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Ab initio total energy study of ZnO adsorption on a sapphire (0001) surface
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The sapphirg0001) surface and the adsorption of ZnO are theoretically calculated by using a plane wave
ultrasoft pseudo-potential method based on density functional theory. By comparing the PDOS of the Al and
the O before and after the surface relaxation, we demonstrate different sa@@0d surface states, and
changes in surface chemical bonding resulting from Al and O are analyzed. The bonding processing of a ZnO
molecule on the surface of /D3, adsorption energy and bonding orientation, and change in surface structure
as well as the characters of surface chemical bonding are further investigated. We conclude that the surface
inward relaxation in the first layer Al-O is weakened, even eliminated after the surface adsorption of the ZnO;
chemical bonding energy achieved 4.4+0.4 eV. There is a deflected angle of 30° between the chemical
bonding of the Zn((0.185+0.01 nmhand the adjacent surface Al-O bonding; the stable chemical adsorption
site of Zn is just about 30° deflected from the O-hexagonal symmetry aftAb05(0001) surface. Through
analysis of the atomic populations, density of state, and bonding electronic density before and after the
adsorption, it is revealed that the chemical bonding formed by theaDthe ZnO and the surface &l is
characterized by strong ionic bonding, while the bond of th&"znd the surface © has a covalent character,
which mainly comes from the hybridization of the Zn 4s and the O 2p and patrtially from the hybridization of
the Zn 3d and the O 2p, so as to facilitate the forming of tetrahedral coordination in the initial stage of the ZnO
films growth. Hence it is favorable for the formation of the wurtzite structure.

DOI: 10.1103/PhysRevB.70.045413 PACS nunier68.43.Bc, 68.35.Bs, 73.20r, 71.15—m

[. INTRODUCTION ture, surface bonding and surface charge, surface adsorption,
or surface potential energy, especially on complex oxidized
The sapphire(a-Al,O,) is widely applied for the sub- surfaces:® Therefore, to calculate the surface of crystal as
strates of electronic thin films semiconductor material, suctwell as chemical and physical adsorption by use of reliable
as ZnO, AIN, and so on. The ZnO thin films developed fromtheories has become an important method to the study of
sapphire substrates has an application prospect in photoelegystal surface.
tric and semiconductor laser componehtShe ZnO thin As we know the diffusion of the ZnO on the
films deposited on sapphi@001) through pulse laser depo- a-Al,03(0001) surface, adsorption site, adhesion, and bond-
sition (PLD) and molecule beam epitax)BE) technology ing crucially link to the further forming of the island of ZnO
are of high quality. There are many experimental reports omarticle cluster so as to have a critical impact on the growing
the preparing method, growing characters, and morphologgf the ZnO thin films. Therefore, to investigate the adsorp-
about the ZnO thin films growth on the-Al,05(0002) tion process and the bonding character of the ZnO on the
substraté=® but there is no theoretical calculation on the substrate’s surface is of great significance in terms of the
initial growing mechanism of the ZnO thin films deposited initial growing mechanism of the ZnO thin films heteroepit-
on the a-Al,03(000)) surface. axy. It is evident that the adsorption of the ZnO is dependent
In the growing process of thin-film material by MBE, the primarily upon the atomic structure and electronic states of
surface structure and defects of substrates have a significaifite a-Al,05(0001) surface. Hence, initially it is necessary
impact on the morphology and pattern as well as interfacéor us to create a relaxed-Al,05(0001) surface to analyze
behavior of film growth. As a result it has a decisive effectsurface atomic and electronic structure. Later, the adsorption
on the function of thin-film material. In addition, the adhe- model of ZnO on the surface is configured.
sion, diffusivity, and bonding of particles on substrates dur- A number of references have already calculated the sur-
ing deposition are essential to the initial growing charactersace atomic structure of the-Al,05(0001)° % and its elec-
of nucleation during thin films’ growth. No sufficient studies tronic structuré*-1¢ Many consistent results with regard to
and experiments are available on the surface atomic struthe calculation of thex-Al,05(0001) surface relaxing have
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been reported. But for the calculation of its electronic strucing. The time step for the solution to dynamic KS equation
ture, Godin and LaFemiddcomputed the energy band and (with the accuracy of 5.8 10°° eV/aton) is configured as
surface state after the relaxation of the surface110001) 1.0 fs. The total simulation time is 1.5 ps, and the system
and concluded that the surface atom Al-O is rehybridized tdemperature is constant at 400° C.

sp’ bonding by analyzing topological structure. V. E. Puchin  Through the structure optimization and the calculation of
et al’® pointed out that surface relaxation has a strong im+elaxation in thex-Al,03(0001) surface and the calculations
pact on DOS through measuring the density of surface staten the bond length and bond energy of the ZnO molecule,
with the adoption of UV photoelectron spectroscqplPS  the results conform to those of Refs. 24 and 25 satisfactorily.
and metastable impact electron spe¢iVHES); but no fur-  The bond length of the ZnO is also quite consistent with the
ther analysis has been done. Wander, Searle, and Hafisonmesult calculated by Gauss98 software packéy@71 nm,
presented the DOS map calculated by HF+LYP and sugwhich testifies that our results are reliable. Besides, the Pro-
gested that the valence bond of e\l ,05(0001) is of an O  jection schen® is used to convert electronic plane waves
2p character. However, the relationship between the surfadaeto a localized basis, and the principle of Mullikéis used
relaxing and the surface states of theAl,0;(0001) have for the analysis of the electronic distribution outside the
not been more extensively discussed. So it is necessary twicleus.

further study the fields mentioned above.

Although our calculated results of various §I(ab>< 2)' Il RESULT AND DISCUSSION
models for thea-Al,O5(0001) surface are consistent with
these report$'~12 More importantly, when compared with A. a-Al;03(000)) surface

the electronic structure changes before and after surface re- A slab model of super-lattic§2x 2) is constructed
laxation, the results guppl_ement the description of Wandefyy, 10 atoms with literature  valu#® (a=0.5128,
Searle, and Harrisoff, Godin and LaFemin&} and Puchin $=55°20);289 optimization is made to the parameters of

15 _ i - . . .
et al. on thea-Al,03(0001) surface electronic state. Rela- |ouice with the error of the resulting crystal parametay

tive content will be _described in Sec. lll A. The ma_ljor PUI- —(.482 nm less than 1.3% compared with experimental
pose of this paper is to study the surface adsorption of th‘3alue (0.476 nm.2° The calculated result in the distance of

ZnO molecule on ther-Al,05(0001), which is arranged as surface relaxation is consistent with the reference results

fPHOWS' FoIonvmg a brief mtr_oducthn on the basic galcula— mentioned in the introduction. Different models with differ-
tion method in Sec. Il. Section Il illustrates and discusses

. T o ent terminating atomic layers 6, 9, 12, 15, 18 of the
the results in detail, includingia) the a-Al,05(0001) sur- a-Al,05(000)) surfaces are constructed. First, we calculate

face, (b) the ZnO adsorption process and surface structure, L
. ) . . ) e surface structure of the Al,05(0001) in view of energy,
(¢) analysis on Muliiken populatiorid) bonding and density and then we prove that the mtz)stsi)utsi]gle single-layerAglbi/s the

gLrﬁﬁffy ?:ngsg:wetgdroig Isogfl I{}J nctionELF). Finally, a most stabilized surface structure. In the case of multiple lay-
T ers(over 4 layergrelaxation, larger relaxations mainly occur

at layers 6, 9, 12, 15, 18 of the surface Al atoms. The relaxed

Il. METHODOLOGY distance from the most outside Al-layer to the second

The calculations are based on density functional theory-layer of the a-Al;05(0001) is 0.0980 nm, 0.0918 nm,
(DF']') in the genera| gradient approximatiQGGA PWQJ) 00796 nm, 0.0801 nm, and 0.0792 nm, respectlvely, Wh|Ch
proposed by Perdeet al” and employ Vanderbilt ultrasoft indicates that the thlckne_ss of the calculated slab_ model has
pseudo-potential§USP).18 Electron wave functions are ex- an effect on the calculation results of the relaxation. In the
panded in terms of a plane wave basis set, and electronfg@se of more than 12 layers, the long-range effect of more
ground state is reached using a conjugate gradients minimioternal atoms on the surface is closer to actual bulk. The
zation as implemented by the computer code CASTEp, relaxed distance from the outmost surface Al-layer toward
The USP, which are available with CASTEP, define the numinside is 0.079+0.01 nm, which complies with the error
ber of valence electrons that are treated explicitly in the calfange of Baxteet al;** Wander, Searle, and HarriséhGo-
culation and for O 22p%, Al 3s23pt, and Zn 3d%< states. Meset all® (+x0.01 nm. In another aspect, the Pauli repul-
Under density function theory, the calculation parameters aréion becomes smaller if the chosen paramégg is rela-
not sensitive to bonding length and geometric structure ifively small in the calculation of the thin slab, which leads to
comparison with the calculation of bonding energy. Thethe relaxation being lager in DFT calculation. After the sur-
charge density distribution has very small changes, as smdice relaxing, as the radius of*0(0.132 nm, it is much
as a quadratic mean deviation in the magnitude of 10  larger than the radius of Al (0.051 nm); actually the O
calculation conditions, which are especially insensitive toatoms will be exposed on the outmost surface of the
numerical integration poin®&-22 That is, a kinetic energy Al,03(000J). Inward relaxing means that the interaction be-
cutoff E,, of 340 eV for the electrons is used because ittween the aluminium ions of nominal charge’ls screened
could be appropriately reduced through USP based on DFRy the second-layer oxygen ions. There are obvious changes
For k-point sampling, we have actually employed a symmein the bonding length of surface Al-O before and after relax-
trized 3X3X2 Monkhorst-Pack mesh in Brillouin zone ing, and the length after relaxin@.170 nm is obviously
with18 k-points for optimizing® the a-Al,04(0001) 2x2  decreased (-9.0+0.299 form what it was before
surface and % 2X 1 with 10 k-points for dynamic calculat- (0.186 nm), which is very close to the calculation value of
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o " Femilavel the Al-O bond, the Al-O bonding energ12.1 kJ/mol is
N s e ) O O, | much higher than that of the Zn-@84.1 kJ/mol,?* there-

: : fore, the &~ in the ZnO molecule should be easy to combine
with the Al atoms on the substrates. Well then, which is the
H first to combine with thex-Al,05(000)) surface, the Zn or
i the O of the ZnO? The position of the ZnO on the surface
adsorption and bonding action is closely related to the further
forming the island of the ZnO cluster, thus exerting an im-
pact on the growth of thin films. All of these require further
theoretical research.
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B. Adsorption process and surface structure

For the two adsorption models of the ZnO, the substrates
are adopted with an optimized super-lattice slab surf&ce
x 1) model with 6 atomic layers and the surface structure
with surface terminating atom in Al-single-layer. In this pa-
per, a lot of attention has been given to the position of sur-
Godin and L4Femind and Wander, Searle, and Harri¢én face adsorption, structure of adsorption molecule, and the
(—-8.9%). orientation of space falling, except environmental impact on
Much research has been done on the geometrical structutiee substrate’s surface. In order to observe the combining
of the a-Al,04(0001) surface. However, the surface elec- sequence of the Zn and the O of the ZnO molecule with the
tronic structures play a significant role in the surface adsorpAl and the O of thea-Al,03(0001) surface, we place an
tion as well as the growing of thin films. It is necessary tooptimizing gaseous ZnO molecu{bond length: 0.167 nin
have a further discussion on the action of surface relaxing ohorizontally onto the top with a distance of 0.30 nm from the
the changes of the surface electronic states. a-Al,05(0001). Enough consideration has been given to the
Figures 1a) and Xc) illustrate the partial density of states impact of short vacuum height, which is set as 2.0 nm, as
(PDOS of the surface Al-layer before and after relaxing, illustrated in Fig. 2a). For convenient description, the O of
respectively. Ofter the relaxation of the surface, the 3p orbitthe ZnO molecule, which combine with surface Al is ex-
als of Al will be further split, and the lowest empty surface pressed a&Zn)O-Al, and that of the Zn with the surface O of
state will mainly be 3pof Al located around 4.5 eV above the a-Al,O5 substrates is marked Zn¢€ubstratg
the Fermi level, with some overlapping of Al 3s and O 2pin  The surface atomic structure of theAl,04(0001) sub-
it, which is consistent with the conclusion of Wang, Chaka,strates is O-hexagonal symmetrical. In order to investigate
and Schefflef (4.5 eV). major adsorption locations on the surface, we set 8 different
Figures 1a) and Xc) display the PDOS of the surface major adsorption sites on the basis of observing the sym-
O-layer before and after relaxing, respectively. As a result ofnetrical structure of the 2 2 surface atoms. These locations
the observation of changes in the PDOS, splitting occurgan be considered as the initial growing sites of the ZnO thin
obviously in §, S,, S;, and S, with S; from the 2s-occupied films [see Fig. 2b)]. In the adsorption model of 21, we
state of O located between -15:6-18.5 eV, and § S;, and  only consider two cases of the ZnO molecule falling hori-
S, from the occupied state of 2p orbits of O located betweerzontally. One is model A, where the Zn and the O is located
-6.0~0.0 eV. S, S;, and § just overlap with 3s of surface at the top of adsorption site S7 and S6, respectively, as are
layer Al, and hence form the hybridization of%s@nd ac-  shown in Fig. 2c). The distance of the Zn of the ZnO mol-
cordingly, the suggestion proposed by Godin andecule from the 2 Al positiongAll and Al2) is equal, and the
LaFemind* and Wang, Chaka, and Schefffeon the sp O is close to the Al2 position, while the distance from the O
hybridization of the surface Al-O has been further proved.of the ZnO to the All and Al2 of the surface is equal in
However, the Al-O bonds on the clearAl,05(000) sur-  model B, and the Zn is close to the Al2 position displayed in
face have more of the character of a strong ionic bond. Th&ig. 2(d). Both models A and B are employed with the same
relaxing causes the redistribution of a large quantity of sursubstrate structure whose bottom atomic layers are fixed, and
face & charge, which manifests the surface obviously inwith the same calculation conditions, which are used to ob-
the surface state of the O atoms, and is sure to produce aerve the effects of the distance between Zn or O and the Al
even lower surface energy. Our calculation of the surfacen the surface adsorption.
energy is 1.60 J//& which is very close to the literature The adsorption process of model A dislayed in Fig. 3 and
value by Siegel, Hector, and Adafg1.59 J/n?). 4, A0~ can be divided into 4 stages: 0~ 0.08 ps is the
Since the O atom layer exposes on the outermost surfagghysical process. The Zn of the ZnO molecule is adsorbed
of the a-Al,04(0001) after relaxing, the surface obviously down initially and is about 0.03 nm lower than the O. It is
shows the O-surface state, and thus the outmost surface mainly of the action of static electricity between the?Zand
atoms possess with a larger amount of negative chargéhe &~ on the a-Al,05(000]) surface. During the process,
which is favorable for the combination of Zhwith O?~ of  the distance of the O of the ZnO molecule from the Al2
the surface. In view of the bonding energy of the Zn-O andposition is 0.289-0.251 nm. The Zn is located at the top of

FIG. 1. (Color onling Description of the PDOS for the surface
atoms. Wherdga) and(c) are the PDOS of the Al before and after
relaxation, respectively, antb) and (d) are the PDOS of the O
before and after relaxing, respectively.
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FIG. 2. (Color) The a-Al,05(000)) surface adsorption sites and the ZnO adsorption mo@IZn0O adsorption slab modeb) different
adsorption sites on the top layéc) adsorption model A, an¢d) adsorption model B. Red balls in the figure represent bottom O atoms in
the substrates, which are marked O2; purple balls represent bottom Al atoms; the bigger green balls represent the 2 Al atoms of the surface,
and are marked as All and Al2, respectively; the biggest yellow balls represent the O atoms on the substrates, and are marked as O1. The
deep gray balls represent Zn atoms, and the light gray and bigger balls represent the O atoms of the ZnO molecule.

S7 in a distance about 0.286).245 nm from the surface. Similar to model A, the process is also divided into 4
The O of the ZnO molecule slightly shifts in the direction of stages as are showr) in Fig. 3 and Fig. 41B-0: 00
[1210], where the physical adsorption energy is about™ 0.15 ps is the physical process. The ZnO molecule moves
0.24 eV.0 0.08~0.10 ps is the bonding process @mn)O- toward[1010] initially, where the Zn is adsorbed downward
Al. The O of ]ﬂe ZnO molecule Continuou3|y shifts in the with a distance of 028_nm from the surface. At 0.08 ps, it
direction of [1210] and approaches Al2 at the substratesStarts to rotate towarfil210]; the O of the ZnO molecule
swiftly. It starts(Zn)O-AI2 bonding at 0.09 ps, whose length @Pproaches Al2, and the Zn moves toward the site S5.
is 0.192 nm. While at 0.10 ps, stron@n)O-Al2 chemical 1 0-16~0.19 ps is the bonding process @n)O-Al. Simi-
bond is formed, whose length is 0.161 nm. The Zn of théa' to that of model A, the chemical bond length of O-Al2 at
(Zn)0O-Al2 bond is located at the top of S7 in a distance of0-19 Ps is 0.159 nm, where Zn is located at the adsorption
0.230 nm from the surface, and the adsorption energy!t® Petween S5 and S6 in a distance about 0.226 nm from

achieves 2.3 eV 0.10~0.15 ps is the bonding process of the surfacel] 0.19~0.24 ps is the bonding process of Zn-
Zn-O (substrate The bonding length ofZn)O-Al2 is oscil- O(substrgt;a (Zn)Q—AIZ maintains a bonding state, and the
lated between 0.1680.195 nm. The Zn combines with the ZN combines with the O on the-Al;05(000) surface

O of the substrates swiftly and moves toward site S6 slightlySWiftly, where is located at between S5 and S6 at 0.180 nm
The distance of Zn-@ubstratesis about 0.171 nm After from the surfgceD After 0.24 ps, following the adjustment
0.15 ps, the ZnO molecule, together with the surface of subl? the bonding length and angle aZn)O-Al or Zn-
strates, slowly forms a stable adsorption state. At the lowe<p(Substratg system energy is fallen and stabilized gradu-
molecule at thex-Al ,05(000) surface is about 4.4+0.4 eV, Sorption energy of the ZnO molecule at theAl,05(0001

and the adsorption position of the Zn is close to[§de Fig.  Surface is 4.4+0.4 eV, and the adsorption position of the Zn
4, A-00]. is close to Sqsee Fig. 4, B:l].

A comparative analysis of the adsorption process of mod-
els A and B indicates that the O and Zn bonded with the
adjacent surface Al and O, respectively, in the same way as
in model A even though the O of the ZnO molecule in model
B is far from AlI2 at thea-Al,05(000)) surface and has had
a longer physical movement and adsorption. At the stabilized
adsorption site, the bonding length(@h)O-Al is 0.182 with
amplitude of 0.011 nm. The bond length of the ZnO after
adsorption is 0.185, and the amplitude is £0.010 nm. The
bond length and adsorption energy after adsorption imply
that the ZnO has had a strong chemical adsorption atthe
-Al,05(0001) surface. The Zn at stabilized adsorption sites
oo L i S5 and S7 just has a 30° deflexion away from the surface
00 02 04 06 0B 10 1200 02 04 06 08 10 12 O-hexagonal symmetry. It can be seen fronilAin Fig. 4

Tirre steps (ps) Time steps (ps) that the ZnO after adsorption is parallel wif@110], and

FIG. 3. The ZnO adsorption process and the changes in systetii€re is a 30° deflexion angle from a Al-O botat [1010]
energies. direction) of the surface Al2. For model B, the Zit210]

Energy (eV)
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[0001 1

(0]
o - a-l"

[2110]

FIG. 4. (Color) The trajecto-
ries for the 4 stages of the ZnO
adsorption process{] Physical
adsorption,[0 (Zn)O-Al bonding,
0 Zn-O(substratg bonding, and
0 Stabilized adsorption site. Red
balls in the figure represent bot-
tom O atoms at substrates, purple
balls bottom Al atoms, green balls
surface Al atoms, yellow balls sur-
face O, and deep gray and light
gray balls ZnO molecules.

[0001 1

O Zn o o
’ 'Lﬁ [2110]

A-@D(2X2)

after adsorption also has a 30° deflexion angle from anothespectively. After discussion of these reasons, all experimental

Al-O bonding (at [0170] direction of the surface Al2 see reports conclude the ZnO lattice aligns itself with the oxygen
B-O in Fig. 4. sublattice in AJOs, and thus, the lattice mismatch is reduced
Despite both the ZnO films deposited on @901 sap- fom around 32% to 18%. There are no further theoretical
phire by laser molecular beam epitagtyMBE), by plasma- ~ €Xplorations. o , ,
assisted molecular beam epita@®-MBE)? techniques, orby _ Ina film’s heteroepitaxial growth, the actual film orienta-
pulsed-laser depositiofPLD),3-6 the films are characterized tion is determined at the initial stage of the epitaxy; the

by an expected six-fold symmetry of an epitaxial hexagonaf"tomic structure of the substrates surface and the surface
layer. This in-plane orientation relationship corresponds to ynamics of the precursors on the substrates can be expected

o ; . : : o play a major role in the final in-plane film orientation. The
g?sggt;:'ifg of the ZnO unit cell with respect to the unit cell initial adsorption of the ZnO on the-Al,05(000) would

From the experiment of the researcher Yeéaral,? the determine the nucleation and following formation of the ZnO

S S films. The results of our adsorption models of ZiMddel A
RHEED |r_1d|cates an mmaj mcommensurat_e growth of Znoand Model B reveal that Zn at the surface stabilized adsorp-
on Al,Oz in a two-dimensiona(2D) nucleation mode. The

tion sites just has a 30° deflexion on the O-hexagonal sym-
[2110] orientation of ZnO aligns with thg1100] direction of  metry of thea-Al ,05(0001). We demonstrate that the strong
Al,05, which leads to 30° rotation of the crystal orientation chemical adsorption sites are located at places about 30°
of the ZnO epilayer against the /5 substrates. Foret al3>  apart from the O at the substrates when (#@)O-Al bond-

and Millon et al* reported that the ZnO films were ingis produced, where the strongest Zn-O bond is formed. In
c-oriented and that a 30° rotation in the basal plane occurreérms of micromechanisms, the strongest direction of chemi-
such that the Zn@1100] direction was aligned to the sap- cal bonding should be the one with the fastest crystal growth,

hire [1210] direction by x-ray pole figure measurements.Wh!Ch Is favorable for the fo_rming ofathin—film island in the
pOhkutEoet ;|'5,6 observe)(; thatythF:e ZnngiIms on atomically initial stage. That is, following the nucleation and the ZnO

g : -~ _film formation, the 30° rotation of the ZnO atomic arrange-
flat Sugstrates .shong two - in plan_e Orlentfatlons’ment that facilitates the first monolayer of the ZnO to adjust
ZnO [1010]lisapphire [1010] and ZnO[1010]iisapphire jiself 1o the oxygen sublattice of the A5 would stabilize

[1120], rotated by 30° for films that grew at low the interface structures, which leads to the lattice mismatch
(400-450 °Q and high (800-835 °Q temperatures, re- of ZnO crystal and sapphire being diminished.
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TABLE I. The atomic population and the charges for the ZnO :g ] .
and the surface O. ] @ 1@ ) = o
13] gy —¢
Atomic  2s 2p 3s 3p 3d 4s  Charges :f u
orbits 10] M
94
K
Zn 0.17 993 114 070 o
0.3%2 9.94 0.648 1.09 ‘55 S,
O 197 469 -0.6° g o]
1.9¢ 513 -1.03 s
Al 051° 0.7% 179 = ! ﬂ
046 0.73 1.81 RSN N
d
o* 189 530 -1.16 A ®) 1@
1.8 5.40¢ -1.2¢ :f H
Note: O* is the surface O atoms bonded with the Zn: be
gafter adsorption. 8]
bhefore adsorption. 7l E
5]
After the surface adsorption of the ZnO, we discover that 3]
the ZnO adsorptive molecule has a certain impact on adja- 2
cent surface atomic structure. During the physical adsorption o

stage, as the ZnO molecule approaches the surface adsorp- - E AN E s
tion site, the surface Al at adjacent ZnO will move outside a nergy (€ nergy (V)
distance of about 0.04+0.005 nm, and the interlayer distance |~ ¢ (Color onling The PDOS of the surface Al-O atoms

_of the_\ first O-Al layer of the surface is about_0.0G nm, which layer and the ZnO before and after the adsorptianand(b) show

is still less than the O-Al inter-layer distance of the y,e ppos of the surface before and after adsorption, respectively.
a-Al;,03(000) bulk (0.084 nm). Following the beginning of ) and(d) show the PDOS of the ZnO before and after the adsorp-
chemical adsorption, the surface Al continuously rises tajon, respectively.

form bonding with the O of the ZnO molecule. After bond-

ing, the distance of the surface Al from the first O-layer of ... d orbi

) S t3233The elect i lati fthe Z
the surface is 0.08+0.005 nm, which is close to the AlI-O € electrons occupied population of the Zn

. . . . p orbits after adsorption increase to 0.32, which indicates
interlayer distance in bulk, and the original surface Al-O re-y,; y,q hybridization in 2p is further strengthened. We con-
laxing will be slowly decreased, even eliminated finally. ButClude that the hybridization comes from two aspects: one is
the rising distance of the surface O atoms close to the Zn itche hybridization of the Zn 4s with the O 2p of the surface
§mal| W'th less tha_n 0.03 nm. There are hardly any change&e other the enhanced hybridization of the Zn 3d with the O
in the interlayer distance of the surface atom far from theZp. It will be further discussed in the next sections. There-
Zn0 molecule. fore, the bonding of the Zn and the surface is not purely ionic
bonding, but also has certain covalent characteristic whose

C. Analysis on Mulliken populations details will be discussed in next section.

It can be seen from Table | that the O 2p orbits population
and the negative charge of the ZnO after adsorption is in-
creased. The population from the s orbits of the surface Al In order to further analyze the changes of electronic state
bonded with the ZnO is slightly reduced. It indicates that thebefore and after the adsorption and bonding of the ZnO on
positive charge of the surface Al is increased, a sign causinthe a-Al,03(0001), we calculate the PDOS of the ZnO by
that part of the electrons from the s orbits of the surface Aluse of the software package. The PDOS of the Al-O layer at
have transferred into the O 2p of the ZnO molecule, thughe a-Al,03(0001) surface is divided into 3 groups. The
causing th&Zn)O-Al bond to have a character of ionic bond- peak of Group H is the bonding state of the surface O, which
ing. comes from the 2s and the 2states formed by #10 s and

The population of the Zn 4s after adsorption obviouslythe Al s orbits in crystal field, as is shown in Figah The
decreases, while that of the electrons of the surface O* 2peak of Group | mainly comes from the @gormed by the
nearby the Zn atoms is increased. Both the negative chargairface O and Al, and the Zpbonding orbits. The peak of
of the O* 2p and the positive charge of the Zn also increaseGroup J mainly comes from the 2 and 2p* antibonding
which reveals that part of the electrons from the Zn 4s havebits, as well as the surface state of the Al 3p. After the ZnO
transferred into the surface O* 2p after adsorption. adsorption on the substrates, the changes in the PDOS of the

There are some kinds of electronic states within 0.17 ofurface Al-O layer are plotted in Fig(l5. A new DOS peak
the occupied population in the p orbits of the Zn beforeF; up to 6.2 e/eV appears at the left of Group H, which
adsorption that comes from the O 2p and partly hybridizeccomes from the bonding peak formed by the Zn 4s of the

D. Bonding and density of state
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%o

low energy. ‘

The surface O 2p obits overlapping the Zn 4s obits in ther&u
peak of Group [Fig. 5b)] produces a mixed state, implying '+
that there is a hybridization from the 2p and the Zn 4s, which
reduces the average DOS of the O 2p after adsorption, an:
results in an obvious reduction in the energy of bonding orbit ===

ZnO molecule. The peak of Group | is widened after the
adsorption with its average peak obviously lowered, and
moved to the left about 1 eV, which appears at the pedk F

p after adsorption. The original surface statgesS, S;, and () (b)
S, are redistributed and formed into a new surface electronic
structure. FIG. 6. (Color) The ELF for the ZnO and the surface bonding:

In view of the space position and energy of Zn adsorption
(S6—S7, S6-S5), the hybridized orbits form the Zn 4s .
and the surface O 2p in the initial adsorption of the ZnO
molecule tends to be 3plt reveals that the initial adsorption
and the hybridized characteristic of the ZnO molecule on th
a-Al,05(0002) surface would be help to form the Zinc Ox-
ide crystal with tetrahedral coordination formed by thé sp E. Electron localization function
hybridized orbit. As it has the wurtzite structure, Fhe direc- The electron localization functiotELF) is used in ob-
tion of each apex is parallel to the c-a¥@001. This iswhy - gening atomic shell structure and core, bonding and lone
the ZnO film tends to grow toward t{@001 direction and electorn pairs, and bonding electronic regions in solid, which

to orient the(0001) of sapphlre(OOOJ). Accordlngly, e reveals the chemical bonding characteristics and types, such
textured, the regular ZnO films are easily obtained. L ; 7
as metallic, ionic, covalent, and dangling bond#fg’

The PDOS of the ZnO is divided into 4 groups of peaks Figure &a) shows the ELF distribution value of the Zn-O

shown in Fig. §c). The peak K mainly comes from the O 2s, .
the peak L is the electronic states of the Zn 3d, the peak M"d the(Zn) O-Al (substratg bond after the chemical ad-

mainly comes from the bonding orbits of the O 2p, and theSOrPtion. Figure @) illustrates the ELF of the Zn-Qwith
peak N is the orbits of corresponding antibonding. When théWo Substrate O* atomsormed at the adsorption sites of the
ZnO molecule is adsorbdig. 5d)], the energy distribution  ZN- The_d|fferen_t colors in the figure represent the relative
of the electronic states in the s orbits will be reduced abouglectronic density. In Fig. @), the ELF value of the
0.4 eV and 0.8 electron/eV for the peak value. It can be seefZN)O-Al chemical bond is 0.211, where the electrons
from the figure that the s states are decreased, which revedRainly gather around the O atom, and have obvious charac-
that there are electrons transferred from the Zn 4s into théer of ionic bonding. The ELF value at the ZnO chemical
surface for bonding. Electrons from the surface Al 3s movebond is 0.713, where the character of ionic bonding is weak-
to the O 2p of the ZnO molecule for bonding, which causesned and some covalent characters appear. In Fiy, e

the O 2p bonding peak of the ZnO molecule after adsorptiorELF between the two chemical bonds of the Zn and the two
to become widened and move to the left. It is obviouslyoxygen atoms of the surface is greater than 0.760, with the

shown at bonding peaksHAFig. Xd)]. The peak Zn 3d)  shorter one of ELF 0.870 showing obviously more of the
also widens, obviously, and further splits after adsorptioncharacter of covalent bonding.

which causes quite few of the O 2p electron states to be

mixed in, and the maximum peak value reduce about

a) the slice vertical to the surface aloh$210] direction passing
through the ZnO is for the ELF of the Zn-O-Al bong) the slice
vertical to[0110] direction and the surface passing through the Zn
é's for the ELF of the Zn-@substratgbond[see Fig. 4 BH].

7.1 electron/eV due to the total energy reduction of the d IV. CONCLUSION
orbits resulting in ligand field stabilization energyFSE). ) o
A comparative analysis of the peaks L and | in Figd)5 The calculation on the-Al,05(000) surface relaxing is

and §b) manifests that the electronic states of the Zn 3d willwell conformed with previous studies. Through a comparison
overlap more with the O 2p of the AD; substrates Of the PDOS of the outermost surface Al and O layer before
(-7.8-0.0 eV and produce strong mixed states betweenand after relaxing, it has been further described that the dis-
-7.8—-4.5 eV. That is to say, it is possible for the energytribution of the a-Al,05(0001) surface states is obviously
level of part of the electrons at the Zn 3d close to part of theshown in O-surface states, which mainly comes from the
O 2p to form a hybridized bond with the surface®oRe-  changes of the surface O 2p electronic states. The shrinkage
searches in Refs. 35-37 deduce that it is possible for the z@f the surface Al-O bonds and the existence of the s-p hy-
3d of ZnO crystal to hybridize with the O 2p according to its bridization result in even lower surface enerdy60 J/n%),

point group coordinate, and the formed hybrid band s-d has kut still have the distinct character of ionic bonding.

very important function on bonding. We find that the split- An analysis of the dynamic process of model A and B
ting of the Zn 3d strongly interacts with the O 2p electrons atshows the 4 stages in the adsorption process of the ZnO on
the Zn adsorbed sites in the surface, thus leading to obviou®e a-Al,03(0001) surface: physical adsorption and migra-
reduction of energy in Zn 3d after adsorption. Comparedion, chemical adsorption aZn)O-Al, chemical adsorption
with the gaseous ZnO molecule before adsorption, thef Zn-O (substraty and bonding at the optimal adsorption
higher-energy electronic states are weakened, which reducessitions. The bonding energy of the ZnO molecule at the
the system energy after adsorption. a-Al,05(000)) surface is greater than 4.4+0.4 eV. It is
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found that the bond of the ZnO molecule has a 30° deflexiorsorption energy, and adsorption sites, it is favorable for the
angle from the adjacent Al-O bond of the surface after adsp® hybridization of the Zn 4s with the O 2p of the surface,
sorption, and the stabilized chemical adsorption sites S5 anfiir forming the tetrahedral coordinate and for shaping the
S7 are about 30° away from the O hexagonal symmetry ofvurtzite structure of the ZnO thin films.

the sapphir@®@00)) substrate, which reduce and even elimi-
nate the relaxing at the surface Al-O layer before adsorption.
These calculation results are well in agreement with related
experimental researché&s$ After the adsorption of the ZnO This research work has been supported by the State Key
on the surface, part of electrons at the Zn 4s obits obviouslpevelopment Program for Basic Research of Chi@aant
transfer into the a-Al,05(0001) surface. The chemical No. 51310203 and the Application and Basic Research of
(Zn)O-Al(substratgbond has the character of ionic bonding, Sichuan Province under Grant No. 02GY-006. We wish to
while the Zn-O(substratg bond obviously has the covalent acknowledge the support from the Software Key Laboratory
character. The covalent character of the Znsbbstratg  of Sichuan Normal University and the Center of Computer
bond mainly comes from the hybridization of the Zn 4s andSimulation, China Academy of Engineering Physics. The au-
the surface O 2p, and partly from the hybridization of the Znthors would like to thank Professor Z. Z. Yun, Y. Zhang, and
3d and the O 2p orbits. In addition, in view of the atomic W. D. Xue for their numerous and useful suggestions and
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