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Epitaxial growth of Pb (Zr,Tigg)O3 on Si and its nanoscale
piezoelectric properties
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We have demonstrated a route to epitaxialZP,Tigg)O5; on (001) Si that exhibits a uniform
piezoelectric response down to nanoscale levels through the utilization of an insulating,
single-crystalline SrTi@transition layer. These structures, which were grown by a combination of
molecular-beam epitaxy and off-axis magnetron sputtering, have a surface roughs@s ofvith
piezoelectric microscopy measurements revealing a piezoelectric coefficierB®pm/V that is
switchable down to sub-100-nm dimensions. 2001 American Institute of Physics.
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Complex oxides exhibit a tremendous diversity of be-three buffer layer§.’ However, in each case, one of the
havior, including magnetism, superconductivity, ferroelec-buffer layers is conducting and screens the Si from the ferro-
tricity, and piezoelectricity. The ability to integrate this ver- electric polarization. Here, we demonstrate the epitaxial
satile functionality in thin-film form with mainstream growth of PWZr, ,TiggOs (PZT) on Si using an insulating
technology like Si processing opens broad opportunities fosrTiO;, transition layer. With this composite dielectric struc-
scientific and technological applications. For example, thergéure on Si, one can envision microelectronics applications
has been much interest in interfacing polycrystalline andyhere the polarization field of the ferroelectric modulates the
amorphous oxides and related materials with single-crystadlectrical transport properties of the Si substrate.

Si for microelectronics applications, utilizing them as high-  These ferroelectric/Si heterostructures are nearly atomi-
d|gleci[r|c-constant insulators to replace $i@s a gate cally smooth[<5 A root-mean-squar@ms) roughneskand
oxide: exhibit a highly uniform piezoelectric response, with iso-

Here, we demonstrate another possibility, which is t0jated, sub-100-nm ferroelectric domains having been polar-
couple atomically smooth, epitaxial ferroelectric oxides withjzeq and imaged. Figure 1 illustrates hysteresis data obtained
single-crystal Si. In addition to their potential utility for mi- ¢,; the da5 piezoelectric coefficient of these materials mea-

croelectronics, these structures are also intrinsically piezog, eq using piezoelectric microscopy; the piezoelectric coef-
electric, often with very large piezoelectric coefficients. Thisisiant is on the order of 50 pm/V, in agreement with mea-

property makes them very attractive for mlcroelectrome-Surements taken on epitaxial @ ;TiosO; grown on

chanical applications, such as sensing and actuatirey _metallic, Nb-doped single-crystal SrTjGubstrate§.The de-

havelalstq been |nvest|g(|a.1te(3. for h|g.h-den3|ty,. nonvglaule, Plails of the hysteretic shape of the data and charge modula-
ezoelectric memory applications using scanning pr tion in the semiconductor will be discussed elsewhere; our

work presented here focuses on the nanoscale piezoelectric. . . . . .
. : primary consideration here is the piezoelectric response of
properties of such materials.

While there has been significant effort to grow thesethese structure’.

materials on Si, to date, much of that work has focused on
synthesis techniques like sol—gel processing and sputtering 75

onto amorphous or polycrystalline surfaces, which produce : : : : o ,

. o 50 - R e & T2L R RS Y 7 2
amorphous or polycrystalline thin filnf¢ These results have —_ : ; SRS .t
demonstrated impressive bulk electromechanical coupling, E 25 ;
but as progress is made towards smaller, nanoscale applica- & 0
tions, for example, nanoelectromechanical systeREMS), E .25
where uniform control of the piezoelectric response over na- ©
nometer length scales is required, microstructural inhomoge- -50 : :
neities in these polycrystalline films will eventually compro- 75 bt : o
mise performance. 15 40 -5 0 5 10 15

Ghongeet al. and Maruyameet al. have achieved crys-
taline growth  of PRdlag (ZrysTiggoe7Os and
Ph(Zry 25T 7903, respectively, on Si using a combination of FIG. 1. Small-signal piezoelectric response of a PZT/SgT8Dheterostruc-

ture as a function of the writing voltage used to establish the ferroelectric

polarization state. The zero of the piezoelectric response is defined as the
3Electronic mail: charles.ahn@yale.edu mean of the positive and negative deflections measured at saturation.

Writing voltage (V)
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To carry out this work, we have employed a methodol-
ogy for interfacing crystalline oxides with single-crystal Si
(COS developed by McKee and co-workéfs'! This ap-
proach is centered around the layer-by-layer stabilization of
the semiconductor—oxide interface, wherein the constituents
of a crystalline oxide are grown in a sequenced transition
from the covalently bonded semiconductor to the ionically
bonded oxide. This technique can completely avoid amor-
phous SiQ at the interface. It works well with the group IIA
perovskites in the CaTiQclass because the alkaline-earth-
oxide layer against silicon is itself stable, but it cannot be
applied to Pb-based perovskites since Si®© more stable
than PbO, preventing direct growth of single-crystalline PZT
on Si. We have, therefore, used a variation of the COS ap-
proach by growing the stable SrTiQerovskite on silicon
and then transitioning to PZT.

The PZT/SrTiQ/Si structures we have investigated
were grown by a combination of molecular-beam epitaxy
(MBE) and off-axis magnetron sputtering.
SrTiOs-terminated Sip type) was first fabricated using the
MBE methods described in Ref. 10. The samples were then
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transferred in air to an off-axis magnetron sputtering system, 10

where epitaxial tetragonal PZT was deposited, as described 4

in Refs. 12—16. Prior to deposition, the SrEi@rminated Si 0 45 90 135 180 225 270 315 360
was held in the sputtering background gas at 500 °C for a ¢ (deg.)

few minutes to remove contaminants from the surface. No o .
ther surface treatment was necessaryv. indicating the robu FIG. 2. X-ray characterization of a PZT/SrTj{3i heterostructurda) 6—26
0 - . . Y 9 Sttraction scan of the thin-film heterostructurb) Off-axis ¢ scan showing
ness of the SrTig¥Si surface. This procedure has also beenne fourfold symmetry of the SrTigfilm. (c) Off-axis ¢ scan showing the
used for the growth of LaAlQon SrTiQ,/Si.tt fourfold symmetry of the PZT film. The alignment of the PZT and SETiO
After growth, the structural properties of the peaks demonstrates the epitaxial relationship between the two oxides.
PZT/SrTiG;/Si heterostructures were characterized using

x-ray diffraction. Figure 2a) shows ag—26 scan, which re-  the tip and the Si substrate during scanning. In order to im-
vealsc-axis-oriented PZT on SrTigJSi, with a PZTc-axis  age the resulting domain structure, the tip is scanned in con-
lattice parameter of 4.12 A. While a small fraction of the film tact with the sample while applying a small voltagess
is a-axis oriented, no other impurity phases are detected. Figthan the coercive voltag@cross the sample, inducing a local
ures 2b) and 2c) show off-axis¢ scans of the PZIL11)  pjezoelectric response. To increase the sensitivity of the
and SrTiQ(111) reflections. The fourfold symmetry of the measurement, standard ac lock-in detection is used for the
scans and the alignment of the peaks in the two scans witheflection signal from the AFM.
respect to each other demonstrate epitaxial growth of PZT on  with this technique, we have obtained the piezoelectric
SrTiO;/Si. For this orientation of PZT, the ferroelectric po- hysteresis loop shown in Fig. 1. To acquire these data, which
larization should lie parallel to the surface normal. were taken on a 500 A PZT/250 A SrTgsi heterostruc-
Capacitance—voltageC(-V) measurements taken on metal— ture, a voltage was applied to a particular region of the
oxide—semiconductor capacitor structures fabricated frongample to establish the local polarization state of the mate-
these samples confirm this direction of the polarization; &ial, and the corresponding piezoelectric response was mea-
clockwise ferroelectric hysteresis in th@-V data is ob-  sured. By repeating this measurement for a series of different
served, demonstrating the direct electrical coupling of thewriting voltages, the ferroelectric hysteresis of the material is
ferroelectric polarization to the charge state in the underlyingevealed.
p-type Si? The data in Fig. 1 demonstrate two distinct piezoelectric
We have also used atomic-force microscdpyf*M) to  responses that correspond to the two polarization states of
examine the surface structure of these materials. Topahe material. The switching voltage we measure for the het-
graphic imaging of a Z2mX2 um region reveals a surface erostructure is~7 V, which is much larger than the expected
with 4-A-rms roughness, the same as that of the S§B@-  coercive voltage of 0.5 V for the PZT layer its¢dssuming
face before the deposition of PZT. This scanning probe apa coercive field of ~100 kV/cm, the bulk value for
proach can also be used to examine the nanoscale piezoeld®3Zr, ,Tij 5O3). The discrepancy between the two values is
tric properties of the PZT/SrTigSi structures. In this due to the fact that most of the applied voltage drop occurs
technique, which is described in detail elsewhere, a conductcross the SrTiQlayer in the heterostructure, as well as in
ing AFM tip is scanned in contact with the surface of thethe small(few A) vacuum gap that exists between the con-
sample'®!® To define the local ferroelectric polarization ducting AFM tip and the sampfé26 One can estimate the
state, and hence, the sign of the piezoelectric response,value of the piezoelectric coefficiedy; by considering the

voltage exceeding the coercive voltage is applied betweedistribution of the fields in the structure. Assuming the dif-
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electric to Si through an insulator enables one to envision
extending this single-crystalline approach to microelectron-
ics applications that utilize the polarization field of ferroelec-
trics to modulate the electronic properties of the Si
semiconductor:’
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