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Structural characterization and electron-energy-loss spectroscopic
study of pulsed laser deposited LINDO 5 films on a-sapphire
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Highly c- and a-oriented LiNbQ films were deposited oa-sapphire substrates by pulsed laser
deposition. The film microstructure and crystal orientation were studied by transmission electron
microscopy, and the mechanism forming the different film orientations was interpreted in terms of
the adatom energy and oxygen pressures. The electron-energy-loss functions derived from the
electron-energy-loss spectra exhibit characteristic energy-loss peaks at about 7.0, 11.0, and 14.0 eV.
These peaks correspond to electron transitions from the maximum density of the states in the
valence band of O 2to the split conduction band. The dielectric functions of the LiNBiOns

were also derived from the energy-loss function.ZD04 American Institute of Physics
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I. INTRODUCTION tween LiNbQ, films deposited at different oxygen pressures
on sapphire substrates, and the orientation control mecha-
LiINbO; is a well-known ferroelectric oxide displaying nism will be discussed.
prominent piezoelectric, pyroelectric, electro-optic, photo-  For optical device applications, the electronic structure
elastic, and nonlinear optical effedtsLiNbO; has been and dielectric function of LiNb@films are of fundamental
widely applied for the fabrication of optical waveguide, op- and practical interest. Previously reported electron-energy-

tical switch, optical modulator, and surface acoustic wavéOSS functions measured by an electron-energy-loss spectrum

(SAW) devices, and it exhibits important technical value and(EE.LS) and_ x-ray phom%l?% tron spectroscope analy_5|s were
mainly on single Crystalg, but the energy-loss function of

profound deve_Iopi_ng pro_spect in the fie!ds of acoustics_,, OpT_iNbO3 thin films containing crystal defects and oxygen de-
tical ggmmumcaﬂons, integrated optics, and nonlineaficiencies has not been well studied. In this paper, we also
optics™" The deposition of LiNb@films and the orientation  yeport the energy-loss function of the LiNg@Ims on sap-
control of the films on sapphire substrates have been studigshire substrates by means of an EELS-equipped in field-
by many researchefs and it has been shown that for dif- emission TEM. The EELS in-field-emission TEM possesses
ferent applications, different orientations of LiNp@pitaxial an excellent spatial resolution, and the dielectric function
layers may be needed. For example, SAW devices requirderived through the Kramers-Kronig transformation reflects
[0001-oriented(c-oriented LiNbO; epitaxy to fully utilize  the dielectric property from the visible to the soft x-ray re-

the ds3 piezoelectric coefficiert” and the electro-optical gion, whereas the ellipsometry measurement only provides

. . - . the dielectric function from the visible to the ultraviolet
modulator devices need the film to H&120] oriented range with a finer energy resolution,

(a-oriented so that the in-plane piezoelectric property can be
utilized to modulate the refractive indéxLee and co-
workers have systematically studied the epitaxial depositiofl. EXPERIMENTS
o e I NGO, fims vere deposted on 1010

" i . o X 0.5 mn? a-plane sapphiréAl ,O;) substrates by PLD with
deposition(PLD) has been widely studied, surprisingly, the a KrF excimer lasef\=248 nm at a 250 mJ and 5 Hz
study of the interfacial detail structure and, thus, the U”derfepetition rate. A LiNbQ single-crystal target was used in
standing of the growth mechanisms are still limited. In thisthe deposition. The LiNbgfilms were deposited with differ-
paper, a transmission electron microscf¥M) was car- ent oxygen pressures at 600 °C, i.e., 500 mtorr and
ried out for a detailed study of the interfacial structure be-100 mtorr, respectively. After deposition, the films wene

situ annealed at 600 °C for 30 min in an oxygen pressure of

3Author to whom correspondence should be addressed: 11 torr. The same pressure was maintained until the sample
apdaijy@inet.polyu.edu.hk was cooled down to room temperature. The growth rate of
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FIG. 1. (a) Cross-section TEM image of e-LiNbO; on an a-sapphire

substrate deposited at a 500 mtorr oxygen presgbyehe composite dif-  FIG. 2. (a) Cross-section TEM image of a@&LiNbO; on ana-sapphire

fraction patterns showing the orientation relationship between the LiNbO substrate deposited at a 100 mtorr oxygen presgbyehe composite dif-

film and sapphire substrate, where “L” and “A” represent LiNb&nd fraction patterns showing the orientation relationship bethen the LiNbO

Al, 05, respectively; andc) the corresponding HREM image of the inter- film and sapphire substrate, where the labgl@@06 and (1120) diffrac-

face, where the unit cells of LiNbQand ALO; are outlined by the white  tions are for LINbQ and ALOs; and(c) the corresponding HREM image of

lines and the interface is indicated by the arrow. the interface, where the unit cells of LiNg@nd ALO; are outlined by the
white lines and the interface is indicated by the arrow. The strained areas

. . . . due to the interfacial dislocations are indicated by the white dot circles.
the films is about 0.5 nm/s and the film thicknesses are y

about 200 nm. The cross-section TEM study of i . i
LINbO4/Al,O; was carried out on a field-emission electron beam energy, etc. The film orientation does not change as the
film thickness increases, but we noticed that some small

microscopy. The energy-loss function and dielectric function

of the LINDO; films were obtained from the EELS using the ¢-oriented grains were finally “eaten-up” by the neighboring
Kramers-Kronig transformatiol? a-oriented domains. This suggests that #ieriented grains

may grow faster than the-oriented grains at a low oxygen
pressure. Consider also the work reported earlier by Lee and
co-workers® where a much lower oxygen pressure resulted
A. Interfacial structure only in the a-orientated growth of the LiNbQfilm; we be-
lieve that it should be a continuous change of the film growth

IIl. RESULTS AND DISCUSSION

Figure Xa) shows a cross-section TEM image of " ,
c-LiNbO; on an a-sapphire substrate deposited at aCfientation as the oxygen pressure changes.

500 mtorr oxygen pressure and the diffraction pattern, as 1he results tumed out that oxygen pressure is the key
shown in Fig. 1b), illustrating the orientation relationship Parameter that affects the growth orientation of LiNb@

between the LINbQ film and the sapphire substrate, i.e., sapphire substrates. A higher oxygen pressure favors the

- — — c-axis LiNbO; growth and a lower oxygen pressure favors
]E? ooj)Lri]N.B‘?tsll(llzlj)A'203 and(j[()ll.?]Li.Nblosll[Oltrllo f]A'ztOs' Th('eth the a-axis growth. Lee and co-workers have ascribed this to
tim exnibi sfat;:o L:rzggr an F(?pl axial gtrrc])w eature ;‘{' the different atomic arrangements of the oxygen layers in the
grain size of abou nm. igurécl is the COIresponaing - _ anda-oriented LiNbQ.? However, our results showed that
high-resolution electron microscogfHREM) image show-

ing the interfacial structure. It can be seen that the interface
is free from interfacial reaction, and the interface is sharp M, inpo
even with the presence of a large number of misfit disloca-

'

tions at the interface due to the lattice mismatch. SR 000 1] SRR
Figure 2a) is a TEM image showing aa-LiNbO3 on an ' il L b
a-sapphire substrate grown at 100 mtorr. The corresponding & 424

orientation relationship between the film and substrate is il-
lustrated by the composite-electron diffraction pattern, as
shown in Fig. 2b), ie., (1120);jnpo,l(1120)p,0, and
[Ollo]uNbosll[OllO]Nzos. Again, from the corresponding
HREM image, as shown in Fig(®), it can be seen that the
interface is sharp and free from interfacial reaction. The mis-
fit dislocations exhibit a periodic feature with a mean dis-
tance of 5.6 nm, and the induced strains at the interface can
be clearly seen.

It is worthy to note that some areas in the LiNpfim
deposited at a 100 mtorr oxygen pressure show coexistencef:
of thea- andc-orientations, as shown in Fig. 3. The percent-
age of thec-oriented grains is about 10%. This suggests that

the interfacial mismatch energies between the and FIG. 3. HREM image of the LiNb@film on ang—sapphlfe substrate depos-
ited at a 100 mtorr oxygen pressure showing coexistence ofathend

c-oriented LINbQ with an a-sapphire is small and may be ¢ giented LiNbG. The white dot line indicates the grain boundary between
tolerated by other factors such as oxygen pressure, laseéfea- andc-oriented LiNbQ.
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this rule was broken when the laser energy changed. For
example, when the laser fluence was reduced from
5 to 3 J/cm, the same low oxygen pressuf&00 mtor)

still resulted in thec-LiINbO3 growth. We believe that the
adatom energy is an important factor that controls the crystal
orientation of the LiNbQ films during the nucleation stage, ® |
and the oxygen pressure also affects the growth orientation N
through changing the adatom energy. In fact, both a higher E |
oxygen pressure and a lower laser power result in a lower
adatom energy; therefore, the adatom energy should play the
most important role in controlling the film growth orienta-
tion.

The lattice similarity between LiNbQand sapphire de- :
termines that the interfacial energy of an 1 1 ! 1 1 !
a-LiNbOs/a-sapphire is lower than that of a 5 10 15 20 25 30 35
c-LiNbO3/a-sapphire. However, another competition factor Eneray (V)
is the nucleation surface free energy. The Gibbs free energyic. 4. (a) Represented energy-loss function of the LiNtims after the
has been thought to play an important role in the nucleatiomultiple scattering corrections from the raw energy-loss spectra.
stage, which directly affects the growth orientation of the

films. A model based on the change of the Gibbs free energyectron transitions from the maximum density of the states
in forming a single-crystal nucleus has been proposed 10 i, the valence band to the split conduction band, where the

terpret the c-oriented LiINDQ growth on an amorphous ience band is predominantly of Cp Zharacter and the
SiO,.” We believe that when the oxygen pressure is highereonquction band contains Nbands-p states.

its rapid quenching effect results in a lower adatom energy, Kasper and Hufner have reported that the Li or O defi-
and the lower adatom energy makes it difficult to OVercoMesiency induced a reduction of Rbto Nb** and resulted in
the energy barrier to allocate to the correct lattice sites and,, energy-loss peak at 5.2 eV. The fact that such a peak was

thus, the surface free energy becomes a dominant factor isent in our PLD-deposited LiNkGilms suggests that the
controlling the growth orientation of the LiNbOnucleus. | iNpo, films are well crystallized without the significant
Since LINDG; has the hexagonal structure, #@#01) lattice  ,,ygen and Li deficiencies. The peak at 24 eV in the energy-
plane has the largest atomic density and the lowest surfaggss function is attributed to a plasmon peak.

free energy thus grows preferentially along thaxis on the Figures %a) and §b) show the real and imaginary parts
amorphous substrates. Therefore, if the difference of the lat-
tice mismatches between te anda-oriented LINbG with

an a-sapphire is small, in fact it is trukthe c-oriented

LiNbO3 will be a preferred orientation when the adatom en- (a)
ergy is relatively low. This interpretation matches the re- 4t

ported results by Lee and co-workérshere the higher and

lower oxygen pressures resulted in tbhe and a-oriented =3 P

LiNbO; films grown onc-sapphire substrates, respectively. ¢
Based on the adatom energy understanding, we believe that= 2}
the growth orientation of the LiNb©films on ac-sapphire
substrate may also be controlled by altering the laser fluence. 1}
This is desirable for further studies.

B. Electron-energy-loss function and electronic
structure

The EELS spectra of tha andc-oriented LiNbQ films
were obtained using the diffraction mode at zero-momentum 53
transfer. The energy-loss functions of these two differently @
oriented LINbQ films after the multiple-scattering correc- 2
tions were obtained from the raw EELS spectra, and it turns
out that the general shapes of the spectra are the same, anc 4
there is no significant difference to be noticed. Figure 4 rep-
resents a typical energy-loss function obtained from the olb- ey
LiNbO4 films. Based on the first-principle calculation by Ko- 4 & 8 10 12 14 16 18 20 22 24
hiki et al*® and the experimental results reported by Kasper Energy (eV)
and Hufneﬁl the electron-energy losses of about 7.0, 14.0¢G. 5. pielectric function of the LiNb@ films derived by using the
and the small shoulder at 11.0 eV can be attributed to th&ramers-Kronig transformatiora) Im(g) and(b) Re(z).

4
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