Thin film growt h of semiconductin g Mg,Si by codeposition
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Ultrahigh vacuun evaporatio of magnesim onto a hat silicon substrag (=200 °C), with the
intention of forming a Mg,Si thin film by reaction does not resut in ary accumulatio of
magnesim or its silicide. On the othe hand codepositimn of magnesim with silicon at 200 °C,
using amagnesium-rik flux ratio, gives astoichiometrc Mg,Si film which can be grown several
hundred of nm thick. The numbe of magnesim atons which condens is equa to twice the

numbe of silicon atons which were deposited all

the silicon condenss while the excess

magnesim in the flux desorbs The Mg,Si layers thus obtainal are polycrystallire with a (111)
texture From the surfa@ roughnes analysis a self-affire growth mode with aroughnes exponent
equd to 1isdeduced © 1997 American Institute of Physics [S0003-695(97)00409-9

For decadesit has been known tha Mg,Si is anarrow-
band-g@ semiconductqrwith an indired bard ggp of 0.6—
0.8 eV.1? In spite of potentid detecto applicatiors in the
1.2-1.8 um infrared range relevant for optical fibers, thin
film growth of Mg,Si/S heterostructurehas receival scant
attention The difficulty of forming Mg,Si films, due to alow
condensatio coefficiert and a high vapa pressue for mag-
nesium is probaby the main reasm tha thin film studies are
scarce.

Only afew sud studies have been published Chu et al.
reportel that a magnesim film depositd at room tempera-
ture stars to read with asilicon substrag at atemperatue as
low as 200 °C, forming Mg,Si. No experimenthdetaik of
the solid stae reacti;n were provided Wittmer et al.* de-
scribed the formation of Mg,Si by pulsel lase annealig of
e-gun-evaporat magnesim layers deposite onto Si(111).
They found that crystallites of silicon were presen in the
polycrystallire silicide layer. Jane@ et al.® formed Mg,Si by
rapid therma annealiig of 100-nm-thi&k magnesim layers
on Si(100. The magnesim was cappe& with 500 nm of
aluminum to prevern it from evaporatig during the reaction.

In this letter, we descrite amethal for obtainirg Mg,Si
thin films by molecula bean epitaxy The problem of a very
low condensatin coefficiert for magnesim on silicon sub-
strates was overcone by using a modes$ substrag tempera-
ture (200 °C) ard by using codepositimm of magnesim and
silicon.

Magnesium (99.9% purity) ard silicon (99.99%6 purity)
were depositél using a ultrahigh vacuun evaporato (base
pressue in the 10 ' Tom range equippe with two
e-guns Calibratian of the magnesim ard silicon fluxes was
accomplishd using aquart crystd monitor, typicd deposi-
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tion rates of 0.1-0.6 nm/s were used As substratespolished
(111 ard (001) silicon wafers were utilized. The wafers
were cleand@ using a dip into buffered oxide etch (10/1
NH,F/HF) Followed by in vacw annealimg at 400 °C ard a
“silicon-beam clean’ at 800 °C.° resultirg in a shap 7x7
reconstructd reflectim high enery electron diffraction
(RHEED) patten for the (111), ard the two-doman 2Xx1
patten for the (001) substrates.

1.97 MeV “He" backscatterig ard channelig measure-
mens were mack using scatterig angles of 172° and 110°.
Coppe K ,(A=0.15408 nm) x-ray diffraction patterrs were
obtainal in the #—20 geometry. The surface profile of the
layers was measurd by atomt force microscopy in noncon-
tad mode.

For afirst attemp to prepae Mg,Si thin films, we chose
reactive deposition of magnesim onto hat silicon substrates,
basel on its succes with othe silicides Severhters of na-
nometes of magnesim were evaporatedat the following
substrag temperatures200, 300, 400, ard 500 °C. On none
of the wafers could any accumulatia of magnesim be ob-
served Since the re-evaporatio rate of magnesim is calcu-
lated to be negligible compareé to the nomind deposition
rate/ it can be concludel tha the condensatio coefficiert of
magnesim on asilicon surfa@ is practicaly equa to zem in
the temperatue range of 200500 °C.

In the hope tha a population of silicon adatons present
on the substrag surfae would induce acondensatio of the
impinging magnesim atoms we performel codepositio of
silicon togethe with magnesiumA silicon flux correspond-
ing to asilicon depositio rate on the orde of 0.1 nm/s was
used A magnesim flux of 4 to 10 times this value was
chosenresultirg in aquite magnesium-rik flux ratio. In all
the codepositio growths the substra¢ temperatue was
200 °C, atemperatue at which no magnesim accumulates
during intendel reactive deposition This approab resembles
the “three-temperatue method’ as developé by Freller and
Gunther® Their analyss showel that ther is aregime of flux
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FIG. 1. 1.97 MeV “*He" backscatterig specta for a codepositd Mg,Si on
Si(111): (Open circles randan bean incidence (solid lines) simulation;
(dotted lines) magnesiumard (dashée lines) silicon part of the simulation.
The scatterig angk of the detecte particles is 172°.

ratio and substrag¢ temperatug where a single-phas com-
pourd film can be depositél even thouch the incidert fluxes
are nat in the stoichiometr¢ ratio, provided the more volatile
componenhis presemin excess.

Coevaporatin was successfyl with the amoun of
Mg,Si formed correspondig to the amourn of silicon depos-
ited. As an example deposition of 25 nm silicon along with
96 nm magnesim (as measurd with the quar crystd os-
cillator) resuls in an 80-nm-thik Mg,Si film. This Mg,Si
thicknes of 80 nm correspondto an accumulatio of 26 nm
silicon, in very goad agreemenwith the nomind value Ap-
parently no silicon is consume from the substrag (to within
the accurag of our analytica techniquey despit the pres-
ence of exces magnesiumln contras to the complee con-
densatio of silicon, the Mg,Si thicknes of 80 nm also cor-
respond to a magnesim accumulatioa of only 58 nm,
althoudh 96 nm of magnesim was actuallyy evaporated.

Thus the use of the silicon flux increase the condensa-
tion coefficiert of magnesim to avalue sud tha two mag-
nesium atons condens for ead silicon atam impinging on
the substrate while the exces magnesim desorbs The
value for the condensatio coefficient of magnesim in the
condition of exces magnesim flux is simply

_ 2]si
Ae="",
J Mg

whete j is the deposition flux. In othe words the condensa-
tion of magnesim is self-regulating

Using this coevaporatin technique films with thick-
nesse of severh hundred of nm were grown As an ex-
ample Fig. 1 shows the backscatterig spectrum together
with aRUMP® simulation (taking aroughnes of 30 nm into
account cf. infra) for a 600-nm-thi&k Mg,Si film grown on
Si(111). To assis$ in understandig the spectrumthe magne-
sium and silicon pars of the simulatel backscatterig spec-
trum are plotted as well. The simulation further indicates
that within the sensitiviy of backscatterig spectrometry,
the stoichiometrt composition of the film equas Mg/Si
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FIG. 2. X-ray diffraction patten in the 6—26 geometry for the MgSi film
shown in Fig. 1.

=2/1. In nore of the Mg,Si films, we hawe grown has any
channelig bee observedimplying that the layers are not
epitaxial.

Figure 2 shows an x-ray diffraction patten for the same
codepositd film as shown in Fig. 1. The pe&k locatel at
24.24 isthe Mg,Si(111) diffraction °implying a(111) tex-
ture While the (111) diffraction pe& of the randan powder
patten has an intensiy of only 41% of the stronges peak,
i.e, the (220 peak!! we observe predominan(111) peaks
for all our layers The (222) pek is also seen as well as a
wedk (333 pe«k and diffraction peals due to grairs with a
differert orientatian (Fig. 2). All Mg,Si ped positiors arein
experimenth agreemenwith the bulk lattice paramete of
0.6352 nm! For both (111) and (001) substrag orienta-
tions a (111) texture was always observed An opticd char-
acterizatio of the Mg,Si films thus obtainel indicates an
indired bard ggp at 0.74 eV, plus dired transitiors at 0.83
ard 0.9 eV.’

The surfa® roughnes of the Mg,Si layers was studied
with atomic force microscopy Figure 3(a) shows a topo-
grapht micrograp of a 600-nm-thid layer, with a satura-
tion roughnesso; (see below) equd to abou 30 nm. The
contras of the image is considerab} enhancd when captur-
ing a deflection image of the sarre pat of the sampé [Fig.
3(b)]. (On the othe hand the heigh scak information is no
longe quantitative when utilizing the latter imaging mode)
From Fig. 3(b), agranula structue becoms clearl visible,
suggestig apolycrystallire silicide. However carefu inves-
tigation shows that the grain distribution is not at all random.
Many protuberanceexhibit a tendeng toward 6-fold sym-
metty throughot the scannd area a typicd morphology
relata to (111) texture This further suppors the conclusions
drawn from x-ray diffraction measurements.

Since the measurd roughnes in generé depend upon
the samplirg length the roat mean squae (rms) roughnessr
has been determiné as afunction of the scan lengh L mea-
sural in the surfa@ plane For ead scan length, o was av-
eragel over measuremestat 15 differert positiors on the
sampe surface.

As shown in Fig. 4, log(o) varies linearly with log [)
over nearly three ordess of magnitude before saturatia oc-
curs This behavior i.e., o~L", with H the roughnes ex-
ponent is typicd for a self-affire growth mode!? From the
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FIG. 3. Atomic force micrograpts of the Mg,Si layer shown in Fig. 1: (a)
topographt image (b) deflectia image.

datiin Fig. 4, H=1.0=0.1 and H=0.9+ 0.1 are deduce for
a 600 and 80-nm-thik layer, respectively Moreover from
the atomi force microscopy dat (Fig. 4), it is observd that
the saturatimm roughnesss; increass with increasing thick-
ness.

The value H~1 is consistebhwith an atomistc modéd of
3D island growth, implying extensie surfae diffusion. On
the othe hand othe growth modek assumig a high degree
of condensatio (i.e., a large sticking coefficieny ard only
limited laterd diffusion (i.e., relaxation which can be gov-
ernal eithe by a potentid differene in the gravitational
field, a difference in surfa@ chemic# potential the number
of neares neighbors etc)'® generaly predia much smaller
roughnes exponentsin the orde of 0.3 to 0.5. We refer to
Ref. 14 for arecen overviev of thes growth models.

From all thee observationsa growth modé for code-
posited Mg,S can be deduced The we& bondirg of the
magnesim atons to the substrag (resultirg in no magne-
sium accumulatio during reactiwe deposition allows ahigh
surfa@ mobility for magnesim adatomswhile they are on
the substrat surface This high surfa@ mobility is evidenced
by the roughnes exponeth H= 1. The addition of a popula-
tion of silicon adatoms through codeposition induces the
condensatio of magnesim adatomsbecaus the latter can
bord more strongl to silicon adatomscompare to less re-
active silicon atons occupyirg more fully coordinate sites
(terrace ledge or even kink) of a vicinal surface Sinae ex-
tensive surfa@ diffusion is indispensald for reaction of
magnesim with all silicon adatomsthe high surfa@ mobil-
ity is a necessay condition to form a stoichiometr¢ Mg, Si
film. Any magnesim left over, after all silicon adatons are
consumed does not condens on the substrate In other
words Mg,S growth is mace possibé by silicon induced
condensatio of magnesiumthe mechanim of which is ex-
tensiwe surfae diffusion.
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FIG. 4. rmsroughnes as afunction of AFM scan length for Mg,Si films of
two thicknesse on Si(111).

In summary during reactive depositim of magnesium
onto hat silicon substratesno magnesim accumulate at
substrae temperature =200 °C due to the very low conden-
satim coefficient On the otha hand polycrystallire films
may be obtainal at 200 °C using Mg—Si codepositia with a
magnesim rich flux ratio. The amoun of Mg,Si which ac-
cumulates correspond to the amoun of deposité silicon;
the exces magnesim does nat condenseWhile the silicon
condensatio coefficient is unity, that of magnesim adjusts
automaticaly to give afilm of stoichiometr¢ composition.
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