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High mobility in ZnO thin films deposited on perovskite substrates
with a low temperature nucleation layer
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High electron mobility is measured down to low temperature in epitaxial ZnO thin films deposited
on (110 oriented strontium titanate substrates. Electron mobility is evaluated by both
magnetoresistance and resistivity-Hall effect data. Values up to 480vcsnare found below 50 K

in epitaxial thin films grown by a two-step method: first a 100-nm-thick ZnO relaxing layer is
deposited on the SrTiKX110) substrate at relatively low temperatui®50—-600 °G and then the
deposition temperature is raised up to 800 °C for the growth of a second ZnO layer. Reflection high
energy electron diffraction analysis during the depositien, situ x-ray diffraction and AFM
morphology studies performed separately on each layer reveal that the first layer grows in a
guasi-two-dimensional mode while the increased temperature in the second step improves the
crystalline quality of the film. The integration of ZnO transparent semiconductor with kigh-
dielectric perovskite substrates may lead to a wide variety of new electronic/optoelectronic
devices. ©2005 American Institute of PhysidDOl: 10.1063/1.1844034

High quality zinc oxide thin films are of tremendous peratures from 550 to 800 °C, oxygen pressures from t
interest for applications in electronic and optoelectrboie- 2 1072 mbar. For the experiment reported here, laser fluency,
vices, ZnO being a transparent semiconductor with a tunelaser frequency, and target—substrate distance are kept con-
able energy gap around 3.2 eV and showing large piezoelestant at 2 J/c) 3 Hz, and 48 mm, respectively. Structural
tric parameters. Recently, due to its high electron mobilityand morphological properties of the samples are investigated
values compared to other oxide semiconductors, it has bean situ by reflection high energy electron diffraction
employed as a semiconducting channel in transistor de?vicesﬁRHEED) analysis andex situby x-ray diffraction using a
like ZnO-SiG—Si heterostructurek? four-circle diffractometer, scanning electron microscopy, and

Usually, ZnO epitaxial growth is obtained depositing onatomic force microscopy. ZnO grows textured both(2f0)
Al,O3 (Refs. 5 and Hor Si (Ref. 7) substrates whose hex- and(110) oriented substrates, but whereas in the first case the
agonal structure matches the ZnO lattice. However, latticgnO 101 crystal axis is perpendicular to the surface and two
mismatch between ZnO and these substrates strains the strig-plane orientations are preseotaxis oriented ZnO epitax-
ture and structural and transport properties similar to singléal films are obtained ori110) STO substrates. All the ex-
crystals have been obtained only for thick filfhRecently, a  periments reported in the following are referred to samples
buffer layer of ZnO, deposited at relatively low temperature,deposited or{110) STO substrates.
has been introduced to relax lattice strain and improve carrier  For these samples, epitaxial growth is found in the whole
mobility.>*® Using this relaxation layer, values up to range of deposition parameters. An examplego§cans of
150 cnt/V s at room temperature have been measured fo5TO 100 and ZnO 101 reflections are reported in Fig. 1
samples thinner than m. showing that ZnO grows with the side of the hexagon paral-

In this work we present our study on the compatibility of lel to the short side of the rectangular surface cell of STO
ZnO with a perovskite-type crystal structure that has al10. The growth in this orientation is driven by the good

H 1,12 . . |
pseudocubic ceff! matching of the long side of the rectangle of ST& o, 2

Perovskites are extensively studied for their wide spec=5.515 A with the ZnO hexagon apothemay,o,3
trum of physical properties. Many examples of prototype
electronic devices based on the exotic properties of perov-
skite oxides already exist, exploiting phenomena such as su- ZnO 101
perconductivity, ferroelectricity, ferromagnetism, antiferro- |

magnetism, charge and spin orderings, colossal magneto
resistance, and metal-insulator transittdH. Within this
scenario, new possibilities can be envisaged for ZnO-based
devices if ZnO is integrated in perovskite heterostructures.

Thin ZnO films (thicknesses ranging from 20 to 1000
nm) are deposited by pulsed laser ablation from a sintered I N
commercial ZnO targgi99.999% purgon strontium titanate 0 60 120 180 240 300 360
substrates with different crystal orientations. The growth is ¢ [Deg]

carried on under a wide range of deposition conditions: tem-

FIG. 1. ¢ scans of the ZnO101 and STO 100 reflections: ZnO grows with
the side of the hexagon parallel to the short side of the rectangular surface
¥Electronic mail: bellingeri@fisica.unige.it cell of STO 110.
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stants of the STO substrate and the ZnO film are modeled by
using the Herzinger-Johs parametrizaﬁ%l, while the
(variable thicknegssurface roughness layer is introduced in
the framework of the effective medium approximafibff
where a mixturg50-50% of ZnO and voids is assumed. The
optical properties of our films reveal characteristics similar to
those found in literature for pure Znd? presenting no ab-
sorption in the visible part of the spectrum and a band gap of
about 3.3 eV.

Epitaxial ZnO thin films show good structural, morpho-
logical, and optical properties, but poor transport properties
are measured. All the samples show semiconducting behav-

o 200 ior of the resistivity regardless of their carrier concentration
uMW@WMM z( pribeile / ) . '
5 5 which is in the range from #0to 10'° e/cn?, depending on
the oxygen deposition pressure. The carrier mobility at room
FIG. 2. RHEED and AFM images of ZnO thin films grown at 570 i€ty temperature never exceeds 15%Ws and decreases when
and 800 °Qrright); The rms roughness of the two films are 0.43 and 2.9 nm,lowering the temperature. Such low mobility values are ex-
re_spect_ively. By lowering the dep_osition temperature a quasi-two-pected in the large carrier concentration reé?&ﬁ (above
dimensional growth mode can be achieved. 5X 10'7 e/cnP), where it can be ascribed to impurities scat-
tering, electronic correlation mechanisms, and scattering
=5.611 A), the resulting mismatch being lower than 2%. In from defects, whereas we do not observe an increase in the

the perpendicular direction, a higher order matching with amobility of lightly doped samplés” probably because of
mismatch of 1.5% can also be found for six ZnO over fivestructural disorder.
STO cells. Nevertheless we regard the lower order matching In particular, it seems to be a quite difficult task to obtain
as the leading mechanism of the growth in agreement t&nO films with low structural disorder in the range of depo-
what was reported in Ref. 18 where a uniaxial locked epitaxysition temperature that we explored. At high deposition tem-
results in high crystalline quality ZnO thin films. perature, indeed, the crystalline quality of single grains of the
Concerning the out-of-plane orientation, rocking curvefilm improves but granularity due to the columnar growth
widths [full width at half maximum(FWHM)] from 0.4° mode is a limiting factor for the carrier mobility; at low
down to 0.18° are measured, with the FWHM decreasing ageposition temperature, instead, the film grows in a more
the thickness increasés. uniform way but due to the lattice mismatch, a larger re-
Whereas single-phase ZnO films are obtained from 55@idual strain is present in the ZnO structure favoring defect
to 800 °C, the substrate temperature is found to be a keformation; thereby the mobility is depressed both due to the
parameter for the growth mode and for the morphologicabtrain effects and to the large number of carriers created by
properties of the film surface. As clearly shown in RHEED the disorder?
images reported in Fig. 2, the growth is quasi-two-  To overcome this problem, starting from these observa-
dimensional at low temperature whereas it assumes a prdons and following Refs. 9 and 10, the deposition is carried
nounced transmissio(three-dimensionalcharacter at high out in two steps: at first a relatively thin ZnO lay&0-100
temperature. This behavior is observed not only at the end afm thick) is grown at low temperaturg50-600 °Q in such
the growth but since the earliest stages of the growth: wa way as to obtain a uniform coverage of the substrate, thus
think that this effect is related to a low chemical affinity realizing a relaxation layer; then the temperature is raised up
between the ZnO and the substrate and the high mobility ofo 750 °C and a thicker layer with high crystalline quality is
the atomic species on the surface, leading to a preferentialeposited. AFM images and SEM investigations show that
island and columnar growth. At low temperature the surfacehe low temperature relaxation layer is highly effective in
mobility is depressed thus resulting in a more uniform cov-suppressing the columnar growth, allowing one to obtain ho-
erage. mogeneous and well-connected samples. With the mobility
AFM measurements are in agreement with the RHEEDmaximum foreseen for a carrier concentration of the order of
observations. The films deposited at low temperaturel0t” e/cn?, >’ we choose an oxygen deposition pressure of
(570 °O have very smooth surfaces and very low roughnesd X 10~ mbar on the basis of an optimization process carried
(below 0.5 nm rmpwhereas rms roughness around 3 nm isout on the single thin layer films.
found for films deposited at 800 °C. In Fig. 2 the RHEED The drop of the disorder due to the introduction of the
patterns of two 100-nm-thick films grown at 570 and 800 °Cbuffer layer is clearly observable in the transport properties
are shown together with the morphological analysis of theiof the films. In samples with carrier concentrations as low as
surfaces. 5-7X10'® e/cn? the resistivity decreases with temperature
The thicknesses as well as the optical spectra of ZnGs for degenerate semiconductors and residual resistivity ra-
thin films are obtained by spectroscopic eIIipsom’é’tqsing tios around 3-5 and mobility values up to 70%M s at
a M-2000S™ variable angle Fast Spectroscopic Ellipsometeioom temperature are measured. Since the carrier concentra-
and a W-VASE software data analysis system both from J. Ation slightly decreases when lowering the temperature, the
Woollam Co., Inc. Measurements are carried out in air in theHall mobility, defined as the ratio between Hall coefficient
energy range 1.71-5.05 eV. Data analysis is performed takand resistivity, increases at low temperature reaching a value
ing into account the effects of surface roughness measureaf about 400 cr/V s at 10 K.
by atomic force microscopy and introducing a three-layer  The mobility can also be independently evaluated by

model (substrate/film/surface roughngs3he optical con- magnetoresistivity data according to the classical theory of
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