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  1   .  Introduction 

 Flexible electronics research has made tremendous progress 
during the past 15 years, specifi cally in the area of organic thin 
fi lm transistors (OTFTs), organic light emitting diodes OLEDs) 
and sensors. An integral part of any fl exible electronic circuits is 
a non-volatile memory component that can be used to store and 
retrieve information as required. Polymer memories continue 
to be the biggest hurdle in the development of polymer-based 
fl exible electronics. Among polymer memories, ferroelectric 
memories based on P(VDF-TrFE) are one of the leading candi-
dates in the fl exible and organic electronics community due to 
its easy low-temperature processability, excellent chemical sta-
bility, suffi ciently large spontaneous polarization, non-volatility, 
and short switching times. [  1,2  ]  

 The potential of polymer ferroelectric memory was realized 
more than two decades ago but has not lead to any major com-
mercial products. Some of the important limitations include 
poor leakage, high surface roughness, poor thermal stability, 
poor fatigue/retention endurance and low breakdown strength 

of thin fi lm P(VDF-TrFE) ferroelectric 
memory devices. [  1  ]  In particular, the 
poor thermal stability and poor fatigue 
performance of the P(VDF-TrFE) thin 
fi lms remains a major hurdle for com-
mercialization of polymer ferroelectric 
memory. [  1,3  ]  In recent years there have 
been numerous studies on the effect of 
different electrodes and interlayers on 
charge injection and fatigue performance 
of ferroelectric memory. [  4–6  ]  Nonetheless 
fatigue continues to be a big issue when 
characterized at a frequency low enough 
at which the dipoles in the copolymer 
can switch and at an applied fi eld close 
to saturation fi eld of the ferroelectric thin 
fi lm. [  7,8  ]  Furthermore there are very few 

limited studies on the issue of thermal stability and poor break-
down strength of thin fi lm P(VDF-TrFE) ferroelectric capaci-
tors. [  9,10  ]  In contrast to the strategy of modifying electrodes 
and interfaces to improve performance of polymer ferroelectric 
capacitors, one can look at modifying and optimizing the prop-
erties of ferroelectric thin fi lms. One very promising and inter-
esting approach is to blend ferroelectric polymers with low-k 
dielectrics to improve their properties. PVDF and P(VDF-TrFE) 
blend fi lms have primarily been studied with PMMA which 
shows excellent solubility up to 40 wt%. [  11  ]  PVDF and PMMA 
blend systems have been studied, to observe effect of PMMA 
on the crystallization of PVDF and growth of nanocrystalline 
ferroelectric  β  phase in PVDF. These systems are complicated 
to fabricate as the blend fi lms have to be melted, quenched in 
ice water and further annealed to get the desired ferroelectric 
properties. [  10,12  ]  P(VDF-TrFE) copolymer also has good misci-
bility with PMMA up to 40 wt%. Earlier studies have charac-
terized the morphology, dielectric and ferroelectric properties 
of P(VDF-TrFE)/PMMA blends and shown an improvement 
in performance. [  13–15  ]  Apart from PMMA, there are almost no 
reports of P(VDF-TrFE) blends with other insulating polymers 
for ferroelectric memory applications. 

 In this study we report the fabrication of thin fi lm ferroelec-
tric capacitors using blends of P(VDF-TrFE) with PPO. PPO 
is an amorphous high performance polymer dielectric with 
excellent electrical properties (good insulator, low dielectric 
losses), high temperature stability, good chemical resistance, 
low moisture absorption, and high mechanical and dielectric 
strength. [  16,17  ]  To our knowledge this is the fi rst exhaustive study 
of P(VDF-TrFE)-PPO blend system for ferroelectric memory 
applications. We characterize the morphology and nanoscale 
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at 135 °C for 4 h, with crystalline grains about 80–100 nm in 
size. Figure  2 b shows spun cast blend fi lms with 6 wt% PPO, 
which was not subjected to any annealing process. The blends 
phase separate into amorphous PPO nanospheres ( ∼ 140 nm in 
size) randomly distributed throughout the fi lms surrounded 
by the semi crystalline P(VDF-TrFE) matrix. The AFM study 
confi rmed that phase separation for these blends was spon-
taneous and not thermally stimulated. Figure  2 c shows the 
phase image of the same blend fi lm after annealing at 135 °C 
for 4 h. After annealing, we observe an increase in grain size 
of the semi crystalline P(VDF-TrFE) indicative of higher crys-
tallinity but there is no signifi cant change in the microstruc-
ture of PPO nanospheres or the roughness of the blend fi lms. 
AFM measurements were performed as a function of blending 
ratio from 0 to 8 wt% PPO content. With increasing amount 
of PPO the average lateral size of PPO nanospheres increases 

phase separation of these blends using atomic force micros-
copy (AFM) and cross-section transmission electron micros-
copy (TEM) imaging. The crystallinity and inter-planar distance 
of polymer chains was evaluated using grazing incidence X-ray 
diffraction (GIXRD) while the bonding and dipole orientation 
was analyzed using Fourier-transform infrared spectroscopy. 
Furthermore, we report an exhaustive electrical and ferroelec-
tric characterization of these blend fi lms in a metal-insulator-
metal (MIM) capacitor structure using polarization–voltage, 
current–voltage, dielectric spectroscopy, and switching time 
studies. We have also characterized the thermal stability, fatigue 
endurance and breakdown strength of these fi lms and report 
a tremendous improvement in the performance of these blend 
devices compared to unblended ferroelectric devices.  

  2   .  Results and Discussion 

  2.1   .  Physical Characterization of Polymer Blend Films 

  2.1.1   .  Morphology 

 A schematic of the nanoscale phase-separated polymer blend 
devices is shown in  Figure   1 a. The active single-layer consists 
of a blend fi lm spin-cast from a solution of ferroelectric P(VDF-
TrFE) and insulating PPO from a common solvent: methyl 
ethyl ketone. The morphology of these blend fi lms consists of 
phase separated nanospheres of amorphous PPO, embedded 
in a semicrystalline, ferroelectric P(VDF-TrFE) matrix. Typi-
cally polymers are in a high state of entropy due to their highly 
disordered nature. As a result, when two polymers are blended 
together, it is very diffi cult to obtain a stable solid solution. 
Hence, upon evaporation of a common solvent, the polymers 
tend to phase seprate and form unstable nanostructures. How-
ever, polymers with high miscibility in a common solvent and 
strongly correlated chains due to hydrogen bonding and dipole-
dipole interactions can lead to stable nanoscale phase separa-
tion. [  10,18  ]  P(VDF-TrFE) and PPO are highly miscible in MEK 
and stable in a large range of compositions from 0 to 25 wt% 
of PPO content. Figure  1 b shows clear homogenous solutions 
from 2 wt% to 8 wt%. Solutions with up to 25 wt% PPO were 
made (see the Supporting Information) and remained stable 
even after a few weeks. Figure  1 a also shows the chemical 
structure of P(VDF-TrFE) and PPO. PPO, i.e., poly(p-phenylene 
oxide) is an aromatic polyether with oxygen connected to aro-
matic aryl groups. Ethers are slightly polar in nature as the 
C–O–C bond angle in the functional group is about 110 degrees, 
and the C–O dipole does not cancel out. The presence of two 
lone pairs of electrons on the oxygen atoms makes hydrogen 
bonding with water and other polar molecules possible. We 
believe hydrogen bonding between the electronegative oxygen 
in PPO and electropositive hydrogen in P(VDF-TrFE) and the 
electropositive hydrogen in the methyl group of PPO and elec-
tronegative fl uorine in P(VDF-TrFE) leads to stable, repeatable 
nanoscale phase separation of the polymers.  

 The surface morphology and phase separation of 120 nm 
thick polymer blend fi lms spun on Pt/Si substrates was char-
acterized using AFM (as shown in  Figure   2 . Figure  2 a shows 
the typical morphology of P(VDF-TrFE) thin fi lms annealed 

      Figure 1.  a) Schematic 3D cross section of ferroelectric capacitors with 
phase seperated blends of P(VDF-TrFE)–PPO sandwiched between Pt and 
Au electrodes. The morphology consists of phase separated nanospheres 
of amorphous PPO, surrounded by P(VDF-TrFE) matrix. b) Solutions with 
0 wt%, 2 wt%, 4 wt%, 6 wt%, and 8 wt% PPO (left to right) showing clear, 
homogeneous, and stable solutions. 
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standpoint, spinodal decomposition provides a means of pro-
ducing a very fi nely dispersed microstructure that can signifi -
cantly enhance the physical properties of the material.  

 The surface roughness of ferroelectric thin fi lms is a very 
critical parameter when fabricating ferroelectric memory. High 
surface roughness leads to non-uniform electrical fi eld across 
the active layer and possibly poor yield and reproducibility 
for ferroelectric capacitors and low mobility and low ON/OFF 
ratios in ferroelectric transistors. [  2,19,20  ]  The measured surface 
roughness from the topography images (see the Supporting 
Information) of these blend fi lms annealed at 135 °C for 4 h, 
show relatively smooth fi lms with an increase in roughness 
from  ∼ 2 nm for pure P(VDF-TrFE) fi lms to  ∼ 5 nm for a blend 
fi lm with 8 wt% PPO. As seen from Figure  2 d, with increasing 
amounts of PPO the peak height of the amorphous PPO nano-
spheres increases hence leading to increase in roughness. This 
can be further optimized and improved using techniques like 
temperature assisted wire-bar coating which has recently been 
used to fabricate smooth, polymer blend thin fi lms. [  10,21  ]  

 The cross section morphology and phase separation was 
characterized through transmission electron microscopy 
(TEM) as seen in  Figure   3 . Figure  3 a shows the cross section 
TEM image of a 120 nm thick pure P(VDF-TrFE) thin fi lm. 
Figures  3 b–d show the cross sections of 6 wt% PPO blend fi lm 

in a linear fashion from  ∼ 80 nm in a 2 wt% fi lms,  ∼ 105 nm 
(4 wt%),  ∼ 140 nm (6 wt%), and  ∼ 165 nm for 8 wt% fi lm as 
depicted in the inset of Figure  2 d. This was calculated from the 
AFM phase images of blend fi lms with different PPO loadings. 
Furthermore the number of PPO nanospheres decreases with 
increasing PPO content (see the Supporting Information), i.e., 
the phase separation coarsens with increasing PPO content. 
These observations seem to rule out that the solidifi cation pro-
cess is due to nucleation and growth. This leads us to believe 
that the phase separation might be due to spinodal decomposi-
tion in which the separation occurs uniformly throughout the 
fi lm and not at distinct nucleation sites. Similar observation 
has been made for P(VDF-TrFE) blends with other polymers. [  19  ]  
Spinodal decomposition can be contrasted with nucleation and 
growth. There the initial formation of the microscopic clus-
ters involves a large free energy barrier, and so can be very 
slow, and may occur as little as once in the initial phase, not 
throughout the phase, as happens in spinodal decomposition. 
In the spinodal region there is no thermodynamic barrier to the 
reaction, thus the decomposition or phase separation is deter-
mined solely by diffusion. [  19  ]  Thus when dealing with polymer 
blends, various factors like their molecular weight, isotropy, 
temperature, composition, solvent properties etc. can affect the 
evolution and shape of the microstructures. From a practical 

      Figure 2.  a) AFM phase image of pure P(VDF-TrFE) fi lm showing island like grains in the fi lm. b) AFM phase image of as spun blend fi lms with 6 wt% 
PPO without annealing. c) AFM phase image of blend fi lms with 6 wt% PPO after annealing at 135 °C, with increase in grain size of P(VDF-TrFE). 
d) R rms  (left) and peak height (right) of blend fi lms as a function of PPO loading. The inset shows average size of the PPO nanospheres as calculated 
from the AFM phase images. 
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two-phase model, i.e., the sample is composed of crystalline and 
amorphous regions, and no regions of semi-crystalline organi-
zation. The diffraction peak observed could be well resolved into 
two peaks, C (Crystalline) and NC (Non crystalline). We used a 
gaussian function to get the best fi tting. The degree of crystal-
linity can be caluclated from the ratio of area under C to total 
area under C+N. The calcualted degree of crystallinity for pure 
P(VDF-TrFE) was  ∼ 74%, typical of very thin ( ∼ 100–200 nm) 
P(VDF-TrFE) fi lms. [  25  ]  Figure  4 b shows the XRD peak for blend 
fi lms with 8% PPO content. The blend fi lms with PPO exhibit 
a peak slightly shifted to the right at 2 θ   ∼  19.9° for 8 wt% PPO 
fi lms, indicating a slightly smaller polymer chain inter-planar 
distance of  ∼ 4.45 A°. More importantly we noticed lower crys-
tallinity for blend fi lms with increasing PPO content, and was 
 ∼ 62% for 8 wt% PPO fi lms. This is typical for blend fi lms and 
has been observed for P(VDF-TrFE)-PMMA blend systems as 
well. [  11,26  ]   

 The presence of PPO in thin fi lms of the polymer blend was 
verifi ed using transmission mode Fourier transform infrared 
(FTIR) spectroscopy. Figure  4 b shows the absorbance bands 
at 1288 cm −1  and 850 cm −1  associated with CF 2  symmetric 
stretching vibration and are characteristic bands of the trans-
zigzag formation ( β  phase). [  22,27,28  ]  Other major peaks identi-
fi ed are the 1400 cm −1  band characteristic of the CH 2  wag-
ging vibrations, 1186 cm −1  band characteristic of asymmetric 
stretching of CF 2  and the 880 cm −1  band related to the rocking 
CH 2  vibration. [  22,27,28  ]  All these peaks were common in both 

sandwiched between Pt and Au electrodes at different locations. 
The TEM images confi rm the morphology of these blend fi lms 
consists of phase separated nanospheres of amorphous PPO, 
surrounded by a ferroelectric P(VDF-TrFE) matrix as seen by 
AFM. The observed phase separation was seen in multiple loca-
tions throughout the fi lm, as shown in Figure  3 c and d.   

  2.1.2   .  Crystal Structure and Orientation 

  Figure   4 a shows the Grazing Incidence X-ray diffraction 
(GIXRD) spectra which was used to study the crystal structure 
of pure ferroelectric P(VDF-TrFE) and the polymer blends with 
PPO. Pristine P(VDF-TrFE) fi lms spun on Pt electrodes and 
annealed at 135 °C exhibit a peak centered at 2 θ   ∼  19.78°, char-
acteristic of the ferroelectric  β  phase and refl ection from the 
(110) and (200) planes. [  1,22,23  ]  The inter-planar distance was cal-
culated to be approximately 4.48 Å and is consistent with ear-
lier reports. [  22,24  ]  The broad peak is typical of a semicrystalline 
polymer like P(VDF-TrFE) comprising of crystalline lamella 
and amorphous regions. It is very important to have highly 
crystalline ferroelectric thin fi lms as only the  β -crystalline 
regions in the fi lms give rise to ferroelectricity because the 
dipole moments in the amorphous regions will be random and 
cancel out each other. [  2  ]  X-ray diffraction is the primary tech-
nique to determine crystallinity of semicrystalline polymers 
and has been previously used for P(VDF-TrFE) thin fi lms. [  23  ]  
The determination of the degree of crystallinity implies use of a 

      Figure 3.  Cross section TEM images of pure P(VDF-TrFE) fi lms (a) and blend fi lms with 6 wt% PPO (b,c,d). 
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  2.2   .  Ferroelectric and Dielectric Performance of Blend Films 

  Figure   5 a shows the polarization-electric fi eld hysteresis loops 
for P(VDF-TrFE)-PPO blend devices. The devices measured 
at 10 Hz exhibit well-saturated hysteresis curves and pure 
P(VDF-TrFE) capacitors show a remnant polarization (±P r ) of 
7.3  μ C/cm 2  and coercive fi eld of  ∼ 62 ± 5 MV/m. With increasing 
PPO content, a monotonic decrease in remnant polarization 
and increase in coercive fi elds is observed. Blend fi lms with 
8 wt% PPO exhibit a remnant polarization (±P r ) of 4.93  μ C/cm 2  
and coercive fi eld of  ∼ 67 ± 5 MV/m. This effect can be attrib-
uted to the decrease in crystallinity of the fi lms upon adding 
PPO, as seen from the X-ray diffraction peaks in Figure  4 a.  

 In ferroelectric capacitors, it is critical that the difference 
between switching and non-switching current is maximized to 
be able to distinguish the “0” from “1” memory state. Figure  5 b 
shows that with increasing PPO content the switching current 
gradually decreases. But even with high amounts of PPO con-
tent upto 8 wt%, our blend capacitors display good switching 
current density  ∼  15  μ A/cm 2;  comparable to reports of pure 
P(VDF-TrFE) based ferreoelctric capacitors. [  31,32  ]  At the same 
time we measured the switching time characteristics of our 
P(VDF-TrFE)-PPO blend fi lms, which can be obtained by a time 
domain measurement of the charge density or polarization (P) 
response. Switching times ( τ  s ) are estimated from the time of 
the maximum of dP/d(logt) vs. log (t) plot and are plotted in 
the inset of Figure  5 b. [  33  ]  At applied fi elds of 125 MV/m, pure 
P(VDF-TrFE) capacitors devices exhibit switching times of 
0.19 ms while devices with 8 wt% PPO have similar switching 
times of  ∼ 0.21 ms. Thus switching times do not vary signifi -
cantly with increase in PPO content, another important require-
ment for ferroelectric memories. 

 One of the biggest advantages of using PVDF-based ferro-
electric polymers is their high permittivity, which comes from 
their ability to polarize under an applied electric fi eld. This 
makes it possible to fabricate devices with low operating volt-
ages using them as a dielectric layer. A gate dielectric with high 
permittivity reduces the operating voltage of OTFTs effectively 
without the need for thickness reduction. [  26  ]  Thus, it is impor-
tant to characterize the effect of PPO on dielectric dispersion 
of these blend fi lms. Figure  5 c shows the dielectric dispersion 
and the loss factor (tan  δ ) of pure P(VDF-TrFE), pure PPO and 
blend ferroelectric capacitors. Our P(VDF-TrFE) copolymer 
fi lms exhibit a dielectric constant of  ∼ 11 at 100 Hz, comparable 
to other reports in literature. [  34  ]  A gradual decay of the dielec-
tric permittivity ( ε  r ) is observed for pure P(VDF-TrFE) capaci-
tors, consistent with the dielectric response of a polar polymer 
dielectric where the dipoles cannot respond to the applied 
fi eld at high frequencies. On the other hand PPO exhibits a 
dielectric constant of  ∼ 3 and a dielectric response which is 
independent of frequency, typical of low dielectric constant 
polymer dielectrics. In such materials the electronic polariza-
tion is the major contributor to the overall permittivity and its 
response to the frequency of the applied fi eld is almost instan-
taneous. Figure  5 c also shows the dielectric dispersion of our 
blend capacitors. With increasing amounts of PPO, the per-
mittivity gradually drops but is relatively high for low voltage 
electronic applications; an 8 wt% blend fi lm has a  ε  r   ∼  9.3. 
Figure  5 c also shows the dielectric losses (tan  δ ) calculated 

pristine P(VDF-TrFE) and P(VDF-TrFE)-PPO blended fi lms. 
A few additional peaks were identifi ed in the blend fi lms at 
1605 cm −1  characteristic of C–C=C symmetric stretching in the 
benzene ring, 1473 cm −1  from C–C=C asymmetric stretching 
and 1020 cm −1  from C–O stretching confi rming the presence 
of functional ether group in PPO. [  17,29,30  ]  It is important to men-
tion here that we could not detect the methyl fucntional groups 
in FTIR spectra which might be due to overlapping with other 
peaks or due to the poor resolution of the FTIR equipment. 
FTIR analysis proves the presence of PPO in these polymer 
blend fi lms, but does not suggest any interaction or bonding 
between the PPO and P(VDF-TrFE) chains.   

      Figure 4.  a) Grazing incidence XRD spectra for pure ferroelectric P(VDF-
TrFE) fi lms and blend fi lms with 8 wt% PPO. b) FT-IR spectra of pure 
ferroelectric P(VDF-TrFE) thin fi lm, pure PPO thin fi lm and blend fi lms 
with 4 wt% and 8 wt% PPO. 
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  2.3   .  Thermal Stability of Blend Films 

 Large scale integration of ferroelectric memory based on the 
copolymer P(VDF-TrFE) remians a big challenge due to its poor 
thermal stability. [  3  ]  We have studied the thermal stability of our 
pure P(VDF-TrFE) and blend capacitors with 8 wt% PPO con-
tent. The devices were evaluated based on their ability to switch 
polarization at an applied fi eld of 125 MV/m and a frequency 
of 10 Hz.  Figure   6 a shows the measured remnant polarization 
and coercive fi eld vs. temperature. In general, a slight increase 
in polarization and decrease in coercive fi eld is observed with 
increasing temperature, since the elevated temperatures supply 
some of the required energy to switch the dipoles. [  36  ]  Thermal 
stability of PVDF and PVDF based ferroelectric polymers is 
directly related to their Curie temperature as these polymer 
undergo a ferroelectric-paraelectric transition at the Curie tem-
perature. [  24  ]  Interstingly, we noticed a rapid deterioration in 
stability of our pure P(VDF-TrFE) thin fi lm capacitors at only 
50 °C. This is consistent with other reports for thin fi lm P(VDF-
TrFE) capacitrors that the polarization decreases notably at 
50 °C and rapidly deteriorates at even higher temperatures. [  3  ]  
This was suprising as it is still way below the curie temperature 
of  ∼ 110–120 °C for a 70/30 molar ratio copolymer. [  35,36  ]  In con-
trast, blend fi lms with 8 wt% PPO, showed much better thermal 

from the ratio of the imaginary and real part of the dielec-
tric constant indicating power dissipation from the dielectric 
layer. An ideal dielectric should have high permittivity and low 
losses for electronic applications. Our blend fi lms with 8 wt% 
PPO show lower dielectric losses (0.17 at 1 MHz) compared 
with the baseline pure P(VDF-TrFE) fi lms (0.21 at 1 MHz) 
resulting from the excellent insulating and low power dissipa-
tion properties of the PPO phase. Thus with small amounts 
of PPO, it is possible to maintain relatively high permittivity 
in the blend fi lms and at the same time lower the dielectric 
losses. 

 Figure  5 d shows the temperature dependence of the dielec-
tric permittivity of our blend fi lms. The dielectric permittivity 
of our ferroelectric capacitors increases with temperature, 
reaches a maximum, then decreases. This behavior is typical 
of ferroelectric materials which when subjected to heating–
cooling cycle undergo a ferroelectric-to-paraelectric phase tran-
sition at the Curie temperature (T c ). The curie temperature 
for our pure P(VDF-TrFE) fi lms is approx.  ∼ 115 °C, consistent 
with reports in literature. [  24,35  ]  Interestingly blend fi lms with 
increasing amount of PPO don't show any change curie tem-
perature. This is typical of phase separated thin fi lms and has 
been observed for P(VDF-TrFE) and PMMA blend system as 
well. [  11,14  ]   

      Figure 5.  a) Polarization–electric fi eld hysteresis loop measurements for blend fi lms at 10 Hz as a function of amount of PPO. b) Switching cur-
rent response from blend fi lms with 0 to 8 wt% PPO and with platinum/gold electrodes. The inset shows switching characteristics for blend fi lm at 
125 MV/m, with peak of dP/d(log(t)) vs. log(t) representing respective switching times. c) Dielectric spectroscopy study with dielectric constant (left 
axis) and dielectric losses (right axis) for blend fi lms with 0 to 8 wt% PPO and pure PPO fi lms. d) Temperature dependance of dielectric permittivity 
for devices with 0, 4, and 8 wt% PPO at 1 KHz. 
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high fi elds  ∼ 300 MV/m further highlighting the excellent insu-
lating properties of PPO. The blend devices with 8 wt% PPO 
show similar leakage currents with sligthly lower currents on 
the negative bias. We believe its because of current conduc-
tion through the more leaky majority ferroelectric phase. More 
importantly what we noticed a drastic improvement in leakage 
current of the blend fi lms compared to pristine P(VDF-TrFE) 
fi lms at higher temperatures of 60 °C. This leakage current 
density of the blend fi lms does not change much with tem-
perature and is an order of magnitude lower than P(VDF-TrFE) 
fi lms at 60 °C. We believe that the highly insulating amorphous 
nanospheres of PPO in the blend fi lms acts as good charge trap 
regions and do not allow charge carriers to move freely through 
the fi lm. This directly affects thermal stability of these blend 
fi lms leading us to reliably switch the polarization even at ele-
vated temperatures.  

  2.4   .  Fatigue Endurance and Breakdown Strength of Blend Films 

 Polarization fatigue is the reduction of amount of switch-
able polarization with repeated switching cycles and still 
remains an elusive problem for the ferroelectric copolymer. 
The fatigue characterization of the copolymer is rather com-
plicated since it depends on many parameters such as the 

stability compared to pure P(VDF-TrFE) capacitors. The devices 
perform well upto 80 °C which are closer to curie temperature 
of the copolymer. The improvement in thermal stability cannot 
come from change or increase in curie temperature of the 
blend fi lms as seen in Figure  5 d. Figure  6 b show the hysteresis 
loops for pure P(VDF-TrFE) capacitors at different tempera-
tures. We observed that at temperatures of 60 °C or above, the 
hysteresis loops displayed a resistive leaky behavior making it 
impossible to accurately determine polarization in these fi lms. 
At higher temperatures we noticed very leaky curves especially 
in the negative bias regime, indicative of surface breakdown 
at one of the electrode/ferroelectric interfaces. In contrast, the 
blend fi lms with PPO show better saturated curves at high tem-
peratures as shown in Figure  6 c.  

 To further understand this we studied the leakage current 
of pure P(VDF-TrFE) fi lms and blend fi lms as a function of 
temperature. Leakage of ferroelectric capacitors based on the 
copolymer has been well studied and shows a relatively high 
leakage for thin fi lms around 100 nm. [  22,37  ]  The introduction 
of TrFE is very effective in obtaining the ferroelectric  β  phase 
in the copolymer but also leads to larger leakage current. 
Figure  6 d shows that at saturation fi elds of  ∼ 125 MV/m pure 
P(VDF-TrFE) capacitors show leakage current density in excess 
of 10 −6  A/cm 2  at room temperature. On the other hand pure 
PPO fi lms display low leakage crurrent of  ∼ 10 −8  A/cm 2  even at 

      Figure 6.  a) Remnant polarization and coercive fi eld as a function of temperature for pure P(VDF-TrFE) fi lms and blend fi lms with 8 wt% PPO. 
b) Polarization–electric fi eld hysteresis loop measurements for pure P(VDF-TrFE) fi lms at 10 Hz as a function of temperature. c) Polarization–electric 
fi eld hysteresis loop measurements for blend fi lms with 8 wt% PPO at 10 Hz as a function of temperature. d) Current density–electric fi eld measure-
ments of blend fi lms (0, 8 wt% PPO) at 0 °C and 60 °C. A voltage of approximately 15 (125 MV/m) was applied to pole the devices before measuring 
the leakage current in the devices. The inset shows the leakage current density of pure PPO device with Pt/Au electrodes. 
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(see the Supporting Information). The frequency dependence 
of fatigue performance for ferroelectric memory has been well 
studied before with devices showing better fatigue performance 
at higher frequencies. [  5  ]  It has been proposed that fatigue in 
P(VDF-TrFE) fi lm is related to the injection of charges from elec-
trodes which are subsequently trapped at crystallite boundaries 
and defects, inhibiting ferroelectric switching and leading to 
higher fatigue rates. [  5,8  ]  To further understand the fatigue mech-
anism we compared the current-voltage (leakage) characteris-
tics of the pure and blend fi lm devices after fatigue. Figure  7 c 
shows high leakage current through fatigued P(VDF-TrFE) fi lm 
while the fi lms with 6 wt% PPO content show much lower 
leakage after fatigue. This suggests that the high number of 
trapped charges in pure P(VDF-TrFE) fi lms causes poor fatigue 
performance. The leakage current of the P(VDF-TrFE) thin 
fi lms also shows an S shaped behavior at high fi elds,exhibiting 
small negative differential resistance. This phenomena has 
been well observed in breakdown studies of polymer dielec-
trics. [  38  ]  This indicates current instability in the fi lm; a situation 
in which a homogeneous current distribution becomes unstable 
and decays into fi laments. [  38  ]  The local charge and current den-
sities are larger; leading to electrical thinning of the fi lm. This 
is the reason for the lower coercive fi elds seen for our fi lms 
after fatigue (Figure  7 b). This can also lead to a vastly increased 
thermal stress leading to electrode delamination also reported 
in literature especially with the use of unreactive metals such 

thickness of fi lm, molar ratio of the copolymer, frequency of 
stress waveform,applied fi eld, temperature and electrodes of 
the capacitor. [  5  ]  Here we report the fatigue performance of our 
capacitors with common Pt and Au electrodes under relevant 
and correct conditions. [  5,8  ]   Figure   7 a shows the fatigue perfor-
mance of our P(VDF-TrFE)-PPO blend fi lm capacitors upto 
a million (10 6 ) cycles. A bipolar triangular waveform with an 
electric fi eld of 100 MV/m and 10 ms pulse width (100 Hz) 
was applied to fatigue the devices. The polarization was char-
acterized periodically with a positive-up-negative-down (PUND) 
measurement at 125 MV/m at the same frequency. We observed 
a gradual improvement in the fatigue performance of our blend 
devices with increasing PPO content. With approx. 8 wt% PPO, 
the devices retain  ∼ 60% of the polarization after 10 6  cycles, 
which is a tremendous improvement from pure P(VDF-TrFE) 
capacitors which only retain  ∼ 20% of the polarization. Figure  7 b 
shows the hysteresis curves at 100 Hz measured before and 
after fatigue cycles. We can see that the polarization decreases 
sharply from  ∼ 7  μ C/cm 2  to only 1  μ C/cm 2  for pure P(VDF-
TrFE), while for 6 wt% PPO fi lms the polarizations drops mar-
ginally from  ∼ 5.6  μ C/cm 2  to  ∼ 3.6  μ C/cm 2 . The devices were also 
fatigued at a higher frequency of 1 kHz which is close to the 
maximum frequency at which we can switch the polarization 
of our copolymer fi lms. Even at higher frequencies the fi lms 
with 8 wt% PPO show excellent polarization retention of  ∼ 80% 
after 10 6  cycles compared to 54% for pure P(VDF-TrFE) fi lms 

      Figure 7.  a) Electrical fatigue properties showing relative polarization of blend fi lms with 0 to 8 wt% PPO. The fi lms were stressed at 100 MV/m and 
a frequency of 100 Hz and the PUND measurements were done at saturation fi elds of 125 MV/m and 100 Hz. b) Polarization–electric fi eld hysteresis 
loop measurements for pure P(VDF-TrFE) fi lms and 6 wt% PPO fi lms before (BF) and after fatigue (AF), characterized also at 100 Hz. c) Current 
density–electric fi eld measurements of pure P(VDF-TrFE) fi lms and 6 wt% PPO fi lms after fatigue upto 10 6  cycles at 100 Hz. d) Dielectric breakdown 
strength (left) and Fatigue or polarization retention after 10 6  cycles (right) as a function of amount of PPO in blend fi lms. 
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8.22 mg, 12.76mg, 17.39 mg, 27.27 mg) to make 2 wt% to 8 wt% 
P(VDF-TrFE)-PPO blend solutions. All the different concentrations of 
PPO formed clear homogenous solutions stable even after a few weeks. 
The fi ltered polymer blend fi lms were spun in a nitrogen fi lled glove 
box, at 4000 rpm for 60 s followed by a soft bake for 20 min at 70 °C. 
The fi lms were then annealed in vacuum at 135 °C for 4 h to improve 
the crystallinity of the P(VDF-TrFE) phase. The thickness of the blend 
fi lms was  ∼ 120 ± 10 nm as measured by a Dektak profi lometer, and did 
not change much with increasing PPO concentrations. To complete the 
device,  ∼ 80 nm Gold was thermally evaporated through a shadow mask 
to defi ne the top electrodes. 

  Characterization : All current–voltage measurements were carried 
out in air ambient using Keithley 4200 semiconductor characterization 
system, while Polarization-Voltage and fatigue tests were done using 
the Premier Precision II ferroelectric tester (Radiant Technologies Inc.). 
Surface morphology and roughness for the blend fi lms was studied using 
Atomic Force Microscopy (Agilent 5400). Cross section morphology of 
the devices was studied using Transmission Electron Microscopy (Titan 
ST) and operated at an accelerating voltage of 300 kV. Energy Filtered 
TEM analysis was done to elementally map carbon in the polymer 
blend fi lms. The crystallinity and inter-planar spacing of polymer chains 
was evaluated using Grazing Incidence X-ray Diffraction (Bruker D8 
Discover) while the bonding and dipole orientation was analyzed using 
Fourier-transform infrared spectroscopy (FT-IR, ThermoScientifi c Nicolet 
iS10).  
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