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Deposition of gold nanofeatures on silicon samples by field-induced deposition using a scanning tunneling microscope

Gold islands of diameter as small as 15 nm and 6 nm high were deposited on a standard silicon ͑100͒ surface by field-induced deposition using a scanning tunneling microscope operating with Pt or W tips coated by a gold film. Gold atoms are transferred by applying to the sample negative voltage pulses of few volts in magnitude, and of some tens of microseconds in duration. The scanning tunneling microscope tip morphology and composition have been analyzed systematically by field-emission gun scanning electron microscope plus energy dispersive x-ray ͑EDX͒ microanalysis before and after its use for lithography. The deposits composition have also been analyzed by EDX. Finally, preliminary results on trials of direct bonding of microscopic contact leads are presented.

I. INTRODUCTION

Generation of nanodots and nanowires is of great interest for the fabrication of single-electron tunneling devices and the bonding of individual nano-objects. In the past few years, many experiments have been performed using a scanning tunneling microscope 1-6 ͑STM͒ or atomic force microscope [7][8][9][10][11][12][START_REF] Clément | [END_REF][14][15] ͑AFM͒ to pattern metallic or silicon nanoscale features. The feasibility of STM lithography by atom transfer from a STM tip to a sample was demonstrated more than 10 years ago. 1 Some authors suggested that the atom transfer is achieved by tip evaporation enhanced by the high electric field between the tip-sample gap. 1,16,17 More recently, the deposition has been explained to occur in liquid phase via a field-induced transfer of atoms from the STM tip to the sample. In fact, it seems that the STM tip is elongated under the high tip-sample electric field until a physical tipsample contact is established, 3,4 which leads to a drastic increase of the tip-sample current. This top-down lithography technique could be particularly suitable for direct bonding of a nano-object, since it is possible with the same tool to image locally the surface by a soft process, to find the object, and to bond it to contact leads and pads predeposited on the sample.

In order to increase the process resolution, the tips must be very sharp. Thus, their apex is prepared by an electrochemical etching step. 18,19 This requires the optimization of many process parameters among which to choose of the liquid etching solution, the type of bias ͑dc or ac͒, amplitude, time. Consequently, to deposit nanofeatures of new metal, it is easier to start from a STM tip of usual metal ͑W, Pt͒ and to coat it with the metal to be deposited. For example, it has been shown that gold patterns could be deposited on a Si͑111͒-͑7 ϫ 7͒ surface from a gold-coated tungsten tip. 20 This article presents the results of gold nanofeature deposition from platinum and tungsten tips coated by a thin gold layer. The deposits composition has been estimated by energy dispersive x-ray microanalysis ͑EDX͒, TRACOR SERIE 2, associated with a field-emission gun scanning electron microscope ͑SEM͒, JEOL 6320F. The tip morphology has been systematically examined at each step of its preparation process and after lithography. Finally, preliminary results on trials of contact lead connection by this direct technique are presented and discussed.

II. NANOFABRICATION AND EXPERIMENTAL PROCEDURE

The experimental setup for direct writing of metallic nanofeatures by field-induced deposition has already been described. 4 It consists of a STM head ͑µSTM OMICRON͒ placed in a vacuum chamber operating at a base pressure of a͒ Electronic mail: abed@crmcn.univ-mrs.fr Lithography experiments have been carried out on commercial n-type Si ͑100͒ with a doping level of 4 ϫ 10 13 cm -3 ͑resistivity of 100 ⍀ cm͒ substrate. The samples were first degreased in an inorganic solution of NH 4 OH: H 2 O 2 :H 2 O ͑0.5:0.25:0.25 vol.͒ at 65 °C during 15 mn and finally etched in a 5% HF solution. This treatment leads to a surface passivated by mono-, di-, and trihydride bonds, with predominant content of dihydrides. 21 Before lithography, the substrate is imaged under a typical sample bias of V im = -1.5 V and a current setpoint of I im = 500 pA, which corresponds to a tip-sample distance of roughly 0.5 nm. 4 The tip-to-sample atom transfer occurs when voltage pulses V litho of amplitude higher than a threshold ͑typically ranging from Ϫ4t oϪ7V ͒ is applied to the sample. The value of this threshold depends on the material used for the tip. 4 Since the gap between the tip and the sample in STM experiments is quite narrow, the feedback loop of the STM must remain activated during nanostructure growth in order to prevent the tip damage due to contact with the deposit while it grows. To avoid tip removal due to the increase of the sample bias, the voltage is applied under a pulse regime with pulse duration lower than the feedback loop constant of the STM ͑roughly 1 ms͒. The dead time between two successive pulses must be longer than this time constant to allow tip removal after material deposition during one pulse. The typical pulse duration and dead time chosen were 100 µs and 5 ms, respectively. Dotted lines can be drawn by applying identical pulse voltage sequences while the tip scans the surface.

STM tips are prepared by electrochemical etching from a 250 µm diameter platinum or tungsten wire. We did not use gold tips due to their low mechanical stability for STM experiments. The polycrystalline Pt tips are formed by a twostep etching in a CaCl 2 :H 2 O:acetone ͑5.7 mg: 20 ml: 20 ml͒ 18,19 under an ac bias fixed in the range of 9-14 V. The tip is dipped in the solution to reach an initial current of 120 mA. The current decreases while the tip is etched and the voltage is switched off when the current reaches 90 mA. The tip is rinsed and redipped in the solution for an extra identical step. The first step allows one to preshape the tip, and the final step forms the apex ͓Fig. 1͑a͒ and zoom on the apex Fig. 1͑b͔͒. The typical curvative radius of such a tip is 50-60 nm.

Tungsten tips are prepared in an etching solution of NaOH 3M, 18 under a dc bias chosen in the range of 1-12 V. In this case, the tungsten wire is deeply dipped in the solution. The etching takes place at the air-liquid interface and a neck is grooved in the wire at this interface. The weight of the wire in the solution induces the creeping and the break- FIG. 4. ͑a͒ SEM image of a dot deposited using a Au-coated Pt tip on Si͑100͒ n-type ͑10 16 cm -3 ͒ substrate. The experimental conditions were:

V im = -1.5 V, I im = 500 pA, t pulse =50 s, V litho =-10 V. ͑b͒ EDX spec- trum of the gold deposit on Si.
ing of the wire, leaving the sacrificial part of the tungsten wire in the solution. The typical curvature of such tips is 50 nm ͓see SEM analyses, Figs. 1͑c͒ and1͑d͔͒.

III. RESULTS AND DISCUSSION

A. Deposition from gold-coated platinum tips

The platinum tips were coated by a gold layer deposited by plasma deposition in a sputter chamber. The average thickness of this gold layer was approximately 30 nm. Figure 2͑a͒ shows the apex of the tip presented in Fig. 1͑a͒, after deposition of the gold layer. The coating increases the tip curvative radius up to 85 nm. The typical grain size of the layer is 80 nm at the tip apex and 50 to 80 nm along the lateral parts of the tip. An EDX spectrum ͑probe size of 3-4 nm͒, carried out at the tip extremity, confirms gold presence at the apex of the platinum tips ͓Fig. 2͑b͔͒. Platinum is also detected due to the large volume of material analyzed in EDX microanalysis ͑roughly 1 m 3 ͒ and to the low thickness of the gold layer. Quantitative microanalyses ͑ZAF cor-rections͒ revealed a higher quantity of platinum than expected from a short glance at the spectrum. This fact is highlightened by the high-energy peaks. Note that the Al peak deals with the tip holder used in all SEM experiments.

To deposit gold dots and lines, we applied negative voltage pulses to the sample while controlling the tunneling current at the value of 500 pA. The pulse magnitude was varied between Ϫ4.0 ͑voltage threshold͒ and Ϫ4.4 V and the pulse duration was fixed at the value of 50 µs. Figure 3 shows a STM image of three dotted lines deposited close to the voltage threshold. The dots are regularly spaced along the lines.

In all studies concerning the fabrication of nanostructures, the most critical point is the determination of the chemical composition of the deposits. We have estimated this composition by EDX analysis. However, according to the penetration depth of the electron in a SEM, it is not possible to analyze lines or dots as thin as those shown on Fig. 3. For this reason, we have deposited thicker dots by applying highamplitude voltage pulses ͑Ϫ10 V͒ to the sample ͓Fig. 4͑a͔͒. Figure 4͑b͒ shows the EDX spectrum of the dot, at a SEM probe diameter of 3-4 nm. Only silicon and gold are detected, and no trace of platinum is observed.

The tip was examined after its use for lithography. Figure 5͑a͒ shows a SEM image of the tip apex. The dispersion of grain size is narrower than before lithography and the grain size has slightly increased up to 100 nm. The curvative radius seems to be improved: 50 nm instead of 85 nm. Figure 5͑b͒ shows an EDX spectrum of the platinum tip after lithography. The tip is now composed of gold and no trace of platinum is detected on the tip extremity. Note that this spectrum was acquired at a logarithmic scale, which explains why the signal-to-noise ratio seems to be higher in Fig. 5 than in Fig. 2.

Particular care was taken to analyze the tip extremity at a roughly constant incident angle regarding the EDX electronbeam probe. Consequently, the difference between the two EDX spectra of the tip before and after lithography cannot be attributed to a variation of electron path through the gold coating. Furthermore, the volume analyzed in EDX microanalysis is in the range of 1 m 3 . Figure 6 shows a scheme presenting the electron probe and the platinum tip extremity coated by the gold layer. The volume probed at the tip extremity is far larger than the tip apex curvature ͑110 nm͒, and the x-ray fluorescence signal comes from areas at distances of about one order of magnitude higher than the tip apex curvature. This explains why the platinum peak is higher than the gold one in the spectrum taken before lithography experiments.

According to the preceding remarks dealing with the volume analyzed in EDX experiments, the fact that only gold is detected in spectra taken after lithography means that the tip extremity is now composed of pure gold and that a phenomenon of gold transfer occurs during the application of voltage pulses during lithography. To confirm this hypothesis, we have studied the tip transformation during the deposition process under application of a great number ͑100͒ of voltage pulses of high amplitude ͑Ϫ10 V͒, which must enhance the atom diffusion. Figure 7 shows the tip apex after deposition in these extreme experimental conditions. We can clearly observe the formation of a high-volume gold ball at the tip extremity, and the EDX spectrum was completely identical to that shown in Fig. 5͑b͒.

Two different mechanisms have been suggested to explain the atom transfer from the tip to the sample. The first one is tip evaporation under the high tip-sample electric field. 1,16,17 However, such a mechanism can explain neither the kinetics data obtained, the STM tip behavior during the deposition process, 4 nor the modification of the tip apex composition ͑gold instead of gold-coated platinum͒. More recently, it was shown that a physical contact is established during voltage pulse application. 3,4,22 The consequence is a drastic tipsample current increase of about 4 orders of magnitude, 4 reaching the microamp range, instead of the typical value of 500 pA during imaging. The high current density flowing through the tip-sample bridge induces the local melting of the tip-sample neck. Finally, during the sampling period following the moment of the pulse application, the feedback loop of the STM acts to remove the STM tip from the sample in order to again find the current setpoint of the regulation. The molten neck is broken during this tip motion and a droplet of liquid metal is left on the surface. Consequently, the process is likely to occur under a very high local temperature, which explains the deposit morphology with large grains of 300 nm diameter ͑Fig. 4͒. This deposition process in liquid phase can also explain why, although a physical tip-sample contact is established, the tip apex remains of high quality, which allows us to pattern regular dotted lines.

The tip-sample system can be considered as a metal insulator semiconductor structure and the actual voltage between tip and sample depends on the work function of the metal used for the tip and on the type and level of doping of the sample. 4 The actual voltage at threshold between a n-type sample of doping level 4 ϫ 10 13 cm -3 and the metallic tip is given in Table I in the case of gold, platinum, and tungsten tips. The cohesion energy of these metals is also indicated in this table. Although gold and platinum have very different cohesion energy, the voltage threshold is the same for platinum-and gold-coated platinum tips. Thus, the cohesion energy is not the pertinent criteria to explain the differences in voltage thresholds. The tip elongation can have two origins. First, considering the tip-sample system as a capacitor, the two terminals attract each other during pulse voltage application. Assuming a sphere-plane geometry, the value of the force at the extremity of the tip is about 2 ϫ 10 -10 N when a pulse voltage of 1 V is applied to the sample. This value corresponds to a strength of 13 kPa and to a relative elongation of 7.8ϫ 10 -8 ͑elasticity modulus of platinum: 168 GPa͒. Considering a tip length of 3 mm, the tip elongation is of the order of 0.24 nm when a pulse of 1 V is applied to the sample. The voltage threshold of 4.2 V, corresponding to an actual tip-sample voltage of 3.26 V ͑Table I͒, represents the voltage necessary to elongate the tip of 0.78 nm, order of magnitude of the initial tipsample distance during the process of substrate imaging.

This elongation mode corresponds to a collective movement of atoms and in a rough approximation, the time necessary to elongate the tip corresponds to the time necessary to the sound to propagate along the tip, i.e., 1 µs ͑sound velocity in platinum of 3000 m s -1 ͒. This time constant is of the order of pulse voltage duration used in the lithography process.

In the hypothesis of a mechanical elongation, the voltage thresholds using different metallic tips must vary in the same ratio as the elasticity modulus of the metals. Experiments performed using tungsten and platinum tips seem to confirm the hypothesis of mechanical elongation due to the electrostatic force between tip and sample ͑Table I͒.

In the lithography process investigated, the coating of gold has a low elasticity modulus. Thus, the coating presence would not affect considerably the mechanical properties of the tip and the tip elongation might be the same with or without the gold layer. Thus the voltage threshold must remain constant after tip coating. This is clearly observed in the case of platinum-and gold-coated platinum tips but not for tungsten tips. Thus, this mechanism based on tip elastic elongation must not be definitively rejected, but cannot explain all the experimental results.

Another possible mechanism to explain the tip-sample contact establishment is based on the filling of the very narrow tip-sample gap with metal adatoms which diffuse along the lateral parts of the tip, towards the tip apex. This diffusion is enhanced by the high tip-sample electrical field. The coefficient of self-diffusion of adatoms on a surface is thermally activated and can be expressed as a function of temperature T as follows:

D = D 0 exp -E/K b T,
where K b is the Boltzmann constant. Table II gives the values of the coefficient of self-diffusion of tungsten and platinum atoms on tungsten and platinum surfaces. [START_REF] Bauer | [END_REF] Before contact establishment, the tip-sample current remains in the range of nanoamps ͑typical value of current setpoint in STM experi-ments͒ and consequently, the tip extremity remains at room temperature. In the case of platinum, the values of D 0 and E are 10 -3 cm 2 s -1 and 0.46 eV, respectively at low temperature ͑in the range of 100 to 200 K͒. The extrapolation of law ͑1͒, at room temperature, gives a coefficient of self-diffusion of 2 ϫ 10 -11 cm 2 s -1 . During the voltage pulse of 50 µs, the diffusion length of gold atoms is 0.3 nm. This distance is also of the order of the tip-sample distance in our experimental sample bias conditions. Consequently, the pulse voltage is long enough to allow gold atom diffusion towards the substrate surface, but the tip-sample gap filling cannot be explained by a diffusion controlled process due to the very low diffusion coefficient at room temperature. Furthermore, in the case of tungsten, the diffusion coefficient is even too low to allow atoms to reach the sample at room temperature leading to the tip-sample contact. Note that the high tip-sample electric field was not taken into account for the calculation of the diffusion coefficients. When high-voltage pulses ͑V litho = -10 V͒ are applied to the sample, the tip morphology changes ͑Fig. 8͒ and large spherical clusters of pure gold are formed at the tip extremity. The grain diameters are of the order of 200 to 300 nm and their formation can be explained only by a drastic increase of temperature at tip extremity during the atom transfer, due to the flow of a high current density through the tip apex.

Although it is difficult to reject one of the two mechanisms, the observation of the tip curvature decrease after lithography can be more easily understood if one assumes that the apex is continuously renewed by atom migration from the lateral parts of the tip. However, the tip-sample contact establishment is probably due to a mechanical deformation/elongation of the tip. As soon as the contact is established, the current density increases drastically through the gold bridge, which melts. At temperature of gold melting point ͑1336 K͒, the self-diffusion coefficient of gold is now 2.5ϫ 10 -3 cm 2 s -1 ͓D 0 =3ϫ 10 3 cm 2 s -1 and E = 1.74 eV ͑see Ref. 25͔͒, i.e., eight orders of magnitude higher than at room temperature, and consequently high temperature enhances the field-diffusion of gold atoms towards the tip apex, which explains for example the formation of very large gold balls at the tip extremity when we applied high-voltage pulses ͑Fig. 7͒.

B. Deposition from gold-coated tungsten tips

Identical experiments have been carried out using tungsten tips instead of platinum wires. Figure 9͑a͒ shows the morphology of a typical wire coated by a gold layer deposited in the same conditions as in the case of platinum tips. The tungsten tips are sharper and typical curvative radius of 50 nm are commonly obtained. The gold layer is discontinuous, and both tungsten and gold are detected on the EDX spectrum ͓Fig. 8͑b͔͒.

The presence of the gold coating decreases the process voltage threshold from Ϫ7.2VtoϪ4.2 V, due to the change in cohesion energy and work function linked to the change of metal ͑gold instead of tungsten͒. However, it was not possible to draw continuous lines with such tips as shown in Fig. 10. Deposition is not well controlled and is stopped from time to time, while the tip scans the surface. Figure 11 shows the EDX spectrum of the tip just after lithography. Contrary to the case of platinum tip, the signature of tungsten is still strongly present on the spectrum even after lithography. This means that the deposition process was not sufficient to improve the tip coverage and that the extremity of a tungsten tip is less fed in gold atoms than in the case of platinum tips. This can be explained by the difference between the gold atom diffusion coefficient on tungsten and on platinum sur- faces. In fact the diffusion of metallic atoms on a surface of another metal is easier if the melting point of the two metals are of the same order of magnitude. The melting points of gold, platinum, and tungsten are, respectively, 1063, 1769, and 3410 °C, and thus the diffusion of gold atoms on a platinum surface must be easier than on a tungsten surface.

C. Direct bonding by STM field evaporation

The final step was to try to carry out electrical measurement on the gold nanowires drawn by this direct lithography process. For that purpose, the lines have been drawn inside a test pattern previously fabricated by e-beam lithography. It consists of four gold contact leads converging to the center of the chip and linked to large pads, allowing line connection by conventional wire bonding. The distance between the extremities of the lead is about 500 nm and the thickness of the leads is 80 nm. It was chosen to fabricate this pattern in gold to avoid its damage during the preliminary wet etching procedure in HF solution.

The sample was first imaged by STM to align the pattern regarding the STM lithography tool. This operation took roughly 20 min and required several tip scans over the pattern. Figures 12͑a͒ and12͑b͒ show the pattern morphology just after imaging by STM with a direction of tip scan indicated by the arrow. This figure shows clearly that the pattern has been damaged by the STM tip; only the leads perpendicular to the tip scan are damaged. The tip apex has also been destroyed during imaging, and even if lines could be directly drawn inside the test pattern, the resolution reached was never better than 50 nm ͑Fig. 13͒. Consequently, the only way to carry out electrical measurements on gold nanowires is to draw the nanowires inside a test pattern embedded in the sample, to avoid high topographic contrast of the surface during the procedure of sample alignment regarding the STM.

IV. CONCLUSION

Direct writing of gold nanofeatures can be achieved on silicon surfaces by field-induced deposition under a platinum STM tip coated with a thin gold layer. The tip to sample atom transfer occurs when voltage pulses of amplitude lower than a threshold of Ϫ4 V are applied to the sample. The fabrication process of the tip is easy to control and nanodots of pure gold ͑as shown by EDX analyses performed on wider dots͒ of about 10 to 15 nm in diameter can be reproducibly created on the silicon surface at room temperature. The deposition process mechanism involves a step of formation of a tip-sample contact due to the tip mechanical elongation under the high tip-sample electric field. As soon as the contact is established, the current density increases about four orders of magnitude, which leads to the local drastic temperature increase at the tip extremity and then to the formation of a molten tip-sample bridge. Consequently, although the process occurs on a sample kept at room temperature, the gold dots are deposited by field-induced diffusion of gold atoms in liquid phase. The deposit morphology is thus highly influenced by the wetting properties of gold, regarding both sample nature and metal used for the tip. This explains why, in working with tungsten STM tips ͑lower wettability of tungsten than platinum regarding gold͒ coated by a gold layer of thickness equivalent to the case of platinum tips, the experiments were not reliable and it was not possible to draw continuous nanowires. This technique can be extended to the patterning of nanofeatures of other metals evaporated or sputtered on the STM tip. The condition to succeed in drawing continuous lines is the good wettability of the tip, regarding the metallic coating.

It was not possible to carry out electrical tests on these gold nanowires, since the STM tip damages the micronic test pattern previously drawn on the sample during the alignment procedure of the sample regarding the lithography tool. However, direct bonding of contact leads by this nanolithography technique should be possible, using embedded test patterns to avoid high topographic contrast on the surface observed by the STM.

  FIG. 1. SEM analyses at 15 keV of the STM tips ͑a͒ Platinum tip fabricated in a CaCl 2 :H 2 O:acetone solution under an ac bias fixed in the range of 9-14 V. ͑b͒ Zoom on the platinum tip apex. ͑c͒ Tungsten tip fabricated in an NaOH solution, under a dc bias fixed in the range of 1-12 V. ͑d͒ Zoom on the tungsten tip apex.
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 2 FIG.2 . ͑a͒ SEM image of the Pt tip shown Fig. 1͑a͒ after Au sputtering. ͑b͒ EDX spectrum of the tip ͑linear scale for a.u.͒.
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 5 FIG. 5. Analysis of the tip shown in Fig. 2 after lithography under V litho = -4.2 V. ͑a͒ SEM image. ͑b͒ EDX signature ͑a.u. in logarithmic scale͒.
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 7 FIG. 7. SEM analysis of the morphology of the extremity of a platinum tip coated by a thin gold layer, observed just after application of a series of 100 voltage pulses of high amplitude ͑Ϫ10 V͒.

FIG. 10 .

 10 FIG. 10. Gold line deposited using a gold-coated tungsten line. FIG. 11. EDX spectrum of a gold-coated tungsten tip after lithography experiments.

  

TABLE I .

 I Actual tip-sample voltage threshold to observe the tip to sample atom transfer for different tips.

				Actual tip-sample	Cohesion	
		Metal work	Voltage	voltage	energy	Elasticity
		function a	threshold	at threshold	a t0K b	modulus a
		͑eV͒	͑V͒	͑V͒	͑eV͒	͑Gpa͒
	Gold-coated platinum tip	5.1	Ϫ4.0	Ϫ3.16	3.81	Platinum 168
	on n-type Si 4 ϫ 10 13 cm -3					Gold 78
	Platinum tip	5.6	Ϫ4.5	Ϫ3.26	5.84	168
	on n-type Si 4 ϫ 10 13 cm -3					
	Tungsten tip	4.6	Ϫ7.2	Ϫ7.0	8.90	406
	on n-type Si 4 ϫ 10 13 cm -3					

a See Ref. 23. b See Ref. 24.

TABLE II .

 II Coefficient of self-diffusion of platinum and tungsten on platinum and tungsten ͑see Ref. 25͒.

				D ͑cm 2 s -1 ͒ at room
		D 0 ͑cm 2 s -1 ͒	E ͑eV͒	temperature
	Pt	10 -3	0.4	2 ϫ 10 -11
	W1 0 -3	0.78	8 ϫ 10 -17

FIG.

9

. Analysis of a gold-coated tungsten tip just before lithography. ͑a͒ Tip morphology studied by SEM. ͑b͒ Chemical analysis of the tip apex by EDX.