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Electromigration of Au on Ge(111): Adatom and island dynamics

We have observed the motion of two-dimensional phases of Au on Ge(111) under an electric bias by in operando low energy electron microscopy. Electromigration of Au results in a complex dynamics that depends on the nature of the involved mobile phases: two-dimensional ad atom gas or two-dimensional islands. We show that the Au ad atoms move at the surface in the direction opposite to the electric current. The wind force induced by the electron ow is measured: the eective valence of Au (Z * =-82±15) is directly deduced from the coverage prole of a Au ad atom gas spatially retained by a strong Erlich-Schwoebel barrier at a down-hill step edge. The velocity of two-dimensional Au islands versus island size reveals a mass transport by terrace diusion inside the islands. The energy barrier for diusion above 820 K is 1.16± 0.08 eV and it strongly increases up to 3.1±0.6 eV below. We attribute this change of regime to a modication of diusing species from single Au atoms at high temperature to Au clusters at low temperature. The strong shape uctuations of the 2D-islands is consistent with a nearly vanishing line tension of 1.2±0.4 meV/nm at 800 K. Mass transport phenomena occurring at solid surfaces # are crucial in the context of nanofabrication and growth $ processes. To study these phenomena one approach con-% sists in analyzing the uctuation dynamics of surface & structures such as island edges [24] or their response to a ' perturbation [5]. In that respect mass transport induced by an electric current [68] provides a unique opportunity to study atomic processes using the electric current as a perturbation of the random processes occurring at ! the surface [912]. For instance the size-dependence of " the velocity of 2D-islands that are displaced by a owing # electric current is intimately related to the atomic pro-$ cesses of diusion and attachment-detachment at step % edges [1315]. If there is a key benet of studying a di-& rected motion rather than a random motion from a sta-' tistical analysis point of view, the counterpart is to know quantitatively the applied force. Historically electromigration has been studied in solids and thin lms [7, 8, 16 18]. It has been proposed that the driving force for atom ! migration arises from two sources: (i) the external elec-" tric eld acts directly on the partially charged atoms and # the driving force is called direct force, (ii) the electric $ current carriers transfer a momentum to the atoms, this % results in a driving force called the wind force [1921]. & The experimental determination of the dominant force ' and the quantication of the eective ad atom valence ! are still very rare [9] and call for dedicated studies [7 and ! &# Au to -(1 × 1)-Au surface phase transition occurring at &$ 913 K for 1 monolayer (ML) [4] and the eutectic melt-&% ing point of Au-Ge droplets (634 K). The absolute tem-&& perature precision is about 50 K in the range 600 -900 &' K. Au is deposited by evaporation-condensation using ' a MBE-Komponenten Gmbh eusion cell containing 5N ' Au shots. We deposit less than 1 ML of Au on Ge(111) ' to avoid the formation of Au-Ge droplets. Since the sol-'! ubility of Au into Ge bulk crystal is less than 10 -4 at. '" % at the solid state, Au dissolution is negligible [31]. '# The migration of Au is studied by low energy electron '$ microscopy (LEEM III, Elmitec GmbH) in bright eld '% mode, with an electron-beam energy of 6.0 eV. Low en-'& ergy electron diraction (LEED) patterns are measured '' at various electron energies in the range 3-30 eV. II. RESULTS AND DISCUSSION A. 2D-gas phase of Au on Ge(111): the determination of the Au =@atom valence ! LEEM image in gure 1(a) shows the surface of a " Ge(111) single crystal at 830 K covered with about 0.25 # ML of Au under an applied electric current (j=1.2 10 6 $ A.m -2 ). This surface is obtained after a sharp tempera-% ture drop from 900 K. Initially the surface looks homo-& geneous, i.e. covered with a uniform gas of Au ad atoms. ' After a temporary evolution of less than a minute, the surface reaches a stationary state with smooth intensity variations and no border as expected for a gas phase. The intensity contrast at the surface varies in the direc-! hindered inside we have to invoke an interfacial mecha-&! nism of phase transformation at the interface between the &" Au-rich and Au-poor phases. Considering the electromi-&# gration of Au-poor islands, the Au-rich phase transforms &$ into the Au-poor phase at the front of the island and vice &% versa at the back. This phenomenon is kinetically equiv-&& alent to an attachment-detachment process. Therefore &' we can infer that the electromigration of these islands ' results from a two-step process: (i) terrace diusion of ' Au to reach the interface between the two phases and (ii) ' phase transformation. The size-dependent island velocity '! measurements indicate that the kinetics of phase trans-'" formation is much faster than the time scale for atoms '# to cross the island by terrace diusion. Interestingly we '$ can also see that the island shape do not show signicant '% uctuations. This observation can be related to a large '& atomic density of the Au-rich phase that imposes a large '' line tension stiness at the boundary with the Au-poor ! phase. Let us note that the absence of shape uctua-!

8]. In addition electromigration phenomena of ad atoms ! at surfaces [7,8,1823] can cause substantial changes in !! the surface morphology such as step bunching for vicinal !" surfaces [16, 17, 24, and 25] or shape instabilities of 2D !# islands [5, 10, 2628]. These surface modications are transport on Ge(111), i.e. the diusivity of Au, the en-" ergy barriers involved in mass transport, as well as the " eective valence of the ad atoms. In that purpose, and to " disentangle the dierent terms that are involved in the "! electromigration process, the results rely on the analy-"" sis of the migration phenomena of two-dimensional (2D) "# layers of Au in dierent states: gas, Au-rich and Au-"$ poor 2D islands. This study is based on an in operando "% observation under an electric current of the Au-Ge (111) "& surface by low energy electron microscopy (LEEM). The "' experimental set-up allows to study the spatio-temporal # dynamics at a surface [29 and 30]. At high tempera-# ture (above ∼800 K) using the 2D ad atom gas coverage # prole nearby a step edge we determine the eective va-#! lence of Au ad atoms at the Ge(111) surface responsible #" for the wind force (Z * =-82±20). Decreasing the tem- ## perature the gas phase condenses into a 2D dilute phase #$ of Au (Au-poor phase) and forms 2D islands on Ge(111).

#%

The electromigration velocity of these islands versus the #& island size claims for a mass transport phenomenon lim- #' ited by terrace diusion inside the islands. In addition $ the large uctuations of the island edges indicate a van-$ ishingly small line tension of 1.2±0.4 meV/nm at 800 $ K. At even lower temperature (or higher Au coverage) $! a dense Au-rich phase forms that is comparatively im-$" mobile. The apparent migration of this phase is induced that has been calibrated using the Ge( 111 gration in the framework of the linear response theory.

'"

The velocity v shows dierent scaling laws with respect '#

to the island size (r) for dierent mass transport phe-

'$ nomena: periphery diusion (v ∼ r -1 ), terrace diusion '% (v is size-independent) or attachment-detachment at step '& edges (v ∼ r).
From the t of the experimental data with ''

the dierent mass transport phenomena, the dominating one is more likely to be terrace diusion. Furthermore, since the islands migrate in the same direction as the Au atoms (electron ow), we deduce that the terrace diu-! sion mechanism occurs within the islands and not from " the surrounding surface. This result is in agreement with 

! function G(t) = ⟨ [x(y, t) -x(y, 0)] 2 ⟩ of the step edge po- !"
sition is theoretically given by [52]:

!# G(t) = 0.86( Ωk B T β ) 2/3 (2Dc × t) 1/3 (3)
where Ω=0.139 nm 2 is the atomic area. From the consistent with the proximity to the transition tempera- to current stress Phys. Rev. Lett. 99, 206801 (2007).

(d) (c) Au -1   1 Au -   3        3 Au -   3        3 Au -1   1 e - 1 μm (a) (b) 
"'! !% P. J. Rous, Electromigration wind force at stepped Al "'"

surfaces Phys. Rev. B 59, 7719 (1999). study Phys. Rev. B 62, 8473 (2000). 

  with the surrounding Au-poor $$ phase and is limited by mass transport kinetics via ter-$% race diusion mechanism inside the Au-poor phase. We $& demonstrate the possible generation of Au-rich or Auwafers are rst cut (0.5×4×17 mm 3 ) and % cleaned by acetone and ethanol rinsing before introduc-%! tion in ultra-high vacuum (UHV, 10 -8 Pa). Then they %" are cleaned by repeated cycles of ion bombardment (Ar + , %# E=1 keV, I=8 µA) and annealing (1000 K). At last, the %$ crystals are annealed close to the Ge melting point (1211 %% K) during a few seconds to obtain extended (111) ter-%& races at the surface [15] (>10 µm 2 ). The electric cur-%' an electron bombardment heating stage [32]. The tem-&! perature is measured with an Impac pyrometer (ϵ=0.56) &"

  FIG. 1. (a) LEEM image (bright-eld mode) of Au (∼ 0.25 ML) on Ge(111) at 830 K . The black arrows show atomic steps. (b) coverage prole of Au ad atoms extracted from the intensity (corrected from inhomogeneous illumination) along the dashed line of (a). The dashed line corresponds to the best t of the Au adatom coverage prole using c(x) = cAu,se x ξ

#

  the low surface density of Au atoms in the Au-poor is-$ lands [4] that allows numerous diusion paths for atoms. % Within this framework the 2D-islands velocity reads [5]: island velocity of 26 nm/s (see ' g. 2-(c)) we can estimate the Au diusivity on Ge(111) Dc Au = 1.4±0.4 10 5 nm 2 s -1 assuming that the eective valence of Au is preserved (Z * =-82). Furthermore, we observe that the 2D islands exhibit ! very large shape uctuations (see g. 2-(a), 3-(a) and " supplementary movie S2 [51]). While the area of the is-# lands is approximately xed, the perimeter exhibits large $ variations over time [see g. 3-(b)]. The normalized % standard deviation of the perimeter is 15±2 %. In addi-& tion the mean shape is far from being circular: the ratio ' of the eective island radius deduced from the perimeter (r P = P 2π ) and the radius deduced from the area (r A = √ A π ) is about 2 indicating a strongly non-circular shape (one for a disk). The large shape uctuations may ! explain the slight increase of the islands velocity with the " island size (see g. 2-(c)). # To quantify these uctuations and estimate the line $ tension stiness β that tends to keep the shape com-% pact, we have analyzed the auto-correlation function of & a straight edge of a Ge(111)-(1×1)-Au domain pushed ' onto a Ge step (the electric current is perpendicular to ! the island, see Fig. 3-(c)). Since mass transport is domi-! nated by terrace diusion as deduced from previous size-! dependent velocity measurements, the auto-correlation

  !

  FIG. 2. (a) Series of three LEEM images (bright-eld mode) of Ge(111)-(1 × 1)-Au islands electromigrating on Ge(111) at ∼790 K. Ge(111)-(1 × 1)-Au islands have a bright contrast whereas the remaining surface (Ge(111)-(2 × 1)) is darker. The white and green arrows show the displacement of the islands over time. The white arrow indicates the direction of the electron ow. (b) LEED pattern (E=14 eV) of the Ge(111)-(1 × 1)-Au reconstructed islands at 790 K and phase transition into the Ge(111)-( √ 3 × √ 3)-Au at RT. LEED pattern of the Ge(111)-(2 × 1) at 790 K (average projection of 80 LEED patterns between 3 and 14 eV) and phase transition into the splitted reconstruction Ge(111)-(2 × 2) at RT (LEED at E=14 eV). (c) Schematics of the phase transformation from 2D-gas, Au-poor Ge(111)-(1 × 1)-Au island and Au-rich Ge(111)-( √ 3 × √ 3)-Au phase. (d) Size-dependence of the velocity of the Ge(111)-(1 × 1)-Au. The radius is obtained as √ A/π where A is the island area. Best t considering dierent mass transport mechanisms: terrace diusion (dashed line), periphery diusion (dotted line) and attachement-detachment (red line). Inset: schematic of the principle of mass transport by terrace diusion inside the island.

  FIG. 4. (a) LEEM image (bright-eld mode) of electromigrating Ge(111)-(1×1)-Au islands in Ge(111)-( √ 3 × √ 3) phase (scale bar 5 µm). (b) LEEM image (bright-eld mode) of electromigrating Ge(111)-( √ 3 × √ 3)-Au islands in Ge(111)-(1×1)-Au phase at 830 K. Insets of (a) and (b): model of mass transfers. (c) Arrhenius plot of the 2D islands vk B T ΩZ * eE . (d) Velocity of islands as function of island size and for dierent temperatures. At a given temperature, the island velocity is size-independent (dashed guide line).

&rent by using a complementary radiative W lament and &

&force and the opposite ux arising from the coverage gra-' dient (Fick's law). The ux of ad atoms due to the elec-!

& inside the Ge(111)-(1×1)-Au phase is about 0.367 ML & (the Ge(111)-( √ 3 × √ 3)-Au phase has a Au coverage of 1 &! ML [50]). We denote in the following the Ge(111)-(1×1)-&"

& insets of gures 4-(a,b)]. To explain the apparent mo-& tion of the Au-rich phase whereas diusion is strongly &