the values were calculated from the pixel position of SHG image with o 

nanoseconds to 100 nanoseconds. Pixel position with different time interval is given in the 

Figure 6.14 (c), for DPP-TTT and DPP-TTT/C3N5 (3%) transistor. However, the 

inherently narrow electronic energy bands in DPP-TTT pose a significant barrier to carrier 

motion, leading to slow electron movement, lattice distortion, and polarization, which in 

turn forms polarons with extended lifetimes. C3N5 acts as a semiconductor with zero band 

overlap, characterized by its capacity to host both holes and electrons as charge carriers. Its 

two-dimensional sp2 hybridized bonding leaves one electron unbound, available for 

conduction in the third dimension. This arrangement allows for the formation of protruding 

p-electron clouds, enhancing mobility through the graphene-like sheets. When C3N5 sheets 

are combined with DPP-TTT, their compatible surface energies encourage a lamellar 

- [199]. This interaction 

distorts the crystal potential, creating localized levels near the LUMO and HOMO regions, 

-

number of polarons within the lattice, altering the material's electrical properties in favour 

of enhanced mobility[200]. Although the smaller size of C3N5 sheets relative to the polymer 

chains suggests that the direct addition of electrons along the entire pathway might be 



 
 

limited, the observed improvements in mobility suggest that C3N5's role is more significant 

in facilitating charge carrier movement rather than merely donating electrons. Previous 

studies have shown that the incorporation of functionalized fillers can improve mobility, 

but excessive additions often distort the structural integrity. In our research, the strategic 

addition of C3N5 at precise concentrations has successfully enhanced mobility without 

compromising the composite's structure, indicating a nuanced interplay of the 

aforementioned mechanisms in achieving the observed mobility enhancements. 

6.4.  

In conclusion, this chapter is dedicated to the development and analysis of OFETs based 

on a composite material combining DPP-TTT with C3N5, where C3N5 functions as 

conducting nanoflakes within the structure. The introduction of C3N5 into the DPP-TTT 

matrix was found to significantly enhance the carrier mobility compared to that of pure 

DPP-TTT. This improvement in mobility was analyzed through the application of EFI-

SHG measurements. These measurements provided us with a direct method to visualize 

and quantify the enhancements in carrier mobility within the composite. The notable 

increase in carrier mobility is largely attributed to the role of C3N5 in promoting a more 

ordered lamellar packing structure within the composite. This ordered structure is believed 

to facilitate more efficient carrier transport across the OFETs. Our findings shed light on 

the critical impact of composite material design on the performance of organic electronic 

devices, especially OFETs. By offering deeper insights into how the integration of 

conducting nanoflakes like C3N5 can improve device performance through structural 

optimization, our research contributes to the broader field of material science and 

electronics, paving the way for the development of more efficient and high-performing 

organic electronic devices 

 


