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The growth mode of ZnO thin films can be well regulated in a molecular layer-by-layer growth by
employing a ZnO buffer layer deposited on a lattice-matched ScAllVeiMstrate and annealed at
high temperature. The annealed buffer layer has atomically flat surface and réstvega-free

crystal structure. The intensity oscillation of reflection high-energy electron diffraction persisted for
more than a 100-nm film deposition under optimized conditions on such a buffer layer. Thus
prepared thin films show free exciton emissiomsd 5 K photoluminescence spectrum and
excited-state exciton resonance structures in a reflection spectrum, both indicating very high optical
guality. © 2003 American Institute of Physic§DOI: 10.1063/1.1615834

Demonstrations of room-temperature  stimulatedwould proceed as quasihomoepitaxy due to the very small
emissiont and laser actiof? from ZnO thin films under op- lattice mismatch of 0.09%. However, initial growth mode
tical pumping triggered intensive research aiming at ultravio-had not been controlled well enough to observe intensity
let light-emitting diodes and lasers. Controlling the crystal-oscillation of reflection high-energy electron diffraction
line defects in naturally-type ZnO is the critical issue to (RHEED). This fact prompted us to reconsider that the
obtainp-type ZnO. For this purpose, we have set making thechemical dissimilarity between ZnO and SCAM and/or smalll
crystallinity of thin films as perfect as possible as the startingout finite lattice mismatch might be the origin for the ab-
point. Employing a lattice-matched ScAIMgO(0001) sence of RHEED oscillation. To solve these problems in this
(SCAM) substrate, extremely small orientation fluctuationsstudy, we employ ZnO buffer layer annealed at high tem-
both in-plane (<0.029 and out-of-plane(<0.019 were Perature to obtain fully relaxed lattice strain and atomically
achieved' This technique resulted in very clear exciton reso-Smooth surface. Preliminary results on the annealing of ZnO
nance spectfand very low & 10" cm3) residual electron ~ Single crystal and films grown on 405 substrates were al-
carrier concentratiofiBased on such high-quality thin films, ready reported to yield in rather smooth surféteelaxed
we have been able to make systematic studies on zndfttice, and high electron mobility. The use of SCAM sub-
(MgZn)O superlattices as represented by even enhanced estrate substantially improve the surface and lattice quality of
citon binding energy up to 105 meYRef. 6 and further the annealed film, because of high crystallinity due to coher-

efficient stimulated emission at shorter waveleﬁglbe to ent lattice connection at the interface in the film to be an-
quantum size effect. However, doping of N or codoping of Nnealed. This idea comes from a recent letter on the interface

dislocation engineering for (BaSr) Tidilms on SrTiG, sub-
strate reported by K. Terait all*

In this letter, we demonstrate persistent molecular layer-
by-layer growth of ZnO thin films on self-template ZnO

time-resolved photoluminesceng®L),* respectively, to find buffer layer to obtain high-optical-quality films, which ex-

L . . _hibits n=2 exciton resonance structure in reflection spec-
out that there is still enough room to improve the crystalline .
. L trum, wheren denotes the quantum number. We believe the
quality of ZnO thin films.

. crystalline quality of undoped ZnO has been dramatically
We thought heteroepitaxy of ZnG on SCAM SUbStrateimproved so as to be feasible to challemg/pe conduction
by chemical doping with N.

?Electronic mail: tsukaz@imr.tohoku.ac.jp The ZnO buffer laye(100 nm was grown on cleaved

YAlso at: Combinatorial Material Science and Technold@OMET), Na- o i -6
tional Institute of Materials Sciend®IMS), Tsukuba 305-0044, Japan. surface of SCAM substrate at 650 °C in<10" Torr oxy

9Also at: Photodynamics Research Center, RIKEN, Sendai, 980-0845, J&€n by ablating ZnO single-crystal target with KrF excimer

with Ga into such high-quality ZnO films on SCAM sub-
strates could not turn the polarity inptype®® Therefore,
further detailed examination of crystalline quality and optical
properties were carried out by positron annihilatband

pan. laser pulse$248 nm, 5 Hz, 1 JicR. The buffer layer was
annealedex situin a furnace at 1000 °C fol h in air. The
0003-6951/2003/83(14)/2784/3/$20.00 2784 © 2003 American Institute of Physics
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FIG. 1. AFM images (xmX2 um) and cross-sectional profiles for as- Az?)(())
grown(a) and annealetb) ZnO buffer layers. Annealed surface shows very 2
wide atomically flat terracegms roughness of 0.07 nnand 0.26-nm-high 5 150
steps corresponding to the half-unit cell of ZnO, whereas as-grown film has 2
a featureless surface, with rms roughness of 0.2 nm. 2 100
2
2
atomic force microscop€AFM) images for the ZnO films E 50
before and after the annealing are shown in Fida) &and 0 L

1(b), respectively. The surface of as-deposited buffer layer Time (sec)

has sub-nanoscale corrugation, and the rms roughness is @g. 2. RHEED intensity oscillations observed during the ZnO deposition
large as 0.2 nm. The annealed surface has 0.26-nm-higimn the annealed ZnO buffer layer. Clear oscillations with a period of
steps corresponding to one molecular layer of ZnO and-26-nm deposition are observed for all deposition conditions. The oscilla-
atomically flat terraces(rms roughness of 0.07 r)m as tion persists until the 0end of the dep05|_t|_()100 nm when the substrate

. . . temperature was 800 °C and laser repetition was 1 or 5 Hz.
shown in Fig. 1b). Most of the trials of 10pmXx10-um
AFM inspection for the annealed film resulted in step-free
and atomically smooth surface. However, careful trial givesThe RHEED intensity was decreased at the initial stage and
us such an area having only one step in the image, as showacovered after the deposition of about 10 molecular layers.
in Fig. 1(b). Since the cleaved SCAM surface is atomically This is presumably because the surface was contaminated by
flat in a macroscopic scale>100 um), we can finish ZnO  exposure to the air after annealitfgAfter the recovery, the
surface with step-free and atomically smooth surface in sucimtensity oscillation for 1 or 5 Hz continued at 800 °C per-
a scale. Taking into account the rougher surface, absence sistently until the growth was finished 00 nm).
distinct steps, and absence of RHEED oscillation, the surface  AFM images of the ZnO films grown at 800 °C with
of as-deposited buffer layer before annealing is thought to bebserving persistent RHEED oscillation are shown in Fig. 3.
rough, judging in an atomic scale. The crystallinity of the At the laser repetition of 1 Hz, surface morphology was kept
films was characterized by a high resolution four circle x-rayatomically flat. Most of the area of the image is covered with
diffraction (XRD) apparatus. The in-plane lattice constant oftwo levels of the terraces 0.26 nm apart. The surface for the
as-grown buffer layer is locked with that of SCAM substrate,film grown with a 5 Hzlaser repetition also shows step and
as has been previously reporteHowever, that of annealed terrace structure and consists of 3—4 levels of terraces. As
buffer layer shifts to a value close to intrinsic lattice constantthe repetition is increased to 10 Hz, where RHEED oscilla-
of ZnO (0.5204 nn). The misfit dislocation density can be tion is smeared out around a 10-nm deposition, the surface is
evaluated as +10° cm™?) from lattice constant change
upon annealing.

On such a surface of annealed ZnO buffer layer, ZnO
films were deposited at three different laser repetition condi-
tions of 1, 5, and 10 Hz. For an individual run, deposition
temperature was varied along an axis of the substrate by
employing our originally developed “temperature gradient
method,” in which a focused infrared laser beam was im-
pinged on an end of substrate holder for heating to give a
continuous spread of temperature ranging from 670 to
830 °C on a substrateDuring the deposition, RHEED oscil-
lation data were simultaneously obtained for their represen-
tative positions corresponding to substrate temperatures of
700, 750, and 800 °C with scanning RHEED.

Figure 2 showsin situ RHEED intensity oscillations. FIG. 3. AFM images (umx2 um) and cross-sectional profiles for ZnO
The oscillation period corresponds to the growth of a 0.26+hin films (100 nm grown at 800 °C on the ZnO buffer lay¢t00 nm with

thi i _the laser repetition of 1 Hta) and 5 Hz(b). Most of the area in(@) is
nm-thick ZnO molecular Iaye(rhalf unit cel), that was con covered by two levels of atomically flat terraces separated by 0.26-nm-high

firmed by the product of required laser pulses and depOSitiOE‘teps. The terrace width in imagdb) is narrower, and more steps can be

rate calculated from x-ray Laue fringes of the resulting films.seen to develop four levels of terraces.
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Bohr radius ofn=1 exciton is 18 A and that ai=2 is 72
A. The clear observation ofi=2 resonance in ZnO film
deposited on the buffer layer manifests itself in that the co-
herent length extends more in ZnO crystal. Since such
excited-state f=2) excitons have much smaller oscillator
strength and are easily exposed to the influence of various
scattering events, their clear observation definitely supplies
one more piece of evidence of reduced inhomogeneity or
reduced defect.

In conclusion, we have dramatically improved the crys-

PL intensity (arb.units)

J very similar to those for one of the best bulk single crystals.
This technique should provide us with a good arena to re-
examine the possibility of-type doping by chemical substi-
tution with acceptors.

rg tallinity and optical properties of ZnO films by employieg

2 T situ annealed ZnO buffer layer on SCAM substrate. The sur-
8 face of the annealed buffer layer is atomically smooth, en-
g _ ZZ”O/SCAM' abling persistent layer-by-layer growth of ZnO film as dem-
& ! ')B(n =2) | onstrated by RHEED intensity oscillation. The PL and
E ZnO/buffer optical reflection spectra of the ZnO film on buffer layer are
(]

4

. ) ., ZnQ single crysta
3.36 3.40 344 3.48
Photon energy (eV)

FIG. 4. PL(a) and optical reflectiorib) spectra measured at 5 K for a ZnO ) ThiS_WO_rI_( was supported by the MEXT G_rant of_Cre-_
thin film directly deposited on SCAM substraf@ef. 10, the ZnO thin film  ative Scientific Research #14GS0204 and the interuniversity

deposited on the ZnO buffer layer at 800 °C with the laser repetition of Scooperative program of the IMR. A.T. is supported by JSPS
Hz, and one of the best quality bulk single crystals made by Eagle Piche| . - - _
Technologies, LLC(Ref. 17. Free exciton emission lines are observed at feIIOWShlp and S.F.C. is supported by MEXT-COE21 pro

3.377 eV (FE) and 3.382 eV (FEwy) for the ZnO thin film grown on the ~ gram.

buffer layer. The Fk (3.379 eV} line for the ZnO thin film grown on SCAM

was shifted by the (_:ompressive ;train induce_d by the‘in-plane Igttice mis-1p Yu, Z. K. Tang, G. K. L. Wong, M. Kawasaki, A. Ohtomo, H. Koinuma,

match. Then=2 exciton structure is observed in the optical reflection spec- 4 v, Segawa, Solid State Commu:3 459 (1997).

trum for the ZnO thin film grown on the buffer layer. 27.K.Tang, G. K. L. Wong, P. Yu, M. Kawasaki, A. Ohtomo, H. Koinuma,
and Y. Segawa, Appl. Phys. Left2, 3270(1998.

. ) 3D. M. Bagnell, Y. F. Chen, Z. Zhu, T. Yao, S. Koyama, M. Y. Shen, and T.
consisted of about five levels of terraces, but step and terracesoto, Appl. Phys. Lett70, 2230(1997).

structure can be still segmot shown. 4A. Ohtomo, K. Tamura, K. Saikusa, K. Takahashi, T. Makino, Y. Segawa,

; ; ; ; _ H. Koinuma, and M. Kawasaki, Appl. Phys. LeR5, 2635(1999.
Optlcal properties were examined by PL and optlcal re 5T. Makino, C. H. Chia, N. T. Tuan, Y. Segawa, M. Kawasaki, A. Ohtomo,

flection spectroscopies at 5 K. Flgureanshowg PL spectra  k Tamura, and H. Koinuma, Appl. Phys. LeR, 3549(2000.
taken under the excitation with a 325.0-nm line of a He-Cd ¢c. H. Chia, T. Makino, K. Tamura, Y. Segawa, M. Kawasaki, A. Ohtomo,
laser for the following ZnO samplegfrom upper to lower 72“%: KOinl}imTa, Appl. E/Ihyli Let32|;,1$4&(2|803-Y < kT
H H . tomo, K. Tamura, M. Kawasaki, T. Makino, Y. egawa, £. K. lang,
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