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Manipulating the Hysteresis in Poly(vinyl alcohol)-Dielectric 
Organic Field-Effect Transistors Toward Memory Elements
 The origins of hysteresis in organic fi eld-effect transistors (OFETs) and its 
applications in organic memory devices is investigated. It is found that the 
orientations of the hydroxyl groups in poly(vinyl alcohol) (PVA) gate dielec-
trics are correlated with the hysteresis of transfer characteristics in penta-
cene-based OFETs under the forward and backward scan. The applied gate 
bias partially aligns the orientations of the hydroxyl groups perpendicular 
to the substrate as characterized by refl ective absorption Fourier transform 
infrared spectroscopy (RA-FTIR), in which the fi eld-induced surface dipoles at 
the pentacene/PVA interface trap charges and cause the hysteresis. Treating 
PVA with an anhydrous solvent eliminates the residual moisture in the 
dielectrics layer, allowing for more effective control of the induced dipoles by 
the applied gate bias. OFETs of dehydrated-PVA dielectrics present a pro-
nounced shift of the threshold voltage (Δ V  Th ) of 35.7 V in transfer characteris-
tics, higher than that of 18.5 V for untreated devices and results in suffi cient 
dynamic response for applications in memory elements. This work highlights 
the usage of non-ferroelectric gate dielectrics to fabricate OFET memory ele-
ments by manipulating the molecular orientations in the dielectrics layer. 
  1. Introduction 

 Organic fi eld-effect transistors (OFETs) exhibit hysteresis in 
their transfer characteristics (drain current ( I  D ) versus gate 
voltage ( V  G ) curves), and many research groups have reported 
the shift of threshold voltage under sequential sweeps. [  1  –      8  ]  
The origin of the bias-induced hysteresis in OFETs could be 
attributed to the use of ferroelectric materials as the gate die-
lectrics. [  9  –    13  ]  On the other hand, for OFETs made of non-ferroe-
lectric gate dielectrics, the origin of the bias-induced hysteresis 
is correlated with the trapping of charge carriers in the gate 
dielectrics, [  14  –  18  ]  the interface at the active layer/dielectrics junc-
tion, [  19  ,  20  ]  or the active layer [  21  ,  22  ]  of devices. The trapped charges 
electrostatically shield the effective electrical bias applied to 
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the gate with source/drain electrodes, in 
which the modulations of  I  D  are associ-
ated with the trapping and de-trapping 
processes of charge carriers [  23  –    25  ]  under 
the various bias regimes. Due to the insta-
bility of  I  D  at the different sweep of opera-
tions [  26  –    28  ]  hysteresis is a serious drawback 
of OFETs for real applications. However, 
OFETs with non-volatile bi-stable states 
of  I  D  under the programing-erasing bias 
could be used in applications for memory 
elements. [  29  ,  30  ]  Recent results have suc-
cessfully demonstrated that the OFETs-
based memory elements exhibit the 
operation voltage levels below 10 V of the 
potential for real applications. [  6  ,  7  ,  8  ,  12  ,  13  ,  18  ,  25  ]  

 When used as the gate dielectrics, 
OFETs made of polymers containing 
hydroxyl groups (such as the poly(vinyl 
alcohol) (PVA) or poly(4-vinyl phenol) 
(PVP)) present pronounced hysteresis in 
transfer characteristics. [  31  ,  32  ,  33  ,  34  ]  Singh 
et al. fabricated an OFET for memory 
devices using PVA as a charge-stored gate dielectric. [  31  ]  Lee et 
al. reported that the increase of hydroxyl groups in polymer 
dielectrics results in an equal increase in the number of trap-
ping sites at the channel/dielectric interface, which causes 
a large hysteresis. [  35  ]  Im et al. and Orgiu et al. demonstrated 
hysteresis-free OTFT devices by applying PVP and PVA dielec-
trics with cross-linkers and photosensitizers, respectively. [  33  ,  34  ]  
It is suggested that the hydroxyl groups could trap charges at 
the active layer/dielectrics interface, causing hysteresis. Addi-
tionally, as reported by Egginger et al., the thermally activated 
motion of ionic impurities in PVA dielectrics under the infl u-
ence of applied electrical fi elds could serve as another param-
eter to modulate the transfer characteristics of OFETs. [  32  ]  The 
above results indicate that manipulating the hysteresis of PVA- 
or PVP-dielectrics OFETs is a rather complicated process. The 
functionalities of hydroxyl groups or moieties in the gate dielec-
trics should be carefully investigated. 

 PVA is a polar polymer, having abundant hydroxyl groups 
attached to polymer chains. The polarity of PVA results from 
the electrostatic dipoles of hydroxyl groups because of the dif-
ferent levels of electronegativity associated with oxygen and 
hydrogen atoms. The polarization of hydroxyl groups, such as 
the orientation or alignment of the dipoles, could be changed 
by variation of the electrical fi eld (bias). The present study 
fi nds that the applied gate bias partially aligns the orientations 
of hydroxyl groups perpendicular to the substrate (or parallel 
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      Figure  1 .     The transfer characteristics (drain current ( I  D ) versus gate 
voltage ( V  G ) curves) of PVA-dielectrics OFETs operated in forward (0 to 
−100 V) and backward (−100 to 0 V) scans of  V G   in successive steps of 
1 V with a fi xed drain-source voltage ( V  DS ) of −100 V.  I  D – V  G  curves were 
taken in the a) 1 st  sweep, b) 2 nd  sweep, c) 3 rd  sweep, and d) when applies 
a pre-bias of +100 V at the gate electrode for 2 s after the 3 rd  sweep. The 
inset of (a) presents the basic OFET confi guration herein. The inset of (b) 
illustrates the chemical structure of the PVA.  
to the electrical fi eld) as characterized by grazing-incident 
refl ective absorption Fourier transform infrared spectroscopy 
(RA-FTIR). Applying a pre-bias at the gate electrode modu-
lates the orientations of the fi eld-induced surface dipoles in 
PVA dielectrics at the pentacene/PVA interface, which cor-
responds to the sweep- and moisture-dependent hysteresis in 
PVA-dielectrics OFETs. We also fi nd that the hydrogen bonding 
interactions in the PVA offset the infl uence of the applied elec-
trical fi eld on the re-orientation of hydroxyl dipoles. Through a 
dehydration process on PVA dielectrics, the shift of threshold 
voltage in transfer characteristics reaches a maximum with the 
bi-stable states of  I  D  under the programing-erasing bias for 
applications as non-volatile memory elements.   

 2. Experimental Section 

 The basic device confi guration herein, as presented in inset of 
Figure  1 a, comprises a pre-patterned indium tin oxide (ITO)/
glass (RITEK Corp.) substrate as the gate electrode that was 
sequentially coated with a thin layer of poly(3,4-ethylenedi- 
oxythiophene):polystyrenesulfonate (PEDOT:PSS Bayer Corp. 
VP-CH 8000), a crosslinking PVP (Mw = 25 000, Aldrich) layer 
and a PVA (Mw = 30 000–70 000, Aldrich) layer as the double-
layer gate dielectrics, a pentacene active layer, and gold (Au) 
source-drain electrodes. The low conductivity PEDOT:PSS 
layer is used to smoothen the roughness of ITO surface, which 
reduces the gate leakage current, improves the stabilities of 
devices, and increases the adhesion of PVP layer on the gate 
electrode. The bottom layer of gate dielectrics was prepared by 
spin-coating (at 6000 rpm) the PVP (110 mg)/poly(melamine-
co-formaldehyde) methylated (40 mg) (Aldrich) in propylene 
glycol monomethyl ether acetate solution (1 mL) (Aldrich) on 
the PEDOT:PSS/ITO glass substrate. The substrate was baked 
at 120 °C for 5 min and then at 200 °C for 20 min to ensure the 
formation of a cross-linking PVP dielectrics. [  36  ,  37  ]  The bottom 
PVP fi lm has a stable morphology and smooth surface, which 
is dense to effectively inhibit the gate leakage current. PVA 
was dissolved in de-ioned water at a concentration of 5.0 wt% 
and then spun on the surface (at 6000 rpm) of PVP layer as 
top dielectrics. The chemical structure of PVA is depicted in 
the inset of Figure  1 b. The substrate was baked at 90 °C for 
20 min to remove the residual solvent in the dielectrics. The 
thicknesses of crosslinking PVP and PVA layer were 384 nm 
and 41 nm, respectively. The pentacene layer (80 nm) (Fluka) 
and Au electrodes (60 nm) were deposited through a shadow 
mask on PVA/crosslinking PVP/PDEOT:PSS/ITO glass 
substrate inside the vacuum thermal evaporator (10 −6  torr). 
The complete devices are termed as PVA-dielectrics OFETs 
in this study. Poly styrene (PS)-dielectrics OFET was made 
by using PS instead of PVA as the top dielectrics. PS (Mw = 
200 000, Aldrich) fi lm was spin-cast from its toluene solution 
(50 mg/1 mL) at 6000 rpm on PVP surface. All the chemicals 
were used directly without further purifi cations. The channel 
length ( L ) and width ( W ) were 100 µm and 1000 µm, respec-
tively. All of these steps for fabrications were implemented 
inside a nitrogen-fi lled glove box, except for spin-casting PVA 
and PEDOT:PSS layers. The moisture and oxygen levels inside 
the glove box were below 1.0 ppm.  
4207wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 4206–4214
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     Figure  2 .     a)  C – V  curves for devices of MIS confi guration. The inset illus-
trates the device of MIS confi guration here. b) The DOS versus  E  a  (for 
de-trapping) curves for the PVA-dielectrics OFETs. The calculations are 
based on the model proposed by Kalb et al. [  42  ]   
 The output and transfer characteristics of OFETs were meas-
ured inside the nitrogen-fi lled glove box using a semiconductor 
parameter analyzer (HP 4145B, Agilent Technologies). The 
capacitance-voltage ( C – V ) measurements were conducted 
with a precision LCR meter (HP 4284A, Agilent Technolo-
gies) under the biased voltages (−40–40 V) plus a modulated 
voltage (100 mV) at a frequency of 100 Hz. The device of metal-
insulator-semiconductor (MIS) confi guration as shown in the 
inset of Figure  2 a is composed of the ITO/glass substrate, a 
PEDOT:PSS layer, a crosslinking PVP layer and a PVA layer, 
a pentacene layer, and Au top electrode for the  C – V  measure-
ments. The active area of MIS device for  C – V  measurement is 
of 2.0 mm 2 . RA-FTIR spectra were done by a Vertex 70 spec-
trometer from Bruker purged with nitrogen gas and equipped 
with an Advanced Grazing Angle (AGA) accessory and a KRS-5 
polarizer from Pike for the grazing incident of a  p -polarized 
IR beam. 32 scans were collected with a spectral resolution 
of 4 cm −1  by a mercury-cadmium-telluride detector. An Au-
coated (100 nm) glass was used as the refl ective substrate for 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the RA-FTIR measurement. The height image of atomic force 
microscopy (AFM) was taken by Veeco D5000 in tapping mode.    

 3. Results and Discussion  

Figure  1  presents the transfer characteristics ( I  D  versus  V G   
curves) of PVA-dielectrics OFETs operated in forward (0 to −100 
V) and backward (−100 to 0 V) scans of  V  G  in successive steps 
of 1 V with a fi xed  V  DS  of −100 V. Figure  1 a depicts the transfer 
characteristics in the fi rst sweep, exhibiting the pronounced hys-
teresis of  I  D . The magnitude of  I  D  at the same  V  G  in the back-
ward scan is smaller than that in the forward scan. As shown in 
Figure  1 a, between the forward and backward scans, the device 
also exhibits a shift of threshold voltage (Δ V  Th ) of approximately 
20.2 V. However, while PVA-dielectrics OFETs are continuously 
operated in the second and third sweeps,  I  D  decreases in the for-
ward scan but only shows a slight change in the backward scan, 
as illustrated in Figure  1 b,c. The reduced  I  D  in the forward scan 
comes with the shift of threshold voltage ( V  Th ) to the higher neg-
ative gate bias and the decreased Δ V  Th  in the transfer character-
istics. The Δ V  Th  is 20.2, 10.7, and 5.4 V for  I  D – V  G  curves in 1 st , 
2 nd , and 3 rd  sweeps, respectively. After fi ve sweeps, the OFETs 
show no hysteresis in their transfer characteristics (data not 
shown here), indicating the sweep-dependent Δ V  Th  in this study. 

 Hysteresis in the transfer characteristics of OFETs is asso-
ciated with the trapping of charge carriers as induced by the 
gate bias. [  38  ,  39  ]  These trapped charges possibly shield the elec-
trical fi eld applied to the gate with source/drain electrodes and 
reduce the  I  D  of devices. [  40  ,  41  ]  We attribute the sweep-dependent 
Δ V  Th  observed in Figure  1 a–c to the sequential accumulation 
of charges in the OFETs under continuous operation. Presum-
ably, these bias-induced charges can be removed by applying 
an opposite bias or by post-annealing at elevated temperatures. 
As illustrated in Figure  1 d, the  I  D – V  G  curve was taken for the 
device (after the third sweep); when applying a pre-bias of 
+100 V at the gate electrode for 2 s,  I  D  increases in the forward 
scan with a shift of the threshold voltage toward the original 
magnitude of the fi rst sweep, showing a reversible Δ V  Th  by the 
gate bias. 

 To understand the mechanisms that cause the trapping of 
bias-induced charges, a PS-dielectrics OFET was fabricated 
for comparison, with its  I  D – V  G  curves depicted in Figure  3 . 
No hysteresis is found in the forward and backward scans of 
transfer characteristics for the PS-dielectrics OFET. Succes-
sive device operations would not change the  I  D  or shift the 
threshold voltage, which implies the trapping of charge car-
riers in the PS-dielectrics OFET is minor compared to that 
found in the PVA dielectrics OFET. The insets of Figure  3  
present AFM height images of pentacene fi lms deposited on 
PVA and PS dielectrics. The surface morphologies, grain sizes 
and boundaries, and the roughness of pentacene fi lms for 
these two samples are quite similar. Therefore, the difference 
in the intrinsic and electrical properties of the dielectrics layer 
is responsible for the variations in the PVA- and PS-dielectrics 
OFETs. The accumulation of charges at the gate dielectrics 
layer or at the interface between dielectrics/pentacene layers 
is critical to modulating the output performance of the PVA-
dielectrics OFETs.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4206–4214
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     Figure  3 .     The transfer characteristics of PS-dielectrics OFET in forward 
and backward scans. The insets present AFM height images of pentacene 
fi lms deposited on PVA and PS dielectrics.  
 The infl uence of trapped charges on device performance is 
characterized by the quasi-static  C – V  measurements. Figure  2 a 
presents  C – V  curves for the MIS confi guration device (inset 
of Figure  2 a). In the initial measurement, the magnitude of 
capacitance increases at the negative bias on the ITO/glass elec-
trode, indicating the injection of holes from the Au electrode 
into the pentacene layer. However, the magnitude of capaci-
tance drops by approximately 15–20% in the MIS device with a 
pre-bias of −100 V on the ITO/glass electrode for 2 s. This pre-
bias causes the trapping of charges in the MIS device, which 
screens the effective electrical fi eld applied to on the electrodes 
and reduces the magnitude of capacitance in the  C – V  measure-
ments. While a pre-bias of +100 V for 2 s is applied to the ITO/
glass electrode, the capacitance recovers to its original magni-
tude as shown in Figure  2 a, possibly because of the de-trapping 
of charges by the reversed bias. 

 The density of trap states in the PVA-dielectrics OFETs can 
be estimated based on the model proposed by Kalb et al. [  42  ]  
Figure  2 b demonstrates the density of trap states (DOS) versus 
the activation energy ( E  a ) curves for the PVA-dielectrics OFETs 
(see Supporting Information for the interpretation and calcu-
lation of DOS). The transfer characteristics of PVA-dielectrics 
OFETs were taken at a low drain voltage of −5 V in a tempera-
ture range from 9 to 36°C. The data used to calculate the DOS 
were taken from the OFETs without any pre-bias and with a 
pre-bias of −100 V or +100 V at the gate electrode for 2s. Com-
paring the distributions of trap states shown in Figure  2 b, the 
OFET with a pre-bias of −100 V has a relative higher DOS 
(about 3.2 × 10 20  cm −3  eV −1  at an activation energy of ≈0.21 eV) 
than does the device without a pre-bias. The trap states recover 
to the original distribution after applying a bias at +100 V at the 
gate voltage for 2 s. Such variations are correlated with the trap-
ping and de-trapping processes of charges in the devices, and 
agree well with observations of transfer characteristics and  C – V  
measurements. Since PVA is a polar polymer with abundant 
hydroxyl groups attached to polymer chains, the polarizations 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4206–4214
of hydroxyl dipoles would be sensitive to the magnitude and 
direction of the applied electrical fi eld (bias). Those dipoles 
near the interface between PVA dielectrics/pentacene layers 
are critical to trapping (i.e., electrostatically stabilizing) charges, 
and the polarizations of hydroxyl groups would be important 
factors in modulating the hysteresis of  I  D – V  G  curves. 

 The infl uence of applied gate bias on the orientations of 
hydroxyl groups in the PVA layer was studied by measuring the 
grazing-incident RA-FTIR spectroscopy. The details regarding 
RA-FTIR can be found elsewhere. [  43  ,  44  ,  45  ,  46  ,  47  ]  When a  p -polar-
ized IR beam comes at an incident grazing angle to the sub-
strate, the absorption for dipole moments oriented normally to 
the substrate will be signifi cantly enhanced. Figure  4 c  sche-
matically illustrates the principle of RA-FTIR measurement. An 
increase or decrease in the intensity of a particular IR absorp-
tion peak in the RA-FTIR measurement therefore indicates a 
change in the molecular chain orientation, thus enabling us 
to determine the average direction of specifi c dipoles within 
the PVA chain. Figure  5 a presents the RA-FTIR spectra of the 
PVA fi lm on refl ective Au-coated glass substrates without and 
with a pre-bias of −100 V for 2 s. The absorptions of around 
2850–2950 cm −1  and 3200–3400 cm −1  are respectively assigned 
to the stretching vibrations of C–H and O–H bonds. That peak 
intensities for C–H stretching are almost identical for the PVA 
fi lms without and with a pre-bias, which implies the electrical 
fi eld (pre-bias) has no infl uence on modulating the average ori-
entations of the C–H bonds in PVA. However, the pre-bias of 
the PVA fi lm increases the peak intensities by approximately 
15% around 3200–3400 cm −1 . This observation suggests that 
the average orientations of O–H bonds in the PVA fi lm are sub-
ject to change by the applied electrical fi eld. The pre-bias tends 
to align the hydroxyl groups (dipole moments) in the PVA fi lm 
to stand more perpendicularly to the substrate plan (or par-
allel to the direction of the applied electrical fi eld) than those 
without the pre-bias. The RA-FTIR spectra of the PVA fi lm on 
Au-coated glass substrate without a pre-bias, with a pre-bias of 
−100 V, and a pre-bias of +100 V under a sequential operation 
are illustrated in Figure S1, Supporting Information. Both the 
−100 V and +100 V pre-bias can partially align the orientations 
(in the opposite direction) of hydroxyl dipoles in the PVA fi lm 
and modulate the peak intensities of O–H bonds in RA-FTIR 
spectra.   

 It is anticipated that, as induced by gate bias, the standing 
dipoles in PVA near the dielectrics/pentacene junction would 
assist the trapping of charges in the OFETs. Figure  4 a schemat-
ically draws the correlations between the aligned dipoles with 
trapped charges at the PVA/pentacene interface in the PVA-
dielectrics OFETs during operations. At the start of the forward 
scan of the fi rst sweep, hydroxyl groups attached to polymer 
chains are randomly oriented and distributed in the PVA fi lm 
with no preferred directions. However, at the end of the for-
ward scan at a −100 V gate bias, the electrical fi eld partially 
aligns or rotates hydroxyl groups attached to polymer chains in 
PVA and generates dipoles which stand perpendicularly to the 
interface (substrate). These dipoles promote charge trapping or 
electrostatically stabilize the accumulated charges at the inter-
face. Later, those charges shield the effective electrical fi eld that 
applied to the gate electrode to decrease  I  D , shift the threshold 
voltage toward a higher magnitude, and cause the hysteresis in 
4209wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     a) A schematic draw for the correlations between the aligned dipoles with trapped 
charges at the PVA/pentacene interface in the PVA-dielectrics OFETs during operations. The 
electrical fi eld partially aligns or rotates hydroxyl groups attached to polymer chains in PVA and 
generates dipoles at the end of the fi rst sweep to promote charge trapping or electrostatically 
stabilize the accumulated charges at the interface. b) A schematic draw for the mechanism 
about the infl uence of the absorbed water molecules to the polarizations of hydroxyl groups 
attached to the PVA polymer chains in the PVA dielectrics. The hydrogen bonding interactions 
from water compensate for the infl uence of the applied gate bias on the orientations and rota-
tions of the hydroxyl groups to diminish the trapping of charges at the dielectrics/pentacene 
interface. c) A schematic draw for the principle of RA-FTIR measurement. The absorption is 
signifi cantly enhanced for dipoles oriented perpendicularly to the substrate, when a  p -polarized 
IR beam comes at an incident grazing angle to the substrate.  
transfer characteristics at the backward scan of the fi rst sweep, 
as shown in Figure  1 a. As a result, the hysteresis of  I  D – V  G  
curves could presumably be modulated by varying the polariza-
tions, concentrations of hydroxyl groups, and the residual mois-
ture level in PVA layer for PVA-dielectrics OFETs. 

 To verify the abovementioned assumptions,  Figure 6   a–d pre-
sents the  I  D – V  G  curves for the PVA-dielectrics OFETs of the 
PVA layer containing varied moisture levels. Figure  6 a depicts 
the transfer characteristics, showing pronounced hysteresis 
with a Δ V  Th  of 17.9 V for the PVA-dielectrics OFETs made by 
annealing the spin-cast PVA layer at 90°C for 20 min inside a 
nitrogen-fi lled glove box. However, as shown in Figure  6 b, if 
the device was fabricated using the PVA layer as gate dielec-
trics without annealing, the PVA-dielectrics OFET exhibits no 
hysteresis in the  I  D – V  G  curves. In addition, no hysteresis is 
observed for the device under the continuous sweep of opera-
tions. These results suggest that the content of the residual 
moisture in PVA determines the formation of hysteresis. The 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
OFET fabricated with a “dry” PVA fi lm shows 
apparent hysteresis in the  I  D – V  G  curves. On 
the other hand, placing the device illustrated 
in Figure  6 a inside a glass bell jar for 20 min 
with a relative humidity above 95% markedly 
increases the water content in the PVA die-
lectrics due to the strong hydrogen bonding 
interactions between the hydroxyl groups in 
PVA with water molecules. As illustrated in 
Figure  6 c, due to the moistening process, the 
PVA-dielectrics OFET displays a very small 
Δ V  Th  in the  I  D – V  G  curves as compared to that 
in Figure  6 a. Another approach to verify the 
role of residual moisture is to post-anneal 
the device presented in Figure  6 b at 90°C for 
20 min inside a nitrogen-fi lled glove box to 
dehydrate the PVA dielectrics. Figure  6 d 
shows the  I  D – V  G  curves with an obvious 
Δ V  Th  of 14.3 V for the post-annealed PVA-
dielectrics OFET, in which the non-annealed 
device has no hysteresis at all, as shown 
in Figure  6 b. These observations suggest 
the absorbed water molecules in the PVA 
dielectrics suppress the hysteresis in the 
 I  D – V  G  curves. FTIR spectroscopy results (see 
Figure S2, Supporting Information) shows 
the amount of water molecules in the PVA 
dielectrics decreases with annealing and 
increases with moistening.   

Figure  4 b schematically illustrates the 
mechanism by which the absorbed water 
molecules infl uence the polarizations of the 
hydroxyl groups attached to the PVA polymer 
chains in the PVA dielectrics. It is anticipated 
that PVA polymer tends to absorb water 
through its very strong hydrogen bonds. 
As shown in Figure  4 b, given a certain 
water content in the OFET's PVA fi lm, the 
hydrogen bonding interactions compensate 
for the infl uence of the applied gate bias on 
the orientations and rotations of the hydroxyl 
groups attached to the PVA polymer chains in the PVA dielec-
trics. This diminishes the trapping of charges at the dielec-
trics/pentacene interface due to standing dipoles (as depicted 
in Figure  4 a). As shown in Figure  6 b,c, a minimal charge 
screening effect is found inside the PVA-dielectrics OFETs 
during the forward and backward scan, and no hysteresis is 
found in the transfer characteristics. Figure  5 b presents the 
RA-FTIR spectra of the PVA fi lm without annealing on a refl ec-
tive Au-coated glass substrate. No variation is observed in the 
absorptions around 3200–3400 cm −1  (stretching of O–H bonds) 
for the PVA fi lm, and it was applied with a pre-bias of −100 V 
for 2 s, as distinct from the result in Figure  5 a, which shows 
an approximately 15% change in the peak intensity by appli-
cation of the electrical fi eld. The inset of Figure  5 b enlarges 
the region between 2700–3000 cm −1 , in which the absorptions 
around 2850–2950 cm −1  assigned to the stretching vibrations of 
C−H are also unchanged. This observation supports the above 
assumption that water molecules offset the infl uence of the 
eim Adv. Funct. Mater. 2013, 23, 4206–4214
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     Figure  5 .     a) RA-FTIR spectra of the PVA fi lm on refl ective Au-coated glass 
substrate without and with a pre-bias of −100 V for 2 s. b) RA-FTIR spectra 
of the PVA fi lm (no annealing) without and with a pre-bias of −100 V for 
2.0 s. The inset of (b) enlarges the region between 2700–3000 cm −1  of 
C–H stretching vibrations.  
applied gate bias on the alignment of hydroxyl groups attached 
to the PVA polymer chains in the PVA dielectrics. 

 Our result indicates that water molecules in PVA dielectrics 
diminish the hysteresis in the transfer characteristics. These 
results are in contrast to previous reports, [  29  ,  48  ,  49  ]  in which the 
residual hydroxyl groups or the amount of water in the die-
lectrics cause the hysteresis. Since all of steps for fabrication 
and measurement of devices herein are implemented inside a 
nitrogen-fi lled glove box (the moisture and oxygen levels inside 
the glove box below 1.0 ppm) except for spin-casting PVA, PVP 
and PEDOT:PSS layers, we exclude the infl uence of the mois-
ture level in atmosphere and investigate “dry (in a glove box)” 
and “moistening (under a relative humidity above 95%)” PVA 
dielectrics on the output performance of OFETs. Figure S2 
(Supporting Information) clearly indicate the variations of the 
water molecules in PVA dielectrics under different conditions. 
The previous studies for OFETs exhibiting hysteresis in transfer 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4206–4214
characteristics are observed in a moderately relative humidity 
about 40% in atmosphere, [  48  ,  49  ]  which is a distinct environment 
to our study. As a result, the concentrations of hydroxyl groups 
or water levels in atmosphere would also modulate the pro-
nounced hysteresis of OFETs. Additionally, the charges injected 
from the gate electrode and accumulated in the dielectrics 
would be another possible mechanism to modulate the hys-
teresis. [  50  ]  We anticipate that the fi eld-induced orientations of 
hydroxyl dipoles would still dominate the trapping of charges in 
the “dry” or “moistening” PVA dielectrics/pentacene interface 
herein and cause the hysteresis. 

 The polarization or charge accumulation at the PVP/PVA 
interface is possible. However, the infl uence from the amount 
of charges accumulated at the interface between bottom/top 
(PVP/PVA, PVP/PS) dielectrics or the polarization is relatively 
small as compared to that in PVA/pentacene interface. Firstly, 
PS-dielectrics OFETs (of a PVP bottom layer) exhibit no hys-
teresis in transfer characteristics at all. Secondly, the channel 
is located at the pentacene layer directly contact to PVA dielec-
trics. The dipoles or polarizations near in PVA dielectrics/pen-
tacene interface would primarily cause the trapping of charges 
as well as the hysteresis in the transfer characteristics of PVA-
dielectrics OFETs. 

 As shown in Figure  6 , Δ V  Th  in the transfer characteristics 
for the PVA-dielectrics OFETs is associated with the amount of 
water molecules in the PVA layer. Further reducing the amount 
of residual water would increase Δ V  Th  of devices for applica-
tions in organic memory elements. Accordingly, we propose 
an approach to dehydrate the PVA dielectrics by immersing 
the substrate with the PVA fi lm into the anhydrous acetone 
for 2 minutes followed by blow drying with nitrogen gas in a 
nitrogen-fi lled glove box prior to the deposition of the pentacene 
layer to fabricate the OFETs; the corresponding  I  D – V  G  curves 
(forward scan) are illustrated in  Figure 7   a. Δ V  Th  is 35.7 V in the 
transfer characteristics for devices measured after programing 
at  V  G  = +100 V for 2 s and erasing at  V  G  = −100 V for 2 s. Δ V  Th  
is 18.5 V for the OFET without the acetone treatment on the 
PVA dielectrics (data not shown here), which is about half the 
magnitude of that of the treated device. This result indicates the 
treatment of anhydrous acetone facilitates the dehydration of 
PVA fi lm at room temperature and markedly increases Δ V  Th .  

 The dehydrated PVA-dielectrics OFETs are used for applica-
tions in non-volatile memory elements. Figure  7 c illustrates the 
dynamic programming-erasing property for the PVA-dielectrics 
OFETs made of acetone-treated PVA fi lm. The device is pro-
grammed at a  V  G  of 100 V for 5 s, is read at a  V  G  of −40 V with 
a drain-source voltage ( V  DS ) of −100 V in ON-state for 1 s, is 
erased at a  V  G  of −100 V for 5 s, and is read at a  V  G  of −40 V 
with a  V  DS  of −100 V in OFF-state for 1 s. As shown in the 
bottom part of Figure  7 c, the device also can be programmed 
and erased at a relatively low  V  G  of 50 and −50 V, respectively. 
The programming-erasing gate bias results in changes to the 
magnitude of  I  D  exhibiting ON-OFF bi-stabilities. The ratio 
of high- and low-conductance states remains stable through 
sequential sweeps. Figure  7 b shows the time-dependent sta-
bility of the conductance in both states.  I  D  is stable in both 
the ON-state and OFF-state during prolonged operation, 
although the value of  I  D  for these two states slightly decreases 
at the outset of operations. The difference in the trapping and 
4211wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  6 .      I  D – V  G  curves for the PVA-dielectrics OFETs made of a process a) annealing the PVA layer at 90°C for 20 min, b) using the PVA without the 
annealing, c) placing the device of (a) inside a glass bell jar for 20 min with the atmosphere of the relative humidity higher than 95%, d) post-annealing 
the device of (b) at 90°C for 20 min inside a nitrogen-fi lled glove box.  
de-trapping of charges at the PVA/pentance interface is seen 
to cause the variations at the outset of the time-dependent sta-
bility in ON- and OFF-states. The stability of  I  D  in the ON-state 
and OFF-state or the conductance ratio could be improved by 
optimizing the interfacial properties at the PVA/pentance junc-
tion, such as by modifying the morphology in the pentacene 
and dielectrics layers or using the gate dielectrics with different 
functional groups, thus creating a dynamic equilibrium for the 
trapping and de-trapping of charges currently in progress. 

 The operation voltage of OFETs and OFETs-based memory 
elements in this study are relatively high as compared to recent 
work by others. [  6  ,  7  ,  12  ,  13  ,  18  ,  25  ]  This is because the channel length 
( L ) of 100 µm is too long and the thickness of dielectrics layer, 
PVP and PVA of 384 nm and 41 nm, is too thick herein, which 
markedly elevate the threshold programming-erasing gate bias 
for applications in memory elements. This work intends to 
investigate the origins of the pronounced hysteresis in transfer 
characteristics of PVA-dielectrics OFETs. We disclose and verify 
the functionalities of hydroxyl groups in dielectrics layer. We 
successfully demonstrate the concept to manipulate molecular 
dipoles in dielectrics layer for fabricating organic memory ele-
ments. Applying the device confi gurations for OFETs, such as 
devices of 5 to 20 µm channel length with the ultrathin and 
compact self-assembling dielectrics layer, would signifi cantly 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
reduce the voltage levels. Additionally, the infl uence of molec-
ular dipoles in dielectrics layer would be critical to the output 
performance of small dimension OFETs.   

 4. Conclusion 

 We report on the cause of the hysteresis of PVA-dielectrics 
OFETs. The bias-induced re-orientation of the hydroxyl dipoles 
(as characterized by RA-FTIR) modulate the trapping and de-
trapping processes of charge carriers and redistribute the den-
sity of trap states at the pentacene/PVA interface. We conclude 
that the orientation of hydroxyl groups attached to poly mer 
chains in PVA dielectrics are crucial to determining the 
magnitude of hysteresis, and highlight the usage of non-ferroe-
lectric gate dielectrics to fabricate OFET memory elements. The 
hydrogen bonding interactions from residual moisture in PVA 
offset the infl uence of the applied electrical fi eld on the hydroxyl 
dipoles. Dehydrating PVA dielectrics through a solvent-treated 
process allows for more effective manipulation of the bias-
induced dipoles. The dehydrated PVA-dielectrics OFET has a 
maximal shift of threshold voltage in the transfer characteris-
tics, exhibiting non-volatile bistable states of  I  D  under the pro-
gramming-erasing bias as used for memory elements.   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4206–4214
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     Figure  7 .     a)  I  D – V  G  curves (forward scan) of dehydrated PVA-dielectrics OFET at the initial state and under the programing bias at  V  G  = +100 V for 2 s 
and erasing bias at  V  G  = −100 V for 2 s. b) The time-dependent responses of  I  D  at  V  G  of −40 V and  V  DS  of −100 V, after programming ( V  G  of 100 V for 
2 s, ON-state) or erasing ( V  G  of −100 V for 2 s, OFF-state) operations. c) In the upper part, the dynamic programing-erasing responses of the device is 
programmed at a  V  G  of 100 V for 5 s, is read at a  V  G  of −40 V with a  V  DS  of −100 V in ON-state for 1 s, is erased at a  V  G  of −100 V for 5 s, and is read 
at a  V  G  of −40 V with a  V  DS  of −100 V in OFF-state for 1 s. In the bottom part, the dynamic programing-erasing responses of the device is programmed 
at a  V  G  of 50 V for 5 s, is read at a  V  G  of −40 V with a  V  DS  of −50 V in ON-state for 1 s, is erased at a  V  G  of −50 V for 5 s, and is read at a  V  G  of −40 V 
with a  V  DS  of −50 V in OFF-state for 1 s.  
 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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