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Relaxation ferroelectric in thin films of 
Diisopropylammonium Perchlorate 

Jiansheng Zhu, a Kaige Gao, a Shuyu Xiao,a Xiangbiao Qiu, b Hong-Ling Ca,a* X. S. Wua* 

Molecular ferroelectric thin films are highly desirable for their easy and environmentally 
friendly processing, light weight, and mechanical flexibility. A thin film of 
Diisopropylammonium Perchlorate (DIPAP) processed by spin-coating method shows a 
good roughness and texture structure with (101) orientation in ferroelectric phase with space 
group of P1. Simultaneously, the thin film shows above room temperature ferroelectricity 
and ferroelectric relaxivity, which is completely different from crystals. These properties 
make DIPAP a candidate in sensing, data storage, electro-optics, and molecular/flexible 
electronics. 

 

Introuduction 

Ferroelectrics are electroactive materials which have been widely 
used in thermal imaging, data storage, mechanical actuation, energy 
harvesting and so on,1, 2 since their spontaneous polarizations can be 
controlled by temperature, electric field and mechanical stress, as 
well as magnetic field.3-7 Presently, applications of ferroelectrics 
have been dominated by inorganic perovskite-type materials, such as 
lead zirconate titanate (PZT) and barium titanate (BTO).8-11 It should 
be noted that the ferroelectricity was first discovered in an organic 
crystal, Rochelle salt 12 and later some other molecular crystals were 
found to be ferroelectric, such as triglycine sulfate, thiourea. The 
mechanism of most molecular ferroelectrics comes from order-
disorder transition, while that of inorganic perovskite ferroelectrics 
comes from displacive of cations and/or anions. The drawbacks in 
spontaneous polarization, transition temperature, and thermal 
stability limit the applications of molecular ferroelectrics. However, 
molecular ferroelectrics have some advantages including light 
weight, mechanical flexibility, easily designing, and environmentally 
friendly synthesizing compared with inorganic ferroelectrics, 
especially those containing toxic heavy metals like Lead. In recent 
years, many molecular ferroelectrics have been discovered, which 
have large spontaneous polarizations and high transition 
temperatures. For example, the spontaneous polarization of croconic 
acid is as high as 23 µC/ܿ݉ଶ .13 Most recently 
Diisopropylammonium bromide (DIPAB)14 and Diisopropylamine 
chlorine (DIPAC)15 were found to have a large spontaneous 
polarization of 20 µC/ܿ݉ଶ and 8 µC/ܿ݉ଶ with a high ferroelectric-
paraelectric transition temperature of 426 K and 440 K, respectively. 
Therefore, these molecular ferroelectrics have broad application 
prospect in the future. To widely apply molecular ferroelectrics, the 
most important is to grow smooth thin films. However, it is difficult 
to fabricate thin films for most organic ferroelectric materials, which 
has limited the development and application of these materials. Only 
a few polymer ferroelectric materials, such as poly (vinylidene 
fluoride) (PVDF) and its copolymer poly (vinylidene fluoride-co-
trifluoroethylene) (P(VDF-TrFE)), have been fabricated relatively 

mature thin films. Ferroelectric thin films may exhibit different 
properties from that of crystals, for example, thin film of 
Imidazolium Perchlorate shows superior electromechanical 
coupling.16 The dimensional effect and surface/interface effect may 
play an important role on polarization in ferroelectric thin films.17, 18 
There are a series of ferroelectrics, called relaxor ferroelectric, which 
displays attractive and extraordinary dielectric properties.19-21 For 
instance, they are characterized by more gradual change in 
temperature dependence of the dielectric constant than normal 
ferroelectric, and show a frequency dependent behavior. 
Diisopropylammonium Perchlorate (DIPAP) 22 is a newly 
discovered molecular ferroelectric, which displays an above-room-
temperature ferroelectric to paraelectric transition temperature (Tc 
=338 K). Here, we report a high performance thin film of DIPAP on 
silicon (001) substrate by a spin-coating method, which show some 
exotic relaxor ferroelectric properties compared with the crystal. 
 

Experimental section 

Diisopropylamine and perchloricacid, based on molar 
concentration 1:1, were mixed into methylalcohol solution. The thin 
films were fabricated on Si (001) substrates by spin-coating method 
using a SpinMaster-100 spin coater. Finally, the films were baked in 
a 50℃ atmosphere for 4 hours before becoming an ideal DIPAP thin 
film. X-ray diffraction (XRD) was measured on a Rigaku Dmax-rB 
X-ray diffractometer, with a step-scan mode. The thickness was 
measured on S-3400N II Scanning electron microscope (SEM). The 
complex dielectric constant was measured by a Tonghui TH2828A 
LCR meter using a sinusoidal wave with Vpp of 2V. The Au 
electrodes were used as Au-DIPAP-Au construction as illustrated in 
Fig.S1, which is similar for pyroelectric and ferroelectric 
measurements. The temperature dependence of spontaneous 
polarization was carried out by integration of the pyroelectric current, 
which was measured by a Keithley 6517B electrometer with a 
constant heating rate. The dynamic pyroelectric current was obtained 
using the Chynoweth technique at room temperature. A pulsed laser 
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with wavelength of 1470 nm was used to control temperature of 
samples periodically. AFM and PFM were measured by an Asylum 
Research Cypher scanning probe microscope with Olympus 
AC240TM. Phase and amplitude hysteresis loops were collected in 
the DART (dual a.c. resonance tracking) mode with a triangular 
pulse of amplitude of 5.0V applied to the tip. Ferroelectric hysteresis 
loops were measured in a Radiant RT6000 Premier II tester which 
was in touch with the top and bottom electrodes of a parallel plate 
capacitor Au/DIPAP/Au. 

Results and discussion 

Single crystals of DIPAP have a ferroelectric (with space group 
P1) to paraelectric (with space group of P21/c) phase transition at 
about 343 K as reported in Ref.22. More experiments are necessary 
to do in determining that thin films of DIPAP also have 
ferroelectricity and finding out the difference between films and 
crystals. Fig.1a. shows Atomic Force Microscope (AFM) image of a 
DIPAP film deposited on the (001) silicon substrate, and the 
roughness is less than 4 nm  within area of  10 µm ൈ 10µm . The 
thickness of the film is about 2.5 µm as measured by SEM (Fig. S2). 
X-ray diffraction (XRD) measurements were taken on these films to 
determine the orientation of the film. Typical XRD pattern is shown 
in Fig.1b. Reflections are located at 2θ ൌ 12.775°, 25.570°, 38.240°,  
which are indexed to be reflections from (101), (202), (303) planes 
of the ferroelectric phase P1, respectively. No other reflections are 
detected in our experiments. Therefore, DIPAP films can be 
considered as textured structure.23 

 
 
Figure 1. (a) AFM image and (b) X-ray diffraction pattern of DIPAP 
film. The inset shows DIPAP structural formula. 
 

Improper ferroelectric24 is different from the proper ferroelectric 
in dielectric behavior, namely, stepwise behavior in the temperature 
dependence of dielectric constants corresponds to improper 
ferroelectric, while a sharp peak behavior corresponds to a proper 
one. Switchable dielectric property is promising materials in data 
communication, signal processing, and sensing,25 because it could 
undergo transition between high and low dielectric states. It is 
reported that DIPAP belongs to improper ferroelectric below 343 K. 
The temperature dependence of real part ( ,ߝ ) of the complex 

dielectric constant (ε ൌ ,ߝ െ  is the imaginary part) at ,,ߝ where ,,,ߝ݅
frequency range from 1 KHz to 1 MHz is shown in Fig.2a and Fig. 
S3. The dielectric behavior of the DIPAP films shows a 
distinguished characterization of improper ferroelectric. It has been 
reported that switchable molecular dielectric (SMD) materials of 
metal-organic frameworks (MOF) and molecular-ionic compounds 
experience dielectric mutation below room temperature.26-28 It 
indicates that thin film of DIPAP with switchable dielectric property 
between low and high states above room temperature will have 
exciting prospect in the future. However, the film exhibits a broad 
dielectric mutation below the F-P transition temperature (Tc =338K, 
as observed in crystals). This will be also verified by pyroelectric 
measurements. The Fig.2a shows that dielectric transition 
temperature Tm shifts progressively toward higher temperature with 
frequency increasing, which is a characteristic feature of relaxor 
ferroelectrics. However, the dielectric constant of DIPAP crystals 
changes sharply at same transition temperature for all frequencies.22 
The imaginary part of dielectric constant, ߝ,, , is also utilized to 
characterize the relaxation of DIPAP thin film as manifested in 
Fig.2b, which does change with temperature and frequency, and 
generates a peak in vicinity of Tm. It is noted that the electric filed 
(of about 4 kV/cm) exceeds the coercive filed as mentioned below, 
which will cause polarization switch and domain wall movements. 
Specifically, the relationship between frequency and transition 
temperature Tm is in according with Arrhenius’ equation: ݂ ൌ

݂݁ି
ಶೌ
ೖ , that is lnሺ ݂ሻ ൌ lnሺ ݂ሻ െ  

ாೌ

்
 , where Ea is activation energy, 

k is the Boltzmann constant. The activation energy Ea can be fitted 
with the value of Ea=3.30 eV from the linear relation between 

lnሺ݂ሻ and  
ଵ

்
 as shown in the inset of Fig.2b. We compared the 

activation energy with that of some other inorganic and organic 
relaxor ferroelectric, for example, [Im]5Bi2Cl11 has an activation 
energy of 0.47 eV , and that of [Me2NH2]3Sb2Br9 is 0.24 eV.29 The 
activation energy of the thin film of DIPAP reaches 3.30 eV, much 
larger than others, which means it is more difficult to change the 
balance with respect to the other relaxor ferroelectric. In addition, 
the Debye-type relaxation in ferroelectrics is also following the 
Arrhenius’ equation30 , which may also cause dielectric dispersion.  
In short, DIPAP thin film has dielectric relaxation, which is not 
present in the crystal. 
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Figure 2. Temperature dependence of (a) real part (ߝ,) and (b) 
imaginary part (ߝ,,) of the complex dielectric constants at different 
frequencies. The inset of (a) is zoom of ߝ,at frequency of 1 KHz to 
see the transition more clarity. The inset of (b) shows transition 
frequency vs. the inverse of temperature. 

 
The appearance of spontaneous polarization Ps was confirmed by 

pyroelectric measurements. We measured the pyroelectric current in 
the absence of an electric field in heating processes without a poling 
procedure. The secondary or constant-stress pyroelectric effect was 
measured. The spontaneous polarization can be integrated: ܲ ൌ




ൈோ
 ݀ܶ, where i is the current, A is the area of sample, and R is 

heating rate. A peak of pyroelectric current was obtained at about 
318 K as shown in Fig.3a, which is accordant with the high 
frequency dielectric transition temperature. The spontaneous 
polarization (Ps) value is about 0.1 µC/ܿ݉ଶ at T=310K, which is 
very close to the value of DIPAP single crystals. The transition 
temperature of 318 K in the films is below that of the crystal (338 K), 
which can be also observed in some relaxor thin films, whose 
polarization changes very gradually with the temperature.31 
Furthermore, we also measured the pyroelectric current using the 
Chynoweth technique32 by turning a infrared laser on and off, which 
changes the temperature of sample periodically in vicinity of room 
temperature as shown in Fig.3b. A negative current peak of about -
0.01 nA is observed when the laser is turned on, due to the sudden 
increase of temperature. The current declines to zero as temperature 
is stabilized. When the laser is turned off, a positive current peak of 
about 0.01 nA is observed due to the suddenly decrease of 
temperature. The current between each ON/OFF and OFF/ON 
switching appears in the opposite direction, consistent with 
polarization change induced by increase and decrease of the 
temperature. Notice that during ON and OFF processes, the current 
are approximately symmetrical to each other, indicating that 
thermal-stimulate current can be ignored.33 These phenomena 
exclude interference of other processes like trapped charge or 
electrets, and proved that the observed current is the unambiguous 
pyroelectric current. 
 

 
 

Figure 3. (a) The temperature dependence of spontaneous 
polarization (Ps) (left), calculated by integrating the pyroelectric 
current (right). (b) Pyroelectric current measured at room 
temperature when the Infrared laser changes between ON and OFF 
state. 
 

Piezoresponse force microscopy (PFM) is always treated as a 
powerful technique to prove the characteristic feature of ferroelectric 
materials34, particularly in some fields, like some biological 
tissues,35 where ferroelectric hysteresis loops are very difficult to be 
obtained. DIPAP films show a single domain structure with the 
measurement range (Fig. S4). The remnant phase and piezoelectric 
switching hysteresis loops were observed. The phase signal (Fig.4a) 
exhibits a square-shaped hysteresis loop, which further reveals the 
ability of electric field to switch the spontaneous polarization. When 
the poling voltage is negative, the direction of polarization is 
downward. With the voltage decreases and changes into positive 
value, some antiparallel polarization domains are forming while the 
overall direction is unchanged. When the voltage exceeds the 
coercive field, the overall direction of polarization becomes upward. 
Therefore, the phase signal has a nearly 180o sharp transition. The 
amplitude signal shows a butterfly-like curve (Fig. 4b) which has 
two nearly symmetrical minimum points at the coercive field, 
revealing the switching of the ferroelectric domains. This indicates 
that it may be superior to ceramic perovskite ferroelectric like BTO 
and PTZ. The PFM results reveal that the ferroelectric domain of 
DIPAP thin films can be switched by electric field. 

 
 

 
Figure 4. (a) The phase and (b) amplitude signals of local PFM 

hysteresis loops measured on the film surface. (c) The ferroelectric 
hysteresis loops of thin film at different temperatures. 

 
To further verify the ferroelectric effect, ferroelectric 

hysteresis loops were measured by polarization response to 
different voltages between the top and bottom Au electrodes. 
As shown in Fig.4c, the loop shows a typical ferroelectric shape 
curve at room temperature, as a basic feature of ferroelectric 
properties, which means that we only need a quite small voltage 
like 2-3 V to alter the direction of polarization. The coercive 
field is about 5 kV/cm, larger than that of the crystals22 which is 

Page 3 of 4 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE  Journal Name 

  PAGE  2

presented as 2 kV/cm, but it is much smaller than some typical 
ferroelectric like BaTiO3 (10 kVcm-1) and PVDF (500 
kV/cm).36 The remanent polarization is 0.02 µC/ܿ݉ଶ, which is 
only one fifth of the polarization of the crystals. The 
ferroelectric hysteresis loops is observed below the Curie 
temperature (338 K), and almost becomes linear dependence at 
353 K, which is above the F-P transition temperature (Fig. 4c). 
With the temperature increasing, the remanent polarization and 
coercive field reduced, while they show nearly temperature 
independence in the crystals. This also explains that the thin 
film is a typical relaxor ferroelectrics.37  

These results demonstrate that the thin film of DIPAP has 
many features in common with the relaxor ferroelectric systems 
in inorganic and organic materials, such as the polarization Ps 
that changes gradually comparing with crystals, a slimmer 
polarization loop with the temperature increasing and the 
temperature and frequency dependent dielectric mutation, 
which follows the Arrhenius’ equation.  

Conclusions 

In summary, DIPAP, as a newly discovered ferroelectric 
material, has a Curie temperature higher than room temperature. 
We use the convenient and inexpensive spin-coating method to 
make a smooth thin film with single orientation at (101) plane 
on Si (001) substrates. The roughness of DIPAP thin film is less 
than 4 nm in a range of 10 µm , which fully meets the 
requirements of practical applications. The dielectric properties 
show that the thin film of DIPAP is a typical ferroelectric 
relaxor, which is completely different from the crystal. The 
ferrolelectricity of DIPAP thin films are confirmed by PFM, 
pyroelectricity, and hysteresis loop, which show a very small 
coercive electric filed. It is very important for the applications 
of ferroelectric thin films. 
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