SPIN-COATED MCM-41 THIN FILMS FOR DEVICE APPLICATIONS
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ABSTRACT
We developed a method to form MCM-41 films on Si wafers.  It is possible to achieve complete wafer coverage by several spin-coated layers from a mixture of MCM-41 powder dissolved in ethanol using high-power ultrasonic agitation. The spin-coating was performed at 2200 rpm for 30 s resulting in films which are homogeneous and mechanically stable. MOS capacitors were fabricated and their C-V characteristics were analyzed. The C-V curves were similar to low-frequency C-V curves of conventional MOS capacitors, showing regions of accumulation, depletion and inversion. The C-V curves indicated trapped charges in the insulator and at the interface, as well as the influence of interface traps response time and minority carrier generation rate.
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1. INTRODUCTION
The development of thin films of mesoporous materials with large specific surface areas is currently an area of extensive research due to their potential applications as membranes, sensors, surfaces for heterogeneous catalysis, and insulating layers of low dielectric constant for microelectronics. For all these applications, a thin film is essential. An important mesoporous material is the so called MCM-41 (Mobil Company Material-41), a hexagonal arrangement of mesoporous silica(1). Spin coating is a simple method for thin film formation. However, MCM-41 is a rigid granular solid and as such, cannot be easily shaped into thin films after synthesis, usually resulting in poor adhesion, cracks and poor coverage of spin-coated films. As far as we know, there is only one report on a MCM-41-based Si device. In 2003, Cai et al. synthesized oriented mesoporous MCM-41 silica films on (111) Si wafers by the self-assembly deposition in ammonia medium and studied rectification and photovoltaic effects(2).
In this work, we report, for the first time, the fabrication of MCM-41-based MOS (metal-oxide-semiconductor) capacitors and the study of their C-V (capacitance-voltage) characteristics. We developed a method to prepare spin-coated MCM-41 films aiming at the development of devices. The spin-coating was successful due to the careful selection of spinning parameters, dispersion solution and the innovative use of a high-energy ultrasonic probe to disperse the MCM-41 powder in a liquid mixture. MOS capacitors were fabricated by thermal evaporation of Al films through metal masks onto multiple spin-coated layers of MCM-41 on p-type Si substrates to evaluate the potential of these devices for the proposed applications.

2. EXPERIMENTAL
The MCM-41 material was either purchased from Sigma-Aldrich or synthesized following the conventional route involving ionic surfactants as structure-directing agents to form an ordered mesostructured composite from the silica precursors under basic conditions, followed by calcination(1). 
2.1 MCM-41 synthesis
Reagents – 98% TEOS (tetraethylorthosilicate,  (Si(OC2H5)4) ) from Sigma-Aldrich was used as a silica source. For cationic surfactant, 98% CTAB (cetyltrimethylammonium bromide), 98% NaOH (sodium hydroxide) from Sigma-Aldrich, 99% ethanol (C2H6O), from Dinamica, and DI H2O (deonized water, 18.2 MΩ.cm).

Procedure – CTAB was dissolved in DI H2O (250 mL) and NaOH ([2M], 3.5 mL) with stirring until the surfactant was completely dissolved. Then, TEOS (5 mL) was added dropwise to the solution, forming a gel which was stirred for 1 h and transferred into a Teflon lined autoclave where it was stored at 423 K for 48 hours. The solid product was filtered, washed with DI H2O (1 L), placed in a Soxhlet extractor with ethanol (300 mL) for 12h, washed with DI H2O (2 L) and dried at 373 K.  The sample was sintered in Ar at 423 K for 2 h and O2 at 833 K for 4 h to remove the organic material.
2.2 Spin-coating
The spin-coating was done on the surface of p-type, 1.cm, (100)-oriented Si wafers, 2 inches in diameter.  The wafers were cleaned following sequential steps of immersion under ultrasonic agitation for 2 to 5 minutes in trichloretylene, acetone, methanol, HF 10%, “piranha etch” (3 parts of  H2SO4 to 1 part H2O2) and  buffered oxide etch (BOE), with a DI H2O wash between steps. The wafers were kept in HF 3% solution until the spin coating process. Immediately before spin-coating, the wafers were blown dry with N2 and baked at 120oC on a hot plate.
 The mixture for spin-coating was prepared by mixing MCM-41 powder (50 mg) in ethanol (15 mL) followed by sonication using a high-energy ultrasonic probe (750 W, 20 kHz for 1 h. This mixture could be stored for 2 days without visible precipitation. The spin-coating process required the successive deposition of several layers. Each layer of MCM-41 film was deposited at 2200 rpm for 30 s. Using 30 layers or more, one could get complete wafer coverage.
2.3 Device fabrication and electrical measurements
Gate electrodes for MOS capacitors were fabricated by thermal evaporation of Al through metal masks onto the spin-coated layers. Al was also used for the back contact. The thickness of the Al layers was 30 nm, approximately, and gate area was 0.0036 cm2. The devices were positioned on a vacuum chuck, inside a shielded dark box, and contacted by a probe controlled by micromanipulators. For C-V characterization, the probe was connected to a Precision LCR Meter HP 4284A using a 20 mV to 100 mV RMS AC signal from 1 kHz to 1 MHz.
3. RESULTS AND DISCUSSION
Fig. 1 shows a top view of the wafer covered with a MCM-41 film.  One can see the pattern of gate electrodes on a white, homogeneous film of MCM-41. This film is mechanically stable: it can be removed by scrubbing, but it is not removed if the wafer is shaken, blown with N2 or immersed in water, for example. Complete wafer coverage was achieved by repeating the spreading of the mixture onto the wafers several times (50 times for the wafer shown in Fig. 1, and 30 times for the film shown in Fig. 2). Fig 2 shows a micrography of a MCM-41 film. It is not possible to see any cracks, thus confirming the homogeneity of the layers.
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Fig. 1. Top view of a Si wafer covered with a spin-coated MCM-41 film. The gate electrodes are clearly visible.
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Fig. 2. Scanning electron microscopy image of a spin-coated MCM film.

The mesoporous structure of the insulator and its deposition by spin-coating makes the device physics study interesting and technically challenging, as we will now discuss. Fig. 3 shows C-V curves of a MOS capacitor from the wafer shown in Fig. 1. The curve has the typical shape of low-frequency C-V curves, showing regions of accumulation, depletion and inversion(3,4). Capacitance at accumulation (Cox) was approximately 7 pF. The shift and distortion of the curves for different sweeping directions is an indication of the presence of charges in the insulator and at the interface. This result is indeed expected in a MOS capacitor with a spin-coated oxide (MCM-41 is a hexagonal arrangement of silica). One can expect that the MCM-41/Si interface in these devices is not so good as the thermal SiO2/Si interface in conventional MOS capacitors. Also, the tubular, mesoporous structure of the MCM-41 enhances the probability of charge storage inside the insulator leading to the observed shifts. These detrimental effects do not necessarily make MCM-41 MOS capacitors unviable. In principle, adsorption and entrapping of species and, consequently, charge storage in the MCM-41 film can be used as the detection principle in a variety of physical and chemical sensors and biosensors.
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Fig. 3. C-V characteristic of a MCM-41 MOS capacitor. (a) Solid line: sweeping from negative to positive bias. (b) Dashed line: sweeping from positive to negative bias.  AC signal at 1 kHz, 50 mV AC. 
Fig. 4 shows C-V curves of the same capacitor as in Fig. 3, but measured at two different frequencies. It shows the influence of interface traps response time and minority carrier generation rate, leading to very different curves in the depletion region. Such effects are also found in conventional MOS capacitors and are reasonably well understood(3,4). In this system, however, they need further investigation for a better description of their mechanisms.
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Fig. 4. C-V characteristics of a MCM-41 MOS capacitor taken at 2 frequencies. (a) Solid line: measurement at 1 kHz (b) Dashed line: measurement at 1 MHz. AC signal at 50 mV AC,  sweeping from positive to negative bias. 

4. CONCLUSIONS
It is possible to form MCM-41 films on Si wafers by spin coating mixtures of MCM-41 powder in ethanol. The films are homogeneous and mechanically stable. MOS capacitors were fabricated and their C-V characteristics were analyzed. The C-V curves indicate the presence of charges in the insulator and at the interface, as well as the influence of  interface traps response time and minority carrier generation rate. Further investigation towards a better understanding of the device physics and further optimization of the fabrication process can lead to the development of a variety of new devices, including physical and chemical sensors and biosensors.
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