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Local, Nonvolatile Electronic Writing of Epitaxial 
Pb(Zro~,,Tio~,,)03/SrRu03 Heterostructures 

C. H. Ahn, T. Tybell, L. Antognazza, K. Char, R. H. Hammond, 
M. R. Beasley, 0. Fischer, J.-M. Triscone 

A scanning probe microscope was used to induce local, nonvolatile field effects in 
epitaxial, ferroelectric Pb(Zr,,,,Ti0,,,)O,/SrRuO3 heterostructures. Field-effected re- 
gions with linewidths as small as 3500 angstroms were written by locally switching the 
polarization field of the Pb(Zro,,,Tio,,,)03 layer; the electronic density of the underlying 
metallic SrRuO, layer was modified and the sheet resistance was changed by up to 300 
ohms per squire. This procedure is completely reversible and allows submicrometer 
electronic features to be written directly in two dimensions, with no external electrical 
contacts or lithographic steps required. 

Ferroelectrlc inaterials are characterized by 
a nonvolatile, reversible polarization field 
that has been successfully used in applica- 
tions such as radiation hard memories (1 ). 
LVlth advances In thln-fllm oxlde growth, 
epitaxial conducting oxlde-ferroelectr~c 
and hlgh-temperature superconductor-fer- 
roelectric heterostructures have recently 
been fabricated, and ferroelectric switching 
with improved fatigue properties has been 
observed, as have ferroelectric field effects 
in  materials with relatively large carrier 
densities (2-4). Progress has also been 
made in  t h e  switching and imaging of the  
surface charge distribution and topograph- 
ic deforinations of sinall ferroelectric do- 
mains in  bulk crystals and polycrystalline 
films using scanning force and optical 
nrobes 15-8). , , 

Here, we investigated another opportu- 
n i t r  afforded bv the  nonvolatile nolariza- 
tio; of epitaxial ferroelectric oxiies with 
high surface quality. W e  have devised a 
technique that produces a nonvolatile, local 
doping in  a th in  fill11 using conducting ox- 
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ide-ferroelectr~c heterostructures. Thls ap- 
 roach allows dlrect and revers~ble nrritlne " 

of submicrometer electronic structures by 
ineans of scanning probe microscopy; n o  
permanent electrical contacts or litho- 
graphic processes are required, whereas ex- 
isting electronic devices that use field ef- 
fects require such contacts and lithography 
to achieve electronic doping. These local 
electronic nanofeatures also provide a de- 
tection mechanism to read out written fer- 
roelectric domains that does not rely o n  the  
surface charge of the  ferroelectric, which is 
susceptible to  deterioration of contrast as a 
result of passivation. 

A colnmercial atomic force microscope 
IAFM) with a inetallized tin was scanned 
over the  surface of a n  epitaxial ferroelectric 
Pb(Zr,,jZTi, 4 8 ) 0 3  (PZT)/SrRu03 hetero- 
structure (Fig. 1 )  while a voltage was ap- 
plied between the  tip and the  ultrathin 
metallic S rRu03  film. W h e n  the coercive 
field of the  PZT laver was exceeded, the  
ferroelectric polariza;ion switched directly 
underneath the   ti^ and induced screening " 
charges to flow in the  SrRuO, layer, chang- 
ing the  total carrier concentration and 
hence the  conductivity of the  material. 

W e  used epitaxial PZT/SrRuO, hetero- 
structures that are well suited for annlica- 
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tant for these scanning experiments (4 ) .  For 
the  growth of SrRuO,, we carried out reac- 
tive molecular-beam epitaxy (MBE) in  an  
ultrahigh-vacuum electron-beam evapora- 
tion system ( 4 ,  9 ) .  X-ray diffr:ction pat- 
terns o n  thick (1000 to 5000 A) sainples 
revealed epitaxial growth of SrRu0,(110) 
o n  SrTi03(001)  substrates, with SrRuO, 
[001] parallel t o  S rT i0 ,  [100]. T h e  rocking 
curve taken around the  220 reflection has a 
full width a t  half inaxiin~un (FWHM) of 
0.03". Transport measurements taken o n  
these films revealed large residual resistivity 
ratios (as high as 33) .  Ultrathin films were 
required for substantial field effects to  b: 
observed. Epitaxial metallic films (30 A 
thick) were grown and characterized with 
in  situ ultraviolet photoelectron spectrosco- 
py (UPS) ,  reflection high-energy electron 
diffraction (RHEED), and lob,-energy elec- 
tron diffraction (LEED) measurements, fol- 
lowed by ex situ transport measurements. 
AFM iinages taken o n  these films revealed 

root-mean-square surface roughness of 1.5 
A over a 6 (*m by 6 p m  area. 

Afterward, tetragonal PZT was deposited 
onto  the  S rRu03  by means of off-axis radio 
frequency sputtering (1 0). X-ray diffraction 
revealed (001) growth o n  SrRuO,, with 
PZT [I001 parallel t o  S rRu03  [001]. T h e  
rocking curve of the  PZT 001 reflection has 
a FLVHM of 0.09". For these films, the  two 
ferroelectric polarization states lie perpen- 

/I PZT 

Fig. 1. Schematic of the PZTISrRuO, hetero- 
structure. With the use of an AFM w~th a metallzed 
tip, ferroelectrlc domains can be polarized by ap- 
plying a voltage between the t p  and SrRuO, film 
that exceeds the coercve feld of the PZT layer, 
resutng In a local. nonvolatile change in the elec- 
tronc propeli~es of the underlying film. 
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dicular to the SrRuO, layer, with a rema- 
nent polarization of 10 to 15 pC cm-2 and 
a coercive field of 70 to 100 kV cm-'. 

We first examined the writine and read- - 
ing of ferroelectric domains in PZT by using 
the AFM as an electric field microscope. 
For these experiments, which were carried 
out in ?ir and at room temperature, we used 
1000 A thick PZT [Pb(Zro,2Tio,8)03 or 
Pb(Zr0.52Ti0.48)03] films grown directly 
onto metallic Nb-doped SrTiO,, with the 
substrate acting as a conducting ground 
plane. Theo measured roughness for these 
films is 2 A over a 5 pm by 5 pm area, 
similar to that of the sinele-crvstal sub- - ,  
strate. Ferroelectric domains were polarized 
by applying a voltage between a metallized 
AFM tip and the substrate as the tip was 
scanned over the surface. The written areas 
were then imaged by oscillating the AFM 
cantilever at its resonant frequency (-70 
kHz) while scanping the tip at a lift height 
of 300 to 500 A (1 1). Electrostatic forces 
between polarized areas and the tip change 
the resonant frequency, or, equivalently, 
shift the ~ h a s e  resDonse of the cantilever. 
which is Aeasured. 'To enhance the contras; 
of the images, we sometimes applied a small 
tip bias of +1 V or -1 V. The AFM has 
been used in related ac resonance tech- 
niques to observe charging in polymers, as 
well as to examine and polarize domains in 
bulk ferroelectric crystals and polycrystal- 
line thin films (5-7). 

To determine the conditions under 
which ferroelectric domains can be polar- 
ized and imaged, we first took an + grown 
PZT film and imaged the electric field dis- 
tribution of the surface over a 12 pm by 15 
pm region to establish a baseline measure- 

ment. No phase shifts were observed in this 
image, presumably because of electrostatic 
passivation of the ferroelectric domains in 
the film. We then wrote a 10 a m  bv 10 a m  

8 .  

area inside this 12 pm by 15 pm region by 
scanning the surface with an applied tip 
bias that was ramped continuously from -10 
V at the beginning (left) of the scan to + 10 
V at the end (right) of the scan. The re- 
sulting phase image over the original re- 
gion, taken with a tip bias of -1 V, is 
shown in Fig. 2. Outside of the written 10 
pm by 10 pm area, there are no measurable 
phase shifts, as expected. In the written area 
between approximately -4 V and +4 V, 
there are also no observed phase shifts. In 
sharp contrast, in the regions written with a 
tip voltage of greater than -4 to 5 V, there 
is a nonzero phase shift whose sign depends 
on the sign of the writing voltage. The 
abrupt change in contrast we measure start- 
ing at approximately +4 V is consistent 
with the signature of ferroelectric domain 
switching and is difficult to explain in the 
context of simple electrostatic charging 
(the interpretation of the sign is discussed 
below). Although for this 1000 A thick film 
the coercive voltage should only be 1 V, 
because of the extremely large dielectric 
constant of PZT a gap or surface layer of a 
few angstroms (which is also the roughness 
of the film) between the tip and the PZT 
surface is sufficient to increase the reauired 
switching voltage to 4 to 5 V, as has been 
observed in other studies (6). . , 

Having established the parameters for 
writing and imaging of this film, we moved 
to another part of the film that had been 
previously untouched. After imaging the 
surface over a 15 pm by 15 pm area to 
ensure an absence of incipient phase con- 
trast, we wrote a 10 pm by 10 pm square 
with +12 V applied to the tip to create a 

large, uniformly polarized background re- 
gion, followed by three lines written inside 
this square with writing voltages of -5, -7, 
and -9 V. The resulting phase image over 
the original 15 pm by 15 pm area is shown 
in Fig. 3; during acquisition of this image, 
the tip was electrically grounded. As is ev- 
ident, the 10 pm by 10 pm square appears 
as a depression in the film, whereas the 
three lines appear as protrusions in the 
square, although they still lie below the zero 
level defined by the unwritten areas. The 
magnitude of the contrast of each of the 
lines is similar, with linewidths ranging 
from 3500 to 6000 A and the lareest line " 
having been written with the highest volt- 
age. This phase image persists for a few 
hours, although it fades considerably during 
this time because of stray charge accumula- 
tion. In topography, the surface is feature- 
less after writing, the same as what we 
measure initially. 

Because the tip was electrically ground- 
ed for this image, allowing charge to flow 
freely to and from the tip, the electrostatic 
interaction between the  ti^ and sauare is 
attractive because of the appearance of im- 
age charges in the tip. This attractive elec- 
trostatic force decreases the resonant fre- 

Fig. 2. Phase image (1 2 pm by 1 5 pm) of 1000 A 
PZTINb-SrTiO, after writing a 10 pm by 10 pm 
area with a tip bias that was ramped continuously 
from -1 0 Vat the left of the square to + 10 Vat the 
right of the square. The image was acquired with a 
tip bias of -1 V. Written and unwritten areas are 
denoted Wand U, respectively; at the right of the 
image is a dust particle (D). 

WWW 

Fig. 3. Phase image (1 5 pm by 15 pm) of 1000 A 
PZ/Nb-SrTiO, after writing three lines with tip Fig. 4. (A) Phase image of a structure written with 
biases of -5. -7. and -9 V [from riaht to left) inside -1 2 V inside a sauare written with +12 V. A read- 
a square written with +12 V.  he square: which ing bias of -1 V has applied during acquisition of 
appears as a depression in the film, is the result of the image. (B) Phase image of the surface de- 
electrostatic attraction between the grounded tip scribed in (A), acquired with a tip bias of +1 V. The 
and sample; the three lines appear as protrusions reversal of contrast demonstrates that the fea- 
in the square. tures result from electrostatic forces. 
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quency of the cantilever, resulting in a neg- 
ative phase shift and hence a depression in  
the phase ilnage (12) .  In  contrast, the  lines 
appear as protrusions in  the  square because 
the  amount of ilnage charge induced o n  the  
tip by the  square is reduced in the  vicinity 
of the  oppositely polarized lines, resulting in 
a smaller negative phase shift. 

T o  control whether the  electrostatic in- 
teraction between the  tip and sample is 
attractive or repulsive, we also acquired im- 
ages with a reading bias of I 1  V or -1 V 
applied to the  tip. In  Fig. 4 ,  we show an- 
other structure, consisting of two parallel 
lines connected by a third one, written with 
-12 V applied to the  tip, inside a square 
written with + 12 V to create a unifor~n 
background. In  the  phase image taken with 
a reading bias of -1 V (Fig. 4 A ) ,  this struc- 
ture appears as a protrusion, whereas with a 
reading bias of + 1 V, it appears as a depres- 
sion (Fig. 4B). This reversal of contrast with 
bias voltage demonstrates that all of the  
written features are indeed electrostatic in 
origin, revealing the  charge distribution o n  
the  surface of the  film (1 3). These experi- 
ments give a clear signature of the  written 
areas and demonstrate the  ability to polarize 
as well as switch domains in a controlled, 
reversible fashion over areas of several 
square ~nicro~neters  with s i~b~n ic ro~ne te r  
resolution. W e  attribute this control over 
the  writing process to  the  extremely high 
surface quality of these films. 

W e  next applied this writing procedure 

to  investigate local ele5tronic doping ;f 
SrRuO, in a PZT (4000 A) /SrRu03  (30 A)  
heterostructure, as shown sche~natically in  
Fig. 1. In this experiment, local changes in  
the  PZT polarization produced by the  AFM 
induced a field effe$t in  the  co~lducting 
SrRuO, layer 4000 A below, modifying its 
carrier concentration and hence its conduc- 
tivity, which was measured with standard , , 
four-point probes. For the  pilrposes of this 
exoerirnent. the  heterostructure was first 
patterned into a resistivity path 5 p,m wide 
and 15 pin long, and the  AFM was i~sed to  
selectively pole certain areas of this struc- 
ture with a tip bias of either 14 V or -14 
V (inset, Fig. 5 A ) .  A t  the start of the  
experiment, regions A, B, and C had all 
been lvritten with a bias of + 14 \I applied 
to the  tip, effectively writing the  entire 
channel with 14 V. After the  resistance of 
the  heterostructure was measured, area A (5 
p,m by 5 p m )  was written with a bias of -14 
V, followed by areas B and C. After writing 
each area, the  resistance was measured, and 
a n  increase was observed each time. T h e  
resistance changes were stable for up to  3 
hours, the  longest time that we waited. 
Area B was then poled again with -14 V, 
and n o  change in  resistance was observed. 
T h e  structure was then  seque~ltially poled 
in  reverse fashion with a tip bias of + 14 V, 
this time resulting in  a drop in resistance 
after each area was written. A t  the  end, area 
B was repoled with I 1 4  V, and again n o  
change was observed. Afterward, this area 

u 

t~ I 1 1 1 1  
indicating whether an I ,  i 
area was written ~11th 
+ I 4  V or -14 V. The 
staircase demonstrates 

Fig. 5. (A) Resstance as 
a functon of area wrtten 26 4 -  
by the AFM t ~ p  for the 
structure shown sche- - 
matcally n the nset The $ 26 2 -  
hor~zontal axls denotes 
the oolar~zat~on state of = 
the var~ous pon~ons of % 26 
the structure and the 
letters A B and C n d  .z 25 
cate ponts at wihch n d -  
v~dual areas were wir~t- 2 
ten with the + or - sans 25 6- 

local, revers~ble sw~tch- Writing sequence 
n g  behavor, and the sequence at the rght shows the 
reproducblity of the polng procedure. (B) Resstance 400 
change as area B was wir~tten wiith dfferent voltages. . . . . . . . . . .  
Below 8 V, no change in the resstance of the channel 
is observed, whereas above 8 V, the resistance ; 
change is essentially Independent of the writng volt- $ 200 
age used, consistent w t h  a ferroeectrc fled effect. 'Z 

E 
c 100 .- 

- A  - 
B = C - - z  ' 1 :  

1 I - 
G I  I I -J 15 pm 

B 8. 

/ 1 - 1  
l - E- 

B B B 
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I A 
1 3 1 3 1 -  - 1 1 - 1  

7 5  0 
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A I B - : E : l ; l J -  
1 1  - c , - - - 

1 1  i 

was written with alternating bias voltages of 
+ 14 V and -14 V several times to  examine 
the  reproducibility of the  writing process 
(14) .  

All  of the  observed changes in resis- 
tance are consistent with the  observation 
of a nonvolatile ferroelectric field effect in  
the  PZT/SrRuO, heterostructure tha t  oc- 
curred olllv where the  AFM had  been used 
to  locally switch the  polarization of the  
PZT layer. T h e  sign of the  changes we 
measured agrees with earlier ferroelectric 
field effect work o n  SrRuO, with a con- 
ventional P t  inetal electrode to  switch the  
PZT volarization, as well as with Hall  
effect work, which reveals n-type (elec- 
t ron)  c o n d u c t ~ v ~ t v  in  t h ~ s  material 14). , , 

W e  also lneasilred how t h e  resistance of 
area B changed as a function of the  mag- 
nitude of the  writing voltage used. Figure 
5B shows the  measured change in  resis- " 

tance as area B was written wi th  different 
voltages. Above 8 V, resistance changes 
were observed tha t  are basically indepen- 
den t  of the  magnitude of the  writing volt- - - 
age, whereas below 8 V, there was essen- 
tiallv n o  resistance change as a function of 
writing voltage, consistent wi th  a ferro- 
electric field effect. 

Our  ~neasurements of quantitative 
changes in  resistance are also revealing. 
T h e  total size of the  effect is -396 for the  
entir: path. In  earlier work o n  PZT/SrRu03 
(30 A)  heterostructures with a convention- 
al metal electrode for poling, we measured a 
resistance change as large as 9%. T h e  rea- - - 
son for the  discrepancy between the  two 
lneasurernents is that the  structure mea- 
sured i n  this experiment is not  in  fact a true 
four-point resistivity path because of the  
presence of contact resistance. By assuming 
that the  intrinsic resistivity of this samvle is 
the  same as that  used il; previous k r k ,  
1.2 x ohm.cm, and by subtracting out 

u 

the  calculated contact resistance, we esti- 
mate the  size of the  effect over the  written 
regions to be -8%, corresponding to  a 
change it1 sheet resistance of 300 ohms per 
square. 

For a PZT/SrRu03 (30 A) heterostruc- 
ture whose geometry was suitable for four- 
point resistivity measurements, a resistivity 
of 1 x ohm.cm was found. W h e n  the  
polarization of the  entire path ( 5  pln by 5 
p m )  was switched with the  AFM, the  resis- 
tivity changed by 796, near the  value of 9% 
observed in earlier work. T h e  agreement " 
between these two experiments, which used 
different methods to  switch the  polarization 
of the PZT layer, shows that the AFM is 
effective in switching the ferroelectric oolar- 

u 

ization. Indeed, one concern with this local 
poling approach is that written domains may 
not  extend uniformly in the vertical direc- 
tion all the way down to the SrRuO, film, as Writing voltage (V) 
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has been seen in related optical studies of 
MgO:LiNbO, ferroelectric crystals (1 5). 
The electric field images presented earlier, 
though revealing and self-co~lsistent, can- 
not address this question. However, the 
field effect-a direct measure of ferroelec- 
tric switching-gives a clear answer. The 
observed change ip resistance of the Sr- 
RuO,, lying 4000 A below the level where 
the AFM had been used to write, indicates 
uniform switching of the ferroelectric po- 
larization in the vertical direction. Finally, 
we have also used this structure to show 
that this writing procedure can be oper- 
formedo down to dimensions of 3500 A. A 
3500 A wide line, u~hose width was deter- 
mined from phase imaging, was traced along 
the length of the structure, resulting in a 
0.5% change in the resistance. The calcu- 
lated percent cl~ange~is also 0.5%. Writing 
wider lines 18500 A and 1.35 um) re- 
vealed larger resistance changes ;hat also 
scaled wlth area. 

In principle, our method should enable 
the writing of electronic features as small as - 
the radius of curvature of the AFM tip, a few 
hundred angstrFms; recently, features as 
small as 1700 A have been written (16). 
This approach is generally applicable to 
inany classes of materials, given the strong 
progress that has been made in the thin-film 
deposition of epitaxial oxide films. It can be 
applied directly to many perovskite oxide 
systems, including the high-temperature su- 
perconductors, to investigate superconduct- 
ing field effect devices as well as Josephson 
field effect devices and arrays (17). Also, 
because the heteroepitaxial growth of ferro- 
electric PZT, BaTiOi, and related oxides has 
been demonstrated on single-crystal Si and 
GaAs, it should be possible to extend this 
approach to semiconductor structures, where 
the carrier densities are orders of magnitude 
smaller than in SrRu0, (3, 18). 
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Disordered Biopyriboles, Amphibole, and Talc in 
the Allende Meteorite: Products of Nebular or 

Parent Body Aqueous Alteration? 
Adrian J. Brearley 

Transmission electron microscope observations of the Allende carbonaceous chondrite 
provided evidence of widespread hydrous phases replacing enstatite in chondrules. 
Calcic amphibole and talc occur in thin (less than 0.3 micrometer) crosscutting veins and 
as alteration products of primary chondrule glass in contraction cracks within the en- 
statite. In addition, talc and disordered biopyriboles were found replacing enstatite grains 
along cracks and fractures. Although rare hydrous phases have been reported in cal- 
cium- and aluminum-rich inclusions in the Allende meteorite, these observations suggest 
that aqueous fluids played a much more significant role in the mineralogical and geo- 
chemical evolution of Allende than has previously been thought. 

Carbonaceous chondrites are among the 
most orimitive of solar svsteln inaterials and 
provide important clues into processes such 
as evaporation, condensation, and melting, 
which took place in the earliest stages of 
the formation of our solar system (1). Many 
carbonaceous chondrites have experienced 
aqueous alteration at low temperatures (2), 
but the location and timing of these reac- 
tions are co~ltroversial. For example, the 
rare hydrous phases found in some calci~un- 
and aluminum-rich inclusions (CAIs) and 
chondrules 13-7) in the Allellde CV3 car- . , 

bonaceous chondrite have been attributed 
to both preaccretionary (nebular) and post- 
accretionary (parent body) (7) hydrous al- 
teration reactions. A resolutio~l of the t in-  
ing and location of aqueous alteratloll 
would improve our understanding of nebu- 
lar processes and the evolution of the par- 
ent bodies of carbonaceous chondrites. 

This study reports high-resolution trans- 
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mission electron lnicroscope (HRTEM) ob- 
senations of pyroxene-rich chondrules in 
Allende, which show that the effects of 
aaueous alteration are more widesoread than 
previously recognized. Seven porphyritic py- 
roxene chondrules from a single thin section 
of Allellde were selected for study by TEM 
(8). In all seven cho~~drules, the dominant 
phase is clinoenstatite (En9,-,,Wo,), with 
subordinate olivine (Fa,-,,) sometimes con- 
stituting up to 30 modal percent of the chon- 
drule (Fig. 1). The cli~loenstatite in all three 
cho~~drules has been extensively replaced by 
FeO-rich olivine (Fa2,-4j) (9-1 Z), and pri- 
mary MgO-rich olivines invariably have nar- m 

row rims (<I5  I J , ~ )  of FeO-rich olivine 
surrounding them. Glass in all chondrules 
has been replaced by a fine-grained ( 4 0  
urn) assemblaee of minerals that were not 
ktudieii in detiil but include nepheline and 
sodalite (13). 

Analysis by HRTEM showed that the 
development of hydrous phases is wide- 
spread in all seven chondrules but is con- 
sistently restricted to the phenocrysts of 
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