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Abstract

:

Herein, we examined changes in the interfacial properties of organic light-emitting diodes when n-decyltrimethoxysilane (CH3SAM) was deposited on the surface of an indium tin oxide (ITO) electrode for various deposition times. It was revealed that the interfacial properties varied with deposition time. As the latter increased, so did the measured value of the contact angle, and ITO substrate exhibited a lower wettability. The contact angle measurements for bare ITO at 1, 10, 30, and 90 min were 57.41°, 63.43°, 73.76°, 81.47°, respectively, and the highest value obtained was 93.34°. In addition, the average roughness and work function of the ITO were measured using atomic force microscopy and X-ray photoelectron spectroscopy. As the deposition time of CH3SAM on the ITO substrates increased, it was evident that the former was well aligned with the latter, improving surface modification. The work function of CH3SAM, modified on the ITO substrates, improved by approximately 0.11 eV from 5.05–5.16 eV. The introduction of CH3SAM to the ITO revealed the ease of adjustment of the characteristics of ITO substrates.






Keywords:


self-assembled monolayer; organic light-emitting diodes; hole injection layer












1. Introduction


Organic light-emitting diodes (OLEDs) are light-emitting devices comprising multiple stacked layers of organic materials. In OLEDs, when electrons and holes generated by electric fields are applied to organic materials inserted between the anode and the cathode, light is emitted through electrostatic miraculous attraction [1]. OLEDs have many advantages, including low power consumption, self-luminescence, wide viewing angle and full color, high reproducibility, ultra-thin, lightweight, fast response and the ability to drive with simple manufacturing processes. Due to these advantages, OLEDs have recently attracted attention as a promising high-tech development in the industrial sector [2,3].



Transparent conductive oxides (TCOs) with high transparency and low sheet resistance in visible light range (380–760 nm) have been widely used as transparent electrodes in optoelectronic devices [4,5]. Among them, indium tin oxide (ITO) is the most commonly used anode material in OLEDs due to its excellent hardness, chemical stability, high transparency and low resistivity [6].



However, ITO has a lower work function than that of other organic materials commonly used in OLEDs [7]. The large work function difference between ITO and organic materials, namely, the huge injection barrier, results in high driving voltage and low efficiency of OLED devices.



Many researchers have studied various methods to improve the injection barrier between the anode and the hole transport material (HTM). ITO modification can improve hole injection efficiency by reducing the injection barrier between the anode and the HTM. hole injection Compound used in ITO and HTM are Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [8], Dipyrazino[2,3-f:2′,3′-h]quinoxaline-2,3,6,7,10, 11-hexacarbonitrile (HAT-CN) [9], Di-[4-(N,N-di-p-tolyl-amino)-phenyl] cyclohexane (TAPC) [10], and oxygen plasma treatment [11]. These approaches have brought improvements to hole injection, turn-on voltage, luminance, and stability [12]. Among the various formats for these layers, the most widely used surface-treatable format is a self-assembled monolayer (SAM), which is a well-ordered organic molecular membrane that can spontaneously organize on the surface of a substrate [13,14]. The structure of SAMs is largely divided into three parts: head group, alkyl chain, and functional group. The headgroup is chemically adsorbed on the surface of the substrate to form a closed-packed monolayer. Alkyl chains form well-aligned monolayers by van der Waals forces between different molecules, and the functional group can be varied as needed, which enables SAM to be applied to various fields. SAMs have been applied to micro lenses [15], corrosion inhibitors [16], solar cells [17], biological processes [18], and biosensors [19].



The carrier can be balanced by controlling the work function of the ITO through SAM modification and reducing the hole injection barrier with the HTM. The modification of the SAM on the ITO surface can balance the carrier by controlling the ITO work function and reducing the hole injection barrier between ITO and the HTM [20,21], and reduce the surface energy by reducing the amount of hydroxyl (-OH) groups present on the ITO surface [22]. In addition, the structural characteristics of the SAM is well aligned to expose the surface terminal functional group, the surface characteristics can be controlled by molecular units using the functional group. If the functional groups such as -CH3, -CF3 are present at the end of the SAM, the surface has hydrophobic properties and if it has functional groups such as -OH, -COOH, it has hydrophilic properties.



Herein, we used n-decyltrimethoxysilane (CH3SAM) with a methyl (-CH3) group as a terminal functional group to reduce the -OH groups present on the ITO surface, as well as to eliminate the large injection barrier between the anode and the HTM. We will review the surface properties according to the deposition time of CH3SAM on the ITO substrate.




2. Experimental Method


2.1. Materials


The ITO used for the positive electrode was a product of AMG Co., Ltd. (Prides Crossing, MA, USA), and it was deposited to a thickness of 150 ± 10 nm. The layer exhibited a sheet resistance of ≤10 Ω/sq and a transmittance of ≥85%, λ = 550 nm. CH3SAM was purchased from Gelest (Bucks County, PA, USA) for the SAM.




2.2. ITO Cleaning and Preparation


The surface of the ITO substrate was ultrasonically cleaned for 5 min with deionized (DI) water, acetone, DI water, and isopropanol alcohol (IPA), in that order. After exposure to N2 gas to remove moisture, the ITO was kept on a hot plate for 5 min at 150 °C to allow sufficient drying.




2.3. SAM Modification of the ITO Surface


SAMs are regularly well-aligned organic molecular membranes that spontaneously coat the surface of a given substrate [21]. The molecular structure consists of a head group that chemically adsorbs to the substrate, a central alkyl chain that allows for regular molecular film formation, and a functional group that influences the activity of the molecular film. In this experiment, we used CH3SAM, which has a -CH3 head group, while the alkyl chain in the central portion consists of hydrogen and carbon. The bonding component consists of triethoxysilane. The molecular structure of CH3SAM is shown in Figure 1.



Deposition of CH3SAM on the surface of the ITO substrate was achieved as follows: After putting the washed ITO and 7 mL PFA jar into a 500 mL PFA jar, CH3SAM was dropped into the 7 mL PFA jar. Thin film deposition was carried out by vapor phase methods at 120 °C in an electric oven.



The deposited ITO substrate was washed with IPA for 5 min to remove any physically adsorbed SAM. To examine the extent of SAM surface coverage on the ITO substrates with deposition time, we set the deposition times as 1 min, 10 min, 30 min, and 90 min, and included bare ITO for comparison. To evaluate the differences in the surface characteristics of the SAM over time, we measured the contact angle, average roughness, and work function. The contact angle was measured by a contact angle analyzer from Surface tech (GSX), while the average roughness was determined, in a non-contact mode, by a scanning probe microscope from Park Systems (NX20). NCHR of Park Systems Co., Ltd. (Suwon, Korea) was used as tip, and the work function was measured a by Hitachi High Tech (AC-2) photoelectron spectrometer (Hitachi Inc., Tokyo, Japan).





3. Results and Discussion


Once the SAM is present on the surface, the self-organization progresses in three phases. A low-density phase in which SAMs are randomly dispersed in the surface, an intermediate-density phase consisting of SAMs or disordered SAMs which are flat on the surface, and a high-density phase with close-packed order and SAMs standing normal to the surface [23]. Water plays a large role in the formation of SAMs. A thin water layer is typically present on the surface of hydrophilic silicon dioxide, and alkylsilane molecules physically adsorb to this water layer [24,25,26]. At this stage, the alkyl molecule is in a high flow state, similar to the equilibrium state. Before each molecule undergoes the condensation reaction, the SAM can be well positioned because of the strong van der Waals attraction generated between the alkyl chains of the CH3SAM molecule [27]. This van der Waals force is considerable because of the large surface area of the alkyl chain in the body part, as well as the contact part between the molecules. The physically adsorbed SAM is hydrolyzed when deposited at high temperatures, and hydrolysis converts the alkoxy groups to -OH groups [28]. The bonding part of CH3SAM proceeds with the dehydration/condensation reaction, with the adjacent -OH on the ITO substrate. Consequently, the bonding part of the SAM achieved complete chemical bonding with ITO substrate. The CH3SAM formation process is shown in Figure 2.



To confirm the changes of self-organization according to the different modification times of SAM on the surface of ITO, the devices were fabricated using gas phase method in which with CH3SAM was deposited on ITO at deposition times. These were labeled as Bare ITO, 1-min ITO, 10-min ITO, 30-min ITO, and 90-min ITO. Bare ITO and ITO/SAM surface wetness measured the contact angle to ensure that the SAM was effectively deposited on the ITO surface.



Figure 3 shows the contact angle for various CH3SAM deposition times at 120 °C on ITO. Contact angle measurement results were as follows: bare ITO, 57.41°; 1-min ITO, 63.43°; 10-min ITO, 73.76°; 30-min ITO, 81.47°; and 90-min ITO, 93.34°. The error ranges were: bare ITO, ±2.69°; 1-min ITO, ±3.07°; 10-min ITO, ±0.95°; 30-min ITO, ±0.51°; and 90-min ITO, ±0.23°. This result shows the low wettability characteristics of CH3SAM.



ITO is hydrophilic. However, the organic hole injection layer is hydrophobic, and this difference causes a heterojunction, which has a negative effect on the growth and stability of organic thin films [29]. Therefore, inserting the CH3SAM between the ITO and the HTM increases the hydrophobicity of the ITO surface, and eliminates the imbalance between the inorganic/organic interface at the ITO/HTL interface [30]. As shown in Figure 1, the terminal functional group in CH3SAM is a -CH3 group. Accordingly, the surface of the ITO is nonpolar and hydrophobic [21]. Note that the contact angle increased with increasing CH3SAM deposition time. This ratio can be confirmed using Cassie’s Law, as follows:


  cos θ =  (  1 −  C 1   )  cos  θ 1  +  C 1  cos  θ 2   



(1)







In the above-stated equation, C_1 has a value between 0 and 1; θ is the contact angle of the modified CH3SAM on the ITO substrate; and θ1 is the contact angle of the bare ITO, while θ2 is the contact angle when CH3SAM is deposited for 90 min. According to Cassie’s Law, if CH3SAM is assumed to be 100% deposited on the surface of the 90 min deposition sample, it can be expressed as a percentage, i.e., as 0% for bare ITO, 21% for 1 min, 44.7% for 10 min, 66.2% for 30 min, and 100% for 90 min. Notably, as evident in the graph in Figure 4, the deposition time increases with an increase in the deposition time.



This simply indicates that CH3SAM was successfully adsorbed on the surface of the ITO as the deposition time increased, thereby causing the contact angle to increase. Figure 5 shows the atomic force microscopy (AFM) images of the bare ITO and 90-min ITO surfaces measured at 120 °C, and the root mean square of the average roughness values are as follows: bare ITO: 2.826 nm; 1-min ITO: 1.888 nm, 10-min ITO: 1.576 nm, and 90-min ITO: 1.339 nm.



These results confirm that the surface treatment method using SAM reduces the roughness of the ITO surface. In particular, it was confirmed that the surface roughness became lower as the SAM deposition time increased. Table 1 shows the roughness values according to the SAM deposition time. The deposition of CH3SAM over time on the ITO substrate revealed that the average roughness improved. These results consider that the ITO thin film is surface-treated with CH3SAM, which initially forms a disordered alignment of CH3SAM, which aligns well over time. The average roughness values of ITO bare and modified with a SAM are measured to be 1.418 nm, 1.139 nm, 1.240 nm, and 1.042 nm, respectively. To increase the hole injection efficiency of the OLED device, it is necessary to reduce the large energy level gap between ITO and the HTM.



The variation of ITO according to the deposition time of CH3SAM can improve the efficiency of porous injection between the anode and the HTM. Figure 6 shows the work function of bare ITO and CH3SAM deposited on the substrate for 90 min as measured through photoemission yield spectroscopy in air. The work function increased from 5.05–5.16 eV as CH3SAM was deposited on the ITO substrate. The results showed that the low work function of ITO substrates was easily controlled by the surface treatment of ITO substrates modified by CH3SAM. In other words, it is reported that large filling barriers between the ITO substrate and the HTM can be easily improved to facilitate carrier injection; thus helping to reduce drive voltage and enhance luminous efficiency.




4. Conclusions


Herein, we confirmed that the surface properties of the ITO can be changed by adjusting the CH3SAM deposition time. Furthermore, contact angle measurement showed that the ITO contact angle increased by 62.58% to 93.34° after the 90-min CH3SAM deposition, which was the highest value, with a contact angle of 57.41°. We also established that CH3SAM induced hydrophobic properties when deposited on the ITO surface. As the CH3SAM deposition time was gradually increased, the average roughness decreased by 51.6% to 1.399 nm for a deposition time of 90 min, compared to that of bare ITO, with an average roughness of 2.890 nm. In addition, the work function of the ITO surface was improved by approximately 0.11 eV by CH3SAM. These results showed that with increasing deposition time, disordered CH3SAM molecules were well aligned due to the van der Waals forces acting between the alkyl chain molecules. This demonstrates that CH3SAM is effectively deposited on the ITO surface as the deposition time increases, and the interfacial properties are improved.
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Figure 1. Molecular structure of n-decyltrimethoxysilane. 
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Figure 2. n-decyltrimethoxysilane formation of process. SAM is formed through physisorption, hydrolysis, covalent grafting to the substrate, and in plane reticulation. 
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Figure 3. Contact angle measurement of SAMs on ITO. (a) bare ITO (b) 1-min ITO (c) 10-min ITO, and (d) 30-min ITO (e) 90-min ITO. 
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Figure 4. Coverage ratio calculated using Cassie’s Law. 
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Figure 5. AFM 3D image (a) bare ITO, and (b) SAM 90-min ITO. The AFM images and roughness (c) bare ITO (d) 1-min ITO (e) 10-min ITO, and (f) 90-min ITO. 
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Figure 6. Square root of the photoemission yield. 
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Table 1. Results of the roughness values when surface treatment was performed, according to the SAM deposition time. (Mean–Mean line; Rpv–R peak to peak value, Rq–R root mean square, and Ra–R average Rz–ten point height).
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	Time
	Min
	Max
	Mid
	Mean
	Rpv
	Rq
	Ra
	Rz





	Bare ITO
	−8.051
	39.035
	15.492
	0.000
	47.086
	2.826
	1.418
	46.349



	1 min
	−6.831
	35.613
	14.391
	0.000
	42.444
	1.888
	1.139
	41.707



	10 min
	−8.380
	9.797
	0.709
	0.000
	18.177
	1.576
	1.240
	17.001



	90 min
	−9.198
	7.193
	−1.002
	0.000
	16.391
	1.339
	1.042
	14.560
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