PHYSICAL REVIEW B VOLUME 53, NUMBER 16 15 APRIL 1996-II

Nucleation and growth of Fe on GaA$001)-(2x4) studied by scanning tunneling microscopy
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The nucleation and growth of Fe on GdB81)-(2X4) has been studieth situ with scanning tunneling
microscopy. The growth is dominated by the structure of the substrate reconstruction. Fe initially forms stable
six- to eight-atom two-dimensional islands confined to the first-layer As-dimer rows. The islands preferentially
coalesce along the rows, leading to an anisotropic film morphology that persists for at least the first 50 A of
growth. These results provide insight into the growth mode of Fe on GaAs surfaces and have implications for
the magnetic properties of ultrathin Fe filni§0163-18206)53716-1

Magnetic metal flms on semiconductor substrates fornsurface, which is the substrate typically used for electronic
the basis for a class of electronic and electro-optical heteradevice fabrication. We report here the results ofimrsitu
structure device$.In these devices the magnetic anisotropySTM study of Fe growth on MBE-prepared GaB81)-
and/or carrier spin allows one to modulate the electrical o2x4). We find the nucleation and growth to be dominated
optical properties in interesting ways. For heterostructuredy the structure of the substrate reconstruction.
composed of very thin metal films, the atomic-scale structure Our experiments were carried out in an interconnected,
of the metal-semiconductor interface may affect both themultiple chamber ultrahigh vacuum MBE and surface analy-
magnetic properties of the film and the electronic transporsis facility. Surfaces with &2X4) reconstruction were pre-
through the structure, and thereby play a critical role in depared by MBE on Si-doped GaAs substrates oriented to
termining final device performance. Such effects are exwithin 0.1° of (001, and then dosed with Fe in a second
pected to be particularly pronounced for growth on com-MBE chamber while at 175 °C. A fresh GaAs substrate was
pound semiconductor substrates, which exhibit a plethora grepared for each Fe coverage studied. We define 1 ML of
surface reconstructions. The different stoichiometries andfe as 1.2x10'® atoms/cri [corresponding to the density of
symmetries of the reconstructions are expected to influencéne bcc F€001) surfacd, which would produce a film 1.4 A
adatom nucleation, interface formation, and film growth,thick if deposited uniformly on R@01). The Fe coverages
leading to different magnetic and transport propeties. were calibrated based @x situx-ray fluorescence measure-

Fe on GaAs is a particularly promising system for use inments.(Additional details regarding the surface preparation
magnetoelectronics® Fe is known to grow epitaxially on the can be found elsewheld. STM images were acquired at
(110 and (001 surfaces of GaAs, due in part to the lattice room temperature with a constant current of 0.1 nA and
constant of bcc F€2.866 A being about half that of GaAs sample biases ranging from1.8 to —3.0 V. Average Fe
(5.654 A.*% Fe is typically grown at-175 °C, a tempera- island sizes were determined for coverage8.5 ML by
ture found to produce good magnetic properties along with dinding the directionally dependent Gaussian width of the 2D
relatively abrupt Fe-GaAs interface. On G&&s0), which  height-height autocorrelation function for a number of im-
has a simple(1x1) surface reconstruction, Fe grows in a ages and image sizes.

Volmer-Weber mode at both-175 °C and room tempera- As illustrated in Fig. 1a), the GaA$001)-(2X4) unit cell
ture, nucleating three-dimension@D) clusters even at sub- is composed of two adjacent As dimers with dimer bonds
monolayer coverages? Studies of Fe growth on th€@01) along[110], and two adjacent Ga dimers with dimer bonds
surface of GaAs are complicated by the large number ofilong[110].***° A typical large-scale STM image of a clean
surface reconstruction®ither Ga or As rich In a detailed GaAg001)-(2%x4) surface is shown in Fig.(b). The surface
study of Fe growth at 175 °C on Ga-rich GdB81)-¢c(8%2) consists of large, atomically smooth terraces0.5 um
(prepared by sputtering and anneajinGhamberset al. re-  wide) separated by 2.8-A-high steps, with very few islands
ported 3D growth accompanied by out diffusion of both Gaor pits. Higher-resolution images of the surfgoese) reveal
and As from the interface into the Fe filthVolmer-Weber  a well-ordered, low-defect-densit@x4) reconstruction. The
growth was also reported at 175 °C on Ga-rich Gaag)- bright rows oriented alonfl10], spaced 16 A apart, corre-
(4x6) (prepared by desorbing the surface oxitfeLittle spond to the rows of As dimer pairs. The distinct oblong
work has been done with the As-rich reconstructions, due tbumps spaced 8.0 A apart along the rows arise from the
the difficulty of preparing well-ordered surfaces. Recently,individual dimer pairs(The two dimers within each pair are
Takeshitaet al. used scanning tunneling microsco(§TM)  not resolved.

to study the room-temperature growth of the first monolayer The topography of the surface following Fe deposition is
(ML) of Fe on As-rich GaA®01)-c(4X4) grown by molecu- shown in Fig. 2. Upon deposition of 0.1 M[Fig. 2(a)],

lar beam epitaxy(MBE).*? The film was found to grow as small bumps appeaseen as bright spots in the imags-
clusters whose size appeared correlated with the underlyingiost exclusively on top of the As dimer rows. The bumps
c(4x4) reconstruction. To our knowledge, no work to dateare typically~8 A in diameter and~1 A high (with respect
has addressed Fe growth on the As-ri2k4)-reconstructed to the As dimers as will be shown below, they are associ-

0163-1829/96/53.6)/104814)/$10.00 53 R10 481 © 1996 The American Physical Society



R10 482 P. M. THIBADO et al. 53

TOP VIEW

e o e o0eoceoeocece e [110]

® O @ 0o ®@ o @ o e o e o e o e

@ O @€ o @@ o @@ o e o e o e o e

[001]

XX LTI Ly

SIDE VIEW

® 1stlayer As o 2nd layer Ga
o 3rd layer As o 4th layer Ga

[110]
[110]
1101 100 A
L{110] 0.5 um
FIG. 1. (a) Structural model of the Ga4801)-(2x4) surface FIG. 2. Filled-state STM images of Ga@91)-(2x4) following

(Ref. 14. (b) Filled-state, gray-scale STM image of a clean Fe deposition at 175 °C; 460400 A2. The total Fe coverage ig)
GaAg001)-(2x4) surface grown by MBE; le.?,umz. Eachgray 0.1, (b) 0.25,(c) 0.5, (d) 1, and(e) 35 ML. The gray-scale height
level indicates a change in height of 2.8 (Borresponding to a ranges are approximatel§a) 5, (b) 3, (c) 3, (d) 6, and(e) 3 A. Note
monolayer step Inset: Higher-magnification filled-state image re- that two substrate terraces are presentainand (d). The Fe film
solving the(2x4) surface reconstruction; 16060 A2, initially grows as 2D islands confined to the As-dimer rows.

ated with small 2D Fe islands. Upon doubling the coveragendicating the presence of three Fe layers at the growth front.
to 0.2 ML [Fig. 2(b)], the number of Fe islands approxi- Surprisingly, the island shape anisotropy persists even at this
mately doublegmost remain the same sjzewith most is-  relatively thick coverage, with an_average island approxi-
lands still confined to the As rows. The rowlike structure mately 50<80 A? (elongated alon@110]). The 2D growth
associated with the origingPx4) surface reconstruction is mode, bcc structure, and composition of our Fe films on
still evident, indicating that the substrate is not significantlyGaAg001)-(2Xx4) as determined by photoelectron diffraction
disrupted by Fe adsorption. Upon deposition of a total of 0.5and core-level photoemission are described in detall
ML of Fe [Fig. 2(c)], the islands coarsen preferentially along elsewheré?
the[110] direction, but maintain a 2D character. At this cov- Clean and Fe-covered surfaces were also examined as a
erage the average island is 15 A wide and 25 A Igingm  function of filled-state tunneling bias voltage in order to elu-
the 2D autocorrelation functignNote that any Fe island cidate the identity of the topographic features induced by Fe
greater than 12 A wide must cover a recessed Ga-dimer roadsorption. As shown in Figs(& and 3b), defects typically
(between the As rowstherefore, the flat appearance of the observed on an Fe-free surface have very little bias depen-
islands implies that some edges of the larger islands must bience. In contrast, the bumps that appear on the As dimer
two Fe layers thick. The island coarsening and shape anisotews following Fe adsorptiofiFigs. 3c) and 3d)] become
ropy increase further as the Fe coverage grows to 1 ML, amuch more prominent at lower voltage relative to the rest of
shown in Fig. 2d). The average island widtl length in-  the topography. This effect is characteristic of metal atom
creases to 3890 A2, In addition, some of the islands now clusters on GaAs, which typically create new states in the
appear to have an additional Fe layer on top. 11I-V band gap?® tunneling out of these states will dominate
The thickest Fe coverage studied was 35 @D A) [Fig.  at lower bias voltages. Although we cannot definitively es-
2(e)]. At this coverage, large rectangular islands exist withtablish that there is no As or Ga in the Fe clusters, we would
two distinct heights above the topographic minim@gepa- expect the Fe-induced features to have much greater variabil-
rated by~1.4 A, corresponding to an Fe monolayer $tep ity in size and appearance if significant intermixing occurred.
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FIG. 3. Filled-state images highlighting the distinct bias depen-

dence of Fe islands on Ga@®1)-(2X4) as compared to typical
surface defects; 100100 A?. Clean surface a&) 3.0 V and(b) 1.8

V. The sameg2Xx4) unit cell is indicated in both images. Fe-covered
surface(0.1 ML) at (c) 3.0 V and(d) 1.8 V. A few Fe islands are
marked by cross hairs.

FIG. 4. Top view of proposed structural models for stable Fe
islands observed fo=0.25 ML. The adsorbed Fe atoms are as-
sumed to be in a plane above the first-layer As atoms. Left: Six-
atom islands with a local RAs, stoichiometry. Right: Eight-atom
islands with a local F#\s stoichiometry. Both of these structures

» o may_coexist on the surface. The islands are always separated along
The compositional abruptness of the initial interfa¢ex2 the[110] direction by at least one pair of As dimers.

ML) is also supported by core-level photoemission resilts.
These results, combined with the observation that the bumps Based on the relative stability of s, compounds, one
are approximately flat, regularly-sized, and double in numbemight expect long Fe islands to form atop the As rows. The
upon doubling the Fe coverage, lead us to conclude that ea@bservation that the Fe islands rarely coalesce along the rows
of these features is associated with a 2D island of Fe atomguring the initial growth, despite the apparent mobility of Fe
adsorbed on the first-layer As rows. adatoms, indicates the six- to eight-atom islands must be
Counting the islands in a number of STM images revealsnetastable structures. This stability could be an inherent
that for coverages up te-0.2 ML the average 2D island structural property, such that adding another Fe atom in-
consists of 1 Fe atoms. Furthermore, these islands alwaygreases the total energy per atom within the island. Alter-
have at least one Fe-free As dimer pair between them alongately, there could be a diffusion barrier surrounding each
the rows. This can be seen most clearly at 0.2 Mlig. island that prevents additional atoms from reaching it, as
2(b)], where the Fe islands appear nearly periodic along eachnight occur, for example, if each island were locally
As dimer row(the islands are only weakly correlated acrosscharged. Additional experimental and/or theoretical work is
the rows. Based on this analysis, we propose a structuratequired to clarify the origins of the preferred island size.
model for the initial growth of Fe on GaAB01)-(2x4), The relative stability of the binary alloys pertinent to Fe
shown in Fig. 4, consisting of six- to eight-atom islands thaton GaAs, FgGa,<FeAs,<GaAs!"'® suggests a way to
are bonded atop the first-layer As rows and separated alongnderstand the reconstruction dependence of the growth.
each row by a single pair of As dimers. The six- and eight-Thermodynamically, Fe would prefer to bond with As rather
atom islands have a local s, and FgAs stoichiometry, than Ga, causing the initial nucleation to occur on the surface
respectively, with Fe occupying all the 601) sites in the  (first-laye) As rows. Due to the effects discussed above, the
denser island. In the bulk these two compounds have verinitial Fe,As,-like islands have a preferred length®A and
similar stability (as reflected by their melting temperatures a minimum island-island distance of 16 A, leading to local
and are the most stable Jfes, compounds with the excep- (4x4)-like arrangements of islands at0.2 ML [see Fig.
tion of FeAs, which is marginally more stalié!®Given that ~ 2(b)]. Beyond this coverage, 2D growth occurs between the
the FgAs, stability increases with Fe oxidation state inde-rows as well as along the rowsn the remaining As dimeys
pendent of crystal structuré,®® we believe that the stability leading to_island coalescence. The coalescence is enhanced
of the FetAs surface structures can be related to their locaklong the[110] direction, possibly due to a thermodynamic
stoichiometries. For example, we suspect both island stoichipreference for adsorption on the remaining As sites and/or
ometries coexist on the surfadalong with intermediate kinetic anisotropiese.g., faster diffusion along versus across
seven-atom islands, each with only one atom in a fourfoldhe As rows. The influence of th€2x4) substrate recon-
bce (001 site] because the two related compounds havestruction on the surface topography is still evident on films
similar stability. as thick as 35 ML(50 A), although by this coverage the
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homoepitaxial nature of the growth begins to erase the islantbr device fabrication. We find the growth to be dominated
shape anisotropy. by the structure of the substrate reconstruction. Fe initially
The observation that Fe islands do not nucleate on surfaggrows exclusively on the first-layer As dimer rows, forming
Ga sites(preferring As siteg possibly for the simple ther- six- to eight-atom 2D islands. With increasing coverage,
modynamic stability reason just discussed, suggests an exiese islands eventually coalesce to cover the surface with
planation for the growth mode of Fe on other GaAs surfacedarger islands that are elongated along 0] (As-dimer
On GaAs110), with a surface consisting of alternating Ga row) direction; this shape anisotropy persists for at least the
and As sites, the Fe film minimizes its contact with Ga byfirst 50 A of film growth. We propose that the preferential
nucleating as 3D clustefs® At extremely low coverages the bonding of Fe to As rather than Ga may be a general phe-
Fe clusters become bulklikgmetallic, making them nomenon that accounts for the different Fe growth modes
strongly favored adsorption sites for continued growth. Weobserved on various GaAs surfaces. Different growth modes
propose that for the same reason, Fe also grows as 3D clushould lead to distinct Fe film morphologies and, therefore,
ters on the Ga-rich GaAB01-c(8x2) and —(4X6)  distinct magnetic properties, demonstrating the importance
surfaces®!* Conversely, our preliminary study of Fe on of substrate orientation and preparation in the fabrication of
GaAg001)-c(4%x4), a completely As-terminated surface, in- ultrathin film magnetoelectronic devices.
dicates that at 175 °C Fe initially nucleates as 2D islands, as
expected for this model.
In conclusion, we have used STM to study the growth of The authors thank Dr. R. J. Wagner for technical discus-
Fe on GaAf)01)-(2X4), the As-rich surface typically used sions. This work supported by the Office of Naval Research.
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