
AFRL-OSR-VA-TR-2012-0358

DOMAIN ENGINEERED MAGNETOELECTRIC THIN FILMS FOR HIGH 
SENSITIVITY RESONANT MAGNETIC FIELD SENSORS

Shashank Priya
Virginia Polytechnic Institute and State University
1800 Pratt Drive, Suite 2006
Blacksburg, VA 24060

02/28/2012 
Final Report 

DISTRIBUTION A: Distribution approved for public release.

Air Force Research Laboratory
AF Office Of Scientific Research (AFOSR)/RTB1

Page 1 of 2



 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including 
suggestions for reducing the burden, to the Department of Defense, Executive Service Directorate (0704-0188). Respondents should be aware that notwithstanding any other provision of law, no 
person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. 

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION. 
1. REPORT DATE (DD-MM-YYYY) 

2/28/2012 
2. REPORT TYPE 

Final Report 
3. DATES COVERED (From - To) 

12/01/2008 - 12/30/2011 
4. TITLE AND SUBTITLE 
DOMAIN ENGINEERED MAGNETOELECTRIC THIN FILMS FOR HIGH 
SENSITIVITY RESONANT MAGNETIC FIELD SENSORS 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

FA9550-09-1-0133 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 
Shashank Priya 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Virginia Polytechnic Institute and State University 
1800 Pratt Drive, Suite 2006 
Blacksburg, VA 24060 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
Air Force Office of Scientific Research 
875 N. Randolph St., Rm. 4007 
Arlington, VA 22203-1768 

10. SPONSOR/MONITOR'S ACRONYM(S) 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
DISTRIBUTION A 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
The objective of this research program was to investigate the resonance phenomenon in magnetoelectric composites and use it to design and 
fabricate magnetic field sensor with following characteristics: (i) extremely high sensitivity; (ii) low power consumption, (iii) operation in a wide 
range of frequencies, (iv) miniature size, (v) possess a mechanism to incorporate directionality, and (vi) capability to filter the background noise. 
The sensor structure consisted of ring/dot electrode pattern and it utilizes the principles of a piezoelectric transformer. We designed and fabricated 
the magnetic field sensor by combining tape-casting process and also developed the hybrid chemical solution deposition – RF magnetron sputtering 
thin film deposition based MEMS process. Sensor design was conducted by using the piezoelectric equivalent circuit models. The investigations 
focused on understanding of the growth and microstructure of the ferroelectric thin film on silicon substrate, non-destructive composition analysis  
of the thin film, synthesis of textured film, effect of piezoelectric vibration mode on the magnitude of converse magnetoelectric effect, variation in 
the magnitude of ME coupling with DC bias, and effect of microstructure and domain structure on the sensitivity. 
15. SUBJECT TERMS 
magnetoelectric, piezoelectric, domain, texture, thin film, tape-casting, sensor, magnetic field 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

 
UU 

18. NUMBER 
OF 
PAGES 

29 

19a. NAME OF RESPONSIBLE PERSON 
a. REPORT b. ABSTRACT c. THIS PAGE 

19b. TELEPHONE NUMBER (Include area code) 

Standard Form 298 (Rev. 8/98) 
Prescribed by ANSI Std. Z39.18 

Adobe Professional 7.0 
Reset 



INSTRUCTIONS FOR COMPLETING SF 298 
 

1. REPORT DATE. Full publication date, including 
day, month, if available. Must cite at least the year and 
be Year 2000 compliant, e.g. 30-06-1998; xx-06-1998; 
xx-xx-1998. 

 
2. REPORT TYPE. State the type of report, such as 
final, technical, interim, memorandum, master's thesis, 
progress, quarterly, research, special, group study, etc. 

 
3. DATES COVERED. Indicate the time during which 
the work was performed and the report was written, 
e.g., Jun 1997 - Jun 1998; 1-10 Jun 1996; May - Nov 
1998; Nov 1998. 

 
4. TITLE. Enter title and subtitle with volume number 
and part number, if applicable. On classified 
documents, enter the title classification in parentheses. 

 
5a. CONTRACT NUMBER.  Enter all contract numbers 
as they appear in the report, e.g. F33615-86-C-5169. 

 
5b. GRANT NUMBER.  Enter all grant numbers as 
they appear in the report, e.g. AFOSR-82-1234. 

 
5c. PROGRAM ELEMENT NUMBER.  Enter all 
program element numbers as they appear in the report, 
e.g. 61101A. 

 
5d. PROJECT NUMBER.  Enter all project numbers as 
they appear in the report, e.g. 1F665702D1257; ILIR. 

 
5e. TASK NUMBER.  Enter all task numbers as they 
appear in the report, e.g. 05; RF0330201; T4112. 

 
5f. WORK UNIT NUMBER. Enter all work unit 
numbers as they appear in the report, e.g. 001; 
AFAPL30480105. 

 
6. AUTHOR(S).  Enter name(s) of person(s) 
responsible for writing the report, performing the 
research, or credited with the content of the report. The 
form of entry is the last name, first name, middle initial, 
and additional qualifiers separated by commas, e.g. 
Smith, Richard, J, Jr. 

 
7. PERFORMING ORGANIZATION NAME(S) AND 
ADDRESS(ES). Self-explanatory. 

8. PERFORMING ORGANIZATION REPORT NUMBER. 
Enter all unique alphanumeric report numbers assigned by 
the performing organization, e.g. BRL-1234; 
AFWL-TR-85-4017-Vol-21-PT-2. 

 
9. SPONSORING/MONITORING AGENCY NAME(S) 
AND ADDRESS(ES). Enter the name and address of the 
organization(s) financially responsible for and monitoring 
the work. 

 
10. SPONSOR/MONITOR'S ACRONYM(S).  Enter, if 
available, e.g. BRL, ARDEC, NADC. 

 
11. SPONSOR/MONITOR'S REPORT NUMBER(S). 
Enter report number as assigned by the sponsoring/ 
monitoring agency, if available, e.g. BRL-TR-829; -215. 

 
12. DISTRIBUTION/AVAILABILITY STATEMENT. Use 
agency-mandated availability statements to indicate the 
public availability or distribution limitations of the report. If 
additional limitations/ restrictions or special markings are 
indicated, follow agency authorization procedures, e.g. 
RD/FRD, PROPIN, ITAR, etc. Include copyright 
information. 

 
13. SUPPLEMENTARY NOTES. Enter information not 
included elsewhere such as:  prepared in cooperation 
with; translation of; report supersedes; old edition number, 
etc. 

 
14. ABSTRACT.  A brief (approximately 200 words) 
factual summary of the most significant information. 

 
15. SUBJECT TERMS. Key words or phrases identifying 
major concepts in the report. 

 
16. SECURITY CLASSIFICATION. Enter security 
classification in accordance with security classification 
regulations, e.g. U, C, S, etc. If this form contains 
classified information, stamp classification level on the top 
and bottom of this page. 

 
17. LIMITATION OF ABSTRACT.  This block must be 
completed to assign a distribution limitation to the abstract. 
Enter UU (Unclassified Unlimited) or SAR (Same as 
Report). An entry in this block is necessary if the abstract 
is to be limited. 

 
 

Standard Form 298 Back (Rev. 8/98) 



 

1. 

FA

2. 

Sh

(Y

SE

3. 

Jan

4. 
4.1

So

ref

60

RF

pre

tre

sol

Fig

A 

(re

dia

ann

PZ

con

film

pie

op

AN

ab

AFOSR awa

A9550-09-1

Project Titl

hashank Priy

YIP 09) D

ENSITIVIT

Date of the

nuary 2009

Descriptio

1  Ferroele

ol-gel deposit

ferred to as p

/40 and 52/4

F (henceforth

eferred cryst

eated substrat

l-gel thin film

gure 1: Sol-g

detailed stud

eferred as tex

agrams. The

nealing cond

ZT sol-gel t

nditions. In 

ms were e

ezoresponse 

perating spac

NOVA (Anal

sorption coe

ard # and n

-0133, The 

le and nam

ya 

DOMAIN 

TY RESONA

e report and

 – Decembe

n of the Re

ctric thin fil

tion and RF 

platinized Si

48 with exces

h, RF refers

talline orient

tes and post-

m of thickne

gel process f

dy was cond

xtured). The 

se diagrams

ditions. To a

thin films, w

addition, th

evaluated us

force micro

ce was explo

lysis of Varia

efficient from

ame of the

Virginia Po

e of the PI 

ENGINEE

ANT MAGN

d period co

er 2011 

search Prog

lm synthesis

sputtering pr

) substrates a

ss Pb to com

s to “RF sp

tation). To t

-deposition a

ss 65-85nm 

flow and the 

ducted to de

results of th

 provide two

augment our 

we further 

he optical ba

sing Variabl

scopy (PFM

ored using s

ance) model

m ellipsometr

e recipient (

olytechnic In

ERED MA

NETIC FIE

overed by th

gress

s and textur

rocess was d

as shown in 

mpensate for P

uttering” in 

texture and o

annealing. O

[1].  

RF sputter c

etermine the 

his study wer

o-dimension

understandin

developed r

and gap, mor

le Angle S

M) and X-ray

tatistically d

ls were form

ric data and 
1

Institution)

nstitute and

AGNETOEL

ELD SENSO

he report 

e analysis 

developed for

Fig. 1. Targ

Pb loss durin

this report)

obtain crack

ne pre-treatm

configuration

conditions 

re summarize

nal relationsh

ng of the the

relationships

rphology an

Spectroscopic

y photoelectr

designed exp

mulated. The 

the element

) 

d State Univ

LECTRIC 

ORS  

 

r deposition 

et preparatio

ng post depos

) thin films 

k-free thick P

ment was the

n for depositi

for obtainin

ed in Temper

hips of cryst

ermal budge

s between e

nd compositi

c Ellipsome

ron spectrosc

periments (u

responses w

tal compositi

versity 

THIN FI

of PZT on P

on was perfe

sition anneal

were not w

PZT RF film

e use of seed

ion of PZT th

g preferred 

rature-Time-

talline orient

ts required f

each phase 

on of highly

etry (VASE

copy (XPS). 

using Design

were thicknes

ions from en

 

LMS FOR

Pt/Ti/SiO2/Si

cted for Zr/T

ling. As depo

well textured 

ms, we emp

d layer of tex

hin films. 

crystallite o

-Transformat

tation to pyr

for the textur

and the exp

y textured so

E), Raman 

RF sputter 

n Expert soft

ss, refractive 

nergy disper

R HIGH 

i (hereafter, 

Ti ratios of 

osited PZT 

d (i.e. with 

loyed pre-

xtured PZT 

 

rientations 

tion (TTT) 

rolysis and 

ring of the 

perimental 

ol-gel thin 

scattering, 

deposition 

tware) and 

index and 

sive X-ray 



 

an

ne

Tem

inv

fre

tem

cle

on

ori

Fig

spa

dia

the

tem

ma

cre

4. 

tow

Th

cry

Fig

b) 

DESI
XRD 

A: Py
B: Py
C: An
D: An

alysis of the 

cessary to ob

mperature-T

vestigation o

equency sens

mperature an

early evident

n the response

ientations at 

gure 2: Half

Based

ace was co

agrams show

eir main proc

mperature an

athematical r

eate the TTT

Despite mod

wards this un

he main reas

ystalline orie

gure 3: Temp

250˚C, 1.5 m

IGN-EXPERT Plot
22

yrolysis Temperature
yrolysis Time
nnealing Temperature
nnealing Time

H
al

f N
or

m
al

 %
 p

ro
ba

bi
lit

y

0

20

40

60

70

80
85

90

95

97

99

PZT thin fil

btain the pref

Time-Transfor

on the textu

sor structure

nd time, were

t in the half n

e) shown in F

2-theta angle

f normal prob

d on this inf

onducted. Th

wn in Fig. 3. 

cess variable

nd time. How

relationships

T diagrams w

derate R2 va

npredictabilit

son for this 

entations (see

perature-Tim

minutes, and 

Half Normal plo

|Effect|

0.00 1.38 2.77

D

CD

lms. These m

ferred respon

rmation mod

ure evolution

e. Based on 

e more signi

normal prob

Fig. 2. The r

es of 22o, 31

 

bability plots

formation, f

hese experim

This is simi

es were pyro

wever, we w

s between X

were analyzed

alues, the pre

ty can be wi

poor fit was

e Scatter plot

 

me-Transform

d c) 300˚C, 3 

ot

4.15 5.53

C

DES
XRD

A: Py
B: Py
C: A
D: A

models were 

nses.  

del for sol-g

n as this wi

our statistic

ficant than th

ability plots 

responses we
o and 39o res

s of XRD resp

further exten

ments are s

ilar to the dia

lysis temper

wanted to exp

RD peak da

d using JMP 

edictability o

itnessed in th

s that we di

t matrix corr

mation diagra

minutes. 

SIGN-EXPERT Plot
D 28

Pyrolysis Temperature
Pyrolysis Time
Annealing Temperature
Annealing Time

H
al

f N
or

m
al

 %
 p

ro
ba

bi
lit

y

0

20

40

60

70

80
85

90

95

97

99

2

then utilized

gel deposite

ill directly i

cally designe

he pyrolysis

of the Effec

ere normalize

spectively. 

sponses – [10

nsive explora

summarized 

agram that w

rature and tim

pand beyond

ata and therm

statistical so

of the quadra

he portion of

id not take i

relation in Fi

ams of PZT s

Half Normal plo

|Effect|

0.00 1.22 2.44

d to predict a

ed PZT (60/4

influence th

ed experimen

conditions i

cts (measure 

ed XRD peak

 

00], [110] an

ation of the 

in Temper

was reported

me and they 

d these pictor

mal processin

oftware and t

atic model w

f points that d

into account

gure 5). 

 

sol-gel thin f

ot

3.66 4.87

C

D

CD

DES
XRD

A: P
B: P
C: A
D: A

and optimize 

/40) films: W

he electrical 

nts the two 

in achieving 

of the proce

k heights for

nd [111] peak

sol-gel ther

ature-Time-T

by Chen an

had maintain

rial guides a

ng condition

the quadratic

was found to

do not trend 

t proportiona

films pyrolyz

SIGN-EXPERT Plot
D 38

Pyrolysis Temperature
Pyrolysis Time
Annealing Temperature
Annealing Time

H
al

f N
or

m
al

 %
 p

ro
ba

bi
lit

y

0

20

40

60

70

80
85

90

95

97

99

the process 

We conducte

response of

parameters, 

proper textu

ess variable’s

r [100], [110]

k heights. 

rmal budget

Transformati

nd Chen [2] e

ned constant

and decided t

ns. The data 

c fits are sho

o be poor. A 

with the sur

ality between

ed at a) No p

Half Normal p

|Effect|

0.00 2.63 5.25

conditions 

ed detailed 

f the high 

annealing 

ure. This is 

s influence 

] and [111] 

 

t operating 

ion (TTT) 

except that 

t annealing 

to develop 

utilized to 

own in Fig. 

A good hint 

rface plots. 

n different 

 

pyrolysis, 

plot

7.88 10.50

C

D

CD



 

Fig

30

gure 4: JMP

00oC for 3min

P contour pl

n, prior to an

(a) 

(b) 

(c) 

lots of PZT 

nnealing. 

sol-gel thin 

3

 

films pyrolyyzed at: a) nnone, b) 250

 

 

 

0oC for 1.5mmin, and c) 



 

Fig

We

tem

tem

the

pe

to 

par

the

mo

cat

var

gure 5: Scat

e next utiliz

mperature/tim

mperature an

erefore in sta

ak data resp

proportions

rticular thin 

e unordered 

odel of the 

tegorical, we

riables.  

Pr

Pr

Pr

For catego

Lin

tim

For continu

Lin

tim

tter plot matr

zed Logistic

me, annealin

nd time toge

atistical term

onse for thre

s. The final 

film sample

proportions 

thermal cate

e attempted 

robability[10

robability[11

robability[111

= 1- P

orical predicto

n[xxx] = I

me*annealing

uous predicto

n[xxx] = I

me*annealing

rix of the resp

c regression 

ng temperat

ether as they

ms made pyro

ee different c

statistical r

 at the stipul

of [100], [11

egorical and

both contin

00] = 1 / (1 +

0] = 1 / (1 +

1] = 1 / (1 +

Probability[11

or factors,  

Intercept +

g temperatur

or factors,  

Intercept +

g temperatu

ponses (XRD

of the XRD

ture and an

 were block

olysis tempe

crystalline or

responses w

lated therma

10] and [111

d continuous 

nuous and ca

+ Exp( -Lin[1

+ Exp( Lin[1

+ Exp( Lin[10

10] - Probab

+ function

re, annealing

+ function 

ure, annea

4

D peak data).

D peak data

nnealing tim

ked experime

erature/time 

rientations o

ere probabil

l conditions.

]. These resp

factors. Un

ategorical ve

100] ) + Exp

00] - Lin[110

00])+  Exp

bility[100] 

of (pyrolys

g time, pyroly

of (pyrolys

ling time, 

. 

a against th

me. We lum

ents with bot

as categorica

of [100], [110

lities of occ

 These prob

ponses were 

nlike pyrolys

ersions of th

p(Lin[110] -

0] )+  Exp(

(Lin[110]))

sis time, a

ysis time*ann

sis time, a

pyrolysis 

 

e 3 process

mped the p

th variant be

al variables. 

0] and [111] 

currence of 

abilities are 

modeled ag

sis variables

he annealing 

 Lin[100]))

(-Lin[110]))

annealing te

nealing time)

annealing te

time*anneal

 variables -

pyrolysis va

etween the b

The normal

were easily 

each orient

legit transfo

ainst a linear

s which wer

temperature

) 

emperature, 

e) 

emperature, 

ling time, 

- pyrolysis 

ariables of 

blocks. We 

lized XRD 

converted 

ation in a 

rmation of 

r predictor 

re fixed as 

e and time 

pyrolysis 

pyrolysis 

annealing 



 

Fig

Ca

fol

tem

For predict

permitted w

We created

mixed up b

T

Sample

SG1 

 

 

SG2 

 

 

RV1 

 

 

RV2 

 

 

gure 6: Com

ategorical an

We observ

llow any sim

mperature*a

tion when us

whilst for co

d 4 samples 

by two differ

Table 1: XR

e Catego

[100

[110

[11

[100

[110

[11

[100

[110

[11

[100

[110

[11

mparison of p

nd Purple is C

ved that the d

mple multipl

nnealing tim

sing categori

ontinuous pre

shown in Ta

rent operator

RD normaliz

ories Ac

0] 0

0] 0

1] 

0] 0.

0] 0.

1] 

0] 0

0] 0

1] 

0] 0.

0] 0.

1] 0.

prediction res

Continuous f

data utilized t

e regression

me, pyrolysis 

ical predicto

edictor factor

able 1, SG1,

rs but each at

zed data vs.

ctual C

0.88 

0.12 

0 

.896 

.104 

0 

0.91 

0.09 

0 

.042 

.083 

.875 

sults for four

fit. 

to create the

 (like linear 

5

time*anneal

or factors, on

rs any annea

, SG2, RV1 

t four differe

 model pred

Categorical

0.924

0.076

4.29E-0

0.924

0.076

4.29E-0

0.924

0.076

4.29E-0

0 

0.022

0.978

r sol-gel sam

 Temperatur

or multi ord

ling tempera

nly annealing

aling factor v

and RV2 wh

nt pyrolysis 

dictions for f

l Model 

4 

6 

06 

4 

6 

06 

4 

6 

06 

2 

8 

mples shown 

e-Time-Tran

der polynom

ture*anneali

g factor valu

values within

here SG and

and annealin

four differe

Contin

0

0

0

 

in Table 1 – 

nsformation (

mial; Figure 

ing time) 

ues used in m

n range were 

d RV refers t

ng conditions

ent samples.

nuous Mode

0.878 

0.0417 

0.08 

0.878 

0.0417 

0.08 

0.878 

0.0417 

0.08 

0 

0.034 

0.966 

red is Actua

(TTT) diagra

7)) trends. T

model were 

permitted. 

to PZT sol 

s. 

. 

el 

al, Green is 

ams do not 

The reason 



 

be

ori

TT

ing that mat

ientation. Fo

TT data for su

Figure 7: S

orientation

Figure 8: S

We utilize

regressions

Annealing 

terial texture

or example, P

uch a system

Scatter plot 

ns and TTT c

Scatter plot m

ed two mult

s of the XR

Temperature

ed in one ph

PZT 52/48 h

m is trinomial

matrix show

conditions.   

matrix of the

tivariate reg

RD peak dat

e and Time. T

hase or orien

as three dom

l and interdep

wing the lack 

e responses (X

gression app

ta against th

The constitu

ሾ

6

ntation will 

minant textur

pendent (Fig

of a linear o

(XRD peak d

roaches, mu

he 3 process

utive equation

ሿ ൌ ሺ	  ܘܠ܍

have lesser 

res, <100>, <

gure 8).  

or higher ord

data).  

ultinomial lo

s variables -

ns are given 

ሾࡸሺെܘ

proportion o

<110> and <

der trends be

ogistic and 

- Pyrolysis T

below.  

ሾࡸ

ሾࡸ

ሿሻ  ࡸሺܘܠ܍

of the other 

111> and the

 

etween PZT 

 

log ratio m

Temperature/

ሿ ൌ ቆܖܔ
ሾ
ሾ

ሿ ൌ ቆܖܔ
ሾ
ሾ

ሾሿ െ ࡸ	

phases or 

erefore the 

crystalline 

multivariate 

/Time and 

ሿ

ሿ
ቇ ൌ  ࢻࢄ

ሿ

ሿ
ቇ ൌ  ࢼࢄ

 ሾሿሻሻି



 

Fo

Fo

܆

܆

Fig

Fro

we

app

or Categorica

or Continuou

હ ൌ 	હ 	હ۾

܆ ൌ 	 	

gure 9: Mult

om Figure 9,

e created 4 

proach was c

al Predictor F

us Predictor F

۾۾ 	હܕ܂ܕ܂

۾۾ 	ܕ܂ܕ܂

tivariate regr

, we observe

samples, SG

confirmed as

Factors,  

Factors,  

۾ܕ܂∗۾હ	ܕ ∗

۾ܕ܂∗۾	ܕ ∗

ression fits to

e that multino

G1, SG2, RV

s the best (Fi

ሾ

હ܆ ൌ 	હ

܆ ൌ 	

∗ ܂∗۾હ	ܕ܂

∗ ܂∗۾	ܕ܂

o TTT data.

omial catego

V1 and RV2

igure 10) .  

7

ሿ ൌ ሺ	  ܘܠ܍

ሾ

ሾ

ሾ

 	હ۾۾ 	હ

 	۾۾ 	

۾ܘ ∗ ܘ܂  	હ܂

۾ܘ܂ ∗ ܘ܂ 	

orical gave th

 and the mo

ሾࡸሺെܘ

ሿ ൌ ሺ	  ܠ܍

ሿ ൌ ሺ 

ሿ ൌ ሺ 

ሾ

હܕ܂ܕ܂	હ۾

ܕ܂ܕ܂	۾

ܘ܂ܘ܂ 	હܕ܂∗

ܘ܂ܘ܂ 	ܕ܂∗

he best fit to t

odel predicti

ሿሻ  ࡸሺܘܠ܍

ሾሿࡸሺܘܠ

ሻࡾࡸሺെܘܠ܍

ሻࡾࡸሺെܘܠ܍

ሿ ൌ ሺ  ܘܠ܍

۾ܕ܂∗ ∗ ܕ܂

۾ܕ܂∗۾ ∗ ܕ܂

ܕ܂ܘ܂∗ ∗ ܘ܂ 

ܕ܂ܘ܂∗ ∗ ܘ܂ 

 

the TTT data

ions from m

ሾሿ െ ࡸ	

ሿሻ  ࡸ	ሺ	ܘܠ܍

ࡾࡸ ൌ ܔ

܀ۺ ൌ ܔ

 ࡾࡸሺܘܠ܍

 ࡾࡸሺܘܠ܍

ሻࡾࡸሺܘ  ܠ܍

	હ۾ܘ܂∗۾ ∗ ܘ܂

	۾ܘ܂∗۾ ∗ ܘ܂

	હ۾ܘ܂∗ܕ܂∗۾

	۾ܘ܂∗ܕ܂∗۾

a. For model 

multinomial c

 ሾሿሻሻି

 ሾሿሻሻି

ܖܔ ቆ
ሾሿ
ሾሿ

ቇ 

ܖܔ ቆ
ሾሿ
ሾሿ

ቇ 

െ  ሻሻିࡾࡸ

െ  ሻሻିࡾࡸ

 ሻሻିࡾࡸሺܘ

ܘ  હܘ܂ܘ܂	 

ܘ  	ܘ܂ܘ܂ 

∗ ܕ܂ ∗  ܘ܂

∗ ܕ܂ ∗  ܘ܂

validation, 

categorical 



 

Fig

Ca

4.2

sub

in 

op

gure 10: Co

ategorical an

2  Interfaci

Initial

bstrates. But

Fig. 11). Fi

ptical non-ide

omparison of

nd Purple is C

ial and struc

lly commonl

t the analysis

ilm inhomog

ealities (non-

(a) 

(b) 

f prediction r

Continuous f

ctural studie

ly used VAS

s was compli

geneities we

-uniformity i

results for 4 

fit. 

es of texture

SE analysis w

icated by poo

ere accounted

n measurem

8

sol-gel samp

ed PZT sol-g

was utilized t

or fit between

d in the mo

ent spot).  

ples shown i

gel samples

to study the

n the model 

odel and bett

 

n Table 1 – 

PZT sol-gel

and data (me

ter fits were

 

 

red is Actua

l films on pla

ean square er

e obtained by

l, Green is 

atinized Si 

rror values 

y utilizing 



 

Fig

no

 

Ho

an 

an

of 

Fig

Fig

To

dep

14

gra

gure 11: VA

n-ideal mode

owever, furth

angle to the

d excluding 

lower angle 

gure 12: Ang

gure 13: Use

o understand 

pth profiling

4. We observ

adient of ele

ASE modeling

deling, and (c)

her investiga

e surface (Fig

this non-uni

of incidence

gle of inciden

e of an apert

the effect o

g using increm

ved an artifac

emental conc

(c) 

g issues on P

c) MSE of 11.

ation revealed

g. 12), we we

iform film ar

e, use of an a

nce of assay

ture resolved

of substrate o

mental Ar sp

ct of the XPS

centrations a

PZT sol-gel 

.36 with aper

d that as VA

ere sampling

round the sam

aperture as sh

ing light in V

d the lack of f

on heterogen

puttering foll

S depth prof

at the interfa

9

thin films: (

rture. 

ASE measure

g the edge be

mple edges, 

hown in Fig. 

VASE. 

fit issues. 

neous nuclea

lowed by X-r

files (knock-

ace between 

(a) as-is MSE

ment setup u

ad (see Fig. 

lead to bette

13 and high

ation of PZT

ray photoelec

-on effect), th

the PZT film

 

E of 67.02, (

utilizes an op

12) of the sp

er fits. The fi

her data avera

 

T sol-gel thin

ctron spectro

hat is there w

m and platin

(b) MSE of 3

ptical beam 

pin coated so

x was the co

aging. 

 

n films, we 

oscopy as sho

was an unna

num under la

35.42 with 

incident at 

ol-gel films 

ombination 

conducted 

own in Fig. 

atural large 

ayer. In an 



 

85

thi

Fig

We

ob

sca

Fig

Fig

 

nm PZT thin

is gradient w

gure 14: XP

e conducted 

bliterates any

ans shown in

gure 15: 20n

gure 16: Hig

n film, 20-30

was unreal.  

PS depth prof

the AFM an

y sharp transi

n Fig. 16 wer

nm roughnes

gh resolution

0 nm of grad

file of PZT so

nalysis of the 

ition at the P

re then attem

ss at PZT-Pt 

n binding ene

ding would b

ol-gel sample

sputtered cr

PZT and Pt in

mpted and we

interface in s

ergy XPS dep

10

be easily disc

e. 

rater as show

nterface. Hig

e were unable

sputtered cra

pth profiling 

criminated b

wn in Fig. 15

gh resolution

e to discern a

 

ater of the XP

of PZT sol-g

by the VASE 

and found 2

n binding ene

any interfaci

XPS depth pro

gel thin film. 

analysis and

 

0-30nm roug

ergy XPS de

al heterogen

ofiled sol-gel

d therefore 

ghness that 

pth profile 

neity. 

l sample. 

 



 

Ell

Ta

an

bey

Th

sta

Fig

Th

wo

(SD

exp

req

var

fix

of 

blo

Fig

co

DES
thick

A: O
B: P
C: R
D: R

lipsometric d

auc plot (Fig

d its square 

yond the abs

he triangular 

ates and this 

gure 17: Tau

he deposition

orking dista

DE/DOE) fo

perimentatio

quire conside

riables or co

xed Ar flow, 

room tempe

ocks + 2 cent

gure 18: Ha

efficient. 

SIGN-EXPERT Plot
kness

O2 :Ar ratio
ressure

RF Power
RF1 bias

H
al

f N
or

m
al

 %
 p

ro
ba

bi
lit

y

0.00

0

20

40

60

70

80
85

90

95

97

99

data can be 

. 17) for dire

is plotted ag

sorption edg

area betwee

trend was fo

uc’s plot to d

n process va

ance, temper

or 8 variable

on is best co

erable sampl

ombine them 

fixed workin

erature and 

ter runs per b

alf normal p

Half Normal plot

|Effect|

0 152.00 304.00 456.00

A

AC
AD

CD

used to dete

ect band gap

gainst inciden

ge gives us th

en the Tauc c

ound to be: (1

determine the

ariables were

rature, rotati

es will consi

nducted in o

le preparatio

in the first s

ng distance a

100oC. In do

block = TOT

probability p

608.00

C

D

DESIGN-EXP
1.0/(n@633nm

A: O2 :Ar rati
B: Pressure
C: RF Power
D: RF1 bias

ermine the o

p material w

nt light energ

he optical ba

curve and th

110) > (111) 

e optical ban

e – argon an

ion speed a

ist of 28 = 2

one session t

on and time 

creening exp

and rotation 

oing so, we 

TAL of 18 ex

plots of VAS

PERT Plot
m)

o

Ha

H
al

f N
or

m
al

 %
 p

ro
ba

bi
lit

y

0.00 0.0

0

20

40

60

70

80
85

90

95

97

99

11

ptical band 

where 


 


4

gy [3]. The x

and gap Eg. W

he tangent is 

> (100).  

d gap of high

nd oxygen fl

and substrat

256 runs (# 

to limit the v

allocation. S

periment. We

speed and bl

reduced the

xperiments (T

SE responses

alf Normal plot

|Effect|

03 0.06 0.09 0.11

A

gap of highl


k

is comput

x-axis interce

We see the E

a measure o

hly textured P

ows, chamb

te bias. A 

of runs = 2

variance and

So it is best 

e combined O

locked for su

e experiment

Table 2). 

s – thickness

1

A

DESIGN-EXPERT P
Ln(k@633nm)

A: O2 :Ar ratio
B: Pressure
C: RF Power
D: RF1 bias

ly textured P

ted from abs

ept of the tan

Eg trends as 

of the sub-ba

PZT thin film

er pressure, 

statistically 
n where n is

d such a larg

advised to d

O2 and Ar int

ubstrate temp

t to 24 = 16

s, refractive 

lot Half No

H
al

f N
or

m
al

 %
 p

ro
ba

bi
lit

y

|Ef

0.00 2.44 4

0

20

40

60

70

80
85

90

95

97

99

B
AB
BC

CD

PZT thin film

sorption coef

ngent to the s

(111) > (100

and gap dens

 

ms. 

RF power (

designed e

s # of variab

ge number of

decrease the 

to varying O

perature at tw

 runs + 2 te

 

index and a

ormal plot

ffect|

4.88 7.32 9.75

A

C

D

AC

AD

ACD

ms using a 

fficient (k) 

sloped line 

0) > (110). 

sity of trap 

(DC Bias), 

experiment 

bles). This 

f runs will 

number of 

O2 flow in a 

wo settings 

emperature 

absorption 



 

 

Ta

res

Th

ab

sig

res

an

Th

O2

1.0

Ln

RF

bia

Po

[P

RF

Ln

[Z

0.1

able 2: Full f

sponses. 

he responses

sorption coe

gnificant fact

sults of the a

d absorption

hickness =-1

2 :Ar ratio * 

0/(n@633nm

n(k@633nm

F1 bias-2.339

as+6.79026E

ower * RF1 b

b] =-5.15252

F Power+3.5

n(Ti) =+1.09

Zr] =-0.1216

10126 * O2 :

factorial sta

 were VASE

efficient (k @

tors were ea

analysis of va

n coefficient w

158.01581+9

RF Power+1

m) = +0.4789

m)  = +11.25

929* O2 :Ar

E-003* Press

bias 

2+17.71069 

7606* O2 :A

9901-2.93732

8+5.48020 *

:Ar ratio * R

atistical desi

E measured 

@633nm). D

asily deciphe

ariance of VA

were transfo

906.09265* 

100.05294* O

96+0.21585*

5209-21.874

r ratio * Pres

sure * RF Po

* O2 :Ar rat

Ar ratio * RF

2 * O2 :Ar ra

* O2 :Ar ra

RF Power+1.1

ign of exper

thin film pa

Despite havin

erable as sho

VASE data ga

rmed for mo

O2 :Ar rat

O2 :Ar ratio 

* O2 :Ar ratio

405* O2 :Ar

sure+0.2529

ower-0.0109

tio+0.092922

F1 bias-7.585

atio 

atio-0.13771

12925 * O2 

12

riment in fou

arameters –

ng two thin 

own in the H

ave us the fo

ore linearity i

tio+7.51601*

* RF1 bias-0

o 

r ratio-0.753

93* O2 :Ar ra

910* RF Pow

2 * RF Powe

598E-003* R

* Pressure+

:Ar ratio * R

ur process v

thickness, re

film deposit

Half Normal

ollowing mod

in the model)

* RF Power

0.43622* RF

347* Pressu

atio * RF Po

wer * RF1 b

er+0.34365* 

RF Power * R

+0.025982 *

RF1 bias-1.91

variables an

efractive ind

tion runs be

l Probability

dels for respo

).  

r+21.59485*

F Power * RF

ure-0.11680*

wer-13.4573

bias+0.09835

RF1 bias-0.2

RF1 bias 

* RF Power+

1314E-003 *

d the measu

dex (n @ 63

ing immeasu

y plots in Fig

onses (refrac

* RF1 bias-

F1 bias 

 RF Power+

37* O2 :Ar r

54* O2 :Ar r

28374 * O2 

+0.12614 * 

 RF Power *

ured VASE 

 

33nm) and 

urable, the 

g. 18. The 

ctive index 

14.30249* 

+0.71603* 

atio * RF1 

ratio * RF 

:Ar ratio * 

RF1 bias-

* RF1 bias 



 

Sq

Th

an

on

Bu

film

Ta

of 

A 

an

Ta

res

Th

qrt(Pb/(Ti+Z

he above equ

d there is go

nly on the oxy

ut these ANO

ms without s

able 3: Valida

f PZT thin film

2nd DOE wa

d the resultan

able 4: 2nd fu

sponses. 

he results of 

Zr)) =+0.599

uations were 

ood match be

ygen content

OVA models

sacrificing its

ation (top bo

ms. 

as conducted

nt responses

full factorial 

analysis of v

938+3.76765

then used to

etween the ac

t of the film 

s are still us

s optical prop

ox) and Pred

d to ensure th

 are shown in

statistical d

variance of V

5E-003 * RF 

o predict the

ctual and pre

and absorpti

seful in pred

perties. 

diction (botto

hat we have

n Table 4. 

design of exp

VASE data g

13

Power-0.075

e thickness a

edicted value

ion coefficien

dicting the co

m box) of op

e more robus

periment in 

gave us the f

5642* RF1 b

at various con

es for film th

nt is affected

onditions to 

ptimal opera

st models aro

3 process v

following mo

bias 

nditions (sho

hickness. Re

d by any plas

get high dep

ting conditio

ound the pre

variables an

odels for res

own in red b

fractive inde

sma variation

position rate

ons for a RF 

eferred opera

d the measu

 

sponses (this

box below) 

ex depends 

n (Table 3). 

e PZT thin 

sputtering 

 

ating point 

ured VASE 

s time only 



 

ab

int

an

Th

n@

1.0

Ba

co

Th

thi

cre

Fig

We

Pb

AN

qu

Fig

sorption coe

teraction term

d absorption

hickness = -1

@633nm = +

0/(k@633nm

ased on the 

efficient. SE

he slight disc

in initiation l

eating crack 

gure 19: SEM

e also condu

b/(Zr+Ti) rati

NOVA mode

uantitative wh

gure 20: ED

efficient had

ms have drop

n coefficient i

157.05500-2

+2.32160-0.1

m) = +104.38

SDE’s, we 

EM cross-sec

crepancy is d

layer. This is

free films.  

M cross sect

ucted an EDX

io of 1. The 

els as the E

hilst this is q

DX stoichiom

d to be tran

pped out of t

is more evid

24.18000* O

5185 * O2 f

8522-21.1194

targeted a 

ction in Fig. 

due to low m

s a high depo

tion of the PZ

X scan of th

individual e

EDS analysi

qualitative du

etry results o

nsformed for

the model. T

ent and reali

O2 flow+6.61

flow-0.02425

45 * O2 flow

1 micron P

19 shows a f

magnification 

osition rate th

ZT film over 

he PZT thin 

elemental co

is equipmen

ue to the stan

of the PZT fil

14

r more linea

The expected

istic.  

1790*RF Po

50 * RF1 bia

w +207.2599

PZT film wi

film of 989 n

of the SEM

hin layer of 

a 260nm spu

film and evi

ncentrations

nt and softw

ndard less nat

lm in the blu

arity in the 

d effect of pl

wer-84.6050

as+0.062950 

1* RF1 bias-

th Pb/(Zr+T

nm whilst ou

M picture. On 

80-100nm P

uttered Pt/ 50

idently as sh

 [Pb], [Zr] a

ware were d

ture of the an

ue box. 

model). No

lasma variab

00 * RF1 bia

* O2 flow * 

- 101.80498 

Ti) ratio of 

ur VASE mea

careful peru

ZT that will 

 

0nm Ti/500nm

hown in Fig.

and [Ti] were

dissimilar. E

nalysis.  

oticeably, m

bles on refrac

s 

RF1 bias 

* O2 flow *

1 and low 

asurement w

usal, one can

provide nuc

m SiO2/Si su

 20, we did 

e incongruen

Earlier EDX 

 

most of the 

ctive index 

 RF1 bias 

absorption 

was 903nm. 

n observe a 

cleation for 

ubstrate. 

obtain the 

nt with the 

data was 



 

Fig

μC

film

Fig

Tw

me

sym

Fig

Th

We

sam

pro

[P

gure 21 show

C/cm2 and 22

m. The coerc

gure 21: Fer

wo measurem

easurement d

mmetric due

gure 22: Tes

he results of t

1.0/(k@633

e also condu

me are show

operties of th

Pb] =‐5.15252

ws the ferroe

2.38 μC/cm2 

cive field wa

Po
la

riz
at

io
n(

d2
d)

(u
C

/c
m

2)

rroelectric hy

ments as show

depicted as 

e to the lack o

st probe conf

the 2nd DOE 

Th

n@633nm 

3nm) = +104

ucted EDX sc

wn below. Bu

hese films wi

2+17.71069 

lectric respo

which is clo

as Ec = 444.7 

-1000

-50

-40

-30

-20

-10

0

10

20

30

40

50

P
ol

ar
iz

at
io

n(
d2

d)
 (u

C
/c

m
2)

ysteresis loop

wn in Fig. 2

‘dot2dot’ an

of residual st

figuration for

Analysis of 

ickness = ‐15

= +2.32160‐

4.38522‐21.1

cans of the P

ut we decide

ith the eleme

* O2 :Ar rati

Powe

onse of the de

ose to that o

kV/cm & 47

0 -500

Elec

 Polarization(d
 Polarization(t2

ps for ~0.9µ

22 were attem

nd out of pl

tress and sub

r in-plane vs

Variance of V

57.05500‐22

‐0.15185 * O

11945 * O2 f

PZT thin film

ed to procee

ental compos

o+0.092922 

er+3.57606* 

15

eposited film

obtained for 

75.6 kV/cm. 

0

ctric Field (kV/cm

2d)
2b)

m thick PZT

mpted to isol

lane depicted

bstrate clamp

s. out-of-plan

VASE data g

24.18000* O2

O2 flow‐0.024

low +207.25

ms generated 

d further and

sition (as in F

* RF Power+

O2 :Ar ratio 

ms exhibiting

a sol-gel see

 

500 10

m)

T sputtered fil

late the effec

d as ‘top2bo

ping effects.

ne measurem

gave us the fo

2 flow+6.617

4250 * RF1 b

991* RF1 bia

by these 2 S

d investigate

Figure 22). 

+0.34365* R

* RF1 bias‐7

 remnant pol

ed layer textu

00

lm. 

ct of substrat

ottom’. The 

 

ents. 

following mo

790*RF Powe

bias+0.06295

as‐ 101.8049

SDE’s. The A

e a method t

F1 bias‐0.28

7.58598E‐003

larization of 

ured RF spu

 

te clamping 

dot2dot loo

odels for resp

er‐84.60500 

50 * O2 flow 

98 * O2 flow 

ANOVA mod

to correlate t

374 * O2 :Ar

3* RF Power 

Pr = 28.04 

uttered thin 

– in plane 

op is more 

ponses: 

* RF1 bias 

* RF1 bias 

* RF1 bias 

dels for the 

the optical 

r ratio * RF 

* RF1 bias 



 

[Z

Fig

as 

We

23

an

ele

app

Zr] =‐0.12168

*

gure 22: Typ

measured by

e plotted and

). We then r

other parame

ectronic pola

proaches (as

Figure 23:

8+5.48020 * 

* O2 :Ar ratio

pical Optical

y Energy Dis

d computed T

regressed any

eter to equat

arizability af

s plotted in F

: Tauc and W

O2 :Ar ratio‐

o * RF Power

Sqrt

l properties v

spersive X-ra

Tauc and We

y correlation

te with the n

ffects the opt

igure 25).  

Wemple-DiDo

‐0.13771 * P

r+1.12925 * 

t(Pb/(Ti+Zr))

vs. waveleng

ay Analysis.

emple-DiDom

n between ele

number of un

tical properti

omenico plot

16

Pressure+0.02

O2 :Ar ratio 

) =+0.59938+

gth for a par

menico param

emental com

nknowns in t

ies of a thin

ts for 1st SDE

Ln(Ti)

25982 * RF P

* RF1 bias‐1

+3.76765E‐0

rticular PZT f

meters from 

mposition and

the resultant 

n film and so

E PZT thin fil

) =+1.09901‐

Power+0.126

1.91314E‐003

003 * RF Pow

film and its 

the optical d

d these param

model equat

o we comput

lms.  

‐2.93732 * O

614 * RF1 bia

3* RF Power 

wer‐0.075642

 

elemental co

dispersion da

meters. But w

tions. From 

ted it using 

O2 :Ar ratio 

as‐0.10126 

* RF1 bias 

2* RF1 bias 

omposition 

ata (Figure 

we needed 

Figure 24, 

3 different 

 



 

Fig

Fig

Us

co

Th

me

thi

Fig

 

4.3

Th

pat

bar

gure 24: Ele

gure 25: Ele

sing the Tau

mposition of

he model equ

ethodology t

in films.   

gure 26: The

3 Magnetic F

he single lay

tterned plati

rrier layer m

ectronic Pola

ectronic pola

uc, Wemple-

f a thin film 

uations for th

translates int

e correlation

Field Sensor

yer transform

inum electro

might be incor

arizability an

arizabilities c

-DiDomenico

from the sa

he 1st SDE an

to a lab scale

ns(left) and th

r Fabrication

mer structure 

ode which in

rporated betw

nd Optical di

calculated us

o and Polar

me system b

nd the model

e non-destru

he predictab

n 

is shown in

n turn is ove

ween the PZT

17

ielectric resp

sing 3 differe

izability cor

by substitutin

l predictions 

ctive compo

ility (right) o

n Fig. 27. It 

er a patterne

T and Si so a

ponse of a thi

ent approach

rrelations to 

ng the measu

using this m

ositional pred

of the new me

consists of 

ed or un-patt

as to prevent

 

in film 

 

es.  

composition

ured optical 

methodology 

diction mode

ethodology.

a nickel fer

terned PZT 

t SiO2 format

n, we can p

dispersion p

are shown b

el for multi c

rrite (NFO) 

thin film. A

tion. It could

predict the 

parameters. 

below. This 

component 

 

dot over a 

A diffusion 

d a layer of 



 

Pt 

Fig

We

pro

ele

which can se

gure 27: Sch

e have utiliz

ocess sequen

ectrical pads 

erve as the g

hematic of a 

zed photo et

nce). We als

from deposi

ground for bo

single layer 

tched metal 

so used mag

ition.  

oth input (rin

transformer

shadow ma

gnets (shown

18

ng) and outpu

r-based senso

asks to depo

n in blue in

ut (dot) electr

or structure.

osit patterned

n Figure 28)

rodes.  

d thin films 

 to protect t

 

(see Table 

the underlyi

below for 

ing layer’s 



 

Fig

dep

We

Im

cre

Fig

tes

wi

W

tem

ma

ach

gure 28: Sha

position). 

e had to dev

mpedance An

eate common

gure 29: Ele

st), b) impeda

red tethers fo

e first fabr

mperature co

anufacture. W

hieving high

adow mask p

velop custom

nalyzer, Jmic

n ground betw

ectrical conn

ance testing 

for common g

icated the m

o-firing proc

With optimi

h density an

processing us

m testing cap

cro Technolo

ween input a

nections and 

schematic, c

ground. 

multilayer p

cess. The ad

ized inner e

nd crack free

sing metal sh

pability for 

ogy probe st

and output). F

equipment fo

c) Gain testin

piezoelectric 

dvantage of 

electrode com

e co-fired P

19

hadow mask 

testing our 

tation and G

Figure 29 sh

a)

for High Freq

ng schematic

transforme

this techniq

mposition a

ZNT (0.8PZ

and magnets

ME devices

GGB Picopro

hows the mea

quency ME te

c, d) test benc

r based on 

que is low 

and co-firing

ZT (52:48)-0

s (to protect 

s. We procur

obes with sp

asurement sy

esting – a) D

ch and e) pro

tape-castin

cost and av

g process, w

0.2PZN) mu

 

electrical pa

red a Agilen

pecial wire 

ystem.  

b) 

d)

DUT (device u

obe tip with s

g technique

vailability fo

we were suc

ultilayer tran

ads from 

nt E4991A 

tethers (to 

c) 

e) 

under 

special 

e and low 

or industry 

ccessful in 

sformer at 



 

93

sec

gla

ma

Fig

fro

Ch

Fig

11

0oC. On the 

ction with di

ass attached 

agnetic bias a

gure 30: (a)

om 0 Oe to 3

hange in max

gure 31: ME

0 kHz~113 k

co-fired mu

imension of 4

on the outpu

as shown in 

 ME transfor

3000 Oe, (b)

ximum voltag

E transforme

kHz with and

ltilayer trans

4x4 mm2 to 

ut area, we w

Fig. 31 and F

Figure 30

rmer voltage

 Variation of

ge gain with 

er character

d without app

sformer, we 

fabricate the

were able to t

Fig. 32. 

0: Schematic

e gain as a fu

of resonance 

respect to ch

rization show

plied DC mag

20

attached two

e laminated M

tune the perf

c of ME trans

function of fr

frequency a

hange in the 

wing the cha

gnetic field.

o layers of M

ME transform

formance of 

sformer struc

requency at v

as a function 

DC magneti

ange of volta

Met-glass on 

mer as shown

the transform

cture. 

varying exter

of external D

ic field. 

 

age gain in t

both side of 

n in Fig. 30. 

mer under ex

rnal DC mag

DC magneti

the frequency

the output 

With Met-

xternal DC 

 

gnetic field 

ic field, (c) 

y range of 



 

va

the

tra

res

de

Gr

an

an

sui

of 

co

gra

pie

Fig

 

4.4

dep

bu

pro

pre

Pu

When

lue of maxim

en decrease 

ansformer is 

sonance freq

monstrates o

raded trans

d transducer

d output sec

itable as a tr

ME tunabl

mparison of

aded transfo

ezoelectric tr

gure 32: Gra

4 Hybrid de

We de

position (PL

ut as-deposite

ocess and hi

eparation, ge

ulsed laser de

n the transfor

mum voltage

with increas

small at low

quency shift 

our hypothes

former: Sin

r (output), w

tion. Materia

ransducer. Th

le transform

f voltage gai

ormer. Furth

ransformer p

aded piezoel

eposition pr

eveloped hyb

LD) and sol-g

ed films are

igh depositio

elation proc

eposition wit

rmer was op

 gain and its 

sing Hdc. Al

w magnetic f

was found t

is of tunable

nce the piezo

we experimen

als which po

his design pr

mer. Figure 

in and efficie

her analysis 

performance. 

lectric transf

rocess 

brid depositi

gel. Pulsed la

e not well te

on rate of PL

ess and per

th parameter

perated unde

working fre

lso, we can 

field below 1

to be as expe

e performanc

oelectric tran

nted with a n

ossess higher

rovides the p

32 shows t

ency perform

has to be

 

former with r

ion process

aser depositio

extured. So 

LD process, 

ovskite crys

r (9E-4 Torr 
21

r external m

equency were

notice that 

1000 Oe but

ected from t

e of ME tran

nsformer can

new transfor

r d33 are suita

potential of a

the structure

mance betwe

conducted 

ring-dot stru

to achieve h

on has high d

by taking th

we expect t

stallization p

ambient oxy

magnetic field

e found to in

the voltage 

increased at

the equivalen

nsformer und

n be seen as 

rmer structur

able for actu

achieving bet

e of graded

een single ph

on this new

cture. 

high quality

deposition ra

he advantage

to achieve h

process were

ygen pressur

d range of 40

crease first w

gain tunabil

t high magne

nt circuit mo

der external m

a combinat

re with diffe

uator and tho

tter performa

d transforme

hase piezoel

w design wi

 films by co

ate and flexib

e of orientat

high quality 

e optimized 

re, 90 min, r

00 Oe to 300

with increasin

lity (GH-G0/G

etic field. Th

odels. The d

magnetic fiel

ion of actua

erent materia

ose with high

ance and new

er. This figu

lectric transf

ith aim of 

ombining pu

bility in targ

tion control 

textured film

for (100) o

room temper

00 Oe, the 

ng Hdc and 

G0) of the 

he trend of 

data clearly 

ld. 

ator (input) 

als at input 

her Qm are 

w structure 

ure shows 

former and 

improving 

 

ulsed laser 

et material 

in sol-gel 

m. The sol 

orientation. 

rature) was 



 

con

tem

dif

Th

hy

Fig

tra

pri

fut

Fig

nducted. Film

mperature w

ffraction (XR

he fraction of

ybrid process

gure 33: XR

Using 

ansformer str

inted by aero

ture. 

gure 34: Un

m were grow

was varied in

RD) as show

f texturing in

. 

RD pattern of

the films d

ructure. Figu

osol jet depo

nipoled PZT t

wn at room t

n the range 

wn in Fig. 33

ncreased 20%

f <100> textu

deposited thr

ure 34 shows

osition system

thin film tran

temperature 

of 250oC to

. We can not

% from 58.7%

ured PZT film

rough this co

s a series of 

m. Further in

nsformer. 

22

on as deposi

o 650oC. Cr

tice that this

% (seed laye

m on platiniz

ombinatory 

image of the

nvestigation 

ited PZT see

rystallization

s process pro

er) to 79.12%

zed Si via hy

process, we

e first protot

on voltage 

ed layer (sol-

n was determ

ovides <100>

% (2nd deposi

brid depositi

e started to 

type. Ring-do

gain will be 

-gel). In-situ

mined by us

> preferred o

ited film) by

 

ion. 

fabricate the

ot silver elec

conducted i

 

u annealing 

sing X-ray 

orientation. 

y using this 

e unipoled 

ctrode was 

in the near 



 

Fig

sol

of 

Fig

va

Pb

He

W

syn

an

mo

sha

pie

rel

wi

tha

con

ma

im

gure 35 show

l-gel. High d

texture can b

gure 35: Sc

ried anneal

b(Zr0.6Ti0.4)

etero-structu

e studied th

nthesized by

d piezoelect

orphology of

ape column

ezoelectric p

lationship de

ith silicon. 

For th

at offers the

nventional 2

agnetoelectri

mage of ion b

ws the devel

deposition ra

be obtained v

chematic of 

ling temper

)O3 thick film

re growth of 

he growth a

y pulsed lase

tric response

f the films a

nar structure

properties we

escribed for t

hin film ME 

e potential o

2-2 type struc

ic structure w

ombardment

loped hybrid

ate can be ac

via optimize

hybrid depo

rature, micr

m. 

f BaTiO3(BTO

and microstru

er deposition

e for as-gro

adopted the s

e with (111

ere also fou

the thick BTO

tunable tran

of magnetic

cture to stud

which might 

t assisted as-

d deposition 

chieved by th

d deposition

osition proce

rostructure 

O) & CoFe2O

ucture of B

n as shown in

own BTO fi

symmetry of

1)-preferred 

und to increa

O piezoelect

sformer, it is

 or electric 

dy the interac

possesses b

-grown BaTi

23

process by 

his process fo

n parameter. 

ess, XRD ev

and piezoel

O4(CFO) 

BaTiO3 (BTO

n Fig. 36. W

lm as a fun

f underlying 

orientation 

ase with thic

tric film in th

s advantageo

field induc

ction betwee

etter perform

iO3/CoFe2O4

combining p

for thick film

 

volution of h

lectric prop

O) thick film

We investigat

nction of thi

layer and ev

as the film

ckness. We 

his study will

ous to study t

ced tunabalit

en two differ

mance on ME

 heterostruct

pulsed laser 

m growth. In 

hybrid depos

perties of (

ms on platin

ted the evolu

ickness. Inte

volved from

m thickness

expect that 

l strengthen t

the magnetoe

ty. We hav

rent phases, b

E coupling. F

ture and its f

deposition (

addition, hig

 
sited PZT fi

(100) highly

nized silicon

ution of micr

erestingly, th

m pyramid to 

 was incre

the structur

the integratio

electric heter

e not only 

but also crea

Figure 37 sh

ferroelectric p

(PLD) and 

gh fraction 

ilms under 

y textured 

n substrate 

rostructure 

he surface 

hexagram 

ased. The 

re-property 

on of BTO 

rostructure 

developed 

ated a new 

hows TEM 

properties. 



 

Ion

a n

Fig

thi

ox

thi

be 

gra

Fig

Fig

n bombardm

new method 

gure 36: Mo

The in

ickness. Dep

xygen pressur

ickness and g

quite sensit

ain shape SE

gure 37: TEM

gure 38: Eff

ment induced 

to tune ferro

orphology ev

nteraction be

position para

re and depos

growth temp

tive to the BT

EM which ref

EM image and

fect of thickn

defect were 

oelectric prop

volution and p

etween these

ameter for si

sition temper

perature was 

TO thicknes

flect film gro

d ferroelectr

ess and temp

found as a r

perties via m

piezoelectric

e two phases 

ingle layer B

rature of 700

conducted a

s and growth

owth on (111

ric properties

perature vari

24

result of merg

odulation of 

c properties o

was studied

BTO and CF

0-850oC. Fur

as shown in F

h temperatur

1) oriented Pt

s of as grown

iable during 

ged columna

f defect densi

of as-grown 

d with varyin

FO film was

rther study o

Fig. 38. Grai

re. Triangula

t as shown in

n BaTiO3/Co

heterostruct

ar structure w

ity. 

BaTiO3 thick

ng deposition

s optimized 

on effect of v

in size and th

ar topology w

n Fig. 39. 

oFe2O4 hetero

ture growth.

which could 

 

k film. 

n temperature

as 100mTor

variables suc

hickness wer

was found to

 

ostructure. 

provide us 

e and BTO 

rr ambient 

ch as BTO 

re found to 

o dominate 

 



 

Fig

 

in 

rea

loo

ch

fie

de

Fig

ma

tim

gure 39: SEM

We hav

Fig. 40. As

ason for this

op in this he

ange still un

eld as shown

monstrates th

gure 40: (a)

agnetization 

me. 

M image of I

ve quantified

s expected, 

s trend was r

terostructure

nder investig

n in Fig. 4

he existence 

) M-H loop 

of IBAD-CF

IBAD-CFO(l

d magnetizat

saturation m

related to de

e shows bette

gation. We al

1. We can 

of coupling 

of IBAD-CF

FO film and 

(left) and BTO

tion and pol

magnetization

ecrease in CF

er hystersis t

lso measured

clearly notic

between ma

FO films; (b)

(d) Compar

25

O on as-grow

arization as 

n decreased 

FO film thic

than simply 

d ferroelectri

ce the varia

agnetic and fe

b) P-E loop 

rision of ferr

wn IBAD-CF

a function o

with increa

ckness with i

BTO/CFO a

ic properties

ation of ram

ferroelectric c

of BTO/IBAD

roelectricity 

FO film. 

of ion bomba

asing ion bo

increase in i

and BTO film

s change as a

manent polar

components.

D-CFO film

as a functio

ardment time

ombardment 

on bombard

ms. The reas

a function of

rization chan

 

ms; (c) Comp

n of Ion-bom

 

e as shown 

time. The 

d time. P-E 

on for this 

f magnetic 

nge which 

 

parision of 

mbardment 



 

Fig

 

Co

In 

ov

pat

dep

the

sur

str

ma

hav

un

fer

Fig

gure 41: Ram

omplex 3D M

order to bre

vercome the l

ttern deposi

position (PL

e deposited f

rface. A com

ructures. Thi

agnetoelectri

ve been focu

nderstanding 

rroelastic dom

gure 42: Des

manent pola

ME composit

eak the conv

limitations im

ted by aero

LD) to grow 

films self-ass

mbination of 

is synthesis 

ic structures 

using on synt

of their sta

main structur

sign and syn

arization cha

tes 

ventional ph

mposed by m

sol depositio

multilayers 

semble into c

these three t

method not 

but also sim

thesis of thes

atic and dyn

res, and mag

nthesis of com

nge as a fun

hase connecti

material sym

on (AD) on

of BaTiO3 a

complex stru

techniques ca

only helps i

mplifies the cl

se structures 

namic ferroe

gnetoelectric 

mplex 3D ME

26

ction of mag

ivity, we inv

mmetry as sho

n a platinized

and CoFe2O4

uctures. Last

an be used to

in achieving

lassical top-d

and further 

electric and 

coupling. 

E composites

gnetic field fo

vestigated no

own in Fig. 4

d silicon su

4. After in-si

ly, we use so

o fabricate la

g a well-orde

down pattern

would like to

ferromagne

s. 

for as-grown 

ovel compos

42. In this p

ubstrate and 

itu annealing

ol-gel to ach

arge-area arr

ered arrangem

ning and mul

o conduct de

etic behavio

 

IBAD hetero

site structure

process, we s

then use pu

g at high tem

hieve homoge

rays of magn

ment of the 

lti-step proce

etailed invest

r at nanome

 

ostructures.

es that can 

start with a 

ulsed laser 

mperatures, 

eneous top 

netoelectric 

nanoscale 

essing. We 

tigation on 

eter scale, 



 

Us

ori

op

mu

sho

Fig

gra

res

gra

res

hig

Th

tra

Fig

as 

Co

spu

sing this proc

ientation as 

ptimized grow

ultiorientatio

ows hihgly (

gure 43: CF

Intere

ain size and 

sponse, while

ain size and 

sponse by m

gher piezore

his might be 

ansfer strain t

gure 44: Ma

grown film. 

onclusion

We hav

uttering. We

cess, we desi

shown in Fi

wth conditio

on. CFO insi

(100) prefere

FO/ PZT ME 

estingly, MF

d orientation 

e small grain

orientation d

modifying gra

sponse on sm

explained th

to the magne

agnetic force

ns	

ve developed

e have charac

igned and sy

g. 43. With 

on of CFO/P

ide the patte

ed orienteatio

composite a

M image of 

at different 

ns possess re

difference. T

ain size and 

mall CFO gr

hrough magn

etic layer wh

e microscopy

d textured PZ

cterized thes

ynthesized a n

highly textu

PZT heteros

ern shows hi

on with smal

array with mu

f as grown fi

area of the 

elative smalle

This provide 

orientation 

rains which 

netoelectric 

hich in return

y (MFM) ima

ZT thin film

se films for t

27

new structure

ured buffered

structure, we

ighly (111) 

ler grain size

ulti-orientati

lm shows di

array. CFO

er response. 

us the inform

during heter

show relativ

coupling. W

n shows high 

ages and Pie

s using two 

their compos

e of CFO/PZ

d array patter

e successfull

prefered ori

e.  

ion. 

ifferent magn

O with larger

The reason f

mation that w

rogeneous g

ve small ma

With applied

piezorepons

ezoresponse f

different dep

sition, structu

ZT ME comp

rn (aerosol j

ly obtained

ientation wh

netic respon

r grains poss

for the respo

we might be

growth. More

gnetic respo

bias voltage

se amplitude 

force micros

position tech

ure and crys

posite array w

et deposited

composite a

hile outside t

 

se closely re

sesses larger

onse variation

e able to tune

eover, we ca

onse inside th

, PZT film b

on the surfa

scopy (PFM)

hniques, sol-g

stallinity. An

with multi-

d PZT) and 

array with 

the pattern 

elated with 

r magnetic 

n might be 

e magnetic 

an obverse 

he pattern. 

below will 

ce.   

 

) images of 

gel and RF 

n upshot of 



 28

the detailed characterization was the development of prediction models for texturing of PZT sol-gel thin films, 

an understanding of the analytical techniques that can discriminate between the highly textured films, 

optimization of the RF sputtered PZT thin film properties using design of experiments methodology and 

finally the establishment of a lab scale non-destructive compositional analysis methodology for PZT RF 

sputtered thin films using Ellipsometry. We have conceived a unipoled thin film transformer device utilizing 

the existing toolset at VT’s MicrON clean room facility (for mask alignment) and our sputtering capability. 

We have fabricated single layer transformer structure and characterized its performance. 
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