LiNbO 3 thin film growth on  (0001)-GaN

Peter J. Hansen
Materials Department, University of California, Santa Barbara, California 93106

Yutaka Terao
Fuji Electric Co., Ltd., Gate City Ohsaki East Tower, 1-11-2 Osaki, Shinagawa-ku, Tokyo 141-0032, Japan

Yuan Wu
Materials Department, University of California, Santa Barbara, California 93106

Robert A. York and Umesh K. Mishra
Electrical and Computer Engineering Department, University of California, Santa Barbara, California
93106

J. S. Speck
Materials Department, University of California, Santa Barbara, California 93106

(Received 20 September 2004; accepted 29 November 2004; published 5 January 2005

LiINbO5 thin films were grown by rf magnetron sputtering @0001)-GaN templates and
AlGaN/GaN structures. The films were characterized by four-circle x-ray diffraction, atomic force
microscopy(AFM), and transmission electron microscofyEM). No second phases, such as a
Li-excess or Li-deficient phase, were detected 860 scans and the films were high{§001)

textured. LiNbQ {2024} ¢-scans and the electron diffraction pattern show that the films were
epitaxially grown on GaN with crystallographic registry. The LiNpOplane was parallel to the
c-plane of the GaN, but there was a 30° in-plane rotation between the Lildh® GaN so that
[1100]Li,\,b03||[1120]GaN(A,GaN) and the LiNbQ films had two variants of grains rotated 60° in-plane

to each other. It was confirmed by high resolution TEM that there was a transition layer between
LiINbO3; and GaN. The films were annealed to improve the crystallinity and following annealing
investigated using convergent beam electron diffracti@BED) to determine the polarity. The films
grow with a spontaneous polarization vector opposite to that of the underlying GaNcfiR005
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I. INTRODUCTION AlGaN/GaN systenin the wurtzite structung and has been
previously detailed:® The total polarization-induced charge
Lithium niobate(LiNbO3) has long been investigated be- densityos in an AIGaN/GaN structure is the sum of the po-
cause of its large pyroelectric, piezoelectric, electro-opticiarization in the AIGaN,P(AlGaN), and the polarization in
and photoelastic coefficientsand LINbG; thin films have  the GaN,P(GaN),
been extensively studied over the last decade. Most of the
studies on LiINbQ@ have been driven by optical applications 7~ P(AIGaN) - P(GaN).

such as waveguides and second harmonic generéid® |, the absence of an electric field, the total polarization in

or surface acousyc wavSAW) filters. The ut|I|za.t|on of the. wurtzitic AlGaN/GaN structures grown in t@007 direc-
pola_\r natu_re of L'Nbg h?S also F’ee” explored n eIecFronlc tion consists of piezoelectri¢strain inducey polarization
devices with the application of LiNb{as a gate dielectric to Poc and the spontaneous polarizatiBg of the individual
form rr12e3tal-ferroelectric-semiconductd\'/lFS) structures on 5N and AlGaN layers. A 2.4% lattice mismatch at 300 K
silicon™ ) _ between AIN and GaN leads to piezoelectric polarization due
~ GaN has recently been established as the enabling matgy grain at the AIGaN/GaN interface. The direction of the
rial for green, blue, and ultraviolet optoelectronics. GaN Spiezoelectric field is from the cation-terminatg@d03) face

also an enabling material for high-temperature, high powe . . o
electronic applications due to its wide band gap, high elec£0 the anion-terminate(D00) face, and the field is given by

tron saturation velocity, and high breakdown voltage. The a(x) —a(0) Cy3(X)
ability of the AIGaN/GaN heterojuction to form a two- PES2T 0 €31(X) ~ e33(X) Col®) |’
dimensional electron gag2DEG) with a sheet carrier
concentration of ~1x10%cm? and mobilites of wherea(x) anda(0) are the AJGa_,N and GaN lattice con-
~1500 cntV~1s™! has resulted in the development of het- stants, respectivelys;; and e;; are piezoelectric constants,
erostructure field effect transistors structures for applicatiorand C,53 and Cs3 are elastic constants. For cation-terminated
in future generation microwave power devités (as is typically the case for MOCVD-grow\IN and GaN

The extremely high charge density at the AlGaN/GaNlayers, the spontaneous polarization is negative, or opposite
interface is the result of polarization effects in theriented  to that of the growth direction for layers grown in tt@001)
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— structures was performed to investigate the feasibility of in-
( ;a_face o corporating LiINbQ as a polar material to induce additional
o charge at the AIGaN/GaN heterointerface.

Il. EXPERIMENTAL PROCEDURE

A radio-frequency(rf) magnetron sputtering system was
used to grow the LiNbQfilms. The 3 in. diam commercially
available LiNbQ sputtering target contained 5 mol % excess
Li,O. The substrates were positioned off-axis to the sputter-
ing target and were rotated to ensure uniform heating and
film thickness. The distance between the target center and the
substrate was 4 in. 500 nm thick Ti films were evaporated on
the backside of the LiNb©and GaN/A}O; substrates for
heat absorption during LiNb{deposition.

To establish LiNbQ sputtering conditions, homoepitaxy
on (000D-LiINbO; single crystal substrates was first per-
formed. Sputtering parameters such as gas mixture, gas pres-
sure, substrate temperature, and rf power were varied in this
optimization study. Once conditions were established for ho-
moepitaxy, growth was performed on MOCVD-growrnu
direction. The spontaneous polarization increases in magnthick (0001)-GaN templates as well as fJGa N/GaN
tude in going from GaN to AIN according to structures. Prior to LiNb@ deposition, the samples were

_ > cleaned using a standard degreaseetonel/isopropanol/

PselX) = (= 0.05%~0.029 C/nv, deionized water followed by a 30 s dip in HCI:DI 1:3
wherex is the Al mole fraction in the AlGa,_,N layer. A for 30 s.
schematic of the AlGaN/GaN system and the corresponding The films were characterized by x-ray diffractiOdRD)
polarization vectors is shown in Fig. 1. The total using a Philips MRD Pro, and atomic force microscopy
polarization-induced charge density of these structures i6AFM) images were obtained with a Digital Instruments
given by 3100. Conventional transmission electron microscopy

_ (TEM) studies were performed with a JEOL 2000FX. High-

o =PsdAlGaN) + Pee(AlGaN) ~ P(GaN). resolution images and convergent beam electron diffraction

The tremendous benefit of incorporating a ferroelectriqdCBED) patterns were obtained with a JEOL 2010HR. The
with a high spontaneous polarization with semiconductompolarity of the films was investigated using an HF:HNO
structures, and particularly for the AIGaN/GaN systelfi™*  etch as well as convergent beam electron diffraction
has recently been shown theoretically. Adding a ferroelectri¢CBED).
material with a high spontaneous polarization to an
AIGaN/QaN_ HEMT structure shou.ld result in an enhancgdlll_ RESULTS AND DISCUSSION
polarization-induced charge density and therefore an in-
creased sheet charge in the 2DEG. LiNL©® an excellent It has been shown that for nonoptimized growth condi-
candidate for the polar material that could be incorporatedions, a Li-excess phasiisNbO,) or a Li-deficient phase
with GaN HEMTs because of its high spontaneous polarizatLiNb3Og) can be detected in the LiNkGilms by x-ray 6
tion (0.7-0.8 Cm?) (Ref. 12 and rhombehedral crystal -20 scans:* The (0006 LiNbO; x-ray diffraction peak is
structure that should match with the wurtzite crystal structurgositioned at 2~ 39°, while the(602)LiNb;Og peak is po-
of GaN. The lattice parameters of the two materials @are sitioned at 2~ 38° and(222) LizNbO, is positioned at 2
=5.147 A andc=13.862 A for LINbQ, anda=3.189 A,c  ~37°in #-26 scans. During growth optimizatiolsomoepi-
=5.185 A for GaN. This corresponds to a lattice mismatch otaxial growth studiesboth Li-rich and Li-deficient phases
~6.8% between LiNb@and GaN with a 30° rotation of the were observed. It was possible to eliminate the Li-deficient
LiNbO3. Given a lattice mismatch this large, relaxed filmsor Li-excess second phases by varying the sputtering condi-
can be expected. The discontinuity of the polarity at thetions. No(0006 x-ray peak separation in th#26 scans was
LiINbO3/GaN (AlGaN) interface and high spontaneous po- observed for homoepitaxial films without a second phase
larization of LINbG; is expected to further enhance or reducepeak. An example of each of these peaks is shown in Fig. 2.
the charge at the AlGaN/GaN interface, depending on th&he full-width-at-half-maximum(FWHM) values of the
polarization orientation of the LiNbOfilm. rocking curve at the LiNb@(0006 reflection and AFM im-

Recently the growth of GaN on LiNbQOsubstrates has ages were compared to determine the optimized sputtering
been performed, with demonstration of polarity control of conditions. Outgrowths, of varied height and size, were ob-
the GaN by controlling the polarity of the LiNl:gd?’ In this  served in all of the homoepitaxial films by AFM and some
article the growth of LINb@ on GaN and AlGaN/GaN films did not have a uniform surface morphology. The opti-

AIGaN Pee [Per

substrate

Fic. 1. Schematic of the AlGaN/GaN structure and polarization vector ori-
entations for a MOCVD-growiii.e., Ga-terminatedfilm.
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Fic. 2. #-2 0 scans of LINb@ homoepitaxial films showing Li deficient, Li
rich, and optimized LiNb@ depositions.

mized conditions were chosen to yield a uniform film with a
low rocking curve FWHM. The FWHM value of a homoepi-
taxial film grown under optimized conditions waAw
=0.00488°, while a typical FWHM value of a single crystal
substrate wa2\w=0.00375°. The optimized sputtering pa-
rameters obtained from these experiments were found to be
100 total sccm Ar/QAr:0, 60:40, chamber pressure 30 -150 100 -50 0 50 100 150
mTorr, rf power of 140 W, and substrate temperature of o (°)
500 °C. These conditions were then used to deposit LINDO
films on GaN templates and AlGaN/GaN structures.
Figure 3a) shows the#-20 x-ray diffraction (XRD) scan
for the LINbG; film on GaN. No second phase, such as
LisNbO, or LiNb;Og, was evident from the scan. Only the
LiNbO3 (0006 peak was observed in th#26 scan in addi-
tion to the GaN(0002 and ALO; (0006 at 26=34.8° and
20=41.7°, respectively. The full width at half maximum
(FWHM) of the rocking curve of the LINb®(0006 peak
was 0.98°, as shown in Fig.(I3. A 6-20 scan of a
LiNbO3/ Al 3Gy ¢N/GaN structure is shown in Fig(§
and the corresponding LiINBO(0006 rocking curve is
shown in Fig. 8d). No peaks indicating the presence of Li

Intensity (a.u.)

Fic. 4. (a) GaN{TOlZ} and(b) LiNbO5; ¢-scans andc) electron diffraction

a) [ b) pattern demonstrating epitaxial relationship between Lijb@d GaN(in-
L cident beam along G4N120]). The LiNbO; has two rotational variants
3 GaN (00p2) ALO, (0008) . separated by 60° and a 30° in-plane rotation from the GaN.
s s
2 LINbO, (0008) z
g g deficient or Li rich phases were observed in th2d scan of
- J - the LINbG; film on AlGaN/GaN. Only peaks corresponding
; to GaN (0002, AlGaN (0002, LiNbO; (0006), and ALO,

180 185 190 195 200 205 210

b () (0006 were observed. The rocking curve FWHM of the
d) LiNbO3/AlGaN sample was 1.38°. Given the6.8% lattice
mismatch between LiNbQand GaN(with a 30° rotation of
the LINbO;) in the (000)) plane, a relatively high mosaic for
the LiNbG; film is not surprising.
The in-plane texture of the LiNbQfilm on GaN was
investigated by an x-raye-scan. The GaN1012 and

0 % P B 4 b 0 180 185 150 195 200 205 210 LiNbO4{2024} ¢-scans shown in Figs. (& and 4b),
%0 Mo () respectively, and the electron diffraction pattern

Fi. 3. 6-20 scans of LiNbQ/GaN (a) and LiNbO,/AIGaN/GaN (c) and  (Incident beam direction=G4N120]) shown in Fig. 4c) in-
LiNbO; (0006 rocking curves of each respective samgidgand (d). dicate that the film grew epitaxially on GaN with crystallo-
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S

Intensity (a.u.)
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Fic. 5. Schematic showing two possible variants of LiNb@fter Derouin
et al. (Ref. 15.

graphic registry. The LiINb@ c-plane was parallel to the
c-plane of the GaN, but there was a 30° in-plane rotation
between the two and the LINRO fims had two Fic. 7. High-resolution TEM images of théa) LiNbO5;/GaN and (b)
variants of grains rotated 60° in-plane to each other. Theinbo,/AIGaN interfaces.

in-plane relationship of the respective variants was

[1100]LiNb03”[11m]GaN and [1010]L,Nb03||[1210]GaN The

close-packed anion lattices of the LiNp@nd GaN have image of LiNbQ, on AlGaN/GaN. Outgrowths are evident
registry and a 60° rotational variant results in an identicalin both images. Many more outgrowths are present on the
anion packing and thus a continuous anion lattice. ThereforeiNbO3/AlGaN/GaN structure. It has been reported that
the difference between the two rotations is due to the catiomutgrowths on LiNbQ films on (0001)-sapphire substrates
positions. A similar structure has been observed on epitaxiadre grains with polarization revers@-graing that reduce
LiINbO5 on Al,05.™ The number of variants doubles when the electrostatic energy of the filli.However, since GaN
the orientation of thec-axis [i.e., (0001 or (0001 orienta- and AlGaN are polar materials while sapphire is not, the
tion] is included. Only two of these variants are distinguish-polar nature of the GaN and AlGaN/GaN surface could af-
able in XRD patternd An example of a 60° rotational vari- fect the growth of the LiNb@films. In fact, it was assumed

ant is shown in Fig. 5.
Figure ga) is an atomic force microscopfAFM) image
of the LINbO; film on GaN, while Fig. €b) is an AFM

1pum W

Fic. 6. (a) AFM image of LiNbO;/GaN surface andb) AFM image of
LiINbO3/AlGaN/GaN. Outgrowths are present on the LiNfIms. (c) and

(d) AFM images of LiNbQ/GaN and LiNbQ/AlGaN/GaN following etch-

ing in HF:HNG;, respectively.
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that the spontaneous polarization of the GaN and AlGaN
would affect the growth of the LiNbg) and particularly the
direction of the spontaneous polarization of the oxide.

The growth ofc+ (that is, with the spontaneous polariza-
tion vector of the films pointing from the substrate to the
surface of the film¥") on sapphire has been reported for both
sputter depositéd and MOCVD grown films'® It has been
well established that the- face of LINbO; etches much
faster in HF and HF:HN@than thec+ face!****The out-
growths of sputter deposited LiNRG@Ims on sapphire were
shown to bec— grains in ac+ matrix by etching in HE* To
investigate the polarity of our films, the samples were etched
in HF:HNO; and investigated with AFM following etching.
AFM images following etching are shown in Figgcfand
6(d). The pit density in the etched films corresponds to the
density of outgrowths prior to etching the films. The result
supports our proposal that the outgrowths eregrains and
the matrix of the film isc+. To further investigate the polar-
ity of the films, CBED was performed on the films and will
be further discussed below.

High-resolution cross-sectional TEM images of the
LiNbO3/GaN and LiNbQ/AlGaN interfaces are shown in
Fig. 7. A transition layer was observed at the interface be-
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tween LINbG; and GaN as well as in the LiINbQAIGaN
structure. From the diffraction pattern in Figi.ci it can be
seen that despite the observation of an amorphous layer, the
LiNbO; films grew epitaxially on the GaN with the epitaxial
relationship [1100], inpo,I[11D]gay  confirming the rela-
tionship found by the x-ray-scans and possibly indicating
that the amorphous layer was noncontinuous. The out-
growths were observed to be misaligned grains. The LiNbO
was completely removed from a LINRQAIGaN/GaN struc-
ture by etching in HF:HN@ and AFM was subsequently
performed. The surface looked like a typical AlGaN surface,
indicating that the transition layer was present completely in
the LiNbG; layer and no interfacial reaction had occurred.
The crystal quality of the as-deposited LiNp@as not
high enough to perform CBED on the samples to confirm the
polarization orientation. To improve the crystal quality, the
LiNbO3/GaN structures were annealed ip &t 900 °C for 1
min. XRD and TEM measurements showed that the crystal
quality of the films was greatly improved by the anneal. The
rocking curve FWHM was decreased from 0.92° prior to
annealing to 0.36° following annealing. The transition layer
at the interface was largely removed. Dark field TEM images
showed that there were still some extended defects in the
film and some amorphous regions that remained at the
interface. Fic. 8. Experimental(left) and simulated(righty CBED patterns of a
The improved crystal quality of the LiNbQiIms made it LiNbO; substrate gnc_i annealgd films of yarying thickness showing perfept
. . attern match verifying polarity determination. The substrate pattern is
possible to record CBED patterns. Further detail of thegho\,vn in(a) and the film patterns are shown i) and (c).
CBED experiments will be presented elsewhtras a sepa-
rate determination of the film polarity, a series of CBED

patterns were recorded at varying thicknesses. These imagegs orientations and CBED images were taken. The polarity
were compared to simulated CBED patterns. Companioif the films followed the polarity of the substrate, indicating
samples of known polarity Ga-faced GaN films were alsothat the orientation of the films was not an artifact of the
studied as a reference. Additionally, CBED patterns werejeposition method.
taken of commercially available LiNbGubstrates of known For the materials system being considered, there are two
polarity, bothc+ andc-. competing effects that determine the orientation of the polar-
CBED images taken from the annealed LiINPfdm at  jzation in the LiNbQ crystal- the local ionic interactions of
different thicknesses as well as a LiNp&ubstrate for refer-  the first atomic layers with the underlying GaNIGaN) and
ence and simulated images are shown in Fig. 8. The substrafige affinity of the film to follow the polarization direction of
patterns are shown in Fig(d@, while film thicknesses of 50 the substrate. A schematic of tiee andc— orientations of
and 65 nm are shown in Figs(t§ and &c), respectively. The  LiNbOj; is shown in Fig. 9. In a LiNb@ GaN(AlGaN) struc-
measured patterns are on the left and the simulated patterngre, the first layer in the oxide will consist of oxygen atoms.
are on the right. The simulated patterns closely match thehe following stacking sequence of the cations will then
experimental pattern for both the substrate of known polarityietermine the polarity of the film. In the+ orientation, the
and the measured films, verifying the polarity determinationNb cations adjacent to the GaN are shifted above the center
of the films using this method. It was found that the postanof the oxygen octahedra they are located in. In¢heorien-
nealed LiNbQ films that were grown on GaN were in the tation, the Nb cations are shifted below the center of the
orientation, confirming the etching results discussed abovepxygen octahedra and therefore closer to the Ga cations. It is
Again, this orientation is with the spontaneous polarizationpossible that the&+ orientation is more energetically favor-
vector pointing from the substrate to the surface of theable than thee— on a local scale than the LiNGilm fol-
film,**1>%which is opposite the orientation of the spontane-lowing the polarization of the underlying substrate due to the
ous polarization orientation in GaN and AlGaN/GaN struc-location of the Nb cation. The effects of the transition layer
tures grown by MOCVD(typically Ga-terminate)j7'8 It has  on the subsequent growth and orientation of the film is not
been reported that homoepitaxial MOCVD grown LiNPO currently understood.
films have ac+ orientation regardless of the polarity of the  Capacitors were formed on both AlGaN/GaN samples
LiNbO, substraté® To investigate whether or not the sub- as well as n-GaN samples. The charge in the
strate polarity affected the LiNbOfilm polarity, homoepi-  LiNbO3/AlGaN/GaN structures was reduced by approxi-
taxial LINbO; films were sputtered on substrates wathand  mately 50% compared to the structure without LiNb®he
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Ct —— G —— had outgrowths. A transition layer was observed between
LiNbO; film and GaN in the cross-sectional TEM image.

— o Etching as well as CBED was used to verify the polarity of

the LiINDbG,; films, and that the films grew with a spontaneous

o

—_— polarization vector opposite to that of the underlying GaN
6 o film.

o
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