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Özet 

 
Bu rapor geçtiğimiz altı aylık dönemde yürütülen bilimsel aktiviteleri özetlemektedir. 
2013 Güz-2014 Bahar dönemi içinde önceki altı aylık dönemde yazım veya hakem 
değerlendirmesinde olan üç adet makale basıma kabul edilmiş ve basılmıştır. Bu raporda 
2013 Kasım-2014 Mayıs dönemi içinde başlatılan ve ferroelektrik-paraelektrik çoklu 
tabakaların dielektrik tepkilerinin anlaşılmasına yönelik ve 2014 yılında makale olarak 
basılan, literatüre önemli katkı sağladığı düşünülen bir çalışma özetlenmiştir. Bunu 
takiben 2014 Mart-Nisan döneminde başlatılan ve ferroelektrik-metal elektrot 
arayüzeylerinde kutuplaşma sınır şartlarına bağlı olarak gerçekleşmesi öngörülen 
Schottky-Ohmik davranış geçişinin incelendiği bir diğer çalışmanın ise ilk aşamaları 
verilmiştir.  
 
* Dr. Đbrahim Burç Mısırlıoğlu ÜAK dosya değerlendirme aşamasını takiben 31 Ocak 
2014 tarihinde Doçentlik Sözlü Sınavına girmiş ve oybirliği ile Malzeme Bilimi dalında 
Doç. Dr. ünvanını almıştır.  
 

1. Giriş ve Genel Bilgi 
 

Daha önceki çalışmalara da motivasyon kaynağı olan “arayüzey etkileri” bu raporda 
da önce çıkan bir olgudur. Her malzeme sonlu bir geometride olduğundan bir arayüzey 
ile mevcut ortamla temas halindedir. Dielektrik ve ferroelektrik malzemeler elektronik 
uygulamalara yönelik bir uygulama için kullanıldıklarında çoğu zaman bir metal veya 
iletken oksit elektrotlar ile temasta oldukları bir geometride yer almaktadırlar. Geniş bant 
yarı iletkenler olan ferroelektrikler içlerinde çoğu zaman barındırdıkları (az miktarda da 
olsa) safsızlıklar, atom boşlukları vb. noktasal hatalar nedeni ile bir yarıiletken gibi 
davranabilmektedirler. Bunun sonucunda da uygulamada veya deneyde temasa geldikleri 
elektrot malzemenin iş fonksiyonuna göre Schottky ya da Ohmik arayüzeylere sahip 
olmaktadırlar. Silikon ve germanyum gibi çok iyi bilinen doğrusal dielektrik/yarı iletlen 
malzemelerde ortaya çıkan “negatif polaritede akım geçirmeyen ve pozitif polaritede 
akım geçiren” davranış ferroelektriklerde de gözlemlenmekte ancak ferroelektriklerin 
barındırdıkları kalıcı kutuplaşma sebebi ile durum daha karmaşık fakat ilginç bir hal 
alabilmektedir. Örneğin kalıcı katı hal hafıza, tünelleme bariyeri, dielektrik sabiti 
ayarlanabilir ince film kapasitörlerde yukarıda bahsedilen türden bir davranış işlevselliği 
belirleyici rol oynamakta ve aygıt tasarımında veya deneysel sonuçların 
yorumlanmasında hesaba mutlaka alınması gerekmektedir. Raporda bahsi geçen iki 
çalışmadan biri kutuplaşmanın metal-ferroelektrik arayüzeyinde nasıl bir değişime 
uğradığının bilinen bazı konseptleri değiştirebileceği üzerinedir. Bu konuda bir adet 
makale hazırlık aşamasındadır ve ilk sonuçların bir kısmı bu raporda verilmiştir. 
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Raporda özetlenen diğer çalışma da önceki ferroelektrik-paraelektrik çoklu 
tabakalarda kalınlık-sıcaklık düzleminde tekli domen-çoklu domen kararlık sınırlarının 
arayüzeyleri özelliklerine bağlılığı ortaya konmuştu. Bununla ilgili olarak 2011 yılında ve 
2013 yılında iki adet makalemiz basılmıştır. Bu makaleleri takiben genellikle spekülatif 
şekilde değerlendirilen bir konu olan ferroelektrik-paraelektrik çoklu tabakaların 
dielektrik davranışı ile ilgili bir çalışma 2013 Güz döneminde başlatılmıştı. Bu çalışmada 
düşük latis uyumsuzluğuna sahip PbZr0.3Ti0.7O3/SrTiO3 (PZT/ST) tekrarlı tabakasal 
dizilime sahip yapıların dielektrik davranışının tabaka kalınlığı ve metal elektrot ile 
temasta olan tabaka türüne kuvvetli şekilde bağlı olduğu tespit edilmiştir. Bu esasen 
önceki makalelerde de ipucu şeklinde tahmin edilen bir durumdur ancak bu çalışmanın en 
ilginç çıktılarından bir tanesi tekrarlı tabaka kalınlığı kritik bir kalınlığın üzerinde olan 
yapıların Curie sıcaklıkları civarında bir anomali göstermemeleridir. Bunun sebebi ise 
çoklu domen bölgesinde olan bu yapıların ferroelektrik-paraelektrik geçiş esnasında 
domen yapısının kararlılığını koruması ve dışarıdan uygulanan bir küçük elektrik alana 
“inert” bir tepki vermesidir. Bunun yanında, bahsedilen kritik kalınlığın altındaki 
yapılarda ise dielekrik sabitinde “anomali benzeri” bir davranışın olabileceği hesaplamalı 
benzetim yolu ile elde edilmiştir ve bulgular 2014 yılında Applied Physics Letters 
dergisinde makale olarak basılmıştır. Benzer diğer bir çalışma da tek domen bölgesi 
üzerine eğilmiştir ve yine bir Applied Physics Letter makalesinde 2014 yılında basılmıştır. 
Bu ikinci çalışmada Dr. Mısırlıoğlu çıktıların yorumlanması yönünde önemli katkı 
yapmıştır ve bu şekilde makalede yazar olarak yer almıştır.  

Raporun sonunda ekler kısmında 2013 Kasım döneminde henüz hakem 
değerlendirmesinde olan ve daha sonra Journal of Alloys and Compounds dergisinde 
kabul edilip basılan bir adet uzun makale ve yukarıda bahsi geçen iki makalenin 
kopyaları mevcuttur. 

 
2. Yöntem Özeti  
 
2.1. Ferroelektrik-paraelektrik çoklu tabakalarda dielektrik sabtinin benzetim ile 
hesabı 
 
Bu çalışma esasen 2011 yılında basılmış olan “Phase transitions in ferroelectric 

paraelectric superlattices” çalışmasının devamı niteliğinde olan bir diğer çalışmadır. 
Teorik ve sayısal olarak incelenen çoklu tabaka sistemlerinin şematikleri Şekil 1’de 
verilmiştir.  
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Şekil 1. Bu çalışmada incelenen çoklu tabakaların iki farklı tabaka dizilimi: (a) 
Ferroelektrik PbZr0.3Ti0.7O3 tabakasının elektrotlardan biri ile temasta olduğu durum ve 
(b) Paraelektrik SrTiO3 tabakasının her iki elektrot ile (üst ve alt) temasta olduğu durum. 
h: tekrarlayan birim kalınlığı, n= tabaka sayısı.  

 
Şekil 1’de verilen yapı için Landau-Ginzburg termodinamik durum denklemi PZT 

ve ST bölgeleri için şu şekilde yazılabilir: 
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Burada A CTT C 0/)( ε−  formundaki Curie-Weiss terimidir, T herhangi bir sıcaklıktır, TC 

faz geçiş sıcaklığıdır, 0ε  vakumun elektrik geçirgenliği, C ise malzemenin Curie 

sabitidir, m

3
α , m

13
α , m

33
α , m

1α , m
11α , m

12α  PZT ile ST arasındaki latis uyumsuzluğuna bağlı 

gerilmelerden doğan elastik etkiyi de içeren katsayılar olup arayüzeylerin koordinatlarını 
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belirleyen w fonksiyonun değerine bağlı olarak FE ve PE tabakalara bağlıdır. 111α , 112α , 

123α  ise sadece PZT için varolan ve kutuplaşma bileşenleri arasında 6. dereceden çapraz 

eşleşmeyi içeren sabitlerdir. w fonksiyonu şu şekilde tanımlanmıştır: 

)
2

sgn(sin
λ
πz

=Ω ,    (2) 

0>Ω  ise ferroelektrik tabaka, 0<Ω  ise paraelektrik tabaka    (3) 

    0>Ω  durumunda 1=w , bunun dışında 0=w  (4) 

Şekil 1’de (a)’da verilen tekrarlı yapıda z dikey koordinat olup 0’dan nλ’ya değişmektedir, 
n toplam tekrarlayan birim sayısı,λ  da tekrarlayan tek birimin kalınlığıdır. (2) numaralı 
denklemde sin fonksiyonu cos ile değiştirildiği takdirde Şekil 1 (b)’de verilen yapının 
arayüzey kordinatları önceki cümlede tanımlandığı şekilde elde edilir. Benzetimler 1, 2 
ve 4 tekrarlı birim içeren (20 nm, 10 nm ve 5 nm tekrarlı tabaka kalınlığı) yapılar için ele 
alınmıştır. Bu sistemde Maxwell elektrostatik denklemi de hesaba alınmıştır: 

0=⋅∇ D      (5) 
Burada D dielektrik deplasman vektörüdür ve bileşenleri sırası ile xxbx PED += 0εε  and 

zzbz PED += 0εε  şeklindedir, 0ε  vakumun elektriksel geçirgenliği, bε  ise arka plan 

dielektrik sabitidir (7 olarak alınmıştır), Px ve Pz kutuplaşmanın x- ve z-bileşenleridir. 
Termodinamik durum denklemlerindeki elektrik alanlar elektrostatik potansiyelin, φ  
gradyanı cinsinden yazılabilir ve xEx ∂−∂= /φ  ile zEz ∂−∂= /φ olmaktadırlar. 

Elektrotlarda yük perdelemesi ideal olarak alınmıştır çünkü sonlu perdeleme etkisinin 
kendi başına ayrıca incelenmesi gereken bir parameter olduğu anlaşılmıştır. 
Ferroelektrik-paraelektrik ve metal arayüzeylerinde mevcut kutuplaşma sınır şartları 

ffzx
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∂
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∂
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olarak verilebilir, alt elektrot( fz −= ) ve üst elektrot arayüzeyinde de ( fz += ) 

tanımlanmıştır. Bu noktada ξ  parametresi bütün arayüzeylerde büyük bir değer olarak 

tanımlanmıştır ve bu sayede bu parametrenin arayüzeylerdeki kutuplaşma değişimlerine 
önemli etkisi olmaması sağlanmaya çalışılmıştır. 1 ve 5 numaralı denklemler bir Gauss-
Seidel metodu ile 50-800 K aralığında düşük bir potansiyel altında (0.01 V) ve başlangıç 
şartı olarak her hücrede rasgele ± 0.001 C/m2 kutuplaşma dağılımı ile çözümlenmiştir. 
Dielektrik sabiti de zzr dEPd /)/1( 0 ><= εε  şeklinde “ortalama kutuplaşma” ( >< zP ) 

kullanılarak hesaplanmıştır. Bu çalışmanın önemli çıktıları “Sonuçlar ve Tartışma” 
kısmında özetlenmiştir.  
 

2.2. Ferroelektrik-metal arayüzeylerde Schottky-Ohmik davranış geçişi 
 

Bu çalışma esasen önceki rapor döneminde “gelecek dönem planlanan aktiviteler” 
başlığı altında verilen “Ani elektrik alan değişim sinyali altında hafıza türü ferroelektrik 
ince filmlerin dipol işaret değişim tepkisi” konulu araştırmanın ilk adımlarında 
oluşmuştur. Araştırmadaki yapılan hesaplarda kutuplaşma sınır şartlarının çok geniş bir 
aralıkta özellikleri değiştirebildiği tespit edilmiş ve aktivite bu yöne doğru odaklanmıştır. 
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Bu çalışmada önceki kısımda tabakalı yapılar için verilen termodinamik yaklaşım 
doğrudan metal/ferroelektrik/metal geometrisindeki bir sandviç türü kapasitör için 
uyarlanmıştır. Ancak bu yaklaşımda önceki sistemden farklı olarak safsızlıklara bağlı 
olarak ferroelektrikler pek çok zaman bahsi geçen n-tipi taşıyıcıların varlığı da hesaba 
alınmıştır. Buna göre yarıiletken bir dielektrikte mevcut toplam yük, ρ , şu şekilde ifade 

edilebilir:  

     )()()()( rprnrNr D
+−+ ++=ρ   (7) 

 
Burada sağ taraftaki terimler sırası ile        
 

[ ]( ) 1/)(exp1 −+ −−+= kTEEqgNN FDDDD φ   (8a) 

[ ]( ) 1
/)(exp1

−− −−+= kTEEqNn FCC φ   (8b) 

[ ]( )1)/)(exp(11
−+ −−+−= kTEEqNp FVV φ   (8c) 

 
olup esasen belirli bir enerjide electron bulma olasılığını veren Fermi-Dirac dağılım 
fonksiyonlarıdır, n- elektronların hacimsel yoğunluğu, p+  hollerin hacimsel yoğunluğu, 
ND

+ ise iyonize olmuş donor yoğunluğudur  ve r harfi koordinata bağlılığı göstermektedir.  
EC ilteknelik bandı altı enerjisi, EV valans bandı üst enerjisi, EF Fermi seviyesi DC EE −  

safsızlık iyonizasyon enerjisine denk gelmektedir. φ ise koordinata bağlı elektrostatik 

potansiyeldir. Yarıiletkenin iyonize olabilen safsızlıkların varlığında Fermi enerjisinin 
bilinmesi gerekir ve bu da toplam yükün sıfır olması koşulundan tespit edilebilir: 
 

0)( =∫ rdVρ     (9) 

Bizim takip ettiğimiz sayısal yöntem yapısı hücresel bölgelerden ibaret olarak 
tanımlamakta olup integral toplama çevrilebilir:  

0),( =∑
N

yxρ     (10) 

Esasen homojen bir safsızlık dağılımı için ρ  koordinata bağımlı olmayacaktır ancak 

g ve f numaralı denklemler en genel hal için yazılmışlardır. Bu aktivitenin ilk bulguları 
bir sonraki kısımda özetlenmiştir.  
 

3. Sonuçlar ve Tartışma  
 

3.1. Ferroelektrik-paraelektrik çoklu tabakalarda dielektrik sabtinin benzetim ile 
hesabı 
 
Önceki kısımda anlatıldığı şekilde yapılan dielektrik sabiti benzetim çalışmasının 

sonucu Şekil 2’de verilmiştir. 2 farklı tabaksal dizilim ve 3 farklı tekrarlı tabaka kalınlığı 
için belirgin düzeyde farklı sıcaklığa bağlı dielektrik tepki elde edilmiştir.  

 



 6 

 
Şekil 2. Farklı tekrarlı birimlerden oluşan ve toplam kalınlığı aynı ferroelektrik-
paraelektrik yapıların sayısal olarak hesaplanmış sıcaklığa bağlı dielektrik tepkileri. 

 
Kararlı çoklu domen yapılarda (1 ve 2 tekrarlı birim içeren yapılar) geçiş sıcaklığında 

herhangi bir anomali göze çarpmamaktadır, sadece hafif bir eğim değişikliği meydana 
geleceği bulgusu elde edilmiştir. Bundan dolayı pek çok araştırmada Curie sıcaklığının 
bir ölçütü olarak “dielektrik anomali” gözleminin tabakalı yapılarda bir metot 
olamayacağı açıktır. Curie noktası üzerinde bütün yapılar hemen hemen aynı dielektrik 
tepki değerine kaymaktadır ve ekler kısmında verilen 2 numaralı makalede bu durum 
detaylı şekilde analiz edilmiştir. Çok ince tabakalı yapılarda ise tek domen bölgesi 
kararlık kazanmakta ve bu yapılar Curie noktası civarında bir miktar anomali-benzeri 
davranış göstermektedirler. Bu anomalinin şiddetinin Şekil 2’den de anlaşılacağı üzere 
elektrotlara değen tabakanın türü ile doğrudan ilgili olduğu açıktır. FE tabakanın 
elektrotlar ile temasta olmadığı durumda bütün yapı homojen ancak öbür sisteme göre 
daha düşük bir sıcaklıkta geçiş yapmaktadır. Homojen geçişin dielektrik anomalisi de 
öngörülebileceği üzere yüksek değerlerde (birkaç bin) olabilmektedir. Ayrıca sayısal 
yaklaşım ile elde edilen faz geçişi sıcaklıkları önceki çalışmalarda takip edilen analitik 
metot ile elde edilen değerler ile son derece iyi şekilde uyumludur (Bkz. Şekil 3). 
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Şekil 3. Sayısal olarak hesaplanmış, farklı kalınlıklar için olan ferroelektrik-paraelektrik 
faz geçiş sıcaklarının analitik sonuçlar ile kıyaslanması.  

 
Sonuç olarak çoklu tabakalı yapılarda yüksek kapasitans ve dolayısı ile yüksek 

dielektrik sabiti için tabaka kalınlıklarının tek domen bölgesini kararlı kılacak mertebede 
olması bir tasarım parametresi olarak karşımıza çıkmaktadır. Özellikle yüksek frekansta 
çalışacak dielektrik uygulamalar için ince tabakalı yapıların daha verimli olacağı da 
öngörüler arasındadır.  

 
3.2. Ferroelektrik-metal arayüzeylerde Schottky-Ohmik davranış geçişi 
 
(4) numaralı denklemin homojen ve 0.4 eV iyonizasyon enerjisine sahip safsızlıkların 

varlığında sıcaklığa bağlı olarak grafiksel çözümünün sonuçları Şekil 4’de 4 ayrı safsızlık 
konsantrasyonu için verilmiştir. Yüksek safsızlık yoğunluklarında bekleneceği gibi Fermi 
seviyesi çok az değişmekte veya hiç değişmemekte iken düşük konsantrasyonlar için 
sıcaklık yükseldikçe incelenen malzemenin tam stokiyometrik standart Fermi seviyesi 
olan -5.1 eV’a yaklaşmaktadır.  
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Şekil 4. PZT filminin farklı safsızlık yoğunluklarında sıcaklığa bağlı olarak Fermi 
enerjisinin değişimi. Bu çıktı çalışmanın ilerleyen kısımlarında sıcaklığa bağlı davranışın 
tespitinde önemlidir.  

 
Elde edilen ilk sonuçlardan biri metal/PZT/metal/ST sistemi için yüksek safsızlık 

yoğunluğunda bir tarafta oluşan serbest elektron yığılmasıdır ki bu da o arayüzeyin 
Ohmik olarak davranacağına işaret etmektedir. Bizim için ilk aşamada sürpriz olan bu 
sonucun esasen doğal olabileceği literatürde bulduğumuz ve BaTiO3/SrRuO3 (BT/SR) 
sistemi için yapılmış olan atomistik yaklaşımdan elde edilen sonuç ile parallelik 
göstermektedir. Gerçekten, yaklaşımımızı Liu ve arkadaşlarının 2013 Phys. Rev. B (bu 
kısmın sonunda detayları verilmiştir) makalesinde verilen parametreler doğrultusunda 
modifiye ettiğimizde elde ettiğimiz sonuçlar yüksek tutarlılığa sahiptir (Bkz. Şekil 5).  
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Şekil 5. Atomistik yaklaşımla SRO ile elektrotlanmış 6 nm kalınlığındaki BT film için 
hesaplanan film kalınlığı boyunca kutuplaşma profili ve bizim termodinamik 
yaklaşımımızda hesaplanan sonuçların kıyaslanması. Yüksek derecede uyum 
metodumuzu da teyit etmektedir.  
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Şekil 6. Bu çalışmada hesaplanan film kalınlığı boyunca gerçekleşmesi beklenen BT 
içinde elektron konsantrasyonu dağılımı (logaritmik skalada verilmiştir). Uygulanan bir 
voltaj altında filmin sağ arayüzeyi Ohmik davranması beklenmelidir.  
 
 Yukarıda verilen sonuçlardan da anlaşılacağı üzere ferroelektrik yarıiletkenler 
iyonize olan safsızlıkların varlığında her iki arayüzeyde metal ile aynı türden elektronik 
karaktere sahip temas oluşturmayacaklardır. Bu özellikle elektrik alan altında dielektrik 
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özelliklerden fayda beklenen uygulamalar için önemlidir çünkü çok ince filmlerin 
yalıtkan değil de iletken gibi davranma olasılığı vardır. Çalışmanın halen devam eden 
kısmında daha kalın filmlerde de aynı davranışın olup olmadığı incelenmektedir. Film 
kalınlığının önemi burada elektrik alan şiddetini belirleyici etkiye sahip olduğundan ve 
tam veya kısmi yük taşıyıcı kaybı yaratabildiği içindir. Bu aktivitenin 2014 Mayıs sonu 
itibarı ile bitirilip bir bilimsel dergiye yollanması öngörülmektedir.  
 
Ref.1: X. Liu, Y. Wang, J. D. Burton, and E. Y. Tsymbal, “Polarization-controlled Ohmic 
to Schottky transition at a metal/ferroelectric interface”, Physical Review B 88, 165139 
(2013).  
 

4. Bilimsel yayınlar, konferans katılımları ve projeler (2013 Kasım- 2014 
Mayıs) 

 

2013 Kasım-2014 Mayıs Dönemi yazımı biten/yazımda olan bilimsel yayınlar: 
 
-  M. Khodabakhsh, C. Sen, H. Khassaf, M. A. Gulgun and I. B. Misirlioglu*, 

“Strong smearing and disappearance of phase transitions into polar phases due to 
inhomogeneous lattice strains induced by A-site doping in Bi1-xAxFeO3 (A: La, 
Sm, Gd)”, Journal of Alloys and Compounds, 604, 117 (2014). 

-  I. B. Misirlioglu*, M. T. Kesim and S. P. Alpay, “Strong dependence of the 
dielectric properties on layer period and interfaces in ferroelectric superlattices”, 
Applied Physics Letters 104, 022906 (2014). 

-  M. T. Kesim, M. W. Cole, J. Zhang, I. B. Misirlioglu and S. P. Alpay, “Tailoring 
Dielectric Properties of Ferroelectric-Dielectric Multilayers”, Applied Physics 
Letters 104, 022901 (2014). 

- I. B. Misirlioglu*, M. Yildiz and K. Sendur “Inversion of the Schottky effect at 
ferroelectric-metal interfaces due to polarization boundary conditions”, yazım 
aşamasında. 

 
* Temas yazarı.  
 
Konferans Katılımları: 
 
- 1-6 Aralık 2013 tarihlerinde A. B. D.’nin Las Vegas kentinde The Minerals, 

Metals and Materials Society tarafından organize edilen Thermec’2013 
konferasında yapısal hataların ferroelektrik filmlerin dielektrik özellikleri 
üzerindeki etkilerini anlatan bir davetli konuşma verilmiştir. 

- 13-15 Ocak 2014 tarihlerinde Đstanbul’da yapılan International Semiconductor 
Science & Technology Conference (ISSTC 2014) konferansında arayüzeylerin 
ferroelektrik yapılarda faz geçişlerine etkisi konulu bir sözlü sunum yapılmıştır.  

- 10-13 Haziran 2014 tarihlerinde gerçekleşecek olan Alexander von Humboldt 
Vakfı Ankara toplantısı için katılım daveti alınmış ve kabul edilmiştir.  

- 15-19 Haziran 2014 tarihlerinde Romanya’nın Bükreş şehrinde Electroceramics 
IV konferansında verilmek üzere konuşma daveti alınmıştır ve kabul edilmiştir.  
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Proje Önerisi 
 
2014 Ocak döneminde bir adet Tübitak destekli “xxx” başlıklı, SIMUFER’e katılmak 

üzere COST projemiz kabul edilmiş ve 2014 Nisan içinde başlamıştır. Proje Doç. Dr. 
Đbrahim Burç Mısırlıoğlu yürütücülüğünde, Doç. Dr. Kürşat Şendur ve Yrd. Doç. Dr. Ali 
Fuat Ergenç’in (Đ. T. Ü. Kontrol ve Bilgisayar Mühendisliği Bölümü) 
araştırmacılıklarında yürütülecektir. Projede tam zamanlı çalışacak bir adet bursiyer 
arayışı devam etmektedir.  

 
2013 Kasım – 2014 Ocak döneminde bir adet “Radar absorblayan kompozit malzeme 

tasarımı ve üretimi” başlıklı 1007 Projesinin 1. aşaması yazılmış, değerlendirmeye 
yollanmış ve başarılı bulunmuştur, 2. aşamanın yazımı devam etmektedir. Đ. Burç 
Mısırlıoğlu projenin yürütücüsüdür ve kompozit alanında brden çok firma ile işbirliği 
çerçevesinde gerçekleştirilecektir.  

 
5. Gelecek Dönemde Planlanan Aktiviteler 
 

Canhan Şen isimli Sabancı Üniversitesi Malzeme Bilimi Programı doktora öğrencisine 
TÜBA GEBĐP ödülü sayesinde burs desteği verilmeye devam etmektedir. Kendisi halen 
Ba,Sr,TiO3 tozlarının sentezi ve işlem koşullarına bağlı olarak optic ve elektronik 
özellikleri çalışmaktadır. Önümüzdeki akademik dönem içerisinde Dr. Mısırlıoğlu 
ferroelektrik-paraelektrik çoklu tabakalı yapılarda kontrollü tabakasal katkılandırma yolu 
ile bir nevi p-tipi/n-tipi dizilimine sahip yapıların özelliklerine odaklanmayı 
planlamaktadır. Bu tür yapıların oluşabileceği bu raporda bahsedilen ve henüz yazım 
aşamasında olan bir makalede dile getirilecektir. Direkt bant yapısına sahip bazı 
ferroelektrik tabakaların çevrilebilir iç dipol momentleri sayesinde yük dağılımı, optik ve 
dielektrik özelliklerinin kontrolü için işlevselliklerinin bu sayede kontrolü teoride 
mümkün gözükmektedir. Katkılandırılmış iletken tabakanın sonlu iletkenliğini ve yük 
dağılımını kontrol etmede bir araç olarak kullanılıp kullanılamayacağı da çalışılması 
planlanan bir konudur. Ayrıca yüksek dielektrik sabitine sahip iki tabaka arasına 
sandviçlenmiş ferroelektrik ince tabakaların tek domen kararlılığının yapısal olarak 
uyumsuz metalik elektrotlar arasına sandviçlenmiş ferroelektrik tabakalardan daha uzun 
sure tek domen bölgesinde kalabileceğine dair teorik bulguların yayınlandığı ve 
kendisinin ikinci yazar olduğu bir makale şu fikri de beraberinde getirmiştir: özellikle 
hafıza uygulamalarında ferroelektrik tabakaya doğrudan metal ile temas yerine yüksek 
dielektrik sabitine sahip tabakalar vasıtası ile erişimin fizibilitesinin araştırılması.  

Hesaplamalı araştırmalara paralel olarak deneysel bir diğer çalışmada özellikle GHz 
frekanslarında işlev görebilirliği bazı bilimsel yayınlarda dile getirilmiş ince film 
Ba,Sr,TiO3 sistemlerinin elektriksel özelliklerinin ve dinamik kayıplarının mikroyapı ve 
elektrot türüne bağlılıklarını incelemeyi hedeflemiştir. Bu araştırma aynı zamanda 
Ba,Sr,TiO3 filmlerinin optik geçirgenliğe sahip oksit elektrotların varlığında dalga 
kılavuzu ve frekans değiştirici gibi uygulamalar için tasarlanmasını da hedeflemektedir. 
Bu konu ile ilgili bir adet SIMUFER (Single and Multiphase Ferroics with Restricted 
Geometries MP0904) COST aksiyonu projesi 2014 Ocak ayında kabul edilmiş ve Nisan 
ayında başlatılmıştır. Proje Sabancı Üniversitesi Mekatronik Mühendisliği öğretim üyesi 
Doç. Dr. Kürşat Şendur ve Đstanbul Teknik Üniversitesi öğretim üyesi Yrd. Doç. Dr. Ali 
Fuat Ergenç’in araştırmacılığında başlamıştır.  
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6. Yayınlar (Dergi makaleleri, 12.05.2014 itibarı ile Web of Science’a göre 
toplam atıf sayısı: 539) 

 
1. Khodabakhsh M., Sen C., Khassaf H., Gulgun M. A., Misirlioglu I. B. (2014), Strong 

smearing and disappearance of phase transitions into polar phases due to 
inhomogeneous lattice strains induced by A-site doping in Bi1-xAxFeO3 (A: La, Sm, 
Gd), Journal of Alloys and Compounds, 604, 117 (Atıf sayısı: 0).  

 
2. Misirlioglu I. B., Kesim M. T., Alpay S. P. (2014), Strong dependence of the 

dielectric properties on layer period and interfaces in ferroelectric superlattices, 
Applied Physics Letters 104, 022906 (Atıf sayısı: 0). 

 
3. Kesim M. T., Cole M. W., Zhang J., Misirlioglu I. B., Alpay S. P. (2014), Tailoring 

Dielectric Properties of Ferroelectric-Dielectric Multilayers, Applied Physics Letters 
104, 022901 (Atıf sayısı: 0). 

 
4. Misirlioglu I. B., Yildiz M. (2013), Very large dielectric response from ferroelectric 

nanocapacitor films due to collective surface and strain relaxation effects, Journal of 
Applied Physics, 114, 194101 (Atıf sayısı: 0).  

 
5. Levanyuk A. P., Misirlioglu I. B. (2013), Phase transitions in ferroelectric-

paraelectric superlattices: Single domain state stability, Applied Physics Letters, 103, 
192906 (Atıf sayısı: 1). 

 
6. Misirlioglu I. B., Yildiz M. (2013), Dielectric response of fully and partially depleted 

ferroelectric thin films and inversion of the thickness effect, Journal of Physics D: 
Applied Physics, 46, 125301 (Atıf sayısı: 1). 

 
7. Levanyuk A. P., Misirlioglu I. B., Mishina, E. D., Sigov A. S. (2012), Effects of the 

depolarization field in a perforated film of the biaxial ferroelectric, Physics of the 
Solid State, 54, 2243 (Atıf sayısı: 0). 

 
8. Kurtoglu E., Bilgin A., Sesen M., Misirlioglu I. B., Yıldız M., Acar H. F. Y. and  

Kosar A. (2012), Ferrofluid actuation with varying magnetic fields for micropumping 
applications, Microfluidics and Nanofluidics, DOI 10.1007/s10404-012-1008-5 (Atıf 
sayısı: 3). 

 
9. Khassaf H., Ibanescu G. A., Pintilie I., Misirlioglu, I. B., Pintilie L. (2012), Potential 

barrier increase due to Gd doping of Nb:SrTiO3-BiFeO3-Pt structures displaying 
diode-like behavior, Applied Physics Letters, 100, 252903 (Atıf sayısı: 3). 

 
10. Zhang J., Misirlioglu I. B., Alpay S. P., Rosetti G.A. (2012), Electrocaloric 

Properties of Epitaxial Strontium Titanate Films, Applied Physics Letters, 100, 
222909 (Atıf sayısı: 2).  
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Applied Physics, 111, 064105 (Atıf sayısı: 3). 
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Dependence of the dielectric response of ferroelectrics on defect types, particularly those with long

range strain fields in confined geometries have been often mentioned, especially in interpreting

experimental results in films. However, detailed discussions on the mechanisms with which defects

alter properties, particularly in the presence of interfaces imposing certain boundary conditions, are

seldom made. Here, we studied the thickness dependence of transition temperatures and dielectric

response of Metal/BaTiO3/Metal ferroelectric nanocapacitor structures grown on SrTiO3 using a

phenomenological approach accounting for the equations of electrostatics and semiconductors.

Relaxation of the misfit strain via misfit dislocations amplify the surface effects in films below a

critical thickness and favor electrical domains leading to very large dielectric responses in this

regime. Thin film structures with relaxed misfit strain in this work are fully depleted in the presence

of moderate densities of impurities (� 1025 m �3). This is due to the reduction of polarization

amplitude parallel to the film normal and its mplications for near-micron thick films are discussed.

Consequently, the misfit dislocation sites have nearly no free carrier localization, making the role

of these sites on leakage currents highly questionable. Dielectric response of intrinsic thicker films

(> 40 nm) is mostly under the influence of strain relaxation only with minimal interface impact in

the limit of ideal electrodes. Our results point out that control of the dislocation density can lead to

non-conventional functionalities in ferroelectric thin film capacitors via electromechanical

coupling of properties to structure and domain stabilization. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4831939]

I. INTRODUCTION

Recently, a revived interest has arisen in defect related

phenomena in ferroelectric structures including domain wall

dynamics and their interaction with defects and charges,1–16

driven by the demand for sustained functionality in reduced

dimensions. Surfaces can also be treated as a type of defect

where the crystal periodicity terminates, sometimes along

with a local field.17 In fact, surface boundary conditions and

structural defects such as dislocations are thought to domi-

nate nearly all the processes and functionality in a ferroelec-

tric film during experiments or service in an application.18–26

The way dislocations impact the properties is that they will

mostly couple to the electrical properties rather indirectly

through the polarization gradients or due to the inhomogene-

ous strain fields or electromechanically,27 while the surfaces

come into play via locally reduced paraelectric-ferroelectric

transition temperatures (TC), introduced by assigning polar-

ization gradient a negative or a positive value, and electro-

static boundary conditions. For low-to-moderate magnitudes

of lattice misfit between the film and the substrate (a few per-

cent such as in the case of BaTiO3 and SrTiO3, which is

about 2.5%, yielding a critical MD formation thickness of

� 3 nm), the effect of polarization divergence can be

expected to become prominent in epitaxial thin films just

above the critical thickness of MD formation where inhomo-

geneous strains will dominate. Such formations will also

possibly smear the paraelectric-ferroelectric transition and

associated anomalies in films near the critical thickness limit.

The presence of a surface and its field component either orig-

inating from dangling bonds or absorbed species can smear

the transition alone17,18 and dependence of polarization ori-

entation with respect to film surface due to sign of misfit

strain at the phase transition has also been shown to smear

out the dielectric anomaly.19

Depletion effects for low-to-moderate impurity densities

can be neglected particularly in ultrathin films due to the rela-

tively lower local electric field compared to the field formed

emanating from a possible top-bottom electrode interface

asymmetry, which we also demonstrated in a very recent

work.28 In real experiments, thin film capacitor samples

hardly ever have symmetrical top-bottom interfaces due to

processing sequence. Misfit dislocations (MDs) in a ferroelec-

tric film might induce a similar effect due to the uneven strain

distribution at top and bottom interfaces, possibly impacting

nucleation and growth of domains under a given sign of

applied bias voltage.29,30 Structural defects, aside from what

is mentioned above, have been corroborated as centers for the

nucleation and pinning of domains during switching in addi-

tion to changing global strain states of films.29–32 A strong

correlation was observed experimentally between slip planes

of dislocations and electrical domains in BTO33 pointing out

the impact of inhomogeneous strain fields on domain motion.

Furthermore, a recent study reported that a regular domain

pattern is stable only in the presence of defects that

actually pin the domains.34 Threading segments of the MDs

were shown both theoretically and experimentally in the

same year to pin switchable polarization and even cause
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backswitching,35,36 but this time not because of domain pin-

ning but because of very high local TC with abnormally high

local coercive fields unresponsive to fields at the order of bulk

coercive bias. Profound smearing of the phase transition can

also occur due to presence of polarization gradients and inho-

mogeneity of the Curie-Weiss behavior even in the hypotheti-

cal case of infinite crystal with defects.22,37

When discussing the dielectric response, such as in this

work, whether a single elastic domain will be stabilized or not

upon dislocation formation is important and this apparently

depends on the extent of self-strain. This was demonstrated

recently in the work of Sheng et al. where their phase field

simulations for PbTiO3 (PTO) yielded always a mixture of c
and a domains near zero strain state in a thickness range not

exceeding 30 nm.38 Rhombohedral-tetragonal phase mixtures

were predicted for PbZr0.52Ti0.48O3 and BiFeO3 under absence

of electric field but this work considered homogeneous misfit

strain relaxed only by domains.39 For solid solutions of

PTO-PbZrO3 in PTO rich stochiometries, a conclusion similar

to that of Ref. 38 was reached previously in films with a ho-

mogenous background strain.40 In case of BaTiO3 (BTO),

upon relaxation of the misfit with MDs, we find a monoclinic

phase (also sometimes denoted as the ac phase) in all films far

below the TC especially for the 32 and 40 nm films. These

films have an almost homogenous strain state away from the

bottom interface where MDs exist. This outcome is in very

good agreement with the misfit strain-temperature phase dia-

grams published in previous works due to the fact that these

studies also considered homogeneous strains.41–44 One must

also note that some variances between these published results

exist in the compressive strain part of the diagrams. Only at

very small film thicknesses (less than 2 nm) is when significant

deviation from these earlier published phase diagrams start

according to Ref. 45 where a shift of the tetragonal phase to

even relatively large tensile misfits was claimed. PTO on

SrTiO3 (STO) has been of special interest due to the small mis-

fit between the two structures. A parallel result was obtained

for PTO films on STO, justified by the Landau-Ginzburg for-

malism, where the coherent small lattice match above TC turns

into a tensile one upon paraelectric-ferroelectric transition and

that the film still exists in tetragonal state46 at very small

thicknesses. A monodomain critical thickness of 14 nm was

reported for PTO with a top free surface and that the

free-surface charge was compensated via charge transfer lead-

ing to metallic layers on top.47 These studies consider perfectly

stoichiometric compositions without any MD relaxation.

While carrying out the work, we felt the need to comment

extensively on the effect of the extrapolation length on TC and

electrical domain stabilities as short extrapolation lengths (cre-

ating strong suppression of polarization at the interfaces)

appear to have a direct and significant impact on the latter.

Realistic extrapolation lengths (at the order of a few nm) can

trigger electrical domain formation in the thermodynamic limit

to confine the depolarizing electric field to the interface at the

expense of domain wall energy, similar to the effect of dead

layers and lead to very large dielectric response, a seldom

mentioned point in previous works.

A sound understanding of the defect related effects

on the properties of ferroelectric structures in reduced

dimensions and with realistic boundary conditions is still

under development and is of continued interest to interpret ex-

perimental results as well as new component designs. Here,

we try to provide quantitative insight on the combined effect

of MDs and surfaces on dielectric properties of thin film

structures using a computational path in the continuum limit

using the STO(substrate)/Metal/BTO/Metal (STO/M/BTO/M)

thin film capacitor system as an example case. We focus on

the changes in the transition temperature and dielectric

response as a function of film thickness for an intrinsic state

and with n-type impurities, which we consider to be oxygen

vacancies donating electrons to the conduction band, within

the wide bandgap semiconductor approach.48 Due to the

relaxation of the misfit strain with dislocations, we find an

overall reduction in the polarization values, hence high dielec-

tric constant, favoring full depletion in films with moderate

impurity densities. This is quite different from what one

would obtain for fully strained films under compressive misfit

and leads us to think that unrelaxed films with enhanced TC,

hence probably polarization, could have partial depletion for

relatively moderate-to-high impurity densities, making these

structures more susceptible to leakage.

II. THEORY AND METHODOLOGY

The substrate-electrode-film-electrode system we con-

sider is schematically depicted in Figure 1. The film is sand-

wiched between two electrodes that are pseudomorphic so

that the film is directly under the influence of the structural

misfit of the substrate. Once the film reaches a critical thick-

ness, MDs with negative Burgers vector component along

the film plane form at the bottom film-electrode interface in

case of compressive misfit and a strain state with part of the

misfit strain relieved in the film develops. This is the result

of the MDs and the imaginary strain fields originating from

the imaginary array of dislocations possessing mirror sym-

metry with the real ones with respect to the top film surface

(Figure 1). We assume that ~b¼ a[�100] type edge disloca-

tions, following TEM studies on BTO/STO,49,50 are stabi-

lized right at the electrode-film interface (with the electrodes

being fully coherent with the STO substrate) as to avoid

complications due to the possibility that the MDs could

FIG. 1. The schematic of the STO/M/BTO/M system with MDs studied in

this work.
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penetrate and stabilize within the less stiff electrode if ther-

mal strains develop upon cooling after film growth.51 The

total strain, ur
ij, at each coordinate in the film can be written

as

ur
ij ¼ uM

ij þ uD
ij þ u0

ij: (1)

In Eq. (1), uM
ij is the full biaxial in-plane misfit strain compo-

nents between the film and the substrate in pseudocubic state

given as uM
ij ¼ ðasubs � af ilmÞ=asubs where asubs and af ilm are

the lattice parameters of the substrate and film, respectively,

u0
ij ¼ QijkP2

k is the self strain of the ferroelectric phase with

Qijk being the electrostriction tensor, Pk is the ferroelectric

polarization vector and we can drop this contribution out

when discussing in-plane strain due to clamping on the sub-

strate. uD
ij is the relaxation by MDs via the normal strains

(trace elements of the strain tensor). From here onwards, we

only consider normal strains of MDs as these interact with

the misfit strain. The normal strain component (i ¼ j) due to

a misfit dislocation array in a pseudocubic structure that

relaxes the misfit strain at a coordinate~r can be calculated in

the general following form:

uD
ij ¼

X
1¼1

u1
ij 1� tð Þ þ tu1

kkdij þ
X
1�¼1

u1�
ij 1� tð Þ þ tu1�

kkdij:

(2)

uD
ij is the total normal strain at a coordinate ~r in the film

where 1denotes summation of strains over the real disloca-

tion array (first summation in Eq. (1)), 1� denotes the sum-

mation of strains due to the imaginary dislocation array

(second summation term in Eq. (1)), indices denote tensorial

components wherein Einstein summation convention is

enforced, dij is the Kronecker delta. The imaginary compo-

nent of MDs are such that the Burgers vector ~b*¼ a[100] is

the mirror operation in coordinates with respect to the top

film surface to yield ~b � ðx; yþ 2hÞ ¼ �~bðx; yÞ with x being

the coordinate along the interface, y being the coordinate of

the real dislocation along the vertical axis, h is the film thick-

ness, a is the unitcell parameter of the film, t in Eq. (2) is the

Poisson ratio given as �S12=S11 where Sij are the elastic

compliances of BTO in the Voigt notation. The shear com-

ponents of strain as well as the out-of-plane strain compo-

nent are not considered due to the traction-free surface for

the former and free expansion along z-axis for the latter, i.e.,

these components are stress-free strains (see Ref. 43). The

individual normal dislocation strains that go into the summa-

tion in Eq. (2) are easily found from u1
ij ¼ Sijklrkl in the usual

definition where rkl are the well-known position dependent

stress field components around an edge dislocation.52 Thus,

one can use an effective misfit strain as given y the first two

terms in Eq. (1) at each coordinate in the film. Here, we con-

sider 100 MDs symmetrically positioned with the periods

obtained from Ref. 53 along the bottom film plane with

respect to our computational domain such that the 51st MD

site is at x¼ 0 with x varies from �L=2 to L=2 where L is the

lateral length of the computational domain (200 nm here).

The summed strain fields of the MDs gradually relax

the misfit in our computational domain with increasing

thickness. Note that this effective strain will be a function of

coordinates in the film. The film satisfies the Maxwell

Equation for dielectric media:

r � ~D ¼ q; (3)

where ~D ¼ Dx~ex þ Dz~ez, Dx ¼ eoebEx þ Px and Dz ¼ eoebEz

þPz. Here, ~D is the dielectric displacement vector, eo is the

permittivity of vacuum, and eb is the background dielectric

constant (7 in this work54), Ex and Ez are, respectively, the-

and z� components of the electric field vector ~E determined

from Ex ¼ �@/=@x and Ez ¼ �@/=@z, Px and Pz are the

ferroelectric polarization components along x and z, respec-

tively. q is the charge density in a n-type ferroelectric that

consists of negative carriers in the conduction band, holes in

the valence band and ionized impurities in the system

expressed as

q ¼ NþD þ n� þ pþ; (4)

for a semiconductor with only n-type impurities present. The

terms in the right handside are

NþD ¼ ND 1þ gD exp qðEF � ED � /Þ=kT½ �ð Þ�1; (5a)

n� ¼ NC 1þ exp qðEC � EF � /Þ=kT½ �ð Þ�1; (5b)

pþ ¼ NV 1þ exp qðEF � EV þ /Þ=kT½ �ð Þ�1; (5c)

where ND is the donor impurity density, q is unit charge, EF

is the Fermi level (function of donor density, halfway of

bandgap for intrinsic ferroelectric), ED is the ionization

energy of the n-type oxygen vacancy impurity in the crystal

(taken with respect to te bottom of conduction band, 0,5 eV

in our work for demonstrative purposes), / is local electro-

static potential found from Eq. (3), NC is the effective den-

sity of states in the conduction band, NV is the effective

density of states for holes in the valence band,EV is the

energy of the top of the valence band, gD is the band degen-

eracy for a semiconductor (2 here), k is Boltzmann constant

in eV units and T is temperature in Kelvin. In the case of

intrinsic BTO, q ffi 0.

In the 2D limit, because of the symmetric film-plane

equilibrium strain state, we consider only the strain term ur
11

that varies along the film thickness relaxing the misfit strain,

uM, which suffices for our purposes to demonstrate the inho-

mogeneous strain effects due to MDs (periodic MD segments

are taken as infinite along the film plane). The strain fields

and the charge distribution in the film are solved along with

ferroelectric polarization, which has to satisfy the equations

of state that are obtained via the variational minimization of

the volumetric energy with respect to polarization compo-

nents and the gradient of polarization:

2am
3 Pz þ 4am

13PzP
2
x þ 4am

33P3
z þ 6a111P5

z

þa112ð4PzP
4
x þ 8P3

z P2
xÞ þ 2a123PzP

4
x

�G
@2Pz

@z2
þ @

2Pz

@x2

� �
¼ � @/

@z
; (6a)
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2am
1 Px þ 2ð2am

11 þ am
12ÞP3

x þ 2am
13PxP2

z

þ 6a111P5
x þ 2a112½3P5

x þ 3P3
xP2

z þ PxP4
z �

þ 2a123P3
xP2

z � G
@2Px

@z2
þ @

2Px

@x2

� �
¼ � @/

@x
; (6b)

where am
3 , am

13, am
33, am

1 , am
11, am

12 are the renormalized dielec-

tric stiffness coefficients in SI units with am
1 and am

3 contain-

ing the strain renormalization as am
1 ¼ aðT � TCÞ

�ðuM
ij þ uD

ij Þ ðQ11 þ Q12Þ=ðS11 þ S12Þ and am
3 ¼ aðT � TCÞ

�ðuM
ij þ uD

ij Þ2Q12=ðS11 þ S12Þ, a ¼ ð2e0CÞ�1
, am

12 and am
33

contain the clamping effect of the film, while a111, a112, and

a123 are the dielectric stiffness coefficients in the bulk and

can be found in Ref. 43. Thus, the Curie-Weiss terms of the

equations of state are position dependent due to inhomogene-

ous total strain of MDs in Eq. (1). G is the gradient energy

coefficient and is assumed to be isotropic for convenience,

with a value of 6 � 10� 10 m3/F.55 We solve Eqs. (4), (5),

and (7) spontaneously in a numerical iterative scheme on a

discrete grid with the top-bottom interface polarization

boundary conditions given as

k
@Px

@x
� Px ¼ 0

����
z¼0;h

and k
@Pz

@z
� Pz ¼ 0

����
z¼z¼0;h

; (7)

with h being the film thickness, k is the extrapolation length

determining the extent of change of polarization along the

film normal at the interface. Periodic boundary conditions are

employed along the film plane both for polarization and elec-

trostatic potential. Electrostatic boundary conditions at top-

bottom film-electrodes are determined by the potential

assigned to the electrodes (/ ¼ u6Vapp=2 at z ¼ 0; h where

Vapp is applied voltage, u is the difference between the Fermi

levels of the film and the electrode). The small signal dielec-

tric response of the films is calculated from C-V simulations

under the variation of a voltage signal applied as the bound-

ary condition at the electrodes where the average dielectric

displacements at the top interface (bottom can also be used)

were computed and recorded both under zero bias and a small

signal bias. The details are given in our recent work28 and we

do not repeat them here for brevity. Ideal metal electrodes are

assumed whose work function is taken as that of Pt, a com-

mon electrode material (to determine electric boundary con-

ditions at the electrodes), and the polarization charges at the

interfaces are assumed to be completely screened. The con-

stants used in the computation are provided in Table I. All

our results are obtained at room temperature (RT).

III. RESULTS AND DISCUSSION

A. Intrinsic BaTiO3

We computed the equilibrium misfit dislocation (MD)

density (period) as a function of film thickness following the

works given in Ref. 53 once the films are above the critical

thickness (we calcuate this value to be around 3 nm for BTO

on STO following the method in Ref. 56 where elastic con-

stants given in Ref. 43 for BTO was used) and the result is

provided in Figure 2. Using the MD periods pertaining to our

cases, corresponding approximate pseudocubic film strain

states (uM
ij þ uD

ij in Eq. (1)), we computed near the top inter-

face of the films (where strain state tends to become homoge-

neous) in our study are given in secondary axis on the right.

For comparison, we also give the “effective misfit” put forth

in Ref. 53 and validate our results: There is excellent agree-

ment (Figure 2(b)). As expected, thicker films gradually relax

towards a zero strain state. With the core energy of MDs are

being rather costly, the thinner films will have larger MD pe-

riod while the thicker films, due to the high elastic strain

energy, have smaller period, resulting in a relatively homoge-

neous strain state in the bulk of the film. The inhomogeneous

strains around MD cores are confined to the bottom interface

in the latter. The two cases create rather different conditions

of polarization and domain stability as we shall show.

Before going onto the analysis of the dielectric response

of the films, it is crucial to look at the paraelectric-

ferroelectric transition temperatures, which we identified in

cooling runs for the range of thicknesses considered here

(Figure 3). Consistent with Figure 2, a near-full relaxation

TABLE I. Constants used in computing the semiconducting parameters

(Vacuum level is reference and taken as zero).

EF ED EV , EC u (Pt) NC NV

�5.1 eV (intrinsic) �3.9 eV

(with impurities)

�4.0 eV �6.6 eV �3.6 eV �5.5 eV 1024 1024

FIG. 2. (a) MD period vs. thickness computed using the formulation in Ref.

36 and strain vs. thickness computed for the given dislocation periods for

the five thicknesses of films considered in this work, (b) Comparison of

effective global strain defined in Ref. 47 with the computed data for the

thicknesses considered in our work.
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state is achieved around 16 nm of thickness after which TC

remains nearly constant. The data in Figure 3 are extracted

by tracking the absolute average amplitude of polarization

(hjPZji) for films with domains the transition into multido-

main state at TC has zero average polarization and is not de-

tectable if average of vector PZ is tracked. For films having

thickness< 20 nm with the equilibrium MD periods, we note

that the multidomain and single domain energies are not

very far apart and the considered extrapolation length, 3 nm,

close to the values reported for such structures else-

where,57,58 favors the multidomain state owing to the electric

fields forming near the surface. We check that it is so as bias

fields at the order of 1/100 of the coercive fields can destabi-

lize the multidomain state, which comes back following the

removal of the bias. We also add here that the TC reported

for the films with MDs represent a transition from the para-

electric state into a monoclinic state, not tetragonal, which is

bulk BaTiO3 structure. Subsequently, a very interesting out-

come of the thickness dependence of this transition is that

thicker films (> 16 nm) exhibit abrupt changes in h jPxj i as

well as in h jPzj i (due to coupling of the two). We find that

these steps occur at temperatures close to TC for the Px com-

ponent is necessary at the transition into multidomain state

(forms right at TC) in the form of closure domains while

“strain stabilized” Px component forms at lower tempera-

tures, causing the jumps in amplitude. An example to such

behavior is given Figure 4 along with the Px component

maps in the insets for the 32 nm film. Indeed, the temperature

and strain (away from the bottom interface where

near-homogeneous relaxation exists) at which structurally

stable Px appears in 32 and 40 nm films is in very good

agreement with the temperature-misfit strain phase diagrams

published previously41–43 for small misfits (the results of

these works vary at relatively large misfit strains with Refs.

41 and 43 being in close proximity).

The dielectric response of the films at various thick-

nesses and two different computed at RT for two different k
under small signal bias are plotted in Figure 5. In contrast to

what is expected from Figure 3, the largest dielectric

response is for the 16 nm film. The film with the lowest TC

for k ¼ 3nm is the 8 nm one and this structure is expected to

exhibit a large dielectric response because TC is closest to

RT. Very thin films are expected to be under a strong influ-

ence of the surfaces as well as the inhomogeneous strain

fields of the MDs. This statement is confirmed by the

smeared transition for the 8 nm film (not shown here). MD

density increases with thickness accompanied by a gradual

decrease in the surface effect and a sharper TC is observed

for films thicker than 8 nm. Such a consequence originates

from the fact that thicker films have the inhomogeneous

strains due to MDs confined to the bottom interface, dimin-

ishing the smearing. We find that the large dielectric

response for the 16 nm film is solely due to the presence of

electrical domains, which is favored by the “partially relaxed

misfit strains” in addition to the finite and small k. A softer

or susceptible Pz with respect to thicker films also promotes

such behavior. Prediction of very large dielectric constants

from multidomain films stabilized by thin dead layers at the

film-electrode interfaces has been made sometime ago by

Bratkovsky and Levanyuk59 and the highest response would

be attained if the domains are mobile, not pinned (which in

their case was when dead layers at the film-electrode interfa-

ces were very thin).

One can therefore conclude that relaxed ferroelectric

nano film structures with realistic extrapolation lengths can

exist in multidomain state and might generate very large

FIG. 3. Computed TC as a function of thickness for the films considered in

this work. Solid line is a guide to the eye.

FIG. 4. hjPzji and hjPxji vs. temperature for the 32 nm thick film. 1 and 2

denote the amplitude maps of Px at the temperatures indicated by the

arrows.
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dielectric responses, at the order a few thousand. Such an

occurence is not the case for thicker films despite the fact

that the misfit strain in these structures are nearly fully

relaxed (see Figure 2). The dielectric response of 32 nm and

40 nm thick films is not different, implying the negligible

surface effects in these structures and we find them to be in

single domain state. A very informative demonstration sup-

porting the argument related to the effect of extrapolation

length above can be carried out. For this purpose, we com-

puted the dielectric response of the same structures in the

presence of very large extrapolation length (100 times the

film thickness, k ffi 1), imposing nearly dPi=dxi ¼ 0 at the

surfaces as the polarization boundary condition (not to be

confused with the electrical boundary conditions). The

results are given in Figure 5 along with those obtained for

k ¼ 3 nm. It is obvious that the trend for dPi=dxi ¼ 0 at the

surfaces is entirely consistent with the TC given in Figure 2.

We also realize that, while the 8 nm film has the highest

susceptibility to domain formation for k ¼ 3 nm, the 12 and

16 nm films are also in multidomain state with the latter two

having a higher dielectric response in spite of the fact that

they have higher TC. We attribute this to the polarization

magnitude in the individual domains. That the multidomain

films with higher TC are expected to have a higher dielectric

response compared to those with lower TC can be shown

using the following rough but informative calculation. Let us

assume that the polarization normal to the film plane in each

domain of a multidomain ferroelectric film is homogeneous

and we probe the linear dielectric response of such a system.

Let us also consider that the dielectric response comes only

from the z component of P, which is along the film normal

(Homogeneously polarized closure domains have a small

contribution and are constant within this approximation).

The z-axis polarization (paralel to film normal) in direction

of the field to be applied and the antiparallel polarization can

be represented as P" and P#, respectively. The changes in

dielectric displacement will mostly depend on the change in

ferroelectric polarization (due to the fact that the e0ebEZ term

is negligibly smaller than Pz in Eq. (4)) and thus we write

Di ¼ d#P# þ ð1� d#ÞP"; (8)

for the initial dielectric displacement, Di, at zero bias,

neglecting the polarization of the domain walls and the clo-

sure domains which are smaller than the polarization in the

domains themselves below TC. Upon application of a small

bias, DE; the final dielectric displacement, Df , will become

Df ¼ ðd# � DdÞðP# � DPÞ þ ð1� d# þ DdÞðP" þ DPÞ; (9)

with Dd and DP being the very small change in domain frac-

tion and polarization due to applied small bias in the linear

limit. Because we probe linear response at small bias, DP is

the same both in paralel and antiparallel directions and is

always positive. Note that P# and P" are vectors and have op-

posite signs. From the definition of dielectric response,

er ¼ ð1=e0ÞdD=dE, one obtains from er ¼ ð1=e0ÞðDf � DiÞ
=DE the following:

er / DdðP" � P#Þ þ DPð1þ 2Dd� 2d#Þ (10)

and noting that d# ¼ 0:5 initially, one has

er / DdðP" � P#Þ þ 2DPDd: (11)

In Eq. (11), the first term is the multidomain response

(Remember that P" � P# ffi 2PS where PS is approximately

the spontaneous polarization in single domain state for a film

with a given TC) while the second term is important only

very close to or at TC where the system is highly sensitive to

infinitesmally small perturbations. Thus, below TC, the first

term dominates the dielectric response. According to Eq.

(11), a multidomain film with a lower TC is expected to have

a lower dielectric response with respect to a multidomain

film with higher TC. Inserting the average polarization values

for P#;" we obtained from our simulations into Eq. (11), we

indeed see that the 16 nm film, for instance, is expected to

have a dielectric response higher than the 8 and 12 nm ones,

although we cannot quantify the roughly 3 times difference

due to the approximate nature of the approach presented

above. Another fact is that the thinner films will probably

have reduced domain wall mobility due to the stronger depo-

larizing fields penetrating to a significant volume of the film

(making domain walls more stable hence “harder” to move),

meaning smaller Dd, rendering a lower dielectric response

expectation. Note that without pinning either due to MDs or

value of k, one might actually have much larger responses

than what we report here but in real experiments one should

always expect pinning of domains. In the approximate model

prescribed above, it is also easy to see that the single domain

dielectric response can be recovered using Eq. (10) if one

takes P# ¼ 0,d ¼ 1 and Dd ¼ 0. Then one is left only with

ð1=e0ÞDP=DE which is just the dielectric response of a ho-

mogeneous single domain film that diverges at TC in accord-

ance with the Curie-Weiss behavior.

Films with 24, 32, and 40 nm thickness in this work sus-

tain single domain states (or it can be said that the single do-

main and multidomain energies are very close) and the

dielectric response we get from these structures are nearly
FIG. 5. Dielectric response as a function of thickness for k ¼ 3 nm and

k ¼ 1. The lines are guides for the eye.
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the same as the case of infinite extrapolation length.

Therefore, one can conclude that the response of thicker

structures are determined by the extent of strain relaxation

by the MDs, the polarization boundary conditions at the

interfaces is of secondary importance.

B. BaTiO3 with moderate impurity density

The inclusion of the semiconducting properties to

account for depletion charges emanating from the ionizable

impurities do not have a significant impact on the dielectric

response. For films with impurity density of 1025 m�3 (values

close to this have been reported for such systems) we

obtained nearly the same behavior as the intrinsic films.

Results are provided in Figure 6 in comparison with the

intrinsic BTO film. Another important aspect to consider is

the coupling of the inhomogenous dislocation fields to free

carrier and ionized impurity distribution. This happens via

the divergence of ferroelectric polarization term of the

dielectric displacement in Eq. (3). Due to the strain relaxa-

tion caused by MDs, the magnitude of Pz normal to the

film-electrode interface is lower compared to a fully strained

film and this diminishes the effect of the polarization on

depletion charge distribution. This is mainly the mechanism

by which dislocation straşn fields act on the depletion charge

and carrier distribution. Therefore, along with the increased

dielectric constant owing to relaxed misfit strain, the films

are all fully depleted and they remain so even for densities

around 1026 m�3 (not shown). Hence, there is only ionized,

positively charged impurities in the films and nearly no free

carriers including dislocation sites. The thicker films have a

very slightly enhanced dielectric response and this is because

of the slightly reduced Pz due to the higher magnitude of the

internal electric field changing sign in the middle of the film

along thickness as also discussed elsewhere.60 This outcome

of our study has very important implications for the tempting

thought that films with MDs might be more prone to leakage

compared to films with fully coherent interfaces with the

underlying substrate. As the films are fully depleted, we

did not find any carrier localization around MD sites.

Importance of such a finding lies in the fact that width of the

depletion zones near the electrodes in ferroelectric semicon-

ductors with impurities is an important parameter when dis-

cussing leakage and charge injection as the electric field

distribution inside the films with partial and full depletion

are very different, impacting the maximum electric field at

the interfaces. Interface fields directly determine the thresh-

old for electron emission from the electrode over a barrier

characteristics in such systems and is of ultimate importance

for device funcitonality. The threading segments of the MDs,

on the other hand, need to be considered seperately as they

are often thought as conducting pathways between upper and

bottom electrodes under applied bias.

IV. CONCLUSIONS

We simulated the transition temperatures and dielectric

response of STO/Metal/BTO/Metal thin film structures for

various thickness of the BTO layer in the presence strain

relaxation via MDs, connecting effect of microstructural fea-

tures to macroscopic response. All films were computed to

be in the monoclinic phase. Both the intrinsic films and films

with impurities display a very large dielectric response

around a critical thickness where the strain relaxation ampli-

fies the impact of the surface. For very thin films, the dielec-

tric response is more pronunced due to the combined effect

of surface boundary conditions and the inhomogeneous MD

strain fields occupying a very significant volume of the film

stabilizing electrical domains. Using a simple model, we

confirmed the trends of the simulations for realistic extrapo-

lation lengths where the multidomain films with higher TC

are expected to have a larger dielectric response than those

multidomain films with lower TC. Putting an infinite extrapo-

lation length removes any polarization-related surface effect

and films attain a single domain dielectric response in pro-

portion with the TC determined by MD density. For realistic

extrapolation lengths films above a certain thickness, despite

near-full relaxation with MDs, can sustain a single domain

state and these structures still have a pronounced dielectric

response due to polarization instabilities around dislocation

cores in addition to the existence of the monoclinic state.

Moderate amounts of depletion charge do not change the

trends we observe in the intrinsic films. Due to the reduced

polarization magnitude along the film normal, all films stud-

ied here are in full-depletion state with nearly no density of

free carriers, revealing an effective mechanism by which dis-

locations determine carrier distribution in the film. No spe-

cial or preferential distribution of free carriers was observed

around MD cores, leading us to the idea that polarization

gradients do not have a profound effect on free charge distri-

bution or localization as one might be compelled to think as

long as the film thickness allows fully depleted state. This

scenario might change for sufficiently thick films that will be

in partial depletion for the reported densities of impurities in

literature. Moreover, the assumption that impurity generated

carriers can compensate for local electric fields due to polar-

ization gradients remains formally invalid for films with

moderate amounts of impurities as these films will be in fully

depleted state. We did not come across a systematic experi-

mental study of the thickness dependence of dielectric

FIG. 6. Dielectric response as a function of thickness for intrinsic BTO and

BTO with 1025 m�3 impurity density. k ¼ 3nm in both cases.
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response of high quality epitaxial BTO films on compressive

substrates for comparison of our findings and we hope that

the current paper might motivate such a work to clarify MD

effects in particular. A careful systematic work on a wide

range of thicknesses with high quality films was carried out

in Ref. 61, but the system analyzed there was Ba0.5Sr0.5TiO3

on MgO under a finger electrode geometry, rendering the

associated polarization stabilities, domain structures and

electrostatics incomparable to the predictions of our work.
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Doping of ferroics is often intended to generate new functionalities or enhance the already existing prop-
erties, but it comes at the expense of local structural distortions around dopants in the lattice. We report
on the effect of A-site doping and their effect on the phase transition temperatures of sol–gel synthesized
Bi1�xAxFeO3 (A: Gd, Sm, La) powders as a function of dopant type and concentration. A clear direct cor-
relation between structural parameters and transition temperatures was noted as a function of ionic radii
of dopants for any given concentration, implying the effect of inhomogeneous lattice strains around
dopants. There is a dramatic reduction in the phase transition temperatures of BiFeO3 upon doping deter-
mined with differential thermal analysis. This is accompanied by a partial volume of the grains gradually
shifting from the bulk rhombohedral towards a higher symmetry structure particularly in Sm and Gd
doped powders while this change is minimal in La doped powders as evidenced by X-ray diffraction
and Raman spectroscopy. We find that a phase mixture forms in powders whose fraction is a strong func-
tion of dopant radius for a given concentration. Moreover, there is a direct correlation between the ionic
radius and the extent of reduction in the transition temperature of the polar phase in the mixture for a
given dopant concentration. We suggest a mechanism to explain the inhomogeneous nature of the tran-
sition of the sol–gel synthesized powders where the dramatic reduction in the transition temperatures of
Sm and Gd doped BiFeO3 is due to local lattice strains around unitcells containing dopant ions that create
gradients in polarization leading to internal depolarizing fields, possibly stabilizing non-polar phases. We
conclude that local disappearance of stereochemical activity of Bi3+ due to lone pairs is not sufficient to
explain the dramatic changes in phase transition temperatures because of strong dependence on ionic
radii of dopants.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Multiferroic materials have been on the agenda of many
research groups owing to the coexistence of spontaneous electric
and magnetic dipoles, namely ferroelectric and magnetic ordering.
Many of these compounds actually exhibit improper ferroelectric-
ity as the occurrence of permanent dipoles in these materials is a
result of spiral or helical spin structure favoring angled oxygen-
cation bonds at low temperatures giving rise to local charge
separation that forms the basis of weak but finite amplitude elec-
tric dipoles. Such a mechanism of ferroelectricity occurs mostly at
temperatures much lower than room temperature (RT) for these
materials [1]. BiFeO3 (BFO) as a proper ferroelectric displaying a
first order structural transition, has probably been the most
interesting compound in this regard because of its very high para-
electric–ferroelectric transition temperature (around 820 �C) that
leads to the appearance of the electric polarization as the initial or-
der parameter followed by a Neel point during cooling (around
380 �C) giving rise to a helical-type magnetic ordering. Such
characteristics have allowed proposal of device designs with new
functionalities [2–11], in particular following the studies claiming
that the magnetic ordering and the ferroelectric state are inti-
mately coupled and that domain manipulation both via electric
and magnetic fields is possible in thin films [5,6,12–16]. Moreover,
reports exist claiming about 10 times increase in the remnant
polarization in epitaxial BFO films at RT compared to their bulk
counterparts [3,17–19]. Despite the continued interest in growth
and characterization of BFO thin films, structural and electrical
properties of BFO in bulk form have been systematically studied

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2014.03.103&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2014.03.103
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by a few groups. Recent works have mostly focused on the effect of
synthesis on morphology and RT phase stability in the presence of
dopants in addition to effects of these dopants on polarization and
magnetic structures [20–36] and, very importantly, leakage cur-
rents. Many of the hysteresis loops in the works cited above have
tendencies to fatten, a major sign of leakage. Leakage has been a
foremost problem in BFO films and powders [18,30,37–39]. While
domain walls have been held responsible for leakage [30,40] many
of the above citations attribute leakage to the volatility of the Bi3+

ions that, when these sites are vacant, they act as p-type centers,
accepting electrons from the valence band and causing p-type con-
duction both in films and bulk form. Bi3+ ion vacancies have also
been held responsible for oxygen vacancy formation to sustain lo-
cal electrostatic neutrality, which can again result in increased
conductivity.

Owing to the fact that a few A-site compatible ions such as La,
Sm, Gd, Pr and Nd have significantly higher bond enthalpies with
oxygen than the Bi–O bond, they are often added to BFO in order
to minimize carrier donating/trapping vacant sites via stabilizing
the oxygen in the lattice in addition to rendering a more ‘‘useful’’
magnetic structure for potential applications especially in the case
of Gd and Sm. From the point of view of leakage, compensation of
vacancy generated carriers via doping can lead to a more ‘‘intrin-
sic’’ BFO with relatively less free carrier densities. Rare earth ele-
ments compatible with Bi3+ ions in radius that can substitute the
A-sites stabilize Bi and oxygen along with reduction of the concen-
tration of p-type centers accompanied by a shift of the Fermi level
towards the middle of the band gap, which is one way to reduce
and control the leakage currents as shown in our recent work
[39]. Apparent polarization enhancement has also been attributed
to the reduced leakage via La substitution to Bi sites, reducing the
available Fe 3d states [41] that would otherwise drive a hopping-
type conduction mechanism. A-site doping has also shown that
the formation of secondary conducting phases can be prevented,
likely upon stabilization of oxygen via higher bond enthalpy of do-
pants [42–44] helping to sustain the equilibrium stoichiometry.

On the other hand, it is well understood that doping the BFO
with A-site substitutes should be expected to change the transition
temperatures and impact the ferroelectric properties at room tem-
perature (RT) as with any other polar oxide. However, we came
across only a few articles that analyze the effect of various dopants
on phase transition temperatures and characteristics [45–53].
There have been numerous reports on the ferroelectric and mag-
netic properties of BFO mostly at RT as a function of dopant type
and concentration only some of which we can cite here
[20,21,23,24,26,28,29,31–34]. A significant number of these stud-
ies are dedicated to thin films [2,3,6,17,25,49,54–59] where misfit
strains induced by the substrate are expected to screen structural
impact of dopants and make the study of their effect alone rather
difficult. Besides, that the film structure tries to cope with the mis-
fit strains via several elastic variants of ‘‘strain stabilized’’ crystal-
line structures carry the discussion on dopant effects to an entirely
different setting.

Generally speaking, that the ferroelectric properties can dimin-
ish with dopants is often discussed envisioning unitcells shifting to
higher symmetry upon doping. Dopant effects in BFO have almost
always considered from the point of view of the local stereochem-
istry of bonding of bismuth with oxygen however this mechanism
solely on its own cannot explain the significant reduction in the
phase transition temperatures that strongly depend on ionic radius
mismatch with Bi3+ and additional mechanisms at a more global
scale need to be considered. Dopants also create extended inhomo-
geneous strain fields in the lattice. Strain effects in BFO are quite
well understood in thin film studies where the stabilized phases
can be identified for a given misfit with the substrate and a similar
approach can be employed to evaluate dopant effects in powders.
With this in mind, we carried out a structural study to probe the
effect of rare earth (RE) A-site dopant radius on the structure of
BiFeO3 combined with a differential thermal analysis (DTA) analy-
sis to determine the Curie point of this material and propose a
mechanism to qualitatively but consistently explain the the dopant
radius sensitivity of BFO.

Here, we report on the structural changes of sol–gel prepared
high quality BFO powders upon doping with La, Sm and Gd respec-
tively. These dopants have a range of ionic radius misfit with Bi
with La being the closest to Bi and Gd having the largest misfit.
X-ray Diffraction (XRD) studies along with Rietveld refinement is
carried out followed by DTA and MicroRaman spectroscopy. Scan-
ning Electron Microscopy was carried out to characterize the grains
size and morphologies of our powders with the intention of under-
standing whether we might be encountering size effects in doped
powders, i.e. disappearance of the ferroelectric state due to small
grain size. One way to check this is to carry out hystereses mea-
surements on compacted powder samples. Noting that bulk BFO
in powder form, despite its very high Curie temperature, has a
small remnant polarization (around 3 lC/cm2) compared to mate-
rials like BaTiO3 or PZT, moderate amounts of leakage in the pres-
ence of dopants can easily overwhelm the displacement currents
emanating from dipole switching during hysteresis measurements,
rendering detection of ferroelectricity nearly impossible. To probe
the existence of the polar phase in our powders, we chose to con-
duct Raman spectroscopy as we failed to obtain any reasonable
hysteresis or butterfly-type capacitance–voltage curves due to
unacceptable amounts of leakage in our samples. We found a direct
correlation between the changes in structural characteristics of
BFO upon doping with the reduction in Curie temperatures as a
strong function of dopant radius. Although the phase transition
in our powders are expected to be first order owing to the fact that
there are no external constraints or clamping as in the case of films,
powders with relatively high doping display a smeared signal in
DTA, pointing out the effect of inhomogeneous strain fields of do-
pants. Finally, we propose a mechanism to qualitatively but consis-
tently address the complicated and dopant radius dependent
behavior of the phase transitions we observe in DTA experiments
based on the magnitude of the lattice strain the dopants induce.
2. Experimental

In this study, sol–gel technique was chosen as the method to obtain the pure
and doped powders as it is fast, can be carried out at relatively low temperatures
(it can help eliminate secondary phases compared to solid state calcination for
example, please see Ref. [60]), allows precise stoichiometry control and solutions
obtained are often used to grow thin films via techniques like spin coating or dip
coating. That one starts from a homogeneous solution in this technique is another
advantage to shed light on segregation effects of dopants in later processing steps.
The Flowchart given in Fig. 1 is an outline of the sol–gel method we used for the
synthesis process. Bismuth nitrate pentahydrate [Bi(NO3)3.5H2O] (99.99% Sigma–
Aldrich) and iron nitrate nonahydrate [Fe(NO3)3.9H2O] (99.99% Sigma–Aldrich)
were used as Bi and Fe ingredients respectively. By dissolving Bi and Fe nitrates
in ethylene glycol and acetic acid separately followed by mixing at room tempera-
ture, we obtained a transparent precursor solution. This precursor solution was
dried at 80 �C for about two days to obtain a residue-gel ready for calcination stage
after grinding in agate. In order to compensate the evaporation loss of Bi (causing
due to the volatility of bismuth) during post-annealing process, excess Bi was uti-
lized. For doping with Gd, Sm and La, 1%, 5%, 10% and 15% of these to Bi sites, gad-
olinium nitrate octahydrate [Gd(NO3)3.8H2O], lanthanum nitrate hexahydrate
[La(NO3)3.6H2O] and samarium nitrate hexahydrate [Sm(NO3)3.6H2O] (99.99%
GFS chemicals) were substituted for the same percentage of bismuth nitrate penta-
hydrate in the first stage. After pyrolysis, a two-stage thermal path was used for cal-
cination where the dried gels were kept in 550 �C and 700 �C each for 1 h and the
heating rate was 10 �C/min. Then powders were all free-cooled down to room tem-
perature. The structure of the powders with various doping concentrations were
characterized by an X-ray diffractometer (BRUKER Axs) using Cu Ka radiation. TO-
PAS 4.2 software was used for Rietveld refinement of XRD data. We found out that
our method was optimal to get high quality powders with no evident concentra-
tions of impurity phases until the solubility limit of dopants were exceeded.
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Differential thermal analyses were performed with a Netzsch, STA 449 in N2
atmosphere from RT to 900 �C at a heating rate of 10 �C/min to determine the tran-
sition temperature of pure and doped powders. Raman spectra was obtained with a
Renishaw in via Reflex Raman Microscope and Spectrometer working in back-scat-
tering mode using random polarized laser beam of 532 nm wavelength having a
spot radius of 100 lm, 1 cm�1 spectral resolution at reduced beam intensity (5%)
to avoid local overheating of the samples. A Leo Supra Scanning Electron Micro-
scope (SEM) was used to identify the morphology of the powders and possible
changes in their grain size upon doping. We chose to work with Gd, Sm and La as
the dopants as these atoms, when in ionized form, can substitute the Bi3+ sites
and have solubility in the BFO lattice in addition to reports about their effect on
electrical and magnetic properties. Additionally, the varying ionic radii of dopants
was expected to reveal the dopant size dependence of the structure, phase stability
and transition temperatures.

3. Results and discussion

3.1. X-ray diffraction and Rietveld refinement

We first provide the h–2h XRD patterns of our powder samples
with pure BFO as the reference in Fig. 2. There are no impurity
phases and a Rietveld refinement using the R3c space group yields
a perfect fit with the data.

Upon doping with La, Sm or Gd, changes in peaks shapes and
positions are observed especially once 5% is exceeded. These
changes are more significant for Sm and Gd doped powders as
these two have lower ionic radii than La. For both pure BFO and
doped powders, our comparative results of the Rietveld refinement
of our data are given in Table 1. We start our discussion first with
the La doped samples as the effect of La doping is relatively weak
below 10% contrary to Sm and Gd doped samples. Please note that,
where needed, we had to refer to the DTA results of our powders
for a reasonable discussion of the XRD and Rietveld results
although we try to give the data in a sequence for a better and con-
sistent comprehension.

A reduction in the unitcell volume of the doped BFO scaling
with the dopant radius and concentration is clearly visible. This
is consistent with the fact that La, Sm and Gd have smaller ionic ra-
dii than Bi. The unitcell volume reduction is more dramatic in Sm
and Gd doped BFO as these dopants have larger ionic radius misfit
with Bi compared to La where the latter one has only 1% ionic ra-
dius misfit in 8 coordination within the pseudocubic structure
approximation.
3.1.1. La doped powders
La doping until around 5% does not have a considerable impact

on the XRD peaks where the original BFO peaks and their h posi-
tions are almost conserved (see Fig. 3a) after which a gradual shift
to higher angles start that is visible only in high resolution as
shown for the peaks around 32� in Fig. 3b. The space group of
the La-doped BFO structure appears to be preserved as R3c with
the possibility of few percent of Pbnm after around 10% La doping
deduced from the Rietveld refinement where an A-site occupancy
ratio as the powder stochiometries we work with was used. Pbnm
is a non-polar orthorhombic phase. Polar and anti-polar ortho-
rhombic phases did not reveal better fits than Pbnm in the
R3c + Pbnm phase mixtures and therefore we give only the results
for the R3c + Pbnm fits in La doped powders in Table 1 for brevity.

Stability of the R3c phase for La 6 10% was also confirmed by
our Raman spectroscopy results given in the next section. Similar
results have also been reported for the relatively low La doping re-
gime [61–66]. At La concentrations exceeding 10%, we start observ-
ing a clear broadening of peaks in the 20–60� scale accompanied by
a slight peak shift towards higher angles, implying an average
gradual shrinkage in the unitcells. The peak shift and broadening
for the 104–110 planes in high resolution is given in Fig. 3b. While
the peak broadening should be expected due to increased amount
of local strain fields around unitcells containing La3+ as this ion has
around a 1% ionic radius mismatch with Bi3+ in 8 coordination
within the pseudocubic approximation [67], the gradual merging
of peaks for La > 10% is consistent with what is reported in Refs.
[64–66] where an apparent shift toward a higher symmetry struc-
ture happens for at least some of the grains and R3c still persists as
the dominant phase. For La > 10%, our Rietveld refinement fits indi-
cate that Pbnm or Pnma phases, both of which yield a good fit,



Table 1
Results of the Rietveld refinement carried out for our doped powders for various phase possibilities. a, b and c are unitcell parameters (GOF: Goodness of the fit), R0p: background
corrected R-pattern (residual of least squares refinement) R0p ¼

P
jYO;m � YC;mj=

P
jYO;m � Bkgmj where YO,m is observed data, YC,m is calculated data and Bkgm is the background

data at point m of the intensity-2h data. The lattice parameters are given for the dominant phase in phase mixtures.

R0p GOF Phase fraction a (Å) b (Å) c (Å) Unitcell volume (Å3)

Gadolunium doped BiFeO3

R3c 0% Gd 5.58 1.00 100% 5.57841 5.57841 13.87210 373.847
5% Gd 6.38 1.04 100% 5.57325 5.57325 13.8551 372.70
10% Gd 6.21 1.03 100% 5.56334 5.56334 13.8003 369.90
15% Gd 8.85 1.34 100% 5.5636 5.5636 13.772 369.19

R3c + Pbnm R3c% Pbnm%
0% Gd 5.58 1.00 100 0 5.57825 5.57825 13.87076 373.847
5% Gd 6.54 1.03 89.00 11.00 5.5746 5.5746 13.8608 373.03
10% Gd 6.30 1.02 82.6 17.4 5.5624 5.5624 13.8041 369.88
15% Gd 7.04 1.11 23.8 76.2 5.554 5.554 13.583 362.8
15% Gd* 7.04 1.11 23.8 76.2 5.6092 5.4290 7.8229 238.23

R3c + Pn2(1)a R3c% Pn2(1)a%
0% Gd 5.58 1.00 100 0 5.57825 5.57825 13.87076 373.847
5% Gd 6.52 1.03 95.8 4.2 5.57356 5.57356 13.8544 372.72
10% Gd 6.48 1.03 97.3 2.7 5.5636 5.5636 13.8027 370.01
15% Gd 6.86 1.08 36.5 63.5 5.5473 5.5473 13.7715 367.00
15% Gd* 6.86 1.08 36.5 63.5 5.6173 7.8210 5.4360 238.82

Samarium doped BiFeO3

R3c 0% Sm 5.58 1.00 100 5.57841 5.57841 13.87210 373.847
5% Sm 6.43 1.05 100 5.57212 5.57212 13.8377 372.079
10% Sm 6.20 1.03 100 5.56523 5.56523 13.7936 369.98
15% Sm 7.85 1.22 100 5.5569 5.5569 13.661 365.32

R3c + Pbnm R3c% Pbnm%
0% Sm 5.58 1.00 100 0 5.57841 5.57841 13.87210 373.847
5% Sm 6.76 1.05 95.6 4.4 5.57267 5.57267 13.8382 372.17
10% Sm 6.00 1.02 86.94 13.06 5.5652 5.5652 13.7970 370.05
15% Sm 7.23 1.14 46.3 53.7 5.5605 5.5605 13.7805 366.81
15% Sm* 7.23 1.14 46.3 53.7 5.4462 5.5935 7.9015 240.70

Lanthanum doped BiFeO3

R3c 0% La 5.58 1.00 100 5.57825 5.57825 13.87076 373.847
5% La 6.24 1.04 100 5.57760 5.57760 13.83963 372.864
10% La 6.33 1.04 100 5.57708 5.57708 13.80836 371.952
15% La 5.74 1.00 100 5.57777 5.57777 13.7796 371.720

R3c + Pbnm R3c% Pbnm%
0% La 5.58 1.00 100 0 5.57825 5.57825 13.87076 373.847
5% La 6.34 1.04 97.5 2.5 5.57764 5.57764 13.83967 372.870
10% La 6.34 1.04 98.16 1.84 5.57731 5.57731 13.80923 372.005
15% La 5.67 1.00 85.2 14.8 5.57732 5.57732 13.7818 371.269

* The lattice parameters and unitcell volume of orthorhombic BiFeO3 phase.
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could be getting stable along with the polar R3c where the latter is
still the dominant structure. Pnma is the LaFeO3 space group. In
addition, a shrinkage in unitcell volume could be expected to re-
duce polarization stability due to the restriction of the displacive
shift of B-site cation along [111] in the R3c phase along with the
loss of the 6s2 lone pairs at La3+ sites, weakening the shift of the
Fe3+ along [111]. We found out that La is fully soluble in the BFO
lattice even at 20 at.%, higher values were reported
[20,31,65,68,69] in powders synthesized using various methods
and such a high value is possibly emanating from the identical io-
nic radii of Bi3+ and La3+ for 8 coordination.

3.1.2. Sm and Gd doped powders
In the case of Sm and Gd doping, the XRD data of powders con-

taining the two dopants are nearly identical despite the fact that
Sm3+ in 8 coordination has around 8.5% ionic radius mismatch with
Bi3+ and this value for Gd3+ is around 11% obtained from Ref. [67].
In contrast to the case of La, such a difference in the ionic radii of
Sm and Gd has an immediate impact on the XRD patterns where, at
percentages of Sm and Gd doping 5% and higher, a significant peak
broadening together with merging of the double peaks are visible
(see Fig. 4c and d for the high resolution graph for the 32� range).
In our experiments, we find that Sm has a solubility limit of around
15% in BFO while this is nearly 12% for Gd after which non-perov-
skite impurity phases form. Due to the large ionic radius mismatch
of Sm3+ and Gd3+ with Bi3+ for 8 coordination, the grains should be
expected to contain a large fraction of inhomogeneous strains
around unitcells containing the dopants, causing the highly visible
peak broadening along with the possibility of a dopant driven
structural shift away from R3c. The Sm and Gd doped powders
have also a lowered transition temperature with respect to La3+

for a given concentration evidenced by our DTA data that is dis-
cussed in the next section.

Before going onto the discussion of the XRD Rietveld analysis
for Sm and Gd doped powders, we noted that these samples have
considerably smaller grains than pure BFO and La doped BFO up to
around 10%, a conclusion we reach after SEM observations (see
Fig. 5). Inhibited diffusion in BFO due to Sm and Gd has been re-
ported previously [28,35,43,70,71], possibly due to reduced
amount of vacancies owing to the high enthalpy of Sm–O and
Gd–O bonds and the shrinkage of the unitcell. A more than 200%
reduction in grain size with respect to pure BFO with higher Sm
and Gd dopant concentrations is another possibility to explain
peak broadening but cannot directly be held responsible for peak
shifts. While this conclusion might appear obvious or even trivial
at first, it forms the basis of the discussion for the relation between
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Fig. 3. (a) XRD pattern for Bi1�xLaxFeO3 for various concentrations of La and (b) high
resolution of the 104 and 110 peaks showing the peak broadening and shift. BLFO:
Bi1�xLaxFeO3.
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Fig. 4. XRD patterns of (a) Sm doped and (b) Gd doped powders for various
concentrations considered in this work. High resolution XRD data around 104–110
peaks are given for (c) Sm and (d) for Gd. BSFO: Bi1�xSmxFeO3, BGFO: Bi1�xGdxFeO3.
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the observed Curie temperature behavior (discussed in the next
section) and the grain sizes making us pose the following question:
Are the changes in Curie temperatures due to a size effect in our
doped powders or is there another mechanism taking effect upon
doping? Size effects are usually observed in such systems but only
at or even below 20–30 nm grain sizes [72–74] while we have
grains of about 300–500 nm in size for heavily doped samples. In
fact, Jiaswal et al. has reported that the BFO powders with 50–
60 nm particle sizes have only a slightly reduced transition tem-
perature compared to bulk BFO [75]. Therefore, it is likely that
our powders are well above the grain size where a size effect could
be claimed. Moreover, we see that the change in powder size for Gd
and Sm doped samples even after a few percent is negligible, how-
ever the reduction of the Curie temperatures depends directly on
the dopant radius and concentration.

Ruling out a possible size effect, we conclude that the changes
in XRD patterns upon doping, in the light of our Rietveld refine-
ment, is a result of significant distortion of the BFO structure upon
doping, resulting in stabilization of a phase with higher symmetry
than R3c along with the R3c itself even at 5% Sm and Gd dopant
concentrations. We concluded so because we obtained the best
Rietveld refinement fits to our Sm and Gd doped powders if we
consider a orthorhombic (Pbnm) + rhombohedral (R3c) phase mix-
ture following trial runs with P1, C2, Pnma for Sm doped powders
and Pn21a as other possible structures reported previously in
doped powders: particularly for Sm and Gd doping concentrations
greater than 5%, we can argue that the orthorhombic Pbnm phase
comprises around 5–15% (please see the Rietveld refinement re-
sults in Table 1) of the total powder volume, possibly by the chem-
ical pressure induced by dopants along with internal electric fields
emanating from inhomogeneous strain fields of these dopants (dis-
cussed in the forthcoming section). From here onwards we insert
the � to indicate that the R3c discussed at RT is a distorted R3c
structure and call it R3c� with a weakened polarity, hence a
reduced transition temperature. Regarding Sm doped powders,
we get the best fit for Pbnm whereas in Ref. [76], the authors have
given a very clear analysis of the La, Sm and Nd doped BFO and
report the Pnma phase for Sm as the stable structure at RT. Pnma
is an antipolar orthoferrite similar to PbZrO3 however the appear-
ance of such an antipolar phase upon cooling from high tempera-
ture should yield a signal in the DTA in our 10% and 15% Sm
doped powders, similar to what one can expect in PbZrO3 around
231 �C, which we do not see in our experiments. The signal we
see in 10% Sm doped powders is most likely coming from the para-
electric (PE) ? R3c� transition of the dopant depleted regions as we
get the best fits for a R3c� + Pbnm phase mixture and that the R3c�

must have formed above RT (see the detailed discussion in the next
section). The authors of Ref. [76] see a DTA peak around 309 �C that
they attribute to the formation of Pnma, the phase they report at



Fig. 5. SEM image of the synthesized (a) BiFeO3, (b) Bi0.9La0.1FeO3, (c) Bi0.9Gd0.1FeO3 and (d) Bi0.9Sm0.1FeO3 showing the impact of doping on grain size. The magnification is
40 K in all images. Similar images were obtained in 5% doped powders. hh.
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RT, and this could point out the effect of sample preparation
technique because in their work they have chosen the solid state
calcination method. Similarly, we also found out that Pn21a, the
polar orthorhombic phase, yields a fit to our Sm and Gd doped
powders just as good as or even slightly better than Pbnm for Gd
doped samples, a point mentioned in Ref. [24] however lack of
any relevant transition peaks in DTA analyses between 900 �C
and RT (please see next section) for high concentrations of Sm
(P10%) and Gd (>10%) in our samples led us to choose the non-
polar Pbnm. Pbnm structure could also be stable at high tempera-
tures in contrast to the unlikely existence of polar stability such
as the Pn21a which also does not exist at high temperatures even
in pure BFO according to neutron diffraction experiments [77,78].
We revisit this argument for Sm and Gd doped powders in the
coming section.

The Pbnm phase constitutes a significant volumetric fraction of
the grains when the Sm and Gd levels exceed 10% of Bi sites. If we
carry out the Rietveld refinement for 15% Gd doped powders,
despite the impurity phases appearing in this regime, we find that
the samples have more than 79% of their volume in non-polar
Pbnm phase, confirming our argument in the light of our DTA data
given in the next section. At 15% of Sm doping, we find a phase
mixture that enables the best fit between the experiment and
Rietveld refinement but with around 54% Pbnm orthorhombic
phase compared to 79% in Gd doped samples with the same
concentration.

Nature of the chemical bonding between dopants and the
neighboring oxygen ions have been discussed to effect the
ferroelectric distortions for reasons other than the chemical pres-
sure induced by mismatch in ionic radii. The lack of the 6s2 lone
pairs in RE elements upon bonding is discussed to be unfavorable
for the structural distortions leading to the spontaneous dipole for-
mation in BFO driven by the ionic polarizability degree of freedom
of Bi3+. Therefore, that La3+, having an ionic mismatch of only
around 1% with Bi3+ under 8-fold coordination, causes a small de-
crease in the Curie temperature can be elaborated from the point of
the lack of the stereochemistry that is actually present in Bi3+.
However, this reduction in transition temperature directly scales
with the ionic radius mismatch of the A-site dopants with Bi as
shown in our work as well as others [76] implies that ionic radius
mismatch becomes a stronger contributor to the noticeable
changes in phase transition temperatures and accompanying
structural distortions. For Sm3+ and Gd3+, the effect is indeed most
likely due to chemical pressure rather than changes in the local
chemistry combined with natural formation of internal electric
fields owing to the electrostrictive nature of the polar regions of
the matrix material keeping in mind that strong internal fields
can stabilize non-polar centrosymmetric phases with higher sym-
metry than the polar phase. There is direct correlation between the
dopant type and percent and the amount of reduction in transition
temperatures as will be shown. We tried try to link the systemat-
ically acquired DTA data to the XRD results and define a sequence
of phase transitions in our doped powders in the next section and
show that the dominant high temperature phase could even be
Pbnm in case of Sm and Gd at or more than 15%.

3.2. Differential thermal analysis and Raman spectroscopy

After determining the crystalline phases via XRD at RT, we car-
ried out DTA experiments to see the effect of dopants on transition
temperatures as a function of their ionic radii. The measurements
were done between RT and 900 �C. We do not see any degradation
or irreversible dissociation in any of our samples: XRD results at RT
before and after DTA remain exactly the same (not shown here).
Irreversible dissociation of BFO was reported to occur around
930 �C [7] and we stayed under this limit in our experiments. In
Fig. 6, we give the DTA plots of the pure and doped powder sam-
ples and Fig. 7 provides the transition temperature (strongest
peak) as a function of dopant concentration for the three dopant
elements. For 1% doping of La, Sm and Gd, no significant change
in high temperature transition is observed and we have a sharp
DTA peak in all cases. Therefore, a common result is that 1% doping
for all elements has a little impact on the transition temperature of
BFO, which is around 820 �C and the samples all appear to be
mainly in the R3c phase as confirmed by the Rietveld analysis. 5%
and higher concentrations of dopants in the powders studied here
start to make a difference that is a function of the dopant type:
increasing La occupancy at A-sites induces a gradual reduction in
the transition temperature while this reduction is much more ra-
pid for increasing Sm and Gd content. For 5% Sm and Gd doping,
the major visible dip indicating a phase transition shifts to much
lower temperatures compared to that of 5% La. For 10% Sm and
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Fig. 6. DTA curves for pure BFO and various doping levels of Bi1�xAxFeO3 (A: La, Sm,
Gd) samples.
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Gd doping, the dips in the DTA curves are at around 400 �C and
300 �C respectively. Near and beyond the solubility limit of Sm
and Gd (15% for Sm and 12% for Gd), we found that doping with
15% Sm and 12% Gd apparently suppresses the transition to below
RT in majority of the grains as we observed no indication, i.e.
signal, of a transition. On the other hand, 15% La doped powders
exhibit the dip at around 530 �C, still a significantly high
temperature with respect to 10% Sm and Gd containing powder
samples. The major visible dip at the transition for doped samples
shifting to lower temperatures is accompanied by a strong smear-
ing along with intensity loss with increased dopant content. This
smearing and intensity loss is much more profound in Sm and
especially Gd doped samples at 10%. An outcome of this type is
often expected in a phase mixture where the dominant phase
undergoes no transition while the other might have a transition
yielding a reduced signal in DTA. Remembering that La doped pow-
ders appear to be mostly in the R3c phase and that a Pbnm + R3c�

mixture forms in Sm and Gd doped powders at or above 5%, the
weakening of the DTA signal for the case of powders with Sm
and Gd > 5% might imply that a considerable volume of the grains
are in Pbnm phase for the entire temperature range, noticing also
that the kink appearing around 800 �C also weakens with doping.
We discuss the possible origin of this kink in the forthcoming
paragraphs.

The DTA data can be interpreted in the light of what is observed
in the XRD analysis: increasing the dopant concentration with ions
having radii less than Bi3+ reduces the Curie point to lower temper-
atures concurrent with ionic radius mismatch with Bi3+. Powders
with low doping (1%) are in R3c phase and have a transition
temperature close to bulk BFO. This trend is still valid for 5% La
doped powders. For phase mixtures that appear to be the case
for powders with Sm and Gd > 5% and La > 10%, the portion of
grains having a lower transition temperature is in the R3c� at RT.
The loss of signal intensity in the case of large dopant concentra-
tions indicates that there is a ‘‘background’’ or ‘‘parent’’ phase that
does not undergo any transition. This structure is probably the
Pbnm phase as any transition from a high temperature PE phase
into Pbnm would give a strong peak in DTA, which is not observed
in the temperature range considered here. Referring to the previ-
ous section, this also helps us to identify the Rietveld refinement
fit of the phase mixture as the Pbnm + R3c at RT because we would
expect to see a peak in DTA had there been any transition from the
paraelectric non-polar Pbnm state to polar P21na phase above RT. In
light of this argument, larger volumetric fraction of Pbnm phase
would mean a greater loss in signal intensity in DTA and this
expectation is totally consistent with the case of our doped sam-
ples. Moreover, the increase in Pbnm volume fraction appears to
be imposing a further reduction of the temperature at which R3c�

occurs (because it is present at low amounts in the phase mixture
at RT). In the rest of the discussion, we call the non-polar high tem-
perature phase ‘‘paraelectric (PE) phase’’ for sake of generality as
there is still some on-going discussion on the structure of this
phase in the literature and we do not have any precise tools for
determining the structure of this phase, which is also outside the
scope of our work. The high temperature PE phase has been
claimed to have the non-polar P21/m space group symmetry in
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[46,79] which is probably true for our pure BFO. However, we
remind here again that our DTA data combined with the RT XRD
results hints at the strong possibility that we might have the
non-polar Pbnm phase in heavily doped (>10%) Sm and Gd powders
in the entire temperature range of our DTA experiments owing to
absence of any peaks above RT but with a small fraction of grains
possibly depleted of dopants displaying the regular PE ? R3c tran-
sition. This transition makes itself visible with the small smeared
kink just below 800 �C and is independent of dopant type and con-
centration range considered in this work.

The general reduction of the temperature for the PE ? R3c�

transition eventually becoming prominent for dopants with smal-
ler ionic radii occurs in grains that are likely to be not in Pbnm
phase of the phase mixture when present. This dependency on
dopant radius can directly be correlated to inhomogeneous lattice
strains induced by these dopants in grains which can undergo a
PE ? R3c� transition. The greater the ionic radius misfit of the dop-
ant with Bi3+ the stronger the reduction of this temperature along
with the smearing as observed in our DTA data, keeping in mind
again that the presence of the Pbnm phase volume only amplifies
this behavior. At 15% doping of both Sm and Gd, we observe no
peaks in DTA and this is an expected outcome if one refers to the
Rietveld results where the non-polar orthorhombic structure is
the dominant volumetric phase at RT. This could indicate that
the remaining small R3c volume is also saturated with dopants
and has very weak ferroelectricity, hence we call it R3c�, along with
a very strong smearing of its transition and such a mechanism is
very well documented in earlier text books on defect effects in
phase transition anomalies [80].

We now discuss the all-time presence of the kink in DTA data
around 800 �C visible in our samples regardless of dopant type
and concentration. Such a dip in the DTA curves in the vicinity of
the pure BFO Curie point (�820 �C) would normally be associated
with the PE ? R3c transition. For low doping concentrations, no
such observation can be claimed as the entire volume appears to
be transforming from the paraelectric state to ferroelectric rela-
tively close to bulk BFO. At increasing dopant concentrations, this
peak or ‘‘kink’’ is relatively easier to distinguish in all our powders
despite the fact that it becomes weaker with increased dopant con-
centration. Such a result points out to a rather inhomogeneous
phase transition of the R3c phase in our powders where one can
envision the situation of some grains depleted of dopants trans-
forming at higher temperatures than others, having inhomoge-
neous strains due to dopants, for instance during cooling. The
remaining fraction is either PE + Pbnm phase mixture that trans-
forms to R3c� + Pbnm upon further cooling or another possibility
is PE transforming into R3c� + Pbnm particularly when dopant con-
centration exceeds 5% (>10% in case of La) as we always find a
phase mixture at RT XRD in these cases. We can, however, elimi-
nate PE transforming into R3c� + Pbnm as this would yield either
a very strong peak, or at least two peaks at different temperatures
in DTA owing to the fact that the appearance of the non-polar Pbnm
and polar R3c� phase at the same temperature is very unlikely and
neither of it is present in our doped powders.

The decrease of the amplitudes of the ‘high temperature’ dips in
powders with dopant concentrations P5% for Sm and Gd, >10% for
La, indicate that majority of the grains undergo a transition at low-
er temperatures as can be justified by the relatively stronger,
although smeared, intensity of the low temperature peak (occur-
ring around 300–400 �C). We think that this is a consequence of
strain fields around dopants in grains that can still transform into
R3c� from the parent non-polar PE phase. With the amount of such
grains decreasing in volume in our powders with increasing
dopant concentrations, the peak associated with the above transi-
tion is expected to weaken and get smeared. In the light of our DTA
and XRD data discussed above, the following sequence of transi-
tions can be proposed upon cooling from 900 �C to RT in doped
samples:

PE phaseþ Pbnm #! R3c^ þ Pbnm #! R3c� þ Pbnm #
for Sm and Gd 6 10% ð1Þ

PE phaseþ Pbnm "! R3c^ þ Pbnm "! R3c� þ Pbnm "
for Sm and Gd P 15% ð2Þ

where we used ^ to indicate the R3c capable of forming in grains
with low dopant concentration having a transition temperature
close to bulk BFO, ; indicates either ‘‘non existing’’ or ‘‘low-to-
moderate in volume fraction’’ and similarly " ‘‘high in volume frac-
tion’’. Sequence given in (2) exhibits no apparent peaks in DTA below
780–800 �C (except that the temperature at which the smeared low
intensity ‘‘kink’’ exists as with all other powders, likely due to a very
low fraction of grains exhibiting the PE phase ? R3c^ transition) and
is probably dominated by the non-polar Pbnm phase, concurrent with
the Rietveld refinement. Note that this also signals the possibility that
P15% Sm and Gd doped powders could be predominantly in Pbnm
state at high temperatures and only a small amount of ‘‘dopant de-
pleted’’ grains transform to R3c^ slightly below bulk BFO transition
temperature, yielding the relevant weak and smeared but all-time
existing kink in DTA. The transitions proposed in (1) is a function of
dopant type and concentration for Sm and Gd doped powders while
single R3c phase appears to be stable and dominant in La doped pow-
ders until around 15%. The visible peaks in DTA associated with tran-
sitions in (1) are stronger for low amounts of Pbnm phase if the dopant
concentration is not larger than 5%, in particular for Sm and Gd doped
samples. Therefore, the strong signal upon the likely transition from
the PE phase to R3c� comes from majority of the grains that have al-
most no Pbnm or low dopant concentration. As described previously,
this signal is reduced at high dopant concentrations most likely be-
cause of the increased stability and volume fraction of Pbnm and
the low amount of R3c� formation in a range of temperatures also
leading to smearing of the signal. Note that the peaks we see in the
range 300–700 �C in 5% or 10% doped samples (see transitions given
in (1)) cannot be originating from a PE ? Pbnm transition because
then we would expect to see another peak or kink associated with
the Pbnm ? R3c� before reaching RT as we find that the RT phase is
predominantly R3c� even in 5% Sm and Gd doped BFO following the
best Rietveld fits.

The structures with high dopant concentration and lower
transition temperatures can then be expected to exhibit reduced
intensities of Raman scattering according to the given interpreta-
tion until now. This a way to probe ferroelectricity especially in
leaky samples like ours where electrical measurements are
inconclusive. That the paraelectric–ferroelectric transition of BFO
takes place is evident at the expected temperature consistent with
previous reports and we now give in Figs. 8 and 9 the comparative
Raman spectroscopy results of our powders to reveal the effect of
dopants on intensity of allowed vibrations of the R3c particularly
in the small wave vector regime.

Looking at Fig. 8, the pure BFO exhibits 11 modes of all 4A1 + 9E
phonon modes that are allowed in the non-centrosymmetrical R3c
in part of the spectra until 800 cm�1. A comparison of Raman peak
positions for pure BFO obtained from this study and other works is
provided in Table 2 for reassurance of the presence of the R3c
phase in BFO. Moreover, we noted that the peak positions of nearly
all 1–5% doped samples coincide with the R3c phase consistent
with our XRD results with some visible weakening of intensities
in Sm and Gd doped samples.

In powders containing high concentrations of Sm and Gd (>10%)
the R3c modes are very weak or nearly absent as can be seen in
Fig. 9. There is a gradual disappearance of the low frequency modes
(large wavelength phonons) upon increased doping concentrations
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Table 2
Raman modes for R3c BFO in our work and their comparison with other studies.

BFO Raman
modes

Yuan et al.
(2007) [81]

Fukumura et al.
(2007) [82]

Singh et al.
(2006) [83]

Present
study

A�1
1

126 147 136 129.96

A�2
1

165 176 168 166.47

A�3
1

213 227 211 212.69

A�4
1

425 490 425 419.5

E1 111.7 – 77 111.44
E2 259.5 265 275 257.10
E3 – 279 335 293.5
E4 339.6 351 365 338.67
E5 366.9 375 – 365.59
E6 473.3 437 456 458.75
E7 599.6 525 597 519.53
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and this is prominent in 5% and 10% Sm and Gd doped powders
that exhibit much lower transition temperatures in the DTA
measurements. Thus, the Raman spectra implies a dopant induced
‘‘weakening’’ of the ferroelectric state upon doping of the large
mismatch A-site cations. At this point we also sought trace of the
Pbnm modes that appear to be the case in Sm and Gd doped pow-
ders giving the best Rietveld refinement results consistent with the
picture revealed by DTA. In search of the experimental Raman
spectra of the orthorhombic phase, we came across the systemat-
ical work of Yang et al. [84] where the orthorhombic phase of
BFO was obtained and analyzed in situ by Raman spectroscopy un-
der high hydrostatic pressure. They observed that intensity of two
peaks in the 300–400 cm�1 region was enhanced with increasing
hydrostatic pressure that was attributed to FeO6 octahedra tilts.
At first sight, it seems reasonable to compare our Raman data to
the pressure-induced orthorhombic phase again owing to the fact
that the Rietveld results yield the best fit to orthorhombic phase
for >5% Sm and Gd doped powders. We do observe a relative in-
crease in intensity of the modes around 300–400 cm�1 region
along with a near-disappearance of low frequency modes of the
R3c but because of the inhomogeneous nature of our powders,
we can clearly confirm here the disappearance of the R3c modes
rather than appearance of the possible Pbnm modes. The inhomo-
geneous nature of the dopant distribution in our powders is
expected to reduce the intensities of the Raman peaks. Although
we did not carry out Raman spectroscopy for 15% Sm and Gd doped
BFO after observing the almost-total disappearance of R3c peaks in
10% Sm and Gd powders, it is useful to remind here that the Riet-
veld analysis on this composition has the uncomparably best fit for
Pbnm. In another systematic work carried out by Bielecki et al. [66].
Tb doped powders (Tb has a very close ionic radius to Gd in 8 coor-
dination) showed a similar trend with the R3c modes rapidly losing
intensity after around 10% doping but not a clear signal of the sec-
ondary phase was detected despite that they mention a gradual
transition upon doping citing precise neutron diffraction studies.
The Pnma space group modes in that work, which is claimed to
be the phase that the R3c transforms into, started to exhibit them-
selves only after 17.5% Tb concentrations in the Raman spectra but
they also started to see impurity phases such as Bi2Fe4O9 (only in
their XRD analysis) which we tried to avoid in our work to reduce
complications in data interpretation. It turns out that dopants in-
duce a higher symmetry phase than R3c and the fraction of this
phase is a strong function of dopant radius. Despite the use of
the sol–gel method where homogeneous solutions are prepared,
there is strong evidence for ‘‘dopant depleted’’ grains upon crystal-
lization which do undergo a PE ? R3c transition but with a
tendency of smearing and reduced temperatures depending on
dopant radius for a given concentration. It is important to add here
that we systematically sought evidence for the inhomogeneous
distribution of dopants during SEM sessions as signaled by the
DTA results but our efforts were inconclusive mostly because of
submicron grain size. However, with the available structural
and thermal analysis data we gathered, we can suggest an apt
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mechanism using well known phenomena in ferroelectric crystals
to explain these interesting results in the next section.

3.2.1. Transition into polar R3c phase from non-polar PE phase in
dopant depleted grains

In this section we discuss the reason for the shift of the transition
peak in DTA to lower temperatures accompanied by a smearing
with dopant concentration. Our DTA data implies that, in powders
having A-site doping of 5% or more, a small fraction of possibly dop-
ant depleted grains still exhibit the PE ? R3c^ transition slightly
below 820 �C with another small fraction of grains exhibiting a re-
duced transition temperature similarly for the PE ? R3c� especially
for Sm and Gd doped samples when the doping level less than 15%.
We thought so as the peak associated with any transition gets
weaker and smeared with higher dopant concentrations. We al-
ready elaborated on the possible structures stabilized following
these transitions, but it remains important to understand the origin
of the reduction in the temperature for the PE ? R3c� transition as a
function of dopant radius in some volume of doped powders keep-
ing in mind that our XRD results strongly suggest phase mixtures.

As mentioned previously, transition from the polar symmetry to
a non-polar one or disappearance or weakening of ferroelectric
character in BFO (which is mostly due to reduction of the paraelec-
tric–ferroelectric transition) has been often attributed to local
bonding changes due to hybridization states between valence elec-
trons and the presence of 6s2 lone pairs, strongly screened from the
nucleus of Bi3+ that are absent in rare earth elements such as La, Gd
and Sm. Such an effect is also expected to reduce the polarizability
of these ions, a driving force often required for distortions leading
to ferroelectricity. Despite this often-discussed mechanism, how a
few percent of A-site dopants can make a significant reduction in
the phase transition temperature of the entire sample remains as
a non-trivial question. One must bear in mind that the number
of unitcells and therefore the bonds have the same percentage as
the dopant concentration. For instance, in the pseudocubic perov-
skite structure with 5% dopant concentration, there will be on
average about 5 unitcells housing a dopant atom out of 100
unitcells and yet for Sm and Gd doping we observe that there is
a considerable reduction in the phase transition temperature
accompanied by a clear DTA signal, implying that majority of the
structure behaves the same. 5% doped powders that we have yield
R3c� as the dominant phase particularly in Sm and Gd doped sam-
ples and the shift of the peak position in DTA to lower tempera-
tures is associated with this phase. No such strong reduction is
observed in 5% La doped samples. This reduction in transition tem-
peratures cannot simply be explained by local bonding chemistry
or absence of lone pairs because it is a strong function of dopant
radius for a given concentration, keeping in mind the similar va-
lence arrangements and close atomic masses of La, Sm and Gd.
With the above picture in sight, we refer to the sensitivity of ferro-
electric crystals to inhomogeneous lattice strains to explain the
reduction in transition temperature that appears to be dramati-
cally dependent on dopant radius. It is well-understood that any
structural inhomogeneity in a ferroelectric crystal is a source of
electric field as the Maxwell relation divD = q (q is space charge
due to defects and carrier depletion, D is dielectric displacement)
universally holds in these materials as with any other dielectric.
This equation, when expanded and expressed in terms of electrical
potential, takes the following form, namely the Poisson equation,
considering x, y, z are coordinates in space, the ferroelectric polar-
ization components Px, Py and Pz giving rise to the ferroelectric
polarization in BFO along [111] direction:

d2/F

dx2 þ
d2/F

dy2 þ
d2/F

dz2 ¼
1

ebe0

dPx

dx
þ dPy

dy
þ dPz

dz
� q

� �
ð3Þ
with /F being the electrostatic potential in the ferroelectric med-
ium, q is space charge (often called the depletion charge in wide
bandgap materials such as BFO) that could correspond to both free
carriers and ionized defects or dopants depending on how they are
distributed, e0 is permittivity of vacuum (8.85 � 10�12 F m�1), eb is
the background dielectric constant (non-ferroelectric, linear re-
sponse of the crystal), a value on the order of 5–10. Note that even
in the absence of q Eq. (3) will lead to generation of fields around
the dopant sites due to polarization gradient terms. The solution
of this equation in a random shaped crystallite neighboring others
is nearly an impossible task due to the high ambiguity in defining
proper boundary conditions both for electrostatic potential and fer-
roelectric polarization but we can still deduce common sense impli-
cations: one can immediately see from (3) that spatial potential
distribution will be a function of the polarization gradients induced
by the position dependent strain around the dopant sites that will

generate electric fields coupling to the [111] polarization of bulk

BFO equal to P2
x þ P2

y þ P2
z

� �1=2
in magnitude. Even if these gradient

variations are less than 1% several unitcells far from the strain
source, for instance, it is striking to see that such small variations
scale with 1/ebe0, a very large number that is close to a value of
1011 m/F for a background dielectric constant of 8. This means that
a variation of 0.1% in any polarization component due to inhomoge-
neous strains would lead to local electric fields at the order of 109 V/
m, a very large value compared to coercive field of such systems.
Moreover, due to the large Debye screening lengths (at the order
of 10–20 nm, see Ref. [85] which was shown for a formal thin film
geometry) even in leaky perovskites, such electric fields will not be
screened by free charges and penetrate into a significant volume.
Therefore, a random distribution of dopants in the grains, which
is the most conservative and natural case to consider, can create
random internal electric fields at the order of or higher than coer-
cive field of BFO via their position-wise varying strain fields owing
to the electrostrictive nature of the crystal where strain induced
polarization is Pi = (ujk/Qijk)1/2 where ujk Qijk are the strain and elec-
trostrictive tensors with i, j and k denoting the indices for the ele-
ments of the tensors respectively. Such electric fields emanating
from gradual change of polarization, called depolarizing fields, are
often present in thin films with imperfect charge screening at
film-electrode interfaces [86,87] but the regular and high-symme-
try orientation of the entire crystal there helps to naturally develop
regular up-down domain patterns to confine the field to the inter-
face, stabilizing ferroelectricity although not in single domain state.
In the case of random source distribution of these fields due to dis-
tortions around dopants in A-sites within randomly shaped grains,
such a mechanism is not possible and one should expect strong
internal fields with random direction that can only weaken ferro-
electric distortions bearing in mind that random internal fields can-
not ‘‘enhance’’ ferroelectricity but only reduce it [80]. The extent of
strain field penetration of a point defect such as a dopant is well
documented in perovskites and strain fields of such defects extend
as much as 4–5 unitcells [88], corresponding to a ‘‘volume under
influence’’ consisting of about 125 unitcells. That a large portion
of unitcells neighboring a dopant-site will be under the influence
of such ‘‘inhomogeneous train driven’’ internal fields can be con-
cluded even for compositions less than 1 dopant/125 unitcells.
BFO grains can then certainly be expected to experience these inter-
nal electric fields around dopant sites especially if the ionic radius
misfit of the dopant with Bi3+ is significant, in qualitative agreement
with our experimental findings. Large internal depolarizing fields
can be capable of suppressing ferroelectricity and therefore stabilize
centrosymmetric phases. It is therefore feasible to expect that a few
percent dopant concentrations might stabilize 15–20% Pbnm if the
dopant radius misfit with Bi3+ is large. Higher dopant concentra-
tions with ‘‘smaller ionic radius’’ will introduce a larger ‘‘distorted
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volume’’ distribution and amplify the above mechanism further
while low-to-moderate dopant concentrations with radius close to
Bi3+ (the case of La) will have a lesser impact as observed in our
experiments. Note that dopant induced strains in the case of dopant
radius <Bi3+ will not neutralize or cancel each other as sign of strain
induced by local displacements will be negative, i.e., pointing to-
wards the strain source that is the dopant itself. A similar effect is
documented in ferroelectric crystals with dislocations where the
dislocation produces local strain fields that decay away from the
core and is a function of Burgers vector magnitude, analogous to
the ionic radii mismatch between the dopant and native A-site
atom, leading to a degradation [89,90] and smearing [80,91] in
ferroelectric properties. It is also well understood that increase in
defect density will only degrade polar properties.

Therefore, we have solid evidence to argue that the reduction of
the Curie temperature in powders with dopants having smaller
ionic radius for a given concentration is mainly due to the inhomo-
geneous strain fields introduced and this effect dominates over the
mechanism that takes into account the local chemistry of bonds
with dopants in the BFO lattice. The effect of RE dopants in BFO
is two fold: (i) dopants with large ionic radii misfit stabilize non-
polar phases such as the Pbnm structure, leading to a phase mix-
ture and (ii) the polar phase portion of the phase mixture will
experience strong inhomogeneous strains that, via electrostrictive
coupling, generate internal electric fields capable of dramatically
altering the PE ? R3c� temperature, a well understood phenomena
in ferroelectric crystals. The sensitivity of the structure and subse-
quent Curie temperatures being a function of dopant radii can
actually be used as a design parameter especially when consider-
ing film growth on misfitting substrates. The magnetic substruc-
ture of BFO has not been considered as a parameter in discussing
changes of the structure as the changes in magnetic ordering at
temperatures near RT will be negligible due to the very weak mag-
netostriction. We also did not see a visible signal to judge the effect
of doping on the paramagnetic–antiferromagnetic transition
around the reported Neel temperature for pure BFO as powders
do not exhibit an identifiable signal except a very gradual slope
change in the DTA analysis. Additionally, had extensive doping
with Gd and Sm been capable of inducing a detectable magnetic
transition above RT in DTA, we would have seen it in P5% Sm or
Gd doped powders, which does not reveal itself. Thus, the detect-
able peaks in our DTA can be concluded to arise from the structural
distortions leading to transitions between various space groups.

4. Conclusions

We studied the effect of A-site dopant radius on the phase tran-
sition temperatures and structure of BiFeO3, a magnetoelectric
material attracting intense attention. While several works exist
in the literature on dopant effects, our main point in revisiting dop-
ant effects in BFO was to bring an explanation of the serious impact
of dopant radius on phase transition temperatures and lattice
structure in the light of experimental data. RT XRD h–2h results re-
veal that the peaks tend to broaden, merge and shift to higher an-
gles faster for dopants with larger ionic radius misfit with Bi3+,
implying a shrinkage of the unitcell and a tendency towards a ‘‘less
distorted rhombohedral’’ which we named as R3c�. In fact, Rietveld
analysis indicated the presence of a R3c� + Pbnm phase mixture for
Sm and Gd doped films above 5% and La above 10%, with the Sm
and Gd doped powders experiencing the strongest decrease in
the transition temperatures. Our DTA data interpreted together
with the RT XRD and Raman spectroscopy results point out to
the presence of dopant depletion in some grains because of the
all-time present signal in the vicinity of 800 �C followed by another
signal that shifts faster to lower temperatures accompanied by
intensity loss and smearing upon increase in dopant concentration.
This shift along with intensity loss and smearing is much stronger
in Sm and Gd doped powders. We proposed a sequence of phase
transitions that can consistently explain the experimental data
and that the Pbnm phase might be the dominant ‘‘background’’
phase in the phase mixtures for high concentration of dopants.
As a result, doping with elements having a smaller ionic radius
than Bi3+ can stabilize the Pbnm phase even down to RT with some
remnant R3c with a reduced transition temperature. The fraction of
‘‘non-Pbnm’’ grains in doped powders have a reduced PE ? R3c
transition mostly because of the inhomogeneous strains associated
with dopant sites that are still expected to be present. Smaller ionic
radius of a dopant creates steeper strain gradients that are capable
of creating stronger internal electric fields that is expected to re-
duce the PE ? R3c transition more rapidly along with a strong
smearing as also observed in our doped powders. A possible size
effect due to inhibited grain growth in doped powders was consis-
tently eliminated as a possible mechanism behind the reduction in
the transition temperatures or even disappearance of structural
transitions in highly doped powders. Doping with rare earth ele-
ments to enhance dielectric and magnetic properties has been a
common practice in BFO but our work draws attention to the pos-
sible strong impact of structural inhomogeneities and sensitivity of
BFO to such formations and that local bonding environments
cannot be the sole cause of degradation in ferroelectric behavior.
Despite the care shown in preparation of homogeneous precursor
solutions, one may end up with inhomogeneous structures with lo-
cally varying properties. Comparing our results with that of other
groups who have carried out similar experiments with RE dopants
but on samples synthesized through a different route, we find
rather different phases and phase transition characteristics, point-
ing out the significance of the synthesis method on properties. We
also hope that our results can motivate detailed atomistic compu-
tational analysis of dopant effects with particular emphasis on the
inhomogeneous strain effects on electronic structure of BFO.
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A computational study based on Landau–Ginzburg–Devonshire theory is carried out to understand the

role of interfaces on the dielectric response of ferroelectric superlattices. Using heteroepitaxial

(001)PbZr0.3Ti0.7O3/(001)SrTiO3 heterostructures on (001)SrTiO3 as an example, we show that

electrostatic boundary conditions have a pronounced effect on the dielectric response far below the

ferroelectric phase transition temperature. For a fixed total multilayer thickness, the average dielectric

response can be improved significantly for superlattices with a small layer periodicity. This is due to

the large total internal electric fields at the interlayer interfaces which originate from the polarization

mismatch between layers. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862408]

Adjustment of materials properties via composition in fer-

roelectric (FE) oxides has become a routine practice due to

advancements in thin film deposition techniques. This has trig-

gered further demand from FEs and other ferroic oxides as

functional/active components in device design. Furthermore,

synthesis of artificial superlattices with alternating layer com-

positions has resulted in the discovery of unconventional prop-

erties, where the heterostructure has the characteristics of

neither of the constituent layers. There exists a vast literature

of experimental and theoretical studies that have been carried

out to understand and describe the underlying physics in

such multicomponent systems and to discover unique

properties.1–27 Only a few of these have consistently tried to

explore the dependence of the materials properties of these

systems on the number of layers for a given fixed

thickness.5,6,10,13 These have led to the development of

detailed theoretical studies based on continuum mod-

els8,9,13,14,18,23,24,26,28 or ab initio approaches7,8,17,29,30 that ex-

plicitly focus on the formation of electrical domain structures

due to depolarizing/demagnetizing fields resulting from the

polarization/magnetization mismatch across the individual

layers. The dependence of the FE phase transition temperature,

TC, and electrical domain stability on the layer configuration

near the electrodes have been investigated in a recent analy-

sis.24 It was found that the transition temperatures and whether

the transition from the paraelectric (PE) phase into multi-

domain (MD) or single-domain (SD) FE states depends

dramatically on the layer configurations near the electrodes,

i.e., whether the PE or the FE layer was in contact with the

electrodes. It was subsequently shown that assuming periodic

boundary conditions in such systems when computing their

properties can lead to erroneous conclusions, including that the

dielectric properties do not depend on superlattice-electrode

interfaces but only on the layer thickness. The same factors

also apply to the limit of MD–SD stability below the transition

temperature as demonstrated in a very recent study.31

Despite the amount of research devoted to these sys-

tems, dielectric behavior of FE–PE superlattice nanocapaci-

tors still remains controversial. In this study, motivated

by the recent theoretical advances,9,13,24,31 we compute

the dielectric response of lattice-wise compatible (001)

PbZr0.3Ti0.7O3/SrTiO3 (PZT/STO) superlattices on (001)

STO substrates for two different layer configurations. We

chose to work with this system as the lattice misfit between

PZT and ST is �1%, which can be accommodated without

strain relaxation by misfit dislocations up to a film thickness

of �40 nm. This allows us to focus on only coherent interfa-

ces, thereby isolating the effect of internal electric fields

resulting from the polarization mismatch between the layers.

We employ Landau–Ginzburg–Devonshire theory of FE

phase transitions coupled with continuum electrostatic rela-

tions to describe properties of PZT/STO heteroepitaxial

superlattices as a function of electrical boundary conditions

over a wide temperature range. 40 nm thick 8 layer (4 repeat-

ing units), 4 layer (2 repeating units), and 2 layer (bilayer)

PZT/STO structures having equal layer thickness are consid-

ered here with the exception that symmetrical units have half

PE layers contacting the electrodes (Fig. 1). We show that

the dielectric response of 4 unit structures is significantly

larger than 2 unit and bilayer systems both for the bilayer

and symmetrical unit structures. We attribute this to the mag-

nitude of the depolarizing fields for small interface periods.

This effect is more pronounced in structures with half PE

layers contacting the electrodes where the stray fields are

strong in the FE layers. Our results indicate that these inter-

nal fields can be used as a design parameter for on-chip ca-

pacitor and dielectrically tunable device applications.

We consider a 80� 40 nm grid (x- and z-axes, respec-

tively) consisting of 0.4 nm cells to ensure proper considera-

tion of domain walls. The superlattice is assumed to be

infinite along the y-axis, reducing the problem into

2-dimensions. We partition the grid along the z-axis via

X ¼ sgn sin
2pz

k

� �
; (1)a)Author to whom correspondence should be addressed. Electronic mail:

burc@sabanciuniv.edu
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ferroelectric layer! if X> 0;

paraelectric layer! if X< 0;
(2)

w ¼ 1 if X > 0 and w ¼ 0 otherwise: (3)

For the case of the bilayer, z is the vertical position (coordi-

nate) in the superlattice varying from 0 to nk, where n is the

total number of units and k is the thickness of the repeating

unit. The same approach can be used but this time, replacing

sine with a cosine function to describe a superlattice with a

symmetrical repeating unit (Fig. 1). 1 unit, 2 unit, and 4 unit

structures (20 nm, 10 nm, and 5 nm layer thickness, respec-

tively) are considered both in bilayer and symmetrical unit

blocks. Boundaries of FE and PE layers defined by

Eqs. (1)–(3) allow us to write compact equations of state

both for the FE and the PE layers as below

w
2am

3 Pz þ 4am
13PzP

2
x þ 4am

33P3
z þ 6a111P5

z

þa112ð4PzP
4
x þ 8P3

z P2
xÞ þ 2a123PzP

4
x � G

@2Pz

@z2
þ @

2Pz

@x2

� �* +
FE

þð1� wÞ 2am
3 Pz þ 4am

13PzP
2
x þ 4am

33P3
z � G

@2Pz

@z2
þ @

2Pz

@x2

� �� �
PE

¼ wEz þ ð1� wÞEz;

(4a)

w
2am

1 Px þ 2ð2am
11 þ am

12ÞP3
x þ 2am

13PxP2
z þ 6a111P5

xþ

2a112½3P5
x þ 3P3

xP2
z þ PxP4

z � þ 2a123P3
xP2

z � G
@2Px

@z2
þ @

2Px

@x2

� �* +
FE

þð1� wÞ 2am
1 Px þ 2ð2am

11 þ am
12ÞP3

x þ 2am
13PxP2

z � G
@2Px

@z2
þ @

2Px

@x2

� �� �
PE

¼ wEx þ ð1� wÞEx:

(4b)

The details of the derivation of the above relations were

given elsewhere.32 Here, am
3 , am

13, am
33, am

1 , am
11, am

12 are the

misfit renormalized dielectric stiffness coefficients of the FE

and PE layers33,34 and take on values of either PZT or ST

depending on the value of w, a ¼ ðT � TCÞð2e0CÞ�1
, where

TC is the bulk (unconstrained) Curie temperature, and a111,

a112, a123 are the dielectric stiffness coefficients of the bulk

of PZT. The stress-free bulk coefficients of PZT and STO

are compiled from Refs. 35 and 36. The superlattices satisfy

the Maxwell relation in dielectric media

r � D ¼ 0; (5)

where D is the dielectric displacement vector defined

through Dx ¼ ebe0Ex þ Px and Dz ¼ ebe0Ez þ Pz, e0 is the

permittivity of vacuum, eb is the background dielectric con-

stant in the FE and PE layers, and Px and Pz are the x- and

z-components of the total polarization vector. The compo-

nents of the internal electric field vector are determined from

the total electrostatic potential / such that Ex ¼ �@/=@x
and Ez ¼ �@/=@z. Ideal electrodes are assumed that imply

perfect screening of polarization charges at the electrode

interfaces to concentrate on the effect of layer periodicity.

The polarization boundary conditions for the FE layers are

n
@Px

@x
� Px ¼ 0

����
z¼�f ;þf

and n
@Pz

@z
� Pz ¼ 0

����
z¼�f ;þf

; (6)

at the bottom (z ¼ �f ) and top layer interfaces (z ¼ þf )

regardless of the type of unit and position with respect to

electrodes. We assume that the extrapolation length, n, at all

interfaces is infinitely large to avoid abrupt changes emanat-

ing from finite values of this parameter. Equations (4) and

(5) are solved using a Gauss–Seidel iterative scheme in a

temperature range of 50–800 K at 50 K intervals under a

small bias (0.01 V potential drop across the system for

Dirichlet boundary conditions), where the initial polarization

configuration is a random assignment of 60.001 C/m2 for

each cell. We do so to check the stability of the MD state

with respect to the SD state and allow the system to choose

the stable configuration at any given temperature. Only for

very thin layers and low temperatures (<100 K), the MD

structure can easily transform into a SD state upon applica-

tion of the above small bias indicating the proximity of the

energies of the two configurations. Our results indicate that

for the 5 nm, 10 nm, and 20 nm individual layer thicknesses,

the MD state is stable below the FE-PE transition tempera-

tures for each type of superlattice considered in the current

study.

In Fig. 2, we provide the average of the absolute value

of out of plane polarization hjPzji for the systems considered

in Fig. 1. Tracking hjPzji is the only way here to detect the

phase transitions because the FE layers in the thickness range

considered here are in a MD state. A SD state at low

FIG. 1. Schematics of various 40 nm-thick PZT/STO heterostructures on

STO considered in this study. (a) A bilayer and (b) a symmetrical heteroepi-

taxial multilayer configuration with periodicities of n¼ 1, 2, and 4 corre-

sponding to a repeating unit thickness h¼ 40, 20, and 10 nm, respectively.
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temperatures can be stabilized at some layer thickness below

1 nm for the bilayer and below 2 nm for the symmetrical unit

under the small bias mentioned above owing to the relatively

large in-plane dielectric constant for this system, favoring

domain formation even for such layer thicknesses. This is

because the in-plane dielectric constant of PZT on STO is

rather high, ranging from 120–140 around RT to 300 or

slightly higher near TC, making MD formation quite easy,

and possibly leaving little room for SD stability. The sudden

slope changes in the evolution of the hjPzji in the bilayer

structures are due to the strain-induced stabilization of Px in

the FE layers. Such behavior is not observed in the symmet-

rical unit structures as they have both Pz and Px components

getting stabilized together at TC.

Following the numerical data provided in Fig. 2 from

which the TC can be found, we can compare our results to

those obtainable from analytical theory that has yielded con-

sistent results for the BaTiO3/STO and KTaO3/KNbO3 sys-

tems earlier.9,24 Briefly, in that approach, the linear equation

of state for a FE-PE superlattice with the FE layer in a uniax-

ial polar state is solved along with the appropriate equations

of electrostatics in charge free media, and we adapt the same

method for our structures here. The comparative results are

provided in Fig. 3. Our simulation results here follow closely

the curve obtained for PZT/STO bilayer and symmetrical

unit derived from analytical theory wherein an approximate

linear dielectric constant of STO was assumed. The deviation

of our results from analytical theory is due to the fact that we

consider all polarization terms, and, more importantly, the

temperature dependent in-plane polarizability of both PZT

and STO way reach high values leading to deviations from

analytical theory. The transition temperatures (and the am-

plitude of polarization obtained in our study) in the system

are reduced with increasing number of units (reduced layer

thickness) for both bilayer and symmetrical units. TC for the

symmetrical unit structures are lower than the bilayer

structures since the FE layers are not in contact with the elec-

trodes.24 The transition starts from the FE in contact with

one of the electrodes for the bilayer while it is homogeneous

in the superlattice with symmetrical units for fixed total layer

thickness. In fact, the transition is always homogeneous for

superlattices consisting of symmetrical units regardless of

thickness.24 The sudden slope change in Fig. 2 around 550

and 300 K for the 10 nm and 5 nm bilayers, respectively, is

due to the stabilization of the in-plane polarization in the

PZT layers via strain while the finite values of in-plane

polarization above this temperature are due to closure type

domains originating from polarization rotations near the

interfaces and domain walls. The symmetrical unit structures

do not display such a behavior as the Px components stabi-

lized by strain appear spontaneously along with Pz.

The rather interesting outcome of such transition behav-

ior is reflected in the dielectric response of the structures

shown in Fig. 4. We compute the dielectric response along

the out of plane direction via er ¼ ð1=e0ÞdhPzi=dEz. It is

seen that the thick layers (one unit and two units) transform-

ing into a MD state at their respective TC have no anomaly,

and the superlattices of both types (consisting of bilayers and

symmetrical units) with 4 units have a reduced TC, broad but

finite dielectric curve with an anomaly-like behavior. This

reveals the impact of interfaces on such structures along with

reduced unit layer thickness. The structures consisting of 4

symmetrical units have a higher dielectric response overall

because the transition is homogeneous. Unlike the super-

lattice with 4 symmetrical units, the swelling of the

anomaly-like dielectric response for 4 unit bilayer structure

corresponds to the occurrence of the strain-stabilized in-

plane components of polarization as mentioned above (not

shown here). On the other hand, the peak observed in the

superlattice consisting of 4 symmetrical units exactly corre-

sponds to the transition [compare Figs. 2(b) and 4(b)]. For

the 2 and 1 unit superlattices consisting of either symmetrical

or bilayer units, domains are more stable against an applied

field (compared to the 4 unit superlattices), yielding no

anomaly-like features at the transition into the MD state but

only a slope change at TC is evident. Note that superlattices

FIG. 2. Average absolute value of out of plane polarization hjPzji for 40 nm-

thick PZT/STO heterostructures with n¼ 1, 2, and 4 repeating unit(s) on

STO for (a) bilayer and (b) symmetrical repeating unit systems.

FIG. 3. TC of PZT/STO heterostructures on STO as a function of single layer

thickness (h/2) in a repeating bilayer and symmetrical unit obtained numeri-

cally in this work (simulated) and from analytical theory.
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with 1 and 2 units of either type have similar dielectric

response values in the range of temperatures considered

here. All structures, when far above their TCs have also iden-

tical dielectric response—a qualitatively expected outcome

of our simulations. At higher temperatures, the dielectric

response of all structures converge to the same value

(eR� 500). Using the linear equation of state, am
3 PZ ¼

2VFE=h and VFE þ VPE ¼ V (V is the small voltage signal) in

the FE and PE layers for a bilayer, we obtain

eFE ¼
2ePE

e0ðeb þ ePEÞ
am

3 þ
1

e0ðeb þ ePEÞ

� ��1

; (7)

for the PE state of the FE layers, where ePE is the linear

dielectric response of the STO layer computed at relevant

temperatures. This yields a value of �500 around 900 K in

the limit far from TC for all structures and gradually

decreases to �420 at 1000 K, in excellent agreement with

the numerical solution (Fig. 3). The situation below TC in the

presence of domains in alternating layers is not so straight-

forward and is obtained as shown here numerically.

Equation (7) is also valid for the structure consisting of sym-

metrical units in the PE phase. We note that Eq. (7) is

obtained for a single unit and might deviate from values for

very large systems in the bilayer case due to the inhomoge-

neous nature of the polarization amplitude in the layers.

Furthermore, the values of the dielectric permittivity we

obtain indicate that the strongest response comes from the

FE layers.

In summary, using a nonlinear thermodynamic model tak-

ing into account the electrical and mechanical boundary condi-

tions, we show that there is a strong dependence of the layer

thickness and the layer configuration with respect to the elec-

trodes on the dielectric properties of FE–PE superlattices, in

particular, for the polar state below the TC. Convergence of the

dielectric response of all structures to the same value in the

high temperature limit is expected and confirmed. Decreasing

individual layer thickness and thus increasing the number of

interfaces yields the largest dielectric response from the struc-

tures described in this study and stands out as an important pa-

rameter in device design. This response is even more enhanced

if PE layers are in contact with the top and bottom electrodes.

Thus, in addition to layer thickness, choice of the layers con-

tacting the electrodes can be used as an effective design param-

eter in utilizing such structures for device applications. While

our work considers the thermodynamic near-equilibrium

results, hence the quasi-static dielectric response, we are

tempted to think that the thinner layer structures with reduced

TC due to repeating interfaces at short periods might be

expected to operate more effectively with values close to what

is given in this work at MHz to lower limit GHz frequencies of

ac bias, which device applications often target.37 Therefore,

localized periodic depolarizing fields occurring at the

PZT/STO interfaces of thin units in MD state might allow a

better dielectric response and tunability under ac bias. This

effect might be more prominent particularly in symmetrical

unit superlattices due to overall reduced TC with respect to

those composed of bilayer units.
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We develop a nonlinear thermodynamic model for multilayer ferroelectric heterostructures that

takes into account electrostatic and electromechanical interactions between layers. We

concentrate on the effect of relative layer fractions and in-plane thermal stresses on dielectric

properties of Ba0.6Sr0.4TiO3-, BaTiO3-, and PbZr0.2Ti0.8O3 (PZT)-SrTiO3 (STO) multilayers on

Si and c-sapphire. We show that dielectric properties of such multilayers can be significantly

enhanced by tailoring the growth/processing temperature and the STO layer fraction. Our

computations show that large tunabilities (�90% at 400 kV/cm) are possible in carefully designed

barium strontium titanate-STO and PZT-STO even on Si for which there exist substantially large

in-plane strains. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861716]

Non-linear dielectric materials have been considered as

voltage-controlled frequency-agile elements in tunable micro-

wave and millimeter wave devices such as capacitors, phase

shifters, resonators, and oscillators.1 Ferroelectrics (FEs) such

as barium strontium titanate (BST, Ba1�xSrxTiO3) have

emerged as leading candidates for such applications due to

their highly non-linear dielectric response to an applied elec-

tric field, especially in the vicinity of the paraelectric

(PE)-to-FE phase transformation temperature TC.2–5 In BST,

TC can be controlled via the composition. For example, bulk

TC of BST 70/30 (Ba0.70Sr0.30TiO3) is just below room tem-

perature (�15 �C).2 As such, FEs and, in particular, BST,

have been investigated for over a decade as potential candi-

dates in tunable components in telecommunications since the

utilization of DC fields for tuning improves the response

speed and the power consumption of the device.6,7 The major

challenge in designing materials systems for tunable devices

is the simultaneous requirement of high tunability (>40%)

over a large temperature interval (�20 �C to þ85 �C), and

low dielectric losses (between 3.0 and 4.0 dB in operational

bandwidths ranging from several hundred MHz over

30 GHz).8–10 It is usually desired in telecommunication appli-

cations that FEs are in a PE state to eliminate losses resulting

from polarization switching-induced hysteresis, domain wall

contributions, and piezoelectric transformations at microwave

frequencies.10,11 Nevertheless, there are reports of acceptable

dielectric properties in the FE state as well.10–13

Significant efforts have been devoted to maintain high

dielectric tunability and to decrease dielectric losses through

doping and by constructing a variety of composite structures

consisting of FE/PE active materials and low-loss and low

leakage oxides and polymers.11,14 Among such composites,

carefully designed FE/PE/dielectric multilayers, superlatti-

ces, and compositionally graded structures display improved

dielectric properties than their bulk and single-crystal

counterparts due to electrostatic and electromechanical inter-

layer interactions. Such materials systems have been shown

to be promising candidates in microwave telecommunication

applications.15–20

In this letter, the dielectric properties of FE heterostruc-

tures with PE buffer layers on IC-compatible Si and c-sap-

phire substrates are investigated using a non-linear

thermodynamic model that takes into account the thermal

stresses that develop during cooling from the growth/pro-

cessing temperature (TG) and the electrostatic coupling

between the layers that make up the multilayer construct.

We note that the rationale for this study originates from the-

oretical studies that reveal the existence of a dielectric

anomaly in coupled FE-PE bilayers at a critical PE layer

fraction resulting from electrostatic interactions that

suppress ferroelectricity.16,21 This is considered to be analo-

gous to the dielectric maxima observed near TC in mono-

lithic FEs. This concept has been employed to improve

dielectric tunability in microwave and millimeter wave tun-

able telecommunication devices.16 The use of a PE layer as

a buffer layer in device configuration is also attractive

because experimental results show clear improvements in

leakage characteristics. For example, �200 nm thick Mg-

doped BST-SrTiO3 (STO) bilayer heterostructures on

metallized c-sapphire substrates display enhanced dielectric

properties with low losses (�0.02) and leakage currents

(7� 10�9 A/cm2) when compared to Mg-doped BST films

without buffer layers. It was reported that decreasing the

thickness of the PE layer (i.e., the layer fraction) from 41 to

19 nm leads to an improvement in the (relative) dielectric

constant eR by nearly 35%.22 It has also been shown that the

critical heterostructure composition/configuration corre-

sponding to a dielectric anomaly is quite sensitive to

changes in the amount of misfit and thermal stresses.23–25 It

is, therefore, of great scientific and technological interest to

investigate the effect of strains in multilayers with different

multilayer-substrate configurations to tailor desired dielec-

tric properties in detail.
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We consider here a [001]-oriented polycrystalline multi-

layer composed of a monodomain Ba0.6Sr0.4TiO3 (BST

60/40), BaTiO3 (BTO), or PbZr0.2Ti0.8O3 (PZT 20/80) layer

and a STO buffer layer (Fig. 1(a)) on a thick Si or c-sapphire

substrate (Figs. 1(b) and 1(c)). We assume the multilayer is

processed at a temperature TG before cooling to room tem-

perature (RT¼ 25 �C). In a multilayer heterostructure, the

in-plane strain between layer i and the much thicker substrate

uT,i due to the thermal stresses is given by

uT;iðTGÞ ¼
ðTG

T

ðaF;i � aSÞdT; (1)

where aF,i and aS are the in-plane coefficients of thermal

expansion (CTE) of the layer i and the substrate, respec-

tively. The total free energy density of such a system can be

expressed as16

G ¼ ð1� aÞ � G1ðP1; T; uT;1;EÞ þ a � G2ðP2; T; uT;2;EÞ

þ 1

2
að1� aÞ 1

e0

ðP1 � P2Þ2 þ
GS

h
: (2)

The details of the derivation of the above relation are given

elsewhere.16 Here, a¼ aSTO¼ hSTO/(hFEþ hSTO) is the rela-

tive thickness (layer fraction) of the STO layer, where hFE

and hSTO are the thicknesses of the FE and STO layers,

respectively, and h¼ hFEþ hSTO is the total thickness of the

multilayer. We note here that the last term in total free

energy given by Eq. (2) is the interfacial energy between the

layers and it can be neglected for sufficiently thick multi-

layers with thicknesses larger than the correlation length of

ferroelectricity.26 In Eq. (2), Pi is the polarization of layer i
normal to the interlayer interface, and E is an applied electri-

cal field parallel to the polarization. The third term in the

above free energy functional expresses the electrostatic cou-

pling between the layers. G1 and G2 are the uncoupled free

energies of the FE and STO layers, respectively, given by

GiðPi; T; uT;i;EÞ ¼ G0;i þ ~aiP
2
i þ ~biP

4
i þ ciP

6
i

þ
u2

T;i

S11 þ S12

� EPi; (3)

with renormalized dielectric coefficients ~ai and ~bi

~ai ¼ ai �
2Q12;i

S11;i þ S12;i
uT;i; ~bi ¼ bi þ

Q2
12;i

S11;i þ S12;i
; (4)

where ai, bi, and ci are the bulk dielectric stiffness coeffi-

cients. The quadratic coefficient ai is given by the Curie-

Weiss Law, ai¼ (T�TC)/2e0 C, where e0 is the permittivity

of free space and C is the Curie-Weiss constant. Qij,i and Sij,i

are the electrostrictive coefficients and the elastic complian-

ces at constant polarization of layer i. The dielectric stiffness

and thermal expansion coefficients were obtained from the

literature.27–30

The equilibrium polarizations P1
0 and P2

0 along z in the

coupled layer are provided by the equations of state

@G/@P1¼ 0 and @G/@P2¼ 0 such that

2~a1 þ
að1� aÞ

e0

� �
� P1 þ 4~b1P3

1 þ 6c1P5
1 �

að1� aÞ
e0

P2 ¼ 0;

(5)

2~a2 þ
að1� aÞ

e0

� �
� P2 þ 4~b2P3

2 þ 6c2P5
2 �

að1� aÞ
e0

P1 ¼ 0:

(6)

The average dielectric response of the multilayer is

heRi ¼
1

e0

dhPi
dE
¼ 1

e0

ð1� aÞ dP0
1

dE
þ a

dP0
2

dE

� �
; (7)

where hPi¼ (1� a)P1
0þ aP2

0 is the average polarization.

A freestanding multilayer configuration in Fig. 1(a) is

chosen as the reference state to understand the role of two-

dimensional clamping and thermal stresses on the dielectric

properties more clearly, see Eqs. (2)–(6). Figs. 2 and 3 plot

the small signal eR of the multilayers with BTO and BST as

the FE layers, respectively, on Si and c-sapphire. As shown

in Fig. 2, RT eR of unconstrained (bulk) BST is over 2400,

whereas the dielectric response of films with aSTO¼ 0.1 on

Si and c-sapphire for TG¼ 550 �C are 554 and 683, respec-

tively. This is expected since thermally induced in-plane ten-

sile strains and the interlayer coupling both decrease TC of

the FE in such a multilayer configuration. Therefore, such

electrical and mechanical boundary conditions are particu-

larly detrimental for the dielectric response if the FE is al-

ready in the PE state as it is the case for BST 60/40 at RT,

Fig. 2. As TC moves far below RT in the clamped, in-plane

strained condition, an appreciable polarization change cannot

be induced upon the application of a biasing field. This is

FIG. 1. (a) Freestanding (unconstrained) and (b) clamped FE-STO bilayer

sandwiched between top and bottom metallic electrodes on a thick substrate,

(c) clamped STO-FE-STO trilayer on a substrate.

FIG. 2. Small signal mean relative dielectric permittivity of polycrystalline

BST 60/40-STO multilayer as functions of TG and STO layer fraction on Si

and c-sapphire substrates.
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especially critical for films processed at higher TGs, since the

dielectric maximum, corresponding to the FE-PE phase tran-

sition, is shifted to lower temperatures. This is clearly

observed in Fig. 2; a lower TG results in higher eR values on

both substrates. For example, if TG could be decreased from

700 �C to 550 �C for BST on Si with aSTO¼ 0.1, we expect

that there will be approximately 24% enhancement in eR.

Fig. 2 also shows that employing STO buffer layers in con-

figurations illustrated in Fig. 1 reduces eR of the heterostruc-

ture with increasing aSTO since eR of STO is lower than BST.

This decrease is non-linear, clearly highlighting the role of

electrostatic coupling between BST 60/40 and STO. For the

dielectric properties of BTO monolayers (aSTO¼ 0), the

choice of the substrate and TG becomes more critical

(Fig. 3). This is entirely due to the shift of the bulk TC

(120 �C (Ref. 31)) to lower temperatures. As an example,

changing TG from 625 �C to 475 �C for BTO on c-sapphire

results in a 51 �C difference in their transition temperatures

(TC,625 �C¼�46 �C and TC,475 �C¼þ5 �C). Very high dielec-

tric permittivity values can be obtained near the instability

from BTO on c-sapphire at a critical TG¼ 475 �C. Fig. 3 also

shows that the dielectric anomaly in unconstrained but elec-

trostatically coupled heterostructures disappears if such

bilayers are on c-sapphire and Si due to the in-plane tensile

thermal strains and the clamping effect of the substrate.

Even at a low TG such as 400 �C, the magnitude of the ther-

mal strains is sufficient to promote a PE state at RT in the

BTO layer on both Si and c-sapphire. Therefore, BTO-STO

displays similar behavior to BST 60/40-STO multilayers in

that overall eR deteriorates as with increasing aSTO as a result

of the shift of TC with respect to RT.

Fig. 4 plots RT small signal eR of PZT 20/80-STO multi-

layers on Si and c-sapphire as functions of TG and the STO

layer fraction. PZT was chosen as the last example in our

analysis because its bulk, unconstrained TC (459 �C (Ref. 29))

is substantially higher than that of BST 60/40 and BTO. The

dielectric response of PZT 20/80 as a function of aSTO in both

unconstrained and thin film configurations exhibits a similar

trend for all TG. When PZT is electrostatically and electrome-

chanically coupled with STO, there is a k-type anomaly in

the dielectric response as observed in Fig. 4 where the critical

aSTO varies between 0.2 and 0.4 depending on TG. The mono-

tonic decrease in eR as a function of aSTO shown in Figs. 2

and 3 for BST and BTO on Si and c-sapphire is not observed

for PZT 20/80 on the same substrates. This means that it is

feasible to obtain a very strong dielectric response in PZT-

STO heterostructures near the instability at a critical aSTO that

depends on the processing temperature TG.

The influence of an applied bias along the z-direction

on the small signal eR and dielectric tunability (g¼ (1

�eR,E/eR,E¼ 0)� 100, at E¼ 400 kV/cm) of BTO-

(aSTO¼ 0.1), BST 60/40- (aSTO¼ 0.1), and PZT 20/80-STO

(aSTO¼ 0.35 and 0.40) multilayers on Si and c-sapphire for

TG¼ 700 �C is illustrated in Figs. 5 and 6, respectively. The

justification for the selection of aSTO follows from Figs. 2–4.

High tunabilities over 60% and 90% at 400 kV/cm can be

realized in BTO- (aSTO¼ 0.1) and PZT-STO (aSTO¼ 0.35 and

0.4) multilayers, respectively, at TG¼ 700 �C, which is a typi-

cal processing temperature for perovskites.

We note that introducing STO buffer layers to improve

loss and leakage characteristics of BST films decreases their

eR, as it has been observed experimentally.23 Therefore, BST

FIG. 3. Small signal mean relative dielectric permittivity of polycrystalline

BTO-STO multilayer as functions of TG and STO layer fraction on Si and

c-sapphire substrates.

FIG. 4. Small signal mean relative dielectric permittivity of polycrystalline

PZT 20/80-STO multilayer as functions of TG and STO layer fraction on Si

and c-sapphire substrates.

FIG. 5. Small signal mean relative dielectric permittivity of (a) PZT 20/80

(for aSTO¼ 0.35 and 0.4) and (b) BTO (for aSTO¼ 0.1), BST 60/40 (for

aSTO¼ 0.1) on Si and c-sapphire for TG¼ 700 �C.
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or BTO multilayer configurations with thin PE buffer layers

on IC compatible substrates (Fig. 1(b) or 1(c)) should be

understood as a compromise between loss and leakage and

dielectric permittivity and tunability. On the other hand,

PZT-based FE-PE heterostructures offer an opportunity to tai-

lor desired dielectric response near the instability by varying

aSTO at a given TG. Although such an enhanced dielectric

response is extremely beneficial, as in the case of the BST

and BTO multilayer configurations, to be useful in practical

tunable device configurations the exceptionally high dielec-

tric response of the PZT-based heterostructure must also be

accompanied by low dielectric loss, low leakage current char-

acteristics, and high breakdown field. Nevertheless, the fact

the ferroelectric instability can be tuned as a function of PE

buffer layer thickness and process temperatures opens a new

region of materials process parameter space to be explored

and exploited for voltage-controlled frequency-agile elements

in tunable microwave and millimeter wave devices.
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