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Adsorption of ethylene molecules on Si(001)-c(4 ( 2) was studied using scanning tunneling microscopy at low temperature. Ethylene molecules trapped at the surface at 50 K were imaged only after decay to chemisorption, each bonding to a Si dimer. Atomic-scale observations of temperature-dependent kinetics show that the decay exhibited Arrhenius behavior with the reaction barrier of 128 meV in clear evidence of the trapping-mediated chemisorption, however, with an anomalously small pre-exponential factor of 300 Hz. Such a small prefactor is attributed to the entropic bottleneck at the transition state caused by a free-molecule-like trap state.
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I. INTRODUCTION
Adsorption of molecules on surfaces has been a subject of great interest. Many molecules goes through a weakly bound trapping-mediated state before more stable chemisorption takes place. The kinetics of such trapping-mediated adsorption has long been studied theoretically and experimentally, particularly on metal surfaces [1-4]. On the other hand, on technologically important Si surfaces, similar studies of the kinetics in chemisorption are very scarce. The temperature-dependent decay of the precursor state was reported for oxygen adsorption on the Si(111)-7×7 surface [5, 6], but the nature of the complex oxidation process is still ambiguous [7-9]. Stimulated by recent technological advances in applications to organic thin film devices [10,11], adsorption of ethylene on Si(001) was studied as a prototype reaction of olefinic molecules on silicon surfaces [12]. This class of molecules commonly shares the chemisorption structure of a molecular adsorbate bonding to a Si dimer through stable di-( Si-C bonds through the so called [2+2] cycloaddition reaction [7,13,14]. The chemisorption of ethylene (C2H4) molecules on Si(001) via a mobile precursor state was first suggested using a molecular uptake method [15], while its existence at the early stage of chemisorption was questioned in photoemission [16]. Recently, three-membered (-complex precursor structures were proposed by density functional calculations [14,17] similar to those of acetylene [18,19], and stable intermediate states found in electron energy loss spectroscopy at 48 K were attributed to the feature [20]. However, still lacking is firm evidence for the existence of the intrinsic mobile precursors, as well as the decay kinetic information to shed light on the gas-surface reaction dynamics on Si surfaces.
In the present paper, we report on the investigation of trapping-mediated chemisorption of ethylene molecules on the Si(001)-c(4 × 2) surface at low temperature using a scanning tunneling microscope (STM), an ideal tool to detect minute atomic-scale changes on the surface. By observing the decay of trapped molecules in thermal equilibrium with the surface and employing a method minimizing the tip-surface interaction, we examined the decay kinetics of the trapped molecules. The results paint quite a surprising picture of the trap state as well as its decay kinetics dominated by entropy.
II. EXPERIMENTS AND DISCUSSION
Experiments were performed using a low-temperature STM (Omicron GmbH) with the base pressure below 3:0 × 10-11 mbar, equipped with double cryoshields and a resistive heater mounted on the STM head. The preparation of a clean Si(001)-c(4 × 2) surface (n-type, 3 (­cm) with a defect density < 0.1 % was described elsewhere [21]. Weakly bound molecular states on the surface was prepared by introducing ethylene on a Si(001)-c(4 × 2) surface at the substrate temperature of 50 K and 80 K by back-filling the chamber at a pressure of 2 × 10-8 mbar, monitored by a quadruple mass spectrometer. After the base pressure was restored, images were taken without an additional dose. All STM images were obtained at the tunneling current of 10 pA, and the sample bias of -1.5 V.

This shows a typical STM image of a Si(001) surface exposed to ethylene molecules of 5.5 L at 80 K. Upon the exposure, only a single type of features, a slight depression on a Si dimer site, was observed. Each slightly depressed feature represents a chemisorbed ethylene in a 'di-(' structure, in which the C-C bond is parallel to the Si dimer bond and two ( bonds between C and Si atoms are formed, as represented by ball models. This is consistent with the theoretical prediction [14] and the previous STM results at room temperature [7,13]. On the other hand, no feature attributable to trapped species was observed. Chemisorption sites were randomly distributed over the Si(001)-c(4×2) surface, even on neighboring dimmer sites along the same dimer row. The surface was completely saturated by chemisorption sites at more than 10 L of the total ethylene dose (images not shown here). On the other hand, a strikingly different adsorption behavior was observed at 50 K on the same amount of ethylene dose. The number of initial chemisorbed sites was drastically less than that produced by the identical dose at 80 K. Despite the huge disparity in the chemisorption coverage, however, no difference was found between chemisorbed sites produced at these two temperatures, indicating they are in fact identical. This was also checked by annealing the surface to 80 K and higher. As the temperature was slowly raised from 50 K, the number of reacted sites increased and approached an asymptote by 110 K annealing, where there occurred no further chemisorption events. This suggests that adsorbed ethylene molecules are held in a weakly bound trap state on the Si(001) surface at 50 K, although invisible to STM, and decay slowly to a more stable chemisorption state. Decay persisted over a few days at the substrate temperature of 80 K. In order to understand the kinetics in trapping-mediated chemisorption of ethylene molecules, we investigated decay to the chemisorbed state at several substrate temperatures. We first introduced ethylene molecules of 6 L on a clean Si(001) surface at 50 K, and subsequently raised the substrate temperature to the desired value for the decay measurement. While maintaining the temperature within 0.5 K, we were able to obtain large scale STM images for a few days consecutively. To avoid the tip-induced effect, a special care was strenuously exercised. Not only all images were obtained at a low tunneling current of 10 pA, but also each image was acquired at a fresh new location. The possibility of tip effects on the decay rate was monitored by taking a few consecutive images over an area, followed by the inspection of an inclusive, zoomed-out large area; Any difference between the inner area scanned over repetitively and the fresh outer area would be indicative of the tip-adsorbate interactions. No such difference was found, indicating that the tip effect is negligible. In addition, our method of moving to a fresh location for each image acquisition would cause any tip-effects turn up as a constant shift in the background, which can easily be subtracted later. 

III. CONCLUSION

In conclusion, the chemisorption of ethylene molecules on Si(001) was investigated using STM at low temperature. Ethylene molecules first adsorbed in a trap state decay to a chemisorbed state through a thermally activated process exhibiting Arrhenius behavior with an anomalously low PEF. The origin of the suppression in the PEF is attributed to the entropic bottleneck at the transition state caused by free-molecule-like trap states. The existence of a long-lived trapped species and the simple chemisorption process makes ethylene an ideal molecule to study trapping-mediated adsorption on Si surfaces, thereby providing a fascinating view into the gas-surface reaction dynamics at low temperature.
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Table  1. Base pressure before and after injecting hot oxygen into the foreline of the TMP with magnetic bearings.
	P(Torr)
	Pback
(Torr)
	Backing 

Pump
	Chamber

Bakeout

	1.0×10-11
	9.6×10-8
	TMP

(55ℓs-1)
	200 oC, 48 h

	7×10-12 
(with O2 Injection)
	1st stage
	TMP

45 ℓs-1 (H2 )

K=104 
	130 oC, 36 h

	5×10-12
(with O2 Injection)
	2nd stage

1.1×10-5
	TMP

(55ℓs-1) 
	130 oC, 36 h
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