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Selective growth of singly oriented10-, (100)-, and(111)-MgO films on S{100 substrates were
obtained by pulsed laser deposition. The effects of deposition temperature, ambient oxygen
pressure, and etching of the substrate on the structural properties of the films were studied. It is
found that the crystalline orientations of the MgO films are determined at the initial deposition stage
by the substrate temperature only. The ambient pressure during deposition and etching of the Si
substrates only effect the crystalline quality. B@ft10)- and (111)-oriented films show granular

grain structures. Th¢l00-oriented films grown on etched Si substrates display similar granular
structures. Those deposited on nonetched Si substrates, however, reveal distinctive columnar grains.
The observed phenomena are discussed based on the theory of crystal growth. The mechanism of
the orientation selection is attributed to the energy balance between the surface and the interface
energies. The varied grain structures are explained by considering the mobility of adatoms in
different situations. ©2002 American Institute of Physic§DOI: 10.1063/1.1461059

I. INTRODUCTION used as buffer for growing higli superconducting oxidé's,
ferroelectrics, and colossal magnetoresistive oxidess a
The fabrication of oxide thin-film microstructures on buffer material, MgO has a number of favorable properties.
silicon substrates offers tremendous opportunities for devell) Many perovskite oxides can be epitaxially grown on
oping future microelectronic devicés® Such microstruc- MgO single crystal substrate. The growth of MgO on silicon
tures would allow oxide layers to be fully integrated with therefore provides a template for textured or even epitaxial
circuitry. Consequently, the broad electronic, magnetic, andgjrowth of perovskite oxideg2) (100)-oriented MgO has a
optical properties of oxide materials could be utilized onlarge lattice mismatch of about+9.5% with the (100-
chip. Unfortunately, direct growth of many these functionaloriented films of most perovskite oxides of typical lattice
oxides on silicon is frequently hampered by extensive interconstant of 3.8 A. This leads to a large stress in the perov-
diffusion or chemical reactions that degrade the properties ggkite oxide films and allows us to study the stress effect in
the oxides and the underlying silicon. As a solution, the usdhese oxide$.(3) As we will show in the present work, three
of thermodynamically stable buffer layers inserted betweerkinds of single-oriented MgO films can be obtained on
the functional oxides and the silicon has been proposedsi(100). They thus can be used to control the orientations of
However, the selection and preparation of such a buffer ighe perovskite oxides grown on silicon. This is particularly
challenging. The properties of the functional oxides oftenuseful if one wants to study anisotropic effects in some of
depend critically on the orientation, surface state, strain, etcthese oxides(4) Its refractive index of 1.7 is very small
of the buffer layer. Buffer layers with different orientations compared with other buffer layers such as Gefdd YSZ.
may even lead to different oxide orientations, and cause largghis makes MgO a suitable buffer layer for growing optical
difference in properties due to the high anisotropy of thevaveguide films(5) Its low dielectric constant and low di-
oxides. Therefore, the controlled orientation growth of bufferélectric loss make it a good host for microwave devices
layers on silicon is of fundamental importance. based on higfFc superconductors. _
MgO is a highly ionic metal oxide having a NaCl struc-  Many attempts to grow MgO films on @00 by ava
ture and a lattice constant of 4.213 A. It has been widelyiety of methods, such as pulsed laser depositirD), >’
electron-beam evaporatidf;® chemical vapor deposition,
or metalorganic chemical vapor depositidn’® molecular-
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FIG. 1. XRD patterns of MgO films deposited at different initial substrate FIG. 2. XRD patterns of MgO films deposited with the same experimental
temperatures on etched(800) under an initial ambient oxygen pressure of conditions as that in Fig. 1 except that the substrates used here were not
1x 1075 Torr. (a), (b), and(c) correspond to the initial substrate tempera- etched.

tures of RT, 550 °C and 700 °C, respectively.

tive oxides. The other was @00) with surface oxides re-

this work, we present the studies on the control of the ori-moved by dipping the wafer in 1:20 HF{B® solution for 5
ented growth of(110-, (100-, and (111)-MgO films on  min.
Si(100 by the PLD method. The total deposition time for each sample was 18 min.

The basic idea of the orientation control of the film is During the initial 3 min. which was assigned as the first step,
based on the general theory of film growth. The orientatiorthe substrate temperature and the ambient oxygen pressure
of the crystalline film is determined, to a large extent, at thewere set at an initial desired value. The deposition in the
nucleation stage of film growth. The deposition temperaturgemaining 15 min. formed the second step, in which the
plays an important role at that stage. It was found that difdeposition temperature and the ambient pressure may have
ferent deposition temperatures actually lead to different crysbeen changed to new values. In the present work, three initial
talline orientation in the present MgO(300) system. How-  deposition temperatures of room temperat(R&), 550 °C
ever, if the deposition temperature is too low throughout theand 700°C and two initial ambient oxygen pressures, 1
film growth process, the resulting films may have very poorx 10~ ° and 2x 10~ Torr were explored. The substrate tem-
crystalline quality or even become amorphous. So a two-steperature in the second step was 650 °C for samples grown at
method was used to circumvent the problem. The first steRT initially. Samples grown at the other two initial substrate
aims to form a seed layer of desired orientation. The secontbmperatures were kept at the same initial temperature
step helps to improve the crystalline quality as the filmthroughout the second step. The ambient oxygen pressure in
grows thicker. The effects of the ambient pressure and sulthe second step was always set a0 * Torr. In order to
strate etching on the crystallinity of the grown films were study the effect of the surface state of the substrate on film

also studied. growth, etched and nonetched B0 substrates were used
in parallel for every deposition.
Il. EXPERIMENTS The orientation and crystalline quality of the films were

N . ) measured by the’—20 and w scans of x-ray diffraction
The deposition of MgO films were carried out by PLD (xrp). The film thickness was measured by @step pro-
(KrF excimer laser, 248 nm wavelength, and 5 Hz repetitionfjier. The surface morphology was examined by atomic force

rate in a stainless chamber with base pressure of %ﬂicroscopy and scanning electron microscéBEM).
X 10 ®Torr. The laser fluence was about 2 Jfcifhe tar-

gets were prepared by sintering pellets of ultrafine MgO
powder obtained from treated commercial MgO mineral
powder with purity of 99.99% by a wet chemical method. The deposition rate, obtained by dividing the film thick-
The aim of the chemical treatment was to further reduce th@ess by the total number of laser shots used, was about 0.2 A
size of the powder so that strong and dense MgO targetger pulse. It was almost independent of ambient oxygen
could be produced. The substrate was positioned parallel toressure and deposition temperature.

and at a distance of about 4 cm from the target. Two kinds of ~ Figure 1 shows the XRD patterns of MgO films depos-
silicon wafers were used. One wag1%i0) covered with na- ited at different substrate temperatures on etched Si substrate

lll. RESULTS
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FIG. 3. XRD patterns of MgO films deposited on etche¢ll80) under an 100
initial ambient oxygen pressure ob210* Torr. (a), (b), and(c) carry the
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under an initial ambient oxygen pressure of Y@orr. It
indicates that the MgO film crystallized in tli#10) orienta-  FIG. 5. Rocking curves of th¢l10-oriented MgO films prepared under

- - oo . ; ; different initial ambient pressure and substrate surface condition. The initial
tion during the initial deposition at RT,L00) orientation at ambient oxygen pressure wasx10-5Torr for (a and (¢), and 2

500 O_Cv and(111) Orient_ati_on at 70_0 °C. _ X 10~ Torr for (b) and(d). (a) and(b) correspond to etched substrates and
Figures 2—4 are similar to Fig. 1 but corresponding to(c) and(d) to the nonetched substrates.

the different initial ambient oxygen pressure and substrate
surface treatmentetching. Figures 2—4 show that the ori-

entation of the as-grown films was not effected by the ambi-
ent oxygen pressure and substrate surface state, but was de-

termined by the deposition temperature during the initial
growth stage alone.

Figures 5—7 are rocking curves of tf{tel0)-, (100)-, and
(11D-oriented MgO films prepared at different initial ambi-
ent pressures and substrate surface states. For bathlif)e
and(100)-oriented films, low initial growth ambient pressure
resulted in rocking curves of a narrower full width at half
g maximum(FWHM). Etching of the Si substrate, on the other
5 hand, had no observable effect on the crystalline quality.

In comparison, th€111)-oriented MgO films show, on
the whole, a much narrower FWHM and are less sensitive to
the initial deposition pressure than both #140-MgO and
(100-MgO films. In addition, etched Si substrates appear to
improve the crystalline orientation fg¢i11)-MgO films de-
posited at the initial pressure of 1®Torr. These are evident
if one compares the FWHM of the rocking curves depicted
in Figs. 7a) and 7c). For the(111)-MgO films grown at 2
X 10 * Torr initial pressure, the results are quite the oppo-
site. Etched Si substrates turn out less orierted)-MgO
films [Fig. 7(a)].

Figure 8 presents the typical AFM images of the three
20 (deg) kinds of oriented MgO films. From Fig. 8, it can be seen that

FIG. 4. XRD patterns of MgO films deposited with the same experimentalthe grain siz€ was about 1020 nm for {140-, 100-200

conditions as that in Fig. 3 except that the substrates used here were nBMm for the (100-, and 300-500 nm for thelll)-oriented
etched. films.
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FIG. 6. Rocking curves of thé100-oriented MgO films prepared under FIG. 7. Rocking curves of th¢l1l)-oriented MgO films prepared under
different initial ambient pressure and substrate surface condition. The mealifferent initial ambient pressure and substrate surface condition. The mean-
ing of the (a)—(d) is the same as those in Fig. 5. ing of the (8)—(d) is the same as that in Fig. 5.

SEM photographs of the cross section of MgO films are i . o
shown in Figs. 9—11. The top layers are LaNifin films. of the amorphous films. For convenience, the nucleation is

Both the(110- and(111)-oriented MgO films show granular delr_1c(j)ted I%sr:ternz?l nuctl_eatlon IL_bﬁlongs 0 ttl?et stﬁ-calledt |
grain structures, as depicted in Figs. 9 and 10. FoK106)- solid—solid transtormations, which means that the crysta

oriented films, the grain structures appear to be dependent SHows from a solid stat¥’ This kind of nucleation has two

the surface state of the Si substrates. Those grown on etchéBeCiﬁC characteristics. One is that the substrate surface has
’ 0 important effect at all because the nucleation takes place

Si substrates on the other hand, reveal granular grain struc- hout th | fh h h The other i
tures. However, the film on nonetched Si substrate showed 5 roughout the volume ot the amorphous phase. The otheris

columnar grain structures. They are shown in Figgajland t at.the T”O.b"'.ty OI the particles in the solid-solid transfor-
) mations is limited?
11(b), respectively. In th d step, duri hich th bstrate t
The surfaces of all three kinds of films were very smooth n the second step, durng which the substrate tempera-

and devoid of droplets or particulates. As an example, a SE re is _kept at 650°C, the pucleation and the formation of
photograph of the surface of @00-oriented MgO film is crystallites can be accomplished soon after the ablated Mg
shown in Fig. 12 and O species have arrived on the surface of the film. So the

nucleation mainly takes place on the film surface. We refer to
this process as thaurface nucleationlt is a kind of hetero-
geneous nucleation and is dependent on the substrate
A. Nucleation mechanism surface’’
) ) The internal nucleation mechanism is more important in

1. (110)-oriented films determining the orientation and the grain structure of the

The growth of(110-oriented MgO films involves two final (110-oriented MgO films. The validity of the nucle-
steps. The first step is deposition at RT for the first 3 min. Itation mechanism discussed herein is supported by the experi-
is followed by a second step of deposition at 650 °C for 15mental results on the gain size. The grain size of a film is in
min. At the end of the first step, the films are about 18 nmgeneral dependent positively on the deposition temperature.
thick. They are amorphous due to the very low substratd-or the(110-oriented films, there are two characteristic tem-
temperature. In the time between the first and the seconperatures involved. One was RT for the initial 3 min and the
steps, during which the substrates are gradually heated wmther was 650 °C for the remained 15 min. If the grain size
650 °C, nucleation, i.e., the formation and growth of crystal-was determined during the second step, it should be larger
lites, is homogeneously taking place throughout the volumehan that of thé100)-oriented films, which were deposited at

IV. DISCUSSION
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FIG. 9. SEM photographs of cross section of the LajNi(10)-MgO/Si
heterostructure. The MgO film was deposited on nonetched Si substrate
under the initial ambient pressure ok1.0™° Torr.

respectively, the growth mechanism involves surface nucle-
ation. The resulting grain structures are markedly different
from those in(110-oriented films.

B. Oriented growth

When a material is deposited on a certain substrate sur-
face, a film with preferred orientation is often formed. The
orientation is usually temperature dependent. This phenom-
enon has been observed in a wide range of material systems
such as PtMg3> YBCO/SITiOy(LaAlO; or YS2),%°
Y,05/Si,%" MgO/Sj 210:13-16.18185¢,0, /Si,? and TiN/SiZ®
etc. However, the relation between the film orientation and
the deposition temperature appears to be complex. It was
often interpreted by considering the energy balance between
interface, surface, and strain energies of the islands during
the nucleation stage. Here, we use a similar concept to ex-
plain the selective growth of oriented MgO films on Si ob-
tained in our experiments.

From the XRD6#-26 scan measurements, it is clear that
the all three kinds of oriented MgO films have the same
lattice constant as that of the bulk MgO. This means that the
strain energy is negligible. Therefore, the balance between
the surface and interface energy will determine the preferred
grain orientation in the present MgO/Si system.

i For the(110)-oriented films, the orientation is governed
by the internal nucleation mechanism as discussed herein. In
this mechanism, only the surface energy is important. How-

FIG. 8. AFM images of@) (110-, (b) (100-, and(c) (111)-oriented MgO
films. Note the actual size isx2 um? for (a) and 5<5 um? for (b) and(c).

550 °C for the whole 18 min. However, the grain siadout
10—-20 nm of the final (110-oriented MgO films is one or-
der of magnitude less than th@00—-200 nm of the (100)-
oriented films, as shown in Fig. 8. This indicates that the
nucleation and the growth prior to the second step determine
the grain structures of the fingl10-oriented films. The re-
markably small grain size ifiLl10)-oriented films is a typical
characteristic of the solid—solid transformations.

2. (100)- and (111)-oriented films
. . . FIG. 10. SEM photographs of cross section of the LaNiQ11)-MgO/Si
_For the(100- and (111-oriented films, which were de-  heterostructure. The MgO film was deposited on nonetched Si substrate
posited at 550 °C and 700 °C for the whole growing processynder the initial ambient pressure o&k1.0~° Torr.
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ergy and theg100) surface has the intermediate surface en-

(a) . ergy. Therefore, MgO films grown at RT initially are com-
pletely (110 oriented.

At a high substrate temperature, the Si surface becomes
active and reacts easily with oxygéh®? The strong chemi-
cal reaction between the Si substrate surface and oxygen at-
oms absorbed on the substrate surface represents a large in-
terface energy. When the substrate temperature is so high
that the interface energy is larger than the surface energy, the
interface energy will govern the growth orientation. In the
case of MgO/Si growth at substrate temperature of 700 °C,
the interface energy is assumed to be larger than the surface
energy. Consequently, the formation (@fL1)-oriented MgO
films is favored. From the atomistic viewpoint, the high tem-
perature will rapidly lead to a substrate surface covered with
oxygen even under an ambient oxygen pressure of
10" °Torr. As a result, the high surface mobility of the Mg
species allows rapid establishment of stable-Mg bonds
and leads to formation of a densely populated Mg atom
plane. It is then followed by a layer of oxygen. Conse-
quently, alternate layers of Mg and O will be grown in suc-
cession. This means, once again, a MgO film with (thEl
orientation??

At an intermediate substrate temperature of 550 °C, both
the surface energy and the interface energy are effective in

ntrolling the cr | growth orientation. Th mpetition
FIG. 11. SEM photographs of cross section of the LaiNi00)-MgO/Si EO tro ght ec %’Sta growth o g tst 0. fe competitio il
heterostructure. The MgO film was deposited on etdlagdnd nonetched Si etween the suriace e”ergy an_ the Intertace energy wi
substrateb) under the initial ambient pressure ok1.0~° Torr. therefore lead to th€l00) orientation growth.

. . . C. Crystal quality
ever, for the(100)- and (111)-oriented films, whose orienta-

tion is determined by the surface nucleation mechanism, both The FWHM of a rocking curve describes the spread of
the interface and the surface energy need to be Consideredhe Crystallite orientation distribution. It is often used as an
The surface energy can be considered as the increase iitdex for quantifying the crystalline quality of the films. Fig-
the potential energies of the surface atoms due to the breakreés 5 and 6 show that, for thd10- and (100-oriented
ing of bonds to form two separate surfaces. The surface edlms, (1) the substrate surface state had no major effect on
ergy is therefore proportional to bond breaking in separatinghe crystalline quality of the films, an@) the high vacuum
the surfaceg® The two-dimensional density of Mg atoms in at the initial growth stage was favorable for improved crys-
(100), (110, and(111) surfaces of the MgO crystal is&¥, talline quality of the film. For thé110)-oriented films, whose
1.41A%, and 2.3142, respectively, where a is the lattice con- formation is dominated by the internal nucleation mecha-
stant of the MgO crystal. So, th@10) surface involves the nism, it is naturally uneffected by the substrate surface state.
least number of broken bonds and thus represents the loweser the(100-oriented films, which were deposited at 550 °C,

surface energy. Thé[]_]_) surface has the |arge3t surface en_the interaction between the deposited species and the sub-
strate surface is not strong enough to produce an observable

effect on the crystalline quality. The dependence of the crys-
talline quality on the ambient pressure can be attributed to
the fact that a higher vacuum helps to retain the kinetic en-
ergy of the ablated species during their transportation from
target to substrate. These species of high kinetic energy dif-
fuse better on the substrate surface and yield improved crys-
tallites.

For MgO films deposited at 700 °C, however, the etched
and nonetched Si substrates produce different crystalline
quality. This suggests that at high deposition temperatures
the surface state of the substrate does play a significant role
in the crystalline film growth. This is because the interaction
between the film and the substrate becomes strong due to the

FIG. 12. SEM photographs of &00-oriented MgO films deposited on Nigh reactivity between deposited the Mg atoms and the Si
etched Si100) and under the initial ambient pressure o 10~ ° Torr. substrate surface at 700 °C.

.—1
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