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Nanosecond Laser Induced Tunneling and Atom Deposition - An STM 
Application to Nanofabrication. 

V. A. Ukraintsev and J. T. Yates, Jr. 

University of Pittsburgh 
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Pittsburgh, PA 15260 

Nanosecond laser pulses, with 2.33 eV photon energy and ~ 0.6 MW/cm2 

radiation flux, have been used to initiate a transient increase of tunneling current 

between the tip and sample surface in an ultrahigh vacuum STM apparatus. As 

the laser power is increased to ~ 2.5 MW/cm2, single atom transfer from the tip 

to a silicon surface occurs. For both polarities the laser induced tunneling 

current is linear with laser pulse energy up to ~ 0.6 MW/cm2. A transient 

tunneling current up to 15 uA has been observed. The similarity of the laser 

induced transient tunneling for both polarities, and hence its independence on 

material, suggest that the same mechanism is operative in both directions of 

tunneling. Both ballistic electron tunneling and band bending effects have been 

considered in the analysis of the electron transfer. It is proposed, however, that 

pulse laser heating of the tip causes this transient increase of the tunneling 

current due to a transient thermal expansion, reducing the tip-sample tunneling 

distance. The increase in tunneling current may lead to additional Nottingham 

heating of the tip apex. 

At a laser flux of 2.5 MW/cm^, single atom transfer between the W tip 

and the silicon surface occurs. The number of atoms transferred can be 

controlled by the laser flux, and the transfer process is virtually independent of 

the tip-sample bias polarity. Since a maximum tip temperature of 650 K is 

estimated during the pulse, W atom transfer must occur under the influence of 



strong W-Si chemical interaction. The speed of the pulse laser atom transfer (8 

nsec) exceeds by orders of magnitude the transfer speed which could be achieved 

by pulsing the STM piezo drive. 



1. Introduction 

A variety of techniques have been invented since the first fabrication of a 

nanometer-scale structure controlled by a scanning tunneling microscope (STM), 

performed by Ringger and co-workers in 1985.* A comprehensive review of 

modern methods used in nanofabrication was written recently by R. 

Wiesendanger.2 The majority of the techniques can be classified according to the 

mechanism of the "writing" phenomenon. The classes are: (a) mechanical or 

atomic force surface modifications; (b) electron-stimulated surface modifications; 

(c) electric field induced surface modifications; and (d) thermally induced surface 

modifications. However, in many cases the exact mechanism of the 

nanomodification is unknown or seems to be a combination of mechanisms. 

Laser interaction with point-contact metal-vacuum-metal or metal- 

insulator-metal diodes was studied extensively during many years before the 

STM invention (see for example ref. 3). A laser in combination with the STM was 

used successfully to gain a fundamental understanding of the tip-surface 

interaction4 as well as to provide new insight into the process of the photo 

excited carrier recombination.5 As a result several methods of photo-assisted 

scanning tunneling microscopy and spectroscopy have been developed.2 

Despite of the prominent interest to the photo-assisted STM very little is 

known about processes at the STM tip-sample junction stimulated by a pulse 



laser6'' and only several attempts have been made to use photon radiation for 

nanofabrication6'7'8'9'10'11. 

Betzig et al.9 and Mamin et al.10,11 have used a laser to heat a tip of an atomic 

force microscope or the apex of a tapered optical fiber of the near field scanning 

optical microscope. The heated tip or fiber can be used then for magneto-optic 

writing9 or for thermo-mechanical nanoindentation on polymeric surfaces.10,11 A 

spatial resolution of ~ 100 ran has been achieved. 

Yau et al.6 employed a tunable nanosecond pulsed laser with intensity of ~ 

108 W/cm2 focused "just in front of the tunneling gap" to photodissociate 

trimethylaluminum (TMA) molecules and to ionize subsequently the aluminum 

atoms. An electric field existing in the tunneling gap "steers" the ionized species 

to the substrate surface. Protrusions and depressions with sizes down to ~ 30 A 

have been obtained on a graphite surface as a result of the photo-assisted 

nanofabrication. The high, 108 W/cm2, laser intensity is necessary in these 

experiments because of the multiphoton nature of the aluminum atom 

ionization.12 Under such conditions the processes at the tip-sample junction are 

barely controllable and unpredictable (see Section 4). 

Photo-assisted etching of a CdSe film underneath an STM tip has been 

reported by Lin and Bard.8 A mechanism for the field assisted photo-dissociation 

of the CdSe is proposed. 



Intriguing data have been published by Kazmerski/ who reported the 

photo-assisted selective single atom removal from a (220) CuInSe2 surface. The 

experimental procedure, conditions, and the data evaluation methods are not 

given in detail, and no mechanism for the atom transport is presented. 

In this paper we report on a nanosecond laser induced one-per-pulse atom 

transfer from STM tip to a Si(001)-(2xl) surface. The highly reproducible 

deposition of the tip material was obtained in ultrahigh vacuum (UHV) 

conditions. To understand the mechanism of the atom transfer phenomenon, a 

transient tunneling current, induced by the nanosecond laser pulse, was 

measured as a function of the photon flux and the tip-sample bias. A model of 

the tip-to-surface atom transfer assisted by laser induced tip heating and thermal 

expansion is proposed. 

2. Experimental 

A UHV chamber with background pressure of 2xl0"n Torr was employed 

for the experiments. The chamber was equipped with the STM (Omicron), a 

cylindrical mirror analyzer Auger spectrometer (Model 15-110, Physical 

Electronics Industries Inc.), a quadrupole mass-spectrometer (100C, UTI) and an 

ion sputtering gun. The Si(001) crystal (p-type, B-doped, 100 Q-cm, Virginia 

Semiconductor) with dimensions 15x4x0.3 mm3 was cut from a silicon wafer by a 

diamond scribe, mounted on an etched-in-HCl Ta frame13, ultrasonicated in pure 

ethanol, rinsed in deionized water and introduced into the UHV chamber 



through the load-lock system. After overnight outgassing at ~ 900 K the native 

oxide layer was removed from the Si(001) by a short (~ 60 sec) annealing at ~ 

1450 K followed by slow (~ 2 K/sec) cooling13. 

STM imaging revealed a well organized (2x1) structure with traces of Ni 

contamination (see Ref. 13 for details). These Ni induced surface defects were 

utilized as markers in our nanofabrication experiments. 

The second harmonic (X = 532 nm, hv = 2.33 eV) of the pulsed YAG: Nd+3 

laser (Continuum) was focused on the apex of the STM tip by employing a 

quartz lens (f = 50 cm). The laser spot diameter, D& was estimated using the 

second harmonic divergence (a = 5X10"4 rad) as Db = ccf = 250 urn. According to 

the laser technical specification, the laser energy spatial distribution in the focal 

plane is close to Gaussian. 

The laser beam focusing on the tip apex was controlled by a co-aligned 

telescope with a precision better than ± 50 urn. The pulse energy was measured 

directly in front of the UHV chamber window by a high sensitivity lithium 

tantalate detector (818J-09B, Newport). A second detector (818J-50B, Newport) 

was used to monitor the laser pulse energy stability during the experiments. The 

second harmonic stability was better than 4%. 

The laser beam hits the surface at an incident angle of Q± ~ 80°. The P- 

polarization of the laser (with respect to the silicon surface) was used in 



experiments reported here. The laser pulse duration is ~ 8 nsec and the 

repetition rate is 10 Hz. 

The laser pulse energy control was accomplished by the adjustment of the 

Q-switching delay. This method allows one to keep constant the laser spatial 

distribution as well as the laser spot position at the tip apex. The use of optical 

filters is not acceptable here because of the high requirements on stability of the 

laser beam alignment during the experiment, which can not be satisfied by the 

commercially available filters with transmitted beam deviation of ~ 10"4 rad. 

The transient tunneling current induced by the laser pulse (8 nsec) can not 

be measured directly without major changes in the low noise and, hence, low 

frequency STM electronics. On the other hand, as was proved by modeling, an 

amount of electricity transferred between the tip and the sample during the short 

transient tunneling (~ 10"s sec) is equal to an amount of electricity transferred 

through the feedback of the input amplifier during ~ 10"5 sec. This is correct for 

tunneling currents up to 3 uA with a 50% accuracy.14 It may be surprising that 

the circuit designed for measurements in the nA range has a linear response for 3 

uA current. The reason for this is the small amount of an electricity transferred 

during the short pulse, (3 uA x 10"8 sec) = 3xl0"14 C. Assuming the amplifier input 

capacitance of ~ 5 pF, one estimates the input transient signal as (3xl0"14 C/ 5x10" 

12 F) = 6xl0"3 V, which is in the linear range of the amplifier. 



If the transferred charge is known, one may estimate the transient tunneling 

current induced by the laser, assuming the current pulse duration equals ~ 8 nsec 

(see Section 4). 

3. Results 

Two major phenomena were observed during laser irradiation of the tip- 

sample junction: (1) a laser induced transient increase of the tunneling current; 

(2) a laser induced deposition of the tip apex material on the surface. The later 

was observed with a laser flux on the tip higher than 2.5 MW/cm2. For the 

conditions of this experiment, a laser pulse power density of 1 MW/cm2 = 4 

uj/pulse = 2.7xl024 photon/cm2 sec. 

3.1 Charge Transfer at STM Junction 

In order to eliminate the remotepossibility of laser induced thermal or 

photo electron emission, the tip was placed at distance of ~ 1 mm from the 

positively biased sample and irradiated by the laser with a flux of ~ 10 MW/cm2. 

This flux is two times higher than the maximum flux used in the experiments 

reported below. With the highest possible sample bias of +10 V, no charge 

transfer was detected above the noise level estimated as 10"15 C. 

The situation is different if tunneling is established between the tip and 

the sample. Here, depending on the laser power either only charge transfer 

occurs, or transfer of both charge and tip material occurs. 



Figure 1(a) and 1(b) present the dependence on photon flux (or laser pulse 

energy) of the transient tunneling current (or the transferred charge), induced by 

the pulse irradiation of the tip-sample junction. For both negative and positive 

sample bias voltages the dependencies are similar and virtually linear. 

The STM feedback control was on during the entire experiment and the 

reference current was fixed at 1.0 nA. Since the feedback response time is much 

longer than the laser pulse duration, the transient tunneling current is virtually 

undisturbed by the feedback response. Every point in Figures 1(a) and 1(b) was 

averaged over at least 1000 laser pulses. Despite the tip changes, the various tip 

positions with respect to the surface, and small alterations in laser beam 

alignment, the linear dependence was consistently observed in a number of 

experiments. 

If the transferred charge exceeds the 3xl0'13 C per pulse, the output signal 

undergoes slow exponential decay which we speculatively attribute to the entire 

amplifier circuitry charging. The extensive charging leads, finally, to the 

temporary disability of the STM feedback. This condition occurs after several 

hundred laser pulses. 

Figure 2 shows the transient tunneling current dependence on the sample 

bias voltage obtained at the constant laser pulse energy of ~ 2.4 uj. The STM 

feedback control was on during this experiment and the reference current was 

fixed at 1.0 nA. Several features, independent of the tip condition and the 

10 



surface site beneath the tip, are seen in Figure 2: (1) at high biases (V> +3 V; V< - 

3V) the transient tunneling current experiences a steep decay; (2) the absolute 

value of the transient tunneling current exhibits two anti-symmetric maxima at V 

= ± 3 V (ref. 15); (3) at bias close to zero a positive transient tunneling current is 

observed (on average more electrons move from the tip toward the sample than 

in the opposite direction). 

3.1 Atom Transfer at STM function 

The process of laser induced tip material deposition with atomic level 

spatial control is demonstrated in Figure 3. The top picture shows the STM 

image of the Si(001)-(2xl) surface before the laser induced modification. The 

surface defects serve here as markers. 

Figure 3(b) presents the STM image of the same surface region obtained 

simultaneously with a series of six laser pulses. The laser repetition rate is 10 Hz; 

the tip moves 42 A between pulses. The STM feedback response to the high 

transient tunneling current is apparent in this picture. The tip scans the region 

from the left to the right and from the bottom to the top. Hence, the deposited 

atoms are visible already on several horizontal traces recorded immediately after 

the laser pulse series, Fig. 3(b). The markers relative positions were not changed 

after the series of the laser pulses and, hence, the imaging is stable during the 

laser induced surface modification. 

11 



The modified Si(001)-(2xl) surface is shown in Figure 3(c). The six single 

atom depositions aligned along the horizontal line of the scan result from the six 

laser pulses. The atoms' location with respect to the markers and relative to each 

other leaves no doubts concerning their origin from the region of the STM tip. 

The surface modification was obtained under the following conditions: the 

sample bias V= -1.3 V; feedback reference current I0 = 1.0 nA; laser pulse energy 

£p = (12±2)uJ. 

The transfer process exhibits a threshold laser energy, Em±n = (10 ± 2) uj. 

The sample bias polarity is not important and virtually the same laser threshold 

energy was observed for positive sample bias V= +1.3 V. 

Starting at a laser energy of Ep = (15 ± 3) uj a deposition of several atoms 

per pulse may be observed. The atoms are deposited then close to each other in 

the vicinity of the tip apex position during the laser pulse. If the laser energy is 

high enough, clusters with a height of more than one atomic size are fabricated 

on the surface. Under no circumstances was laser induced surface atom 

extraction from the silicon surface or atomic diffusion on the surface observed. 

Minor changes in the surface appearance and, hence, in the tip condition 

were visible during the laser induced surface modification. However, the STM 

feedback effectively compensates for these changes and, as was mentioned 

before, the imaging is stable and the tip drift is acceptable. 

12 



As soon as the laser energy thresholds for single atom and for multiatom 

deposition are determined and the laser energy is held in these limits, the process 

of single atom deposition is very reproducible. Using data available to date the 

probability of misfunction can be estimated as 5-10 %. The surface defects 

slightly influence the position of the deposition (Fig. 3) and increase the chance of 

the multiatom deposition (not shown). 

Visualized by the STM, the apparent height and the apparent diameter of 

the deposited single atom are estimated as (2.25 ± 0.5) A and (11 ± 2) A, 

respectively (Fig. 4). These numbers are clearly different from the height and the 

diameter of the single silicon adatoms frequently observed on Si(001)-(2xl) 

disordered by a slight surface contamination and/or by fast cooling (ref. 13). The 

silicon adatoms on top of Si(001)-(2xl), as seen by STM at similar bias voltage 

and reference current, have an apparent height of (1.3 ± 0.2) A and an apparent 

diameter of (6.7 ± 1) A. 

4. Discussion 

In this section we discuss several possible mechanisms of the transient 

tunneling and the single atom deposition observed during the pulse irradiation 

of the STM tip-sample junction. Disregarding the intermediate processes, the 

absorption of the laser energy should finally lead to an increase of the tip and the 

sample lattice temperatures. Therefore, laser induced heating of both the tip and 

the sample should be considered. 

13 



4.1 Pulse Laser Heating and Thermal Expansion 

A scheme of the tip-sample junction irradiated by a laser is presented in 

Figure 5. Since the incident angle is 0i ~ 80° in our geometry, one would expect 

a larger photon flux and, hence, higher transient temperature on the tip surface 

rather than on the sample surface. We first discuss the laser heating of the tip. 

4.1.2 Tip Heating by Pulse Laser 

Three characteristic dimensions should be considered (ref. 16): (i) the 

photon absorption length, Xabs ~ (100-500) Ä; (ii) the thermal diffusion length, Xth 

~ (Xxp)m = 7500 A; and (iii) the laser beam size, Db = 250 |im. Here % = 0.7 cmV 

(ref. 21), the tungsten coefficient of thermal diffusion, and Xp = 8 nsec the laser 

pulse duration. 

Since Db » Xtil» X^s, steady state heating can not be established during 

the pulse and, hence, the maximum transient temperature occurs at the end of 

the laser pulse and is approximately proportional to the laser fluence.16 

The tip radius, rt ~ (100-1000) A, is smaller than Xth and, therefore, the 

case is not strictly one-dimensional. A three-dimensional (3D) case with an 

azimuthal symmetry was considered by Miscovsky et d.17 It was found that "the 

temperature rise in the conical tip due to surface generation of heat varies almost 

14 



linearly with laser intensity and heating time and depends strongly on the cone 

angle and thermal properties." 

For a crude estimation of the transient temperature in the Xth vicinity of 

the tip apex, one may use the following simple expression: 

4Ep(l - R) 
ATtipcppVth  = Ath X  -—2 , (1) 

nvb 

where cp and p are the heat capacity and the density of the tungsten, 

2n(l - cos Q0)^th . ,, 
respectively; Vth   =  -  and Ath  = V0\h are the volume and 

the cross-section area of the Xth - vicinity of the tip apex, respectively;18 B0 is the 

tip cone angle in radians; Ep is the laser pulse energy and R is the effective 

reflectivity of the light averaged over the irradiated tip surface and, hence, over 

different incidence angles.19 

Using eqn. (1) one gets for the tip apex temperature rise: 

6Q0Ep(l -R) 
ATtiD  = —5 — 5  (2) 

tip      n2(l - cosQ0)\hD%cpp 

Then for 0O = 0.26 rad (or 15°), R = 0.5, Xth = 7.5xl0"5 cm, Db = 0.025 cm, cp= 0.14 

J-g'-K'1, and p =19.4 g-cm'3 one obtains ATtip = (1.8xl07 Ep) K or 18 K at Ep = 1 pj. 

An energy up to 15 ]ij was used in our experiments. This estimation is very 
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sensitive to the value of the 60. For example, for 0O = 30° the tip apex 

temperature rise is one-half as less, ATtip = 9 K at Ep = 1 uj. 

This coarse estimation, eqn. (2), is in a good agreement with the 

comprehensive 3D calculation due to Miskovsky et al.17 A tungsten tip with a 

cone angle of 15° was "immersed in an azimuthally symmetric laser beam" 

which produces a surface heating power Q = 1 MW-cm"2 during the laser pulse of 

xref = 30 nsec. As was quoted above the temperature rise is proportional to the 

laser fluence. Therefore, taking into account the tungsten reflectivity, R = 0.5, 

one can adjust the reported (ref. 17) tip apex temperature rise, ATref, to the 

conditions of our experiment: 

4Ep(l - R) 
ATtip  = ATref —2-  (3) 

KD^Qlref 

Taking ATref = 340 K (ref. 17) one gets ATtip = (1.2xl07 Ep) K or 12 K at Ep = 1 

uj which is close enough to the estimation determined from eqn. (2). 

4.1.2 Tip Thermal Expansion 

The agreement encourages us to use this simple model for the tip thermal 

expansion estimation. Figure 5 may be useful in order to understand a concept 

of the model which we employ to estimate the tip thermal expansion. First of all, 

an expansion of the Xth - vicinity of the tip apex will have the strongest impact 

16 



on the tip-sample gap reduction induced by the laser. An expansion within the 

Xth - thickness surface layer of the tip (Fig. 5) separated from the apex by several 

Xth - lengths will not affect the gap reduction since its major expansion direction 

is virtually normal to the tip axis.20 Therefore, the tip length which experiences 

the expansion may be estimated as: 

^exp   = Vfch> (4) 

where r\ is the tip geometry factor in the range from 1 to 3 depending on the tip 

cone angle. Using (4), the tip-sample gap reduction caused by the tip thermal 

expansion can be estimated: 

AStip = a^xpATtip/ (5) 

here a is the coefficient of linear thermal expansion. For tungsten a = 4.5xl0~6 K"1 

(ref. 21). Assuming T| =2 and employing ATtip = (1.2xl07 Ep) K (eqn. 3) and Xth = 

7500 Ä, one has: 

A5tip = (8x10s Ep) A or 0.8 Ä at Ep = 1 uj. (6) 

4.1.3 Nottigham Heating of Tip Due to Transient Current 

In the following section we employ the experimental values of the current 

in order to estimate an additional tip heating effect induced by the transient 

tunneling current. 

17 



The following scenario is expected. The tip is heated by the laser pulse, 

giving ATtip = (1.2xl07 Ep) K. Then the tip expands toward the sample surface 

reducing the gap, giving AStj_p = (8x10s Ep) A. Significant transient current 

flows between the tip and the surface. The tip expansion and, hence, the 

transient tunneling last for a time Tp/ or ~ 10"8 sec (refs. 16,17). Therefore, the 

STM feedback with a response time of ~ 10"5 sec can be neglected. 

The bulk resistivity heating of the tip by the pulse (~ 10"8 sec) current of ~ 

10 uA is negligible.3'17,22 Indeed, a transient temperature increase induced by the 

short pulse of current is: 

AT E —*-, (7) 
cp per 

where Jis the current density; cp, p and a are the heat capacity, the density and 

the conductivity of tungsten, respectively. Equation (7) indicates that in order to 

get a transient temperature rise of ~ 10 K during the W* sec pulse one should 

pass 10 uA current through the tungsten (a = 1.79x10s Q'^cm"1) wire with a radius 

of ~ 40 A. 

Based on the above analysis, the observed current pulse can resistively 

heat the tip apex of a few atoms only. This is, therefore, primarily a surface 

rather than a bulk heating. As was shown by Xu et al.73 in such cases the total 

power delivered to the tip-sample junction, W = IV, is split into two 

approximately equal parts between emitter and receiver surfaces. Depending on 
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the transient current density and, hence, on the apex temperature, the power is 

supplied to the junction by resistive heating or through the Nottingham 

effect.17,22,23 In any case the transient apex temperature can be estimated using the 

following equation (ref. 2): 

dT 
K — 2nrl   =   ^IV (8) 

dr 

or 

AT - %k- (9) 

where K\s the thermal conductivity, C, = 0.5 is the fraction of the total power 

released on emitter (or receiver), arid re is the mean free path for the electrons 

responsible for the energy transfer from the tip apex or from the vicinity of 

sample tunneling point, as shown schematicaly in Figure 5. 

The energy is released in a small volume, re < 100 A. The time of thermal 

diffusion, %th ~ r£ /% ~ 10"u sec, is much less than the laser pulse duration, ip. 

Therefore, the apex heating is a quasi steady state process, and the AT follows 

the delivered power rather than the total energy, cf. eqn. (1). 

As was shown by Flores et al.,2i the energy transfer mechanism may be 

different for various tip-sample biases, V. Correspondingly, the values of re and 

K (the later is roughly proportional to re) may vary significantly with V. 

According to Flores et al.,2i re may vary from 5 to 100 A. 
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Let us estimate the top limit for the transient temperature of the tip apex 

accessible through this mechanism. For I =10'5 A,V = 1.3 V, re = 5 A and 

Ke  =    /20 ~ °-09 W-crn'-K"1, one gets the AT = 230 K. Here Ke is the local 

thermal conductivity due to the special electron-hole pair energy transport24 and 

K is the conventional tungsten thermal conductivity.21 With an original laser 

heating of ~ 120 K (Ep = 10 uj), obtained from eqn. (3), the total transient 

temperature rise is ~ 350 K and, hence, the local transient tip apex temperature, 

Tt±p, may reach as high as ~ 650 K. 

The above estimations are related to the extremely small volume of few 

tungsten atoms. Therefore, the temperature is proportional to the vibrational 

energy of single atom averaged in time rather than over ensemble of these few- 

atoms at certain a moment. 

The apex atom (atoms) behavior may be strongly affected by the arrival of 

the hot electrons responsible for the tunneling current. The current of 10"3 A 

corresponds to a single electron tunneling transfer time of ~ 1.6xl0"w sec. This 

time is much longer than the time necessary for the electron escape from the 

region of the apex of radius re (~ 10"15-10"16 sec). A direct energy transfer from the 

hot electron to the phonons is substantially less probable.25 Therefore, the 

estimation (9) which assumes, following ref. 24, that the hot electron-hole pair 

energy transfer to the electron gas followed by the electron-phonon relaxation is 

most likely correct. 
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4.2.4 Sample Surface Heating and Thermal Expansion 

To estimate the silicon surface temperature rise induced by the laser one 

can use a simple and reliable expression16: 

4EÄ1 - R) COS 9; 
AT-  3       wtfcfp««     ' (10) 

where Q± is the laser incident angle (Fig. 5); Cp1 and p Sa are the silicon heat 

capacity and density, respectively; ^ is the thermal diffusion length estimated 

for silicon (% = 0.9 cmV1) as ~ (%XP)1/2 = 8500 Ä; R is the silicon reflectivity for the 

laser of 532 nm at the 0i- 

Taking Q£  = 80°, R= 0.7, Db = 0.025 cm, c^1 = 0.71 J-g'X1, and psi = 2.33 

g-cm'3 one obtains ATS = (0.75xl06 Ep) K. This is much less than the ATcip (see 

eqns. 2 or 3). Using equation (5), r\ =1 and a = 3.8x10"* K'1 (ref. 21), the silicon 

surface thermal expansion can be estimated now as ASS = (2.4xl04 Ep) A or 0.024 

ÄatEp. =l|ij. 

Since ASS « AStip and ATS « ATtip, one may exclude the laser 

induced sample heating and the sample thermal expansion from consideration. 

4:2 Transient Tunneling of Non-Thermal Electrons 

The enhancement of the tunneling current during the laser pulse is due, at 

least in part, to the thermal expansion of the tip toward the surface. There are, 
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however, other mechanisms involving the direct excitation of electrons which 

might also contribute to the transient tunneling current. These mechanisms 

involve photo induced tunneling of hot electrons from the tip or from the silicon 

sample depending on the bias voltage applied. Two mechanisms can be 

imagined: 

(1) Tunneling of hot electrons before their relaxation to the bottom of the 

conductor band (tip and sample). 

(2) Tunneling of non-equilibrium electrons thermalized at the bottom of the 

conduction band (sample) and captured in a potential well induced by the tip. 

The symmetry of the laser induced tunneling current versus bias voltage 

dependence (Fig. 2) argues against the role of ballistic tunneling of high energy 

electrons since the metal tip and the silicon have dissimilar electronic properties. 

Finally, the magnitude of the experimentally observed transient tunneling 

current is larger than can be explained by mechanisms (1) and (2) above. The 

two hot electron tunneling mechanisms are discussed in detail in the Appendix 

to this paper. 

4.3 Mechanism of Transient Electron Tunneling 

At the highest laser pulse energies used in our charge transfer 

experiments (2.4 (ij) one might expect the tip temperature to be increased - 330 

K. From eqn. (6), for 2.4 uj, pulses, AStip = 1.9 Ä. 
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The linear dependence of the transient tunneling current on laser pulse 

energy argues that tip expansion cannot be the entire cause of the enhanced 

tunneling current; the transient current should depend exponentially on the 

AStiP and, hence, on the laser pulse energy, Ep, as shown in eqn. (11) (ref. 2): 

( 
12m 

Ip   = Iref exd 2 AS. 

V 

f 

ip\\ h2' 
o - qV 

2 
J 

(11) 

where Ip and Iref are the transient and reference tunneling currents, m is an 

electron mass; q"is an electron charge; % is the Planck constant divided by 2%; I/is 

_       Otip + Os 
the sample bias potential; O  = , where Otip and Osare tip and 

sample work functions, respectively. 

Furthermore, eqn. (11) indicates that a maximum transient current would 

be observed at zero tip-sample bias, in contrast to the experiments where the 

current maximum is at - ± 3V bias. Thus additional factors beyond tip expansion 

must be at work in these experiments. 

4.4 Mechanism of Atom Transfer From Tip to Sample 

Considering the heating of the tip by the laser, eqn. (3), and by the 

Nottingham heating (Section 4.1.3), a maximum tip temperature of 650 K may be 

estimated, using a laser pulse energy of ~ 10 uj and observing a transient electron 
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current of 10 uA. Can this temperature lead to the evaporation of an apex W 

atom? 

Several approaches indicate that the binding of W will be considerably 

diminished from its bulk value of 8.9 eV/atom for an apex W atom as outlined 

below: 

(1) For the Debye frequency of W of - 8xl012 sec'1 (ref. 25), and a pulse duration of 

8xl0"9 sec, the desorption of a single atom at 650 K corresponds to an 

activation energy of ~ 0.6 eV. 

(2) Below -100 A particle diameter, the binding energy is a strong function of 

the particle size.26 For example, the melting temperature of Au is 1/4 of its 

bulk value at a particle diameter of 25 A. 

In addition, the tip apex atom transfer occurs readily at both polarities of 

tip-sample bias voltage, and the laser energy thresholds of atom transfer are 

similar for both polarities. This result rules out the importance of a field effect on 

the atom transfer in our case.27 

Finally, an additional reduction in activation energy for laser desorption 

of a tip W atom is expected from the interaction with the Si surface, as suggested 

by Lyo and Avouris.28 As the tip-sample gap is decreased, the apex W atom may 

chemically interact with surface Si atoms as it begins to transfer, collapsing the 

activation energy to a low value. 
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5. Summary 

Nanosecond laser pulses, with 2.33 eV photon energy and ~ 0.6 MW/cm2 

radiation flux, have been used to initiate a transient increase of tunneling current 

between tip and sample surface in an ultrahigh vacuum STM apparatus. In 

addition, at higher laser power, single atom transfer from the tip to the silicon 

sample occurs. The following conclusions may be made: 

(1) The laser induced tunneling current is linear with laser pulse flux up to - 0.6 

MW/cm2, independent of the sign of the tip-surface bias, Figure 1(a) and 1(b). 

(2) At constant laser pulse energy, the transient tunneling current exhibits a 

complex dependence on the tip-sample bias (Figure 2). The similarity of the 

laser induced tunneling for both bias conditions suggests that the tunneling 

mechanism is the same in both directions, independent of the material of the 

electron emitter. 

(3) At a laser pulse flux of ~ 2.5 MW/cm2, single atom transfer occurs between 

the tip and the Si sample by a process virtually independent of the bias 

polarity. The number of transferred atoms per pulse can be controlled by the 

laser energy. 

(4) The dominant laser induced electron tunneling and atom transfer effects are 

proposed to be due to pulse laser heating of the tip, causing nanosecond 

thermal expansion and a decrease in the tunneling gap. Additional heating 
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may occur as a result of Nottingham heating at the high transient tunneling 

currents. 

(5) Estimates have been made of a maximum temperature of 650 K for the tip 

due to light absorption and the Nottingham heating. The transfer of a W 

atom from the tip to the sample is postulated to occur at such low 

temperatures as a result of both the low coordination number of an apex W 

atom (compared to the bulk), leading to a low W atom binding energy, and to 

the proximity of the Si surface leading to strong chemical interaction with the 

surface W atom as it transfers. 

(6) W atom transfer occurs without significant damage to the tip, as it continues 

to provide STM images. In addition, damage to the silicon surface also does 

not occur. 

(7) W atom transfer induced by the pulse laser is fast (~ 8 nsec) in comparison to 

slow transfer processes involving the pulsing of piezodrive devices (-100 

fisec). This is due to their inertia, and their electronic and acoustical ringing. 

(8) Ballistic electron tunneling at a laser flux of -1 MW/cm2 has been rejected on 

the basis of estimations contained in Appendix A. 

(9) Surface band bending compensation induced in silicon by high transient 

current is ignored in our discussion. In both tunneling directions such effects 

may exist and contribute to the current-voltage relationship. Surface band 

bending compensation may be responsible for the linear relationship between 
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transient tunneling current and laser power, Figure 1(a) and 1(b), where a 

non-linear relationship is expected if tip expansion were solely involved. 
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Figure Captions 

Figure 1. Dependence of the laser induced transient tunneling (LETT) current on 

laser flux: (a) positive (1.3 V) sample bias; (b) negative (-1.3 V) sample bias. Laser 

flux calculated for sample surface. 

Figure 2. Dependence of the laser induced transient tunneling current on tip- 

sample bias voltage. Constant laser flux of ~ 0.6 MW/cm2 or laser pulse energy 

of 2.4 (ij. 

Figure 3. Illustration of the laser induced single atom transfer. Laser flux ~ 3 

MW/cm2. Sample bias: -1.3 V. (a) STM image of Si(001)-(2xl) before the transfer, 

(b) STM image of Si(001)-(2xl) during the transfer, (c) STM image of Si(001)- 

(2x1) with the six single tip atoms deposited by the six laser pulses. 

Figure 4. Cross-section of the STM image of the six single atoms deposited by six 

laser pulses (see also Fig. 3). Sample bias voltage: -1.3 V. Reference tunneling 

current: 1 nA. 

Figure 5. A schematic presentation of the STM tip-sample junction irradiated by 

a laser. Here 0i is the laser incident angle, Db is the laser beam diameter, 0O is 

the tip cone angle, wis the maximum radius of the tip cone irradiated by the 

laser, rt is the tip radius, re is the mean free path for electrons responsible for 

the energy transfer, Xth is the thermal diffusion length during the 8 nsec laser 

pulse. 
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Figure 6. An energy diagram of the STM junction between p-type Si(001)-(2xl) 

and a metal tip. Empty and occupied surface electronic bands shown as 71 and %, 

respectively, (a) Zero sample bias voltage. No laser, (b) Negative sample bias 

voltage. No laser, (c) Negative sample bias voltage. Laser is on. 
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Appendix A. Transient Tunneling of Non-Thermal Electrons 

An alternative explanation for the transient tunneling current is the photo 

induced tunneling of non-thermal or "hot" electrons. This phenomenon has 

been briefly discussed by McEllistrem et aV and, finally, neglected in the case of 

"moderate illumination intensities" (5 mW, CW laser). A laser power density up 

to 4 MW/cm2 has been used in our experiments and, hence, the direct tunneling 

of photo induced carriers should be reconsidered. 

Energy diagrams for the normal and the photo induced tunneling from 

the p-type Si(001)-(2xl) to the metal tip (at negative sample bias) are presented in 

Figures 6(a),(b) and (c). According to Chahill and Hamers,29 tunneling currents 

of ~ 1 nA should considerably charge the semiconductor surface under the tip 

and induce significant band bending is shown in Figure 6(b). For a high 

resistivity semiconductor (100 Q-cm) this effect may be much higher than the 

band bending induced by the electrostatic field of the tip.4-29 

The energy distribution of the photo excited carriers in a semiconductor 

experiences a complicated evolution in time and is affected by the presence of 

various defects, for example, by a surface.30,31,32 The photon absorption in silicon 

occurs in a large penetration depth of ~ 104 Ä (532 nm, 2.33 eV). The photo 

excited electrons form the Boltzmann distribution in the conduction band of 

Si(001)-(2xl) in less than 120 fsec. An effective "temperature" of these excited 

conduction band electrons is much higher than the lattice temperature. It takes 
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about 1 psec to reduce this electron "temperature" down to the lattice 

temperature. 

About the same time, ~ 1 psec, is necessary to form so called Surface 

Charge Layer (SCL).3a31'j2 The SCL is a transient surface charging due to the 

photo excited carriers separation in the electrostatic field of the semiconductor 

surface or any other defect. The STM tip, biased with respect to the sample, may 

be considered as a such "defect." The mechanism of the transient charging 

should be similar for a surface and for any other defect. 

As shown by Long et al.32 the lifetime of the non-equilibrium carriers in the 

vicinity of the defect may reach several jisec. The reason for this slow 

recombination is a spatial separation of the photo excited electrons and holes. 

As a result of this complex process the photo induced tunneling current 

has two components. One is the current due to the tunneling of the photo 

excited electrons before their relaxation down to the bottom of the conduction 

band. The second component is related to the tunneling of the CBM or the non- 

equilibrium electrons thermalized on the bottom of the conduction band and 

trapped in the vicinity of the tip. These two possibilities are discussed in sections 

A.l and A.2 below. 

A.l Ballistic Tunneling of High Energy Photo Electrons from Silicon and Metal 
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The high energy non-thermalized photo electrons have a vanishing chance 

to tunnel toward the tip simply because of their short life time (less than 10'13 sec) 

and extremely low probability to hit the surface right under the tip (the band 

bending is not enough to guide the high energy electrons toward the tip). 

Indeed, the fluence of absorbed photons by the sample is: 

4En(l - R) COS 6, 
Fn   = — 5 ~, (A-l) 

where hv is the laser photon energy (2.33 eV). This is ~ (2.8xl020 Ep) ph/cm2. 

Here and below the units of Ep are Joules. 

Considering the photon absorption length, A^s/ and the life time of the 

non-thermalized electrons, The, the density of such electrons in the absorption 

layer can be estimated as: 

EJX ue 

nhe   S j^. (A-2) 

Then taking into account the speed of the electrons, Ve; the effective area 

of tunneling, A; and the tunneling probability, P; one gets for the tunneling 

current of the high energy electrons: 

AajbsTp 
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For %he = 10"13 sec, A = 10"14 cm2, q= 1.6xl0"19 C, Ve= 103 cm/sec, P = 10"4, 

and \bs = 10"* cm, one obtains: Ihe < (6xl0"10 Ep) A. For the laser energies used 

in our experiments, Ep < 15 uj, the calculated value of Ihe is less than 10"14 A and, 

hence, may be neglected. 

The above consideration and eqns. (A-l to A-3) can be applied for the Ihe 

estimation in the case of electron tunneling from the metal tip to the 

semiconductor as well. Using for tungsten R = 0.5, 6i = 0°, T he = 10'13 sec, and 

\bs = 10"6 cm, one has: Ihe < (6xl0"7 Ep) A and, hence, in our experiments the Ihe 

is less than 10"u A and should be neglected also. 

A.2 Photo Electron Tunneling from Bottom of Silicon Conduction Band 

As soon as the photo excited electrons are thermalized on the bottom of 

the semiconductor conduction band they are driven by the electric field toward 

the surface and the tip. Finally, they are trapped in the SCL and in the tip 

vicinity and recombine during several jisec. Three major processes serve as a 

sink for these trapped electrons: (i) the tunneling from the conduction band of 

the sample to the tip, (ii) the thermal current of majority carriers (holes) to the 

surface,29,33 and (iii) the tunneling from the valence band to the tip. The two later 

processes are accompanied by surface electron-hole recombination. 

The CBM electron trapping in the tip vicinity reduces the band bending 

and, hence, is self-limiting. As we will show below, the quasi steady state 
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tunneling current should depend, mainly, on the initial (prior to the laser pulse) 

band bending, the initial majority carrier density, the density of photo excited 

electrons and the tunneling probability. 

This process is complex and, to the best of our knowledge, is not 

understood and described yet. There was an attempt to apply the Schottky 

barrier theory to the case of a low intensity laser irradiation of the tip- 

semiconductor junction.29 Few other analytical and numerical attempts (refs. 34, 

31,32) have been made to solve the problem of the SCL formation and its 

evolution (in absence of the tip) under the nanosecond pulse laser with intensity 

up to ~ 105 W/cm2. 

A comprehensive numerical simulation, probably, might (see, for 

example, ref. 32) solve the problem but this is beyond the scope of this 

publication. Instead, we suggest a simple model which is in reasonable 

agreement with the experimental data obtained for the one-dimensional (the 

SCL) case.32,30 This model is designated to provide order of magnitude 

estimations for the case of pulse laser irradiation of the tip-semiconductor 

junction. 

The density of the photo electrons under the tip is a crucial parameter for 

the laser induced tunneling current estimation. Since the characteristic surface 

recombination time of the non-equilibrium carriers is longer than the laser 
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pulse/2 the density of the CBM electrons in the absorption layer can be estimated 

as: 

ncb  ^  3^-. (A-4) 

Taking 7^bs = 10"4 cm, one has ~ (3xl024 Ep) cm'3 for the non-equilibrium carriers 

density. At laser energy of Ep = 1 uj the nch equals 3xl018 cm"3. 

This value is much higher than the initial density of carriers in the 100 

Q.-cm p-type silicon crystal at 300 K. Using the hole mobility in silicon, IIP = 500 

cmVVsec (ref. 21), one gets the density of majority carriers, p = 1.25xl014 cm"3. 

The corresponding Debye length, XD, and, hence, the depth of the initial surface 

o 

band bending is estimated as ~ 2600 A. 

The density of photocurrent headed for the SCL can be computed as (ref. 

33): 

Jpc   -  JpcO 2 - e  ^
bs (A-5) 

where Jpc0   = 
*P 

To adjust this formula to the tip-surface 3D case, one can simply assume a 

collection of the CBM electrons within the range XD from the tip. Therefore, for 

the density of the photocurrent toward the tip one gets: 
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Ttip    _    - PcO'^D 
u PC A 

T      irl2 { *°   "l 
2  _   e    W (A-6) 

v y 

here A is the effective area of tunneling. Thus, taking A - 10"u cm2 and T = 300 K, 

one obtains the top limit estimation for the photocurrent under the tip: J*^? < 

(2.7xl014 Ep) A/cm2 (ref. 35). 

The CBM photo electrons driven by the electrostatic field should hit the 

surface under the tip. Therefore, the flux of these electrons on the surface and 

their effective density under the tip can be estimated as: 

F
PC   -   q   - 

ncb   4 > y^n 

where Vth is a thermal speed of an electron at 300 K (~ 107 cm/sec). Equation (A- 

7) gives an estimation for the effective density of the CBM photo electrons: nj^ 

< (7xl026 Ep) cm'3. At laser energy of Ep = 1 pj the ncb < 7xl020 cm"3. The number 

is ~ 2 orders of magnitude higher than the bulk density of the CBM photo 

electrons estimated by eqn. (A-4). 

This value is of the same order of magnitude as the surface density of the 

CBM electrons in the SCL obtained for Si(001) and for Si(lll) by Long et al.32 and 

by Goldman and Prybyla,30 respectively. Laser fluences of ~ 100 |i.J/cm2 (hv = 

2.43 eV) and of ~ 250 |ij/cm2 (hv  = 2 eV) have been used in these experiments. 
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An incident laser fluence of ~ 0.35x10 Ep mj/cm (hv = 2.33 eV) has been 

employed in our experiments (no correction for reflection is made). 

Using the Jp1^', eqn. (A-6), one can compare now the photo induced and 

the reference tunneling currents. Assuming that the tip thermal expansion 

influences both currents equally, we compare them at zero tip expansion. The 

density of the reference tunneling current is in the range of (10s-106) A/cm2 at a 

current of 1 nA. The corresponding effective current density in the 

semiconductor under the tip should be significantly higher, ~ (109-10I!) A/cm2, 

due to low value of the tunneling probability, ~ (lO^-lO-5). 

In conclusion, the photocurrent density under the tip, eqn. (A-6), may 

reach the low limit of the reference current density, 109 A/cm2, at relatively high 

laser energy of ~ 4 uj (cf. Figs. 1 and 2). Thus, the tunneling of the CBM electrons 

may be neglected in our studies of the laser induced tunneling but, probably, 

plays a minor role in the laser induced atom transfer process (Figs. 3 and 4). 

In the light of these estimations, it is not surprising that the STM reference 

current has a pronounced influence on the Surface Photo Voltage (SPV) 

measurements at moderate laser intensities.29 

Appendix B. STM Tip as Conical Antenna 
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Here we examine the possibility that the tip can work as a conical antenna 

or in other words as a wave guide for the laser.3 The narrowing of the tip-surface 

gap toward the point of tunneling may operate as a wave guide as well.36 

Following Sullivan et ciV one may expect an electrical field magnification 

by the factor of ~ y   , where wis the maximum radius of the tip cone irradiated 

by laser (Fig. 5) and rt is the tip radius. Since in our case w= 30 jim which is 

much greater than the laser wavelength, X = 0.532 Jim, the field enhancement 

factor should be rather estimated as yr or as ~ (5-50). A value of rt ~ (100- 

1000) A has been used in this order of magnitude estimation. 

The laser intensity is proportional to a square of the field and, hence, the 

corresponding gain in the photon flux may be expected to be as high as ~ (25- 

2500). If the above estimations are correct, one would expect to have a laser flux 

in the tip-sample junction of ~ (1013-1015 Ep) W/cm2. At the highest Ep = 15 uj it 

should be ~ (108-1010) W/cm2. Such a high laser flux would be enough to initiate 

extensive metal and silicon evaporation followed by plasma formation at the tip- 

sample junction.16 

To get any appreciable transient current of the high energy photo 

electrons from the metal tip (cf. eqn. (A-3) and Fig. 2), a laser flux under the tip 

should be increased by a factor of ~ (106-107) with respect to the one calculated by 
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eqn. (A-l). Thus, at the tip apex one would need a laser flux of ~ (1016-1017 Ep) 

W/cm\ Such a high flux must create a plasma above the metal surface. 

A laser induced plasma would be expected to cause severe acoustical 

noise,16 and widespread damage of the Si(OOl) surface. Neither of these signs are 

seen experimentally. 

Nevertheless, one can not exclude a laser intensity gain less than a factor 

of 25, which could intensify significantly the laser heating and the thermal tip 

expansion as well as the tunneling of the CBM photo electrons from the 

semiconductor surface. This problem requires further investigation. 
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Dependence of LITT Current on Photon Flux 
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Dependence of LITT Current on Sample Bias Voltage 
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Laser Induced Single Atom Transfer 

STM Image of Si(001)-(2x1) Before Laser Pulse Sequence 
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Cross-Section of Atomic Periodic Structure 
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Pulse Laser Heating of STM Tip-Sample Junction 
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Energy Diagram of p-type Si(001)-(2x1) and Metal Tip 
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Energy Diagram of p-type Si(001)-(2x1) and Metal Tip 
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Energy Diagram of p-type Si(001)-(2x1) and Metal Tip 
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