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1 Abstract

An Investlgation of the nuclaation snd growth as well as magnatic propertiss of epl
raxlal Fe,Aly_ on AlAs/GaAs(100) s reported. -lnaitu RHEED and UBV STM
were ussd to characterize the surfece and ex-situ 'MOKE meuunmelhtl were used
to characterize the magnetic properties, We found that epitaxial films can be grown
over & hroad composition rangs 0.8 < z € 0.8 provided the appropriate nucleation
procedure is used, most fraportant of which 1s the deposltion of more than 80A of
Fe,Aly_,befora annealing. Fe, Al;_jundergoss an unnsual incubation effect over the
ﬁl'atSbﬂaymofp’owthonAlAl. STM images taken 8t 1 sad 3 bilayers shed some
light on why this incubation effect exists. After depositing 90A and annealing, the
8lms exhibited a (2 x 3) and/ar 8 (8 x 5) susface reconstruction. This reconstuc-
tion dependsd upon the anneal temperature and film composition. STM images
of » typical annesled film showed atomic tep testuces with step heights roughly
corresponding to the haight of an FegAl;.bilayer. Differences were also seen in
the surface morphology of the 2-fold end 5-fold surfaces. Growth of FesAli_z00
an annealed Fe,Aly_,surface produced RHEED oacllations which were was found
to oceur in 3 distinct modes, manolayer and bilayer. It was determinad that this
growth mods was primarily dependent upon growth composition, but had some de-
pendence on the annealed FeyAlj_gstarting surface. The composition &t which the
growth mods changed from monolayer to bilayer closely corresponded to the com-
position at which Fe,Al;gchanges from ferromagnetic to nonmaguetic. Magnstic
measuremants of saveral samples confirmed samples above z = 0.7 to be ferromag-
petic with magnetization in-plane. A composltional dependence on coercivity and
ssturation magnetization was also found.



g Introduction .

Epitaxial growth of intarmatallies on T11-V's has bean the subject of much ressarch
[1] pertly becsuse of potential applications in the fabication of nove! electronic and
electro-optic davices and psrtlytocvarcomprobhmswith creating stable contacts
on [11-V’s. Recently, magnstic Intermetallics have begun to zecelve soms attention
[2, 8] mainly because of potantial applicstians in the fabrication of novel magnetic
devices and thelr Integration with III-V's. Whether depositing magnstic or nan-
magnetic intermstallics, there is:8 common rationale for using intermetallics instead
of pure metals. Intermetalice are expected to be more thermodynamically stable
which {s key to achieving abrupt juctions and maintaining epitaxial erdering. In
addition, there are 8 large aumber of intermatalics, same of which are closely Inttice
matched to 11I-V’s making them prims candidates for epitaxial growth.

We investigate FepAl;¢on AlAs/GaAs as o continuation of prior efforta by Kus-
nis and Wowchak to understand it's nucleatlon and growth. They grew Fe,Al;_,on
pseudomorphic AlAs/InP [5) and later on AlAs/GaAs [4]. In both cases they showed
strong evidence that Fe, Alj-.was th ally stable on AlAs to 600 °C over
the camposition range 0.5 <z < 0.73. They stacted with pseudomorphic AlAs/InP
substzates because of the relatively amall lattice miamateh it has with FeAl (CsCl),
-0.9% . They reported seeing several interesting effocts. First, the initlal nucleation
exhibited an incubation period lasting 2 to 3 bilayers in which the intensity of tha
specular diffraction beam drops fo near background and then recovers. Second,
growth of Fe.Al;_.on an annealed Fe, Al _surface resulted in either a bilayer or
monolayer growth mode as determined by RHEED cecillations whers a monolayer
in defined as o single aomic layer with a characteristic thickness of about 1.45A.
A bilayer is two stomic layers and has & charactistic thickness of about 2.80 A.
Laatly, they found surprisingly fow differences between growth on AlAs/InP and on
AlAs/GaAs even though there Is & big difference in lattice mismatch, -0.9% versus

2.9% respectively.

In this report, we addreass several main topics; nucleation, annaaling, growth
and magnetic properties of Fe,Al; ;00 AlAs/GaAs. In the nuclestion section, we
report on the use of STM to image the gurface during the incubation period. This
helps us to provide a more detalled expanation for the incubation effect. In the
annealing section, we repart on the apparent inability to obtain long Tange ordering
when annealing very thin films and also oo the different surfsce reconstructions that
csn be abtainsd after annealing Fe,Al;_,films of various compoaitions to tempera-
tures between 550 and 700°C. We also show §TM images of these annesled surfaces

‘which confirm previous results cf step layer height and terrace gize. In the growth

section, we report on the factors affecting bilayer and monolayes growth modes and
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discuss thepmdblemuomfor two different growth modes. Finally, in'the magnstic
roperties section, we report ou MOKE meesurements of several flms with differ-
ent compoaitions in which trends can be cheerved in the coercivity and saturation

magnstization.

3 Exp‘erimental

A conventional GaAs MBE system: equipped with an Fe e-beam sousce, specially
made to fit in 8 Kunutsen'call source port, was used for growth. | The a-beam
source i8 similar to that described by Jonker et-al [6]. In-itu growth monitaring
was performed with a standard RHEED measurement systam operating at 10 KeV.
Attached to the MBE gystem was s UHV STM. Samples could be transfered to the
UHV STM without exposure to air, allowing for imaging of a clean surface. After
growth, MOKE measurements, specifically longitudinel and polar Kerr loops, were
performed on several samples in alr.

Sample preperation was as follows: Oxides were desorbed from a GaAs (100
N+ Si doped substrate by heating to 620°Cins Arsenic background of 1« 107°
Torr, A 3000A CaAs buffer, doped with §i to sbout 1 x 108cm=3, was then grown.
The buffer and substrate were doped to insure that the sample would be conducting
for STM messurements. After the GaAs buffer, an AlAs flm 10 monolayers thick
was deposited. This was intended to act as & diffusion/reaction barrier for the
subsequent growth of FogpAl;. The sampla was cooled to 200 °C and removed from
the deposition chamber., The Arsenic source was turned down and the remaining
Arsenle background was gettered with Ga and Al until the base pressure was below
3 % 10~® Torr. The Fe and Al sources were then set 10 give the desired Fe-Al ratio
using & quarts crystal deposition rate monitor. The sample was returned to the
deposition charmber and heated to 700 °C until an AlAs (3 x 2) pattern appeared.
This procesdure was shown to drive off Ga surface contaminates and reducs the

Arsanic coverage on the mirface (7). Finally, the sample temperature was brought
back down to 200°C and Fe, Al;_ was grown by co-depoaltion of Fe and Al

To produce an epitaxial flm, we depoatied a minimum of 90A of FeyAl;_.on the
AlAs surface before annealing to betwean 550 and T00°C. After annsaling, additional
Fe, Al was grown &t 200 °C by again co-depositting Fe and Al. After growing
roughly 1004, ths film would again be gnnealsd to batwean 550 and 700°C. This
process of growth and aanesling could be repeated indefinitely without degridstion
of tha RHEED pattern.

Previous work focused more on the CsCl phase of FeyAl; gwhich, according to

4
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the bulk Fe-Al phase dlagram, iexists between 0.5 < 2 < 0.68. In our study, we put
mare emphaais on the BIFy phase of FegAl;_gwhich exist betwoen 0.63 < 5 < 0.78.
[8] We are interestad in this phase bacause it has a amaller lattice mismateh with
GaAs than the CsCl phase, 1.6% versus 3.8addition, FagAl_gbecamen ferTomagetic
above £ = 0.7, giving us the ability to study the magnatic properties of thasa fims.

4 Results and Discussion

4.1 Nucleation

As mentioned earlier, the nucleation of FegAly-gon AlAs exhibits an incubation ef-
fact lasting 2-3 bilayers. {This effsct was found to be more or leas independent of
growth composition with the:exception that the durstion of incubation and the rate
of recovery was somewhat dependent on composition. In general, higher Fe com-
positions produoed a longer lncubatlon pesiod and slower recovery. This, however,
was » small effect and acoounted for the incubstion lasting up to S bilayers instead
of 3. Also, after the incubation perlod, the RHEED intensity weakly oscillated at
lower Fe compoaitions. This did not happen at highsr Fe campositions. We did not
study these effects in detall. Instead, we attempt to provide some inslght into why

we get this unusual incubation effect.

Fig. 1 shows a couple of STM images taken at 1 bilayer of growth and 3 bilayers
of growth. 1 bilayer of growth carrespands to the point in the inaubation where
the RHEED pettern intensity reaches & minimum and 8 bilayers correspond to the
point where the intensity is almost fully recovered. The first image, Fig 1a, shows a
long range scan of the 1 bilayer surface in which we can sce large, fiat, atomic height
terraces. A close range scan, Fig. 1b, shows that the entire surfacs, including ths
terraces, ave oovered with small clusters 40A in sise and 1.8A high on average. We
believe that the clusters are camposed of FesAl;—eaad the large terraces are due to
the undetlying AlAs surface. Fig. loshows s long range scan of the 8 bilayer surface
and Fig. 1d shows a short rangs scan. It cen be sean that the AlAs terzaces are no
longer visable, but some gmal] features on the surface axe still visable, However, they
do not appeer to be clusters like those shown in Fig 1b. The RHEED patterns at 1
bilayer and 3 bileyer exhibits distinet FuAl 1.fold patterns. At 1bilayer, the pattern
is very dim, but the shape and size of the difracted beams are nearly identlcal to
the ones at 3 bilayers. The only difference sppears to be the intensity.

 \With the combined information from RHEED and STM we can postulate that
the incubation effect is due the the almost immadiate formation of smorphous ot
semi-amorphous FeAl clisters. The smopbous or sem!-amorphous nature of the

S
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surfacs would then sccount for the drop in RHEED intansity. The racovery of the
RHEED inienslty would then be dus to the FeAl ardered phase becoming more
enargetically fWable than the amorphous phasa at around 2 to 3 hilayers.

' 4.2 Annealing

As we described in‘the experimental section, we gew. at loast 80A of Fe,Al; . on
AlAs, at low temperatures before annealing, We: followed this procedure because

eal fllms less than hickness commonly resulted in the lack
of formation of aharp central pesks in the diffraction pattern. This indicated to us
that the flm had poor long rangs arder and possibly & rough gurface. It was not
possible to recaver a sharp difiraction pattern by depositing additional Fe,Al;_,and
annealing. In addition, it was not poasible to obtain RHEED oscillstions on such 8
surface. There was some evidence that the minimusn film thickmess needed before
annealing was dependent upan film composition, however, this was not studied in
detail. It is possible that this effect is due ta & certaln amount of tharmodynamic

instability of the Fe Al films.

We were able to get a good diffraction pattern when annealing films thicker than
00A. Before annealing, the flms exhibited e " fussy” (1x1) diffraction pattern. After
annenling, the films exhibited either a (2 % 2)and/or s (5 x 5)diffrastion pattern.
A sharp (2 x 2)pattern would sppear after annealing to 550 °C for 6 min. The
appearance of this pattern was not dependent on composition. However, annealing
films to 650-700 °C resulted in the composition dependent formation of & (2%
2)and/or 8 (6 x E)diffraction pattern. At z = 0.5, the Alm exhibited a pure 2.fold
pattern. Between 086 < Z < 0.7 the film exhibited a combined 2-fold and 6-fold
pettern with the 5-fold pattern becoming more and more dominant at higher Fe
concentrations. At or sbove z = 0.73, the film exhibited a pure B-fold pattern.
There was soms evidence that the 5-fold pattern is due to excess Fe on the surface.
This s disoussed In more detall in the growth section.

We Jooked at the sucface of 2 annsaled flms with STM, one exhibiting a 2-fold
diffraction pattern and one exhibiting & 5-fold psttern. Fig 2s shows the image
corresponding to the 2-fold pattern. This image reveala a well ardered FeAl surface
with average tervace length over 150A and sverage stop beighto of 2.77A. This step
height agrees well the step helght of a FeAl bilayer, 2.80A. Close analysis of the
image shows step bunching ln many locations where 2 bilayer stops come together
to form s single step 5.54Aln beight. Fig. 2b shows the image corresponding o

the 5-fold pattern. This suriace also shows terraces with lengths over 400A end
gtep heights of 3.14A on average. Again, the step height is similar in size to that &
bilayer step. Compasison of the two images ehow s dramatic diffarence in surface

6
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mocphology with the 2-iold mirface axhibiting rounded carnars and the B-fold surface
exhibiting sharp corners. |

4.8 Growth

I this section we talk about gEowth of FegAlyyon an sunsaled Feg Al ssusface. As

described earlier, we grew at low temperatures, Joas thas 200 °C are got two distinct

growth modes as determined by RIEEED caclllations, monoleyer end bilayer. In gen-
eral, compositions above £ = 0.7 resulted in monolayer growth and compasitions
below z = 0.7 resulted in bilayer growth, however the starting surface had soms
effect on growth mods. By starting surface we mean the annaaled Fe,Ali-g8urince
upon which we were growing. When attempting to grow on a surface, odibiting s B-
fold diffraction pattern, the fitst 1 to 15 layers of growth would alwsys be monolayer
growth. Assuming the growth composition was below z = 0.7, the growth would
then transition to bilayer growth after 1 to 15 layers of growth, The thickness at
which the growth would transition to bilayer growth was dependent upon compeo-
sition. At ¢ = 0.5 the transition would oceur after 1 laysr of powth. At T = 0.6
the tranaition would take as much es 10 layers, The closer we got to z = 0.7 the
longer the transition would take, This effect was in contrast to growth on & 2-fold
surface where the transition was quite abrupt. Below = = 0.7, the growth would
start and remaln In bilayer mode. From the results stated sbove, we concluded
that the 5-fold surface was likely Fe rick and that the reason why we would always
got monolayer growth an this surface was due to the axcess Fe riding the surfsce
and alowly lncorporating into the growing layers. If enough Fe wes present on the
surface, 8o, growing low Fe compositions on such s surfece, the excess Fe would
got used up quickly and the growth would transition to bilayer after . At higher Fe
compositions, the excess Fe would be used more slowly and the trensition to bilayer
grawth would taks longer. ' :

On a 2-fold surface, the transition from monolayer to bilayer occurs at 7 = 0.7
as Kuznia described. However, on a B-fold surface, the first few layers of growth
always occur in » monolaye mode, even at z = 0.5 which ls well {oto the bilayer
growth reglon. Aftar ssveral layers of deposition, the growth changes to a bilayer
mode. The nunber of layers needed before & complete transition to bilayer gowth
ia dependent on the growth composition. At z = 0.5, the transition from mounolayer
to bilayer occurs after 1 monaleyes of growth. At compositions closer t6 2 = 0.7
the tsanaition period may take 40 manolayers ar Lore. The fact the 5-fold surface
induces monolayer growth indicates that the surface is Fe rich and the excess Fe

. incorpartates into the growth eausing composition to temporarily have more Fe

than what i3 being deposition, thus causing monolayer growth.

L
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4.4 Magnstic Properties

Wo looked ia¢ the magnetic properties of paveral fllms 0 sce If they poswes magnetic
properties that miay b of interest for magnetic devices 88 well as to check if the Alms
posses the expected magnetic properties. Bevecaiumpls spanning the eomposition

range from ferromagnetic 1o Don-magnetic were maasured Using MOKE (Magnsto-

optic Kerr Efect). Figure 4 shows the longituding] Kerr measurements of these
samples, The longitudinal Kerr rotation is & messurs of the in-plane magnetization
of the film, These measurements show that the transition from magnetic to noa-
magaetic ocours at & composition around z = 0.7, with higher Fe compositions belng
more magnetic as expected. The magnetic Slms show 100% in-plane remanence and
a ooerelvity dependence on composition. From polar Kerr measurements, we find
the saturation field snd maximum Kerr rotation ave dependent on composition as
well. At = 0.2, 6 = 0.228° and H, = 16 KOs whareas for z = 0.3, 6; = 0.10°
and H, = 4.5 KOa. Kerr spectra moasuremsnts showed soms evidence of structural
ordering in the Fey.8A10.2 sampls, howeves the messurements were jnconcluaive.

5 Conclusion

- We reporton new findings related to the nucleation, anpealing, growth and magnetic

proparties of epitaxial Fe,Al; q0n AlAs/GaAs. First, Te,Al;_,nucleates on an AlAs
(3 x 2)surface in small orlented crystals. This nuclestion behavior may account for
the incubation effsct obsarved in the RHEED intensity. Secand, it is neccessary to
grow s minimum thickness of FegAl.zon AlAs st low temperatures before annealing
in order to obtain 8 smooth gurface, It is unknewn, at presant, if the reason for
the instebility of flms thinner this minimum thickness is duc to a reaction with the
underlying AlAs layer or is dus to some other process. Third, using the nucleation
and growth procedure outlined In the experimantal section, highly ordered epitaxisl
fllms can be produced over the entira compoeition tange 0.6 < Z < 0.8. The
growth mode of FegAlj_qon an annealed Fo.Al, _gsurface is primarily determined
by growth camposition. Manolsyer growth occurs ebove 7 = 0.7 and bilsyer growth
oocurs below that value. Howover, the axact growth behavior also depends upon the
gurface being grown on, where a B-fold surface can fores monolayer growth at least
for several layers. Fiually, samples with z > 0.7 were shown to be farromagnetic
with 100% in-plans magnetiaation. H,, M, and 6 were found to be depeadent on
the Fe-Al zatio whare all thres increass with increasing Fe concentratlon.




(i eamsa-1898 13118 . 6120254505 vor melB, S % 1607 P23

6 Refereﬁces
[1] T.Sands, CJ Palmmom. IP, Hubwon,VG Keramides, N. Tebatabale, T.L
Cheeks, R. Ramash and Y. Silberberg, Mat. Sci. Rep. 5, 88 (1990)

2] SH. Liou, 8. Malhotrs, JX. Shen, M. Hoag, J. Ko, H.S. Chen and J.P.
Mannaerts, J. Appl. Phys. 73 (10), 6786 (1893)

[9] M. Hong, H.S. CHen, J. Lwo, A.R. Kortan, J.P. Mannaerts, B.E. Weir and
L.C. Feldman, J. Orystal Growth 111, 984 (1991)

(4] J.N. Kuznia, A.M. Wowchak and P.J. Cohen, 3. of Elect. Mat. 19 (8), 561 (1880)

5 AM. Wowchak, J.N. Kusnia ‘and P Coben, J. Vacuum Sci. Technol. B 7
(1989) 733 |

6] B. Jonkes, J. Vac. Sel, Technol., 1003.
(7] AM. Dabiron, PI Coben, J. Crystal Growth 180, 3327 (1985)

(8] Binary Alloy Phase Diagrams, edited by T.B. Massalaki (ASM, Metals Park,
OH, 1986) p. 148

9] M. Hornand M. Hensler, proceedings MBE workshop, UCLA, 1088
[10] S.V. Ghaisas and A, Madhukar, Appl. Phys. Lett. 83, 1509 (1888)




s ' Y O3 - NG _ ~
.. . ®a—i2-19ss 1318 6126254503 o neaddy, 9 "% 108 P.13/13

BT b .
At , s I .

Figure Captions

Figl BHEEPMM:b)-?!Pdr'ww?éadb&{Sm images b) of the initial nu-
clestion sfter 1 bilayer of deposition on an AlAs (3% 2)surface. The STM image
shows amall structures 40A in sise and 1.8A high on sverage. |

¥ig.3 RHEED pattern showing & sharp 2-{old pattern obtained after annsaling
to SASO’ °C and the corresponding STM image showing bilayer high terraces over
150A in sise. o

Pig.3 RHEED oscillations showing a). momolayer growth at & composition of

x=0.73, b) & transition from morolayer to bilayer growth st x=0.69 end ¢) bllayer
growth at & compoaition of x=0.72.

Pig.8 Longitudinal Karr loops of three ssmples 6) x=0,8, b) x=0.7 and c) 30=0.8,
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