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A vacuum evaporator is widely used for generating atomic/molecular beams for thin film deposition, and conventionally must be mounted to a vacuum chamber with an upwards angle from the horizontal. In this article, we report a novel kind of evaporator that can be mounted at an arbitrary angle for organic materials. The crucible of the evaporator here is designed to keep the loaded organic materials from falling. The morphology and electrical characteristics of pentacene thin film organic field effect transistors on trichloro(octadecyl)silane modified SiO2 are characterized and compared for commercial and arbitrary mounting angle evaporators. Pentacene films deposited from both evaporators exhibit similar morphology and domain size characterized by atomic force microscope, as well as similar mobility, threshold voltage, and on/off ratio. The results can be used to develop a new configuration for an organic vacuum deposition system, which allows the positioning of shadow masks directly on substrates and thus avoids deformation, enabling fabrication of organic electronics for high resolution over large areas.
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INTRODUCTION

Small molecule organic semiconductors have attracted much attention owing to their extensive applications in organic electronics and opto-electronics such as organic light emitting diodes (OLEDs), organic field effect transistors (OFETs), and organic photovoltaics (OPVs; Forrest, 2004; Dong et al., 2013). Since the reports of thin film organic electronic and opto-electronic devices in the 1980s, there has been exciting progress in material synthesis, film preparation, and device construction and processing (Tsumura et al., 1986; Tang and VanSlyke, 1987; Kelley et al., 2004; Kan et al., 2018). Typically, organic semiconductor devices are built on one or several thin functional layers fabricated by various techniques e.g., vacuum deposition and solution processable techniques such as spin-coating and ink-jet printing (Yuan et al., 2014; Matsui et al., 2019; Li et al., 2020). Vacuum deposition is one of the mainstream film preparation techniques for small molecular organic semiconductors because it provides high purity, precise layer thickness control, interface engineering, and uniformity over large areas. The vacuum deposition system consists of vacuum chambers with vacuum pumps and gauges, sample holders with heating and/or cooling elements for sample temperature control, evaporators for thin film deposition, and quartz balances for in situ thickness monitoring. The materials to be deposited are loaded into crucibles and require a low vapor pressure under vacuum conditions. Conventionally, the crucibles are bowl or tube shaped, with one closed end and another open end for the outlet of molecule vapor. Normally, the evaporators have to be mounted to the vacuum chamber with the opening facing upwards, to prevent the loaded materials from falling (Quiroga et al., 2011).

For organic electronic devices, such OFETs and OLEDs, patterning of thin functional layers such as active layers and electrodes are required for device arrays and integration (Ling and Bao, 2004; Zhu et al., 2019). Although various patterning techniques have been developed, fine metal mask (FMM) is still a widely used method, owing to its established procedure and high reliability (Kim et al., 2020). For the vacuum deposition system with conventional evaporators, samples are placed over the evaporators with FMM in-between, which presents challenges like deformation of FMM induced by gravity and hinders further applications in high resolution and large area patterning. An evaporator that could be mounted above the sample holder is much needed, as it would enable the FMM to be supported by the sample and avoids its deformation. In addition, for specific applications such as in situ analysis, the evaporator and analytic units have to be installed on the same side for real time measurements (Annese et al., 2018). Owing to the limited space in the bottom of the vacuum chamber, it would be beneficial to have an arbitrary mounting angle evaporator (AMAE), installed according to the position of analytic units.

In this article, we report on an evaporator for organic compounds, with a crucible designed to keep the loaded materials from falling at any mounting angle. The evaporator is further mounted in the top space of a high vacuum chamber and demonstrated using a classic p-type small molecular organic semiconductor pentacene. The morphologies of the organic films are viewed by the atomic force microscope (AFM) and electrical characteristics of OFETs are discussed and compared to those obtained by a conventional evaporator.



MATERIALS AND METHODS

Figure 1A shows the schematic design of the AMAE. Similar to that of conventional ones, the AMAE consists of a set of tungsten filaments for resistance heating and a thermal couple for temperature measurement. The crucible has a U-shaped outside appearance and fits the inside of the heating filament. The crucible contains a raised inner wall to avoid loaded materials from falling at any mounting angle, as illustrated in Figure 1B. To avoid condensation of molecules, the heating filament around the closed end of the crucible is designed to have a high temperature with dense filament arrangement. We note that the crucibles can be re-used with a standard cleaning procedure in chloroform, acetone, ethanol, and de-ionized water under ultrasonication. The AMAE is powered by a supply united coupled with a PID controller which enables precise temperature control. The photos of the quartz crucible with loaded organic materials, assembled evaporator, and supply unit are shown in Figures 1C–E. Benefiting from this novel design, the evaporator can be mounted to the vacuum chamber at any angle while keeping the organic material inside the crucible.
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FIGURE 1. (A,B) Schematic of arbitrary mounting angle evaporator (AMAE) and loaded crucible at different angles and (C–E) photos of quartz crucible with loaded organic material, assembled AMAE, and supply unit, respectively.


Experimentally, we installed the AMAE in the top space of a home-made high vacuum deposition chamber, with the opening of the crucible facing down. The sample holder of the vacuum deposition system is attached to a manipulator which can rotate in 360°, enabling us to test and compare the results of AMAE with those of a commercial evaporator in the same chamber, as schematically shown in Figure 2A. Figure 2B shows the temperature curve measured by the thermal couple during the heating and cooling of the AMAE under a high vacuum of 10–5 Pa. For a setting from 100 to 400 °C that is the typical evaporation temperature for most functional organic molecules, the measured temperature was increased from room temperature to the target temperature in 3 min. Figure 2B further demonstrates excellent temperature control during the operation (variation less than ±0.2°C from 3 to 40 min) with target temperatures set at 100, 200, 300, and 400°C, respectively. The output, as described in the legend of the figure, is the setting limit of power during the operation for each setting temperature. After turning off the power supply, the temperature shows exponential decay with time and can reach below 75°C in 1 h without water cooling.
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FIGURE 2. (A) Configuration of the testing vacuum chamber and (B) temperature curve of heating, operation, and cooling at different temperature settings.


Pentacene, a classic organic semiconductor extensively used for growth dynamics and OFET applications, was chosen for the demonstration of organic thin film deposition with AMAE (Heringdorf et al., 2001; Facchetti, 2007). The pentacene molecule was purchased from Aldrich and loaded to the crucibles of AMAE and conventional evaporator without further purification. The pentacene films were deposited onto 300 nm thermal oxidized SiO2 surfaces modified by trichloro(octadecyl)silane (OTS; Zhu et al., 2018). After deposition, the samples were taken out from the vacuum chamber for morphology characterization by AFM. Before field effect characterizations, the samples were transferred to another vacuum chamber to deposit Au source and drain electrodes through a shadow mask.



RESULTS

Figures 3A,B show the typical AFM images of 30 nm Pentacene film deposited by the AMAE and conventional evaporator. The Pentacene films were deposited at a growth rate of 1 nm/min and substrate temperature of 60°C, which are optimized for OFET performances. Both films exhibit a typical dendrite structure that evolved from molecule absorption, diffusion, nucleation, and domain formation. The AFM images further show uniformly distributed and well connected molecule grains in the size of sub-micrometers to micrometers. The molecule grains, deposited either by AMAE or conventional evaporator, have a layered structure with a step height of 1.54 nm. Such a layered structure indicates that the Pentacene molecules are orientated with a standup configuration, which is consistent with those reported in the literature in studies that used similar deposition parameters (Du et al., 2012).
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FIGURE 3. AFM images of 30 nm pentacene films on OTS modified SiO2 grown by; (A) AMAE and (B) conventional evaporator.


The electrical characteristics of the pentacene OFETs grown by AMAE and conventional evaporator were further characterized. After deposition of 30 nm pentacene films on OTS modified SiO2, Au source and drain electrodes were evaporated through a shadow mask, forming a bottom gate and top electrode OFET configuration. Figure 4 demonstrates the typical transfer and output curves of the OFETs with a channel length of 100 μm and channel width of 2000 μm. Figures 4A,B correspond to the performances of OFET deposited by AMAE, and Figures 4C,D show the device performance results by the conventional evaporator. As displayed from Figure 4, under the gate voltage of −50 V, AMAE transistor demonstrates an ON-state current of 63 μA, which is a little higher than that of a conventional device. The transistor parameters were further extracted using the following equation in the saturation region (Sharifi and Bazyar, 2011):
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FIGURE 4. Transfer and output curves of the OFETs grown by (A,B) AMAE and (C,D) conventional evaporator.


Of which, Ci is the capacitance of 10 nf/cm2 for 300 nm SiO2, W is channel width, and L is channel length. The extracted charge mobility μ is about 0.38 cm2/Vs for the device grown by AMAE. In comparison, the device deposited by a conventional evaporator generates a charge mobility of 0.36 cm2/Vs. Both transistors present a similar threshold voltage around −10 V and Ion/off around 105–6.

For an organic vacuum evaporator, reproducibility is also a key aspect of its performace in thin film fabrication. We also performed 10 repeated experiments at the same deposition rate and substrate temperature on OTS modified 300 nm SiO2/Si for AMAE and conventional evaporator. The parameters of OFET deposited by AMAE show a narrower distribution range of mobility and threshold voltage than those by the conventional evaporator, as summarized in Table 1. Due to the crucible design of AMAE, molecules are firstly sublimated to the closed end of the crucible, which would rebound by the inner quartz wall back to the crucible or the outlet for film deposition. In this case, the molecules go through one or more reflections before depositing onto the substrate surface, which could lead to a more uniform distribution of a molecule beam and result in the narrow distribution range of transistor parameters. Owing to the high temperature of the closed end of the crucible, the rebounded molecule beam also bears high sublimation temperature and results in the relatively high mobility of OFETs fabricated by AMAE, as shown in Table 1.


TABLE 1. The transistor parameters of the films grown from AMAE and conventional evaporator.
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CONCLUSION

In summary, we report an AMAE for organic semiconductor deposition, where the crucible is designed to prevent the loaded materials from falling. Thin film pentacene OFETs were deposited, fabricated, and characterized with AMAE and conventional evaporators, and exhibited comparable transistor performances, which demonstrates the feasibility of organic thin film growth from our AMAE technique. We present a new configuration and design, which allows the substrate to be put under the evaporator and to support shadow masking to avoid deformation. In addition, this technique will also enable the evaporator to be mounted at any specific angle for limited space.
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