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Incorporating ions within electrodeposited polymer dielectric films creates ultrathin solid electrolytes on a
length scale €50 nm) that bridges molecular electronics and conventional electrochemical devices.
Electrooxidation of phenol in basic acetonitrile generates electrodeposited nanoscal@ (2mh), pinhole-

free poly(phenylene oxide), PPO, films on indiuitin-oxide substrates. Solid-state electrical measurements
using top electrode contacts (vapor-deposited Au, liquid Hg, or liquieti@autectic) confirm that these

PPO films are electronically insulating Z 2 x 102 S cn!) with a high dielectric strength (1% 0.1 x

1PV cm™1). The insulating film is converted to an ultrathin solid polymer electrolyte by soaking in a solution

of LiClO,—propylene carbonate and then heating under vacuum to remove solvent. Atomic force microscopy
establishes that the salt-impregnated film is thicker£480 nm) than the as-prepared PPO film. The X-ray
photoelectron spectroscopic measurements suggest minimal retention of solvent in the film. Electrochemical
impedance measurements demonstrate that the incorporated ions are mobile in the solid state with an ionic
conductivity of 7+ 4 x 101° S cmt. Such ultrathin solid polymer electrolytes should enable progress
toward nanoscopic solid-state ionic devices and power sources.

Introduction dramatically altered because the electrical double layers overlap,

thereby forming a space-charge layer and establishing field-

driven fluxes within the electrolyt¥. The study of systems with

nanoscale dimensions between the electrodes represents an

important contribution to the emerging field of nanoioni®s?

and provides experimental entry to the largely unexplored area

etween molecular and conventional electronics.

Electropolymerization has already been used to fabricate

The physical and chemical manipulation necessary to create
nanoelectronic devicéshas placed considerable focus on
systems that are either electronically conducmgr insulat-
ing.87 Reports are lacking of nanoscale systems that are both
electronically insulatingindionically conducting, and therefore
function as nanoscale solid electrolytes in batteries, sensors, an

gltgstrrolsﬁgz-isr:{;fs d(leor?:no(:ﬁ(\qu(rass.caﬁéev;)r?g? stu&j;?aiggmsolld nanoscale polymers for numerous electronic applications includ-
y P : ing sensorg? catalysts! and charge-storage devic&g2how-

hc_)wever, the overall thickness of th_ese systems remains on .theever, its use to fabricate ultrathin solid polymer electrolytes
micrometer scale. Here we describe initial studies of solid

; remains unexplored. As a synthetic strategy, electropolymer-
electrolytes Wh_ere the overall thickness of the e_Iectronte, and ization offers a number of advantages over methods such as
therefore the distance between the electrodes,58 nm.

} ) ) " ' self-assembly or vapor deposition to create nanoscale polymer
Solid polymer films at this length scale ar0 times thinner  fymg for solid electrolytes. Conformal nanoscale films with
than the 500- to 1500-n_m-ltr11;ck solid electrolytes used in even .,trolled thickness are generated when conditions are chosen
the best thin-film batterieS}>and ~1000 times thinner than  g,ch that a passivating polymer film is electrosynthesized via a

20- to 50micronrthick electrolytes used for many systems. The self-limiting growth mechanisr The deposited films are
development of nanostructured battery designs is specifically inherently pinhole freé526thereby eliminating electrical shorts
needed to overcome cllszusmn limitations that occur at high peryeen the electrodes. Since the film is generated directly at
charge/discharge raté$;*and to meet the power requirements o glectrode surface, intimate electreddectrolyte contact

of MEMS and other devices (such as “Smart Dust’) that requireé occyrs; which should improve charge transport in the electrode
power sources integrated on a chtggut provide limited areal electrolyte interfacial regio#’

footprints® Of practical importance, reduc_lng the distance Electropolymerization is a soft chemistry route that can
between the electrc_)des reduces the ohmic drop across th‘?eadily generate nanoscale, pinhole-free films on nonplanar,
electrolyte and can inerease the power and energy density ofj,,hjine_of-sight geometried:22 unlike chemical vapor deposi-
energy_—s_toraﬁe d_ewr(]:éh. y Of furr:dam?qnta:jl_|mportagce is the h tion and sputtering. This capability is critical in our efforts to
recognition that in the regime where the distance between t edevelop solid electrolytes for nonplanar, three-dimensional (3-

electrodes is on the order of 5 to 50 nm, ionic transport can be D) cathode-electrolyte-anode geometries where the compo-
. — —— nents are interpenetrating and the distance between the electrodes
* Correspondlng authors. E-mail: jwlong@ccs.nrl.navy.mil; rolison@ remains<50 nm6é We previously demonstrated that electro-
nrl.navy.mil. . . . .
t Naval Research Laboratory. depositing <15-nm-thick films of proton-conductive polg{

*U.S. Naval Academy. phenylenediamine) on mesoporous, 3-D nanostructured MnO
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prevented the reductive dissolution in acid of the polymer-coated tentiostat/galvanostat) at either ITO (scanning from 767 to 1767
MnO, nanoarchitecture, indicating that the ultrathin film mV at 100 mV s? for 22 cycles) or Au substrates (scanning
protected the entire 200 4ng~! area of the mesoporous, from 567 to 1567 mV at 100 mV—3 for 22 cycles). After
nanoscopic Mn@electrode?® electrodeposition, the films were rinsed in acetonitrile. For the

To create highly electronically insulating ultrathin polymers, thickness and solid-state electrical measurements of the dry PPO
we adapted prior work on poly(phenylene oxide), PPO, as films, the films were evacuated overnight in a vacuum oven at
synthesized from the electrooxidation of phenol. Poly(phenylene room temperature. To introduce ions into the films, the PPO
oxide) can be made ultrathin<0-nm thick) on Au and Pt  films were soaked in LiCIQ-PC for 3-4 days, rinsed by
substrated? and the resulting films exhibit molecular size- dipping the soaked film in clean propylene carbonate, and then
selective permeabilited.Electrodeposited films with a variety  dried under vacuum at 15 for 14 h.
of _functiona_l groups, structures, and properties are av_ailable bY  Forthe permeability experiments, the as-prepared PPO films
using substituted phenol monomé#sThe electrooxidation of  \yere rinsed in flowing KO and then placed in a three-electrode
a related monomer, 2,6-dimethylphenol, in basic methanol ce| yith 5 solution of 1mM bis(2,22"-terpyridine) cobalt(Il)
solutions yields films of poly(2,6-dimethyl-1,4-phenylene oxide), perchiorate (made using minor modifications of reported
PDPO, that are-50-nm thick and highly insulatingstiec = 5 ; . .

16 N . 3 procedure®) in an aqueous solution of 0.2 M BBO, with Pt

x 10718S cnm) in the solid staté? In contrast to the numerous auxiliary and SSCE-reference electrodes. The electrode was

T e o Scanned between 500 m and00 my for CaleroyF” o
poly » Polythiop ’ Polypy ' scan rate of 20 mV$. Following this measurement, the films

relatively few reports on the solid-state electrical properties of were rinsed with clean acetonitrile, dried under vacuum for 150

; i . ; -
highly insulating electrodepos!ted .polyméf*s?. Further study °C for 14 h, and then an identical permeability experiment was
of these systems should also yield improved methods to producerepeated

ultrathin films for electronic insulatioff ) )

In a recent study, we showed that poly(phenylene oxide) can The t_hlcknesfs, roughnes_s, and surf_ace area of the fllm_s were
be electrodeposited on mesoporous Mm@noarchitectures to ~ detérmined using an atomic force microscope, AFM (Digital
fabricate an integrated electroggeparator nanoarchitecture with ~ InStruments Bioscope or Multimode), with a silicon nitride
the ability to charge and discharge*Lin a nonagueous cantilever opgratmg in tapping mode at a scan rate 0f0.2
electrolyte3” The nano-Mn@ |PPO system is a precursor to a Hz. For the thickness measurements, an area ob9& 100
solid-state nanostructured integrated three-dimensional béfitery, #mM was used; for roughness and surface area calculations, an
if the PPO can be transformed into a solid-state ion conductor. @rea of 2um x 2 um was used. The images were analyzed
Polymers may be especially useful as solid electrolytes in such (Nanoscope llIA software package) to determine thickness,
designs, as the elasticity of the polymer should accommodateroughness, and three-dimensional surface area. Roughness
the volume expansion associated with cation insertion more calculations were performed on an image that had undergone
readily than inorganic glasses or crystalline materials. Here we first-order flattening. For the thickness measurements, the AFM
report the solid-state electrical properties of electrodeposited was used as a profilometer. A razor blade was used to scrape
PPO on a planar oxide electrode and demonstrate the incorporathe polymer film from the ITO surface, and the film thickness
tion of mobile ions in the film to generate nanoscale solid for a given sample was determined as the mean of five different

polymer electrolytes. sections of the film using the section analysis feature of the
software. To verify that minimal ITO was scraped off, the
Experimental Section thickness of the PPO on ITO was evaluated at an edge defined

by taping the substrate rather than using the razor. The razor
and edge measurements were taken on the same film and gave
identical thickness values within experimental error, which
validates the use of the razor blade method to remove polymer
to determine the thickness of the films. To obtain a mean
thickness of the ITQPPO films with ions without including

the effect of salt clusters at the polymeir interface, thickness

NANOpure). Transparent, conducting indititin-oxide (ITO) measurements (as described above) were obtained from multiple

films on glass substrates were obtained from Delta TechnologiesIOOIrltS avygy from the_ clusters. )
(Rs = 6 Q). The ITO films were sonicated in a 20% Deposition of Au directly on the ITOPPO films was done
ethanolamine/kD solution at 90C for 20 min, plasma cleaned ~ Using a CVC Products, Inc. filament evaporator. Gold was
for 20 min in an Q plasma (Harrick model PDC-3GX), and deposited at 0.5 A< at~1077 torr to a thickness of 50 nm
then rinsed and stored in acetonitrile. Gold slides (100-nm Au Using an Inficon XTC thin-film deposition controller. The Au
with a 5-nm Ti undercoating) were obtained from EMF, Corp. Ppads were obtained by masking the deposition area with a wafer
The Au slides were cleaned before use in a freshly preparedboard containing drilled holes. The area of the deposited Au
“piranha” solution (HSOy:H,O,, 3:1 ratioyj-Warning: highly pads (2.26+ 0.25 mn?) was determined by measuring the
corrosive. diameter of the pads with an optical microscope. Contact to
The monomer solution was prepared by combining 50 mM the Au pads was made with liquid galliunmdium eutectic on
phenol and 0.1 M tetrabutylammonium perchlorate in acetoni- & Au wire that was positioned using a micromanipulator. To
trile and then adding tetramethylammonium hydroxide to make obtain a top contact with either liquid Hg or &&n eutectic,
the solution 50 mM in base. The ITO or Au substrates were the liquid metal was contained in a 1-mL syringe and electrical
placed in a three-electrode cell with a Pt-gauze auxiliary contact to the liquid metal was made using a tungsten wire.
electrode and a silver wire reference electrode, AgQRES[Y Contacting the liquid metal to the polymer was accomplished
mV vs SSCE). The films were electrodeposited from the with a micromanipulator and was evidenced by visible deforma-
monomer solution using cyclic voltammetry (Radiometer po- tion of the liquid metal at the polymer surface.

Phenol, tetrabutylammonium perchlorate, tetramethylammo-
nium hydroxide pentahydrate, acetonitrile (HPLC grade), lithium
perchlorate (LiCIQ), propylene carbonate (PC), sodium sulfate,
mercury, and galliunrindium eutectic (GaIn) were obtained
from Aldrich. All reagents were used as received except for
the salts, which were dried under vacuum at 280for 12 h.
The water used in all experiments was 1&Mm (Barnstead
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Figure 1. (a) Electrodeposition of poly(phenylene oxide) on indiutim oxide (7671767 mV vs AQQRE, 22 cycles at 100 mV2§ the decrease
in the current with subsequent scans is characteristic of self-limiting film behavior. (b) Voltammetric response of 1 mM QO(@gy)n 0.2 M
NaSQ, at uncoated ITO, PPO-coated ITO (as-deposited), and PPO-coated ITO (heated under vacu@i@y: 14560) at 20 mV st

Electrical measurements were made at room temperature in  The ability to generate a pinhole-free film is crucial to the
an argon-filled glovebox (Vacuum Atmospheres CorpQOH: application of these systems as nanoscale electrolytes, because
10 ppm). The impedance measurements were made using 50pinholes are potential sites for electrical shorts between
mV applied ac potential and 0-V applied dc bias in the frequency electrodes spaced on the order 6f3 nm. Previous studies
range 1 MHz to 100 Hz (Solartron 1260). Impedance below €xamined the permeability of various redox-active probes into
100 Hz was limited by the sensitivity of the instrument above €lectrodeposited PPO on non-oxide substrates (Au and Pt),
a|Z| of 108 Q. The impedance was fitted with equivalent circuits  finding limited access of these probes to the metal electrode
(chosen as described below) using Zplot (Scribner). An Andeen- and molecular size-dependent permeabilites consistent with a
Hagerling Model 2500 1-kHz automatic capacitance bridge Pinhole-free filmz393t As-deposited PPO films on ITO
operating in continuous measurement mode was used to measurd TOIIPPO) restrict access of cobalt(Il)bis(222-terpyridine),
the capacitance and loss. The dc measurements were made usi o(trpy»*", to the electrode surface, but not completely (Figure

an Autolab potentiostat/galvanostat model PGSTAT12. )- After heating ITQIPPO to 150°C in a vacuum for 14 h,
. the Co(trpy)?*/3* redox process shuts off, demonstrating that
The X-ray photoelectron spectroscopic measurements were,

. the PPO film is pinhole free. The changes in the permeability
taken on a Surface Science Instrument Model SSX-100-03 X-ray ¢ ¢ fiim 1o redox-active probes induced by the heating step
photoelectron spectrometer using an Al K-ray source. The

; ! . : may result from crosslinking within the film as suggested by
survey spectrg were obt_amed using a single scan with a Stepprevious studies of substituted PP©r from chain reorganiza-
size of 1 eV; h|ghjresolutlon spectra averaged 10 or mgre SCanS+ion and packing effects; further work is underway, including
each collected with a step size of 0.1 eV. The energies of the oharacterization by infrared spectroscopy, to determine the effect
photoelectron peaks were referenced to the C1s binding energyyf thermal curing on the polymer structure and properties on
for adventitious carbon at 284.6 eV. nanometer length scales.

Atomic force microscopy (AFM) was used to determine the
Results and Discussion thickness (Figure 2a) and morphology (Figure 3) of the
) L . as-deposited PPO films on ITO substrates. The morphology of

Synthesis aqd Chqractenzaﬂon of EIectrodepos!ted Poly- the film is similar to the morphology of the underlying ITO
(phenylene oxide) Films.Poly(phenylene oxide) films were g ,pqtrate, as evidenced by the similar root-mean-square rough-
electrodeposited from phenol in nonaqueous basic electrolyte,oss of the two surfaceBmdITO) = 3.8+ 0.8 nm andRm«
at planar Au and indiumt_in-oxide (ITO) electrodes using cyclic (ITO||PPO)= 4.2 & 0.3 nm. The ability to conformally coat a
voltammetry as shown in Figure 1a for ITO. conductive substrate with a molecularly smooth #i#4lis

The anodic current that results upon scanning to increasingof particular interest for uniformly coating nonplanar sys-
positive potentials arises from the electrooxidation of the tems282%and not just the rough, planar systems studied here.
phenoxide to a phenoxy radical. The decreased current on The PPO films electrodeposited on ITO substrates are 21
subsequent scans indicates formation of a passivating film that2 nm thick, which is 3-4 times thicker than the-57-nm-thick
hinders further monomer oxidation at the electrode surface. films prepared on Au substrates using an analogous electrodepo-
Beyond the 20 cycle, the current at 1767 mV is reduced by a sition protocoB® This difference may arise from multiple
factor of >100 compared to the first cycle. However, a limited factors: (i) the specific interactions of phenoxide at oxide vs
degree of monomer oxidation may still occur by partition/ metal surface4243(ii) organization of the oligomers as affected
diffusion of the monomer through the film to the electrode by surface roughness, affid) dissimilar electrode kinetics at
surface?® This self-limiting growth mechanism, which occurs Au and ITO for monomer oxidation.
for electronically insulating polymers deposited from a solution Solid-State Impedance MeasurementsThe solid-state
that allows minimal polymer swelling, generates nanometer- electrical properties of ultrathin PPO films on ITO and Au sub-
scale films of controlled thickness directly at the electrode strates were determined to evaluate their use as solid dielectrics
surface, as demonstrated in previous studies of the electropo-and electrolytes. Obtaining a top electrical contact to nanometer-
lymerization of phenol§%33 thick organics without either inducing electrical shorts in the
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Figure 2. (a) AFM image of electrodeposited poly(phenylene oxide) film on indidim oxide. Areas where the razor did not completely remove

the film are observed as streaks on the left side of the image. The line analysis (shown below image) taken at the position of the dotted line shows
a uniform coverage of the substrate and the section analysis gave a film thickness=# 2in. (b) AFM image of poly(phenylene oxide) film

that was soaked in lithium perchlorate-propylene carbonate (PC), rinsed in PC, and then heaté€Cairids# vacuum. The image shows the pre-

sence of clusters with diameters of ca.-050um. The line analysis (shown below image) taken at the position of the dotted line shows the height

of the clusters ranges from-%00 nm. Section analysis of film regions without the clusters resulted in a mean film thicknesstof@3m.

a

Figure 3. Atomic force microscopy images of a;@n x 2 um area of (a) indiumtin-oxide (ITO) surface and (b) poly(phenylene oxide) film
electrodeposited on ITO substrate.

film or changing the physicochemical nature of the organic electrical contact altered the impedance response and to compare
coating is a nontrivial matter, as well documented in the recent the ionic conductivity of the as-prepared film to the film after
literature on molecular electroni¢4.#6 Electrical contact to self-  incorporating ions. The complex impedance for multiple
assembled monolayers supported on conductive substrates ha§ O||PPQ|Au samples exhibits a response consistent with that
been made using evaporated métatpnductive AFM tips'’ of a dielectric, as evidenced by a vertical line in the complex
and liquid metal contacts#8 liquid Hg was first used to make  plane representation (Figure 4a) and a phase angh8&f from
electrical contact to fatty acid salt monolayers in the early 100 Hz to 10 kHz (Figure 4a, inset).

1970s* In this study, we chose either slow evaporation of metal  For some samples with Au top contacts, the complex

or micromanipulator-controlled surface approach of liquid metal impedance plot exhibited a clear deviation from a vertical line
to make a top electrical contact to the ultrathin polymer (data shown in Supporting Information), which suggests that
(schematic shown Long et #). The electronic conductivity,  the Au deposition process can damage the film and create charge
ionic conductivity, and dielectric strength of the electrodeposited carriers in the film or interfacial region. Similar problems with
polymer were determined by solid-state ac and dc electrical Ay contacts on ultrathin organics have been reported by other
measurements (two-point probe made in an argon-filled glove- groups*550The additional impedance features observed for some
box). systems with Au top contacts complicates the determination of
The impedance of as-prepared ITPPO with Au, Hg, or the properties of the polymer film itself, since the impedance
Ga—In top contacts was obtained to determine if the top results (and further characterization described below) demon-
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Figure 4. (a) Solid-state impedance of IT®PQIAu (d = 20 nm,A = 2.25 mn?) in the frequency range 1 MHz to 100 Hz; a 50-mV-applied ac
potential was used for all measurements. Inset: Bode plot representation of phase angle as a function of frequency. (B) ¥otoffrom
solid-state impedance of IT@POIAU sample § = 20 nm,A = 2.26 mn3); the dotted line shows the fit from linear regression.
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Figure 5. Solid-state deurrent-voltagecurves of ITQ|PPQ|Au (d = 21 nm,A = 2.26 mnf); the voltage bias is with respect to Au; data were
taken at 2 mV sk (a) Voltage scan from 0 mV to 100 mV t6100 mV to 0 mV; (b) voltage scan between 0 and 500 mV; arrows indicate the
direction of the scan.

25 electrical contact to the film without introducing additional
35 impedance features. Determining the contact area by direct
204 30 measurements using Hg and-@a contacts is difficult in our
& e 25 experimental configuration, but initial analysis suggests that the
§ 15] <20 effective contact area differs from the measured area due to
< 5 :Z / poor wetting of the polymer surface by liquid Hg and -Ga
g 1.0 3 0:5 In.5t . ) . .
= 00 These complications were addressed by using capacitance
© sl measurements to determine contact areas for the Hg and Ga
‘ 00 10 20 30 40 50 60 In top contacts. To validate this approach, the I[F®PQ|Au
Voltage bias (V) .
samples (where the contact area is known) were used to compare
00 : the experimental capacitance to the theoretical capacitance. For

00 05 10 15 20 25 30 35 40 45

Voltage bias (V)

Figure 6. Solid-state decurrent-voltagecurves of ITQ|PPQ|Au (d
= 20 nm,A = 2.26 mnd) in the regim 0 V to 4.2 V. Thedotted line

the ITQ|PPQ|Au samples that exhibited a dielectric impedance
response, the film was modeled as a series RC equivalent circuit
with the complex impedance described by the following
equation:

shows the fit to the+V region from 0 to 2.5 V. The inset expands the
region from 0 to 6 V, with arrows indicating direction of scan. The
higher current obtained on the reverse scan (from 6 to 0 V) indicates
that changes abev4 V are irreversible, which is consistent with
dielectric breakdown. The data were taken at 2 mV with ITO
positive biased.

1

R~ i(og) @
whereZ* is the complex impedanc®s is the resistancg, is
«/—_1, w is the value zZ times the frequency, an@ is the
strate that the electrical properties of the polymer film may be capacitanc&? The plot of|Z| vs 1k (Figure 4b) exhibits linear
altered by even slow evaporative deposition of Au contacts. behavior and the slope of the linear regression fit was used to

To avoid the additional impedance features present for somedetermine a capacitance of 128 9 nF cnt2 A similar
Au contacts, the impedance of the ITPPO films was obtained  equivalent circuit and procedure were used to derive the
using either Hg or Galn contacts. The complex impedance capacitance of ultrathin SAMSThe accuracy of this method
with a Hg (see supplemental information) or-@a (shown in to determine the capacitance of our system was verified by the
Figure 7a) top contact exhibits a similar dielectric response to similarity (+3%) of the values obtained using this method to
that with Au contacts demonstrating that liquid metal makes those obtained using an automatic capacitance bridge.
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Figure 7. Solid-state impedance of (a) IT®PQ|Ga—In and (b) ITQ|PPO-LICIO,4||Ga—In. The data were taken in the frequency range 1 MHz

to 100 Hz using a 50-mV-applied ac voltage with a 0-V-applied dc bias for all measurements. The equivalent circuits used for fitting the experimental
impedance are also shown. For ITPPQ|Ga—In, the impedance was fitted using an equivalent circuit consisting of a capacitor and resistor in
series (described earlier in text). For ITBPO-LICIO,4||Ga—In, an additional resistance in parallel with the capacitance was needed to fit the
impedance. Representations of the experimental configurations used for electrical measurements are shown in figure insets. The representation of
ITO||PPO-LICIO4||Ga—In includes ions within and on the surface of the poly(phenylene oxide) film, consistent with the XPS and AFM data.

The experimental capacitance was compared to the theoretical;'.—r'?hgplcz)l lﬁlo'('&'itzhe Elgecg'gfllrgog\?;lﬁg‘gé cl)stin g dc and
capacitanceCpeor predicted for a dielectric between two ¢ Methods T
electrodes, which can be described by

top electrical contact  oeieddc)/ S cnrt oeiedac)/ S cnt
€A Au 6+4x 1012 4+£2x 101
C, =—" 2) Hg 7+3x1012 54+3x 1012
theor ¢ Ga-In - 742 x 1012
wheree is the effective dielectric constant of the mediumis Studies of related systems suggest that electronic conduction

the permittivity of free space\ is the area, and is the distance occurs via PooleFrenkel or Schottky conduction mecha-
between the electrodé€$The theoretical capacitance as calcu- nisms3435which arise from ionization of impurities in an electric
lated from eq 2 was within 7% of the experimental capacitance field or electron transfer over the barrier height, respectively,
using the mean of the reported dielectric constants of PDPO and can exhibit linear+V behavior at low applied fields and
(2.58-2.96)5354the thickness determined from AFM measure- nonlinear -V behavior at higher applied field$.The similar
ments, and the area of the Au pad (corrected for the effect of values ofoeed{dc) obtained with Au or Hg contacts, which have
surface roughness on the three-dimensionaPgrean the basis different work functionsEx(Au, polycrystalline)= 5.1 eV,E¢-
of this agreement, which is within experimental error, the (Hg) = 4.49 eV)%® suggests that the dominant conduction
experimental capacitance and eq 2 were used to derive themechanism at these field strengths ¥510* V cm~1) and
contact area for the Hg and && contacts to then calculate  temperature (300 K) may be PoelErenkel-type conduction.
electronic and ionic conductivity. A further complication in However, the potential barrier height for charge injection can
estimating the effective contact area of the rough ITO substrate deviate significantly from that predicted using the Fermi levels
may arise because of the presence of insulating organics at theof isolated materials evaluated in a vacuum as nonideal
ITO surface, which can alter the electroactive surface #rea. interfacial contact, localized interfacial charge carrier states, and
Solid-State Electrical Conductivity Measurements.Both image potentials may occéf.For our systems, a nonideal
dc and ac methods were used to determine the electronicinterface, and thus barrier height for the polyméu interface,
conductivity @eed of the vacuum-dried, as-deposited films. Low is supported by the impedance and capacitance bridge measure-
electronic conductivity is particularly important to prevent self- ments (described below), and therefore further study of the
discharge in energy-storage systems, and the relative importanc&ystem is needed to determine the conduction mechanisms as a
of a highly insulating film is magnified when the electrodes function of the Fermi level of the metal contact, electric field

are within 50 nm of each other. For solid-state darent- strength, and temperature.
voltage(I—V) measurements of IT@PPQ|Au and ITQ|PPQ|Hg Because dc methods may convolve contact resistance into
samples, the current at a small applied voltag®.( V) is the measured results, we also used a capacitance bridge to

reversible and ohmic (Figure 5a), which is consistent with measure the electronic conductivity of the polymer films (see
electronic conduction. Ohmic behavior at low applied voltage Table 1). The capacitance bridge measurement results in a more
was previously observed for electrodeposited PDPO films (180- accurate determination of the film resistance because the
nm thick* and insulating SAM<.Using Ohms’ law,geleddCc) instrument’'s bridge-balancing algorithm measures the film
values of 6 4 x 102and 74 3 x 10712S cnT! are obtained resistance (and capacitance) without including stray resis-
using Au or Hg top contacts, respectively (Table 1). At applied tance<%61With Hg contacts, ac and dc methods yield similar
dc voltages of 0.1 to 0.5V, the-IV curves measured for our  conductivity values, confirming that contact resistance did not
~20-nm-thick electrodeposited PPO films with Au top contacts significantly affect the dc measurements. However for the Au
show a reversible and nonohmic leakage current (Figure 5b). contacts,oeedac) is approximately an order of magnitude
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higher tharoeeddc). This discrepancy indicates that the nature  Previous reports demonstrated that electrodeposited PPO and
of the interface is altered during deposition of the Au contacts PDPO films are permeable to solvated i6h3/%¢ which

even though the variable frequency impedance from 100 Hz to suggests that ions such as'lfand the corresponding anion)

1 MHz remains consistent with that of a dielectric. Similar may be incorporated simply by soaking the film in an ion-
values ofogec=5+ 3 x 102and 74+ 2 x 10°2S cnrt are containing solution. The propensity of the polymer to accom-
obtained with either Hg or Galn top contacts, respectively; modate ions is also influenced by the interaction of the solvent
therefore, electrodeposited PPO functions as an effective with the polymer chains. The permeability of electrodeposited
electronic insulator in the solid state. Similar electronic con- PPO films to solvated ions is at least 200 times greater in
ductivities were reported for 120-nm-thick films electrodeposited acetonitrile than in KO, which is attributed to solvation of the

from aromatic amine monomers (6 10713 S cn1?1),52 with polymer by acetonitril€! To immobilize ions within a polymer,
lower oelec Values reported for 50-nm-thick electrodeposited an ideal solvent should induce limited swelling of the polymer
PDPO (5x 10716 S cnih).33 (without dissolution) and have a low boiling point to facilitate

The higher electronic conductivity of our ultrathin electro- removal of the solvent under vacuum. On the basis of our
deposited PPO films compared to prior PDPO films may result permeability studies, which show that a heating step reduces
from a number of factors. One possibility is that the two-point the permeability of the PPO film to solvated ions (Figure 2b),
probe configuration may overestimate the conductivity of the We first soaked the film in electrolyte prior to the heating step
films due to the inclusion of surface effects in the measured to maximize the incorporation of ions within the polymer.
resistance. Alternatively, the inherent conductivity of PPO films  The as-deposited electrodeposited PPO films were immersed
may be higher than PDPO films due to different coupling in a solution of LiCIQ—propylene carbonate (PC) for-& days,
reactions between phenols and 2,6-substituted phéhtis, rinsed with neat PC, and then heated (@80 °C) under
incorporation of side products with higher conductivitiésr vacuum for 14 h to remove the solvent. The X-ray photoelectron
impurities within the film®3 spectra of ITQPPO-LICIO4 films (see Supporting Information)

Dielectric Breakdown. For application of these films as solid ~ exhibit photoelectron peaks in the Cls and Ols regions at
electrolytes in batteries, the polymer film must have a dielectric binding energies consistent with the structure of FPand
strength compatible with the operating voltage of the device, Peaks in the Lils and CI2p regions with binding energies
which is~ 3—4 V in current Li battery designs. The dielectric ~ consistent with those obtained for LiC/OThe absence of a
strength also provides a lower limit on the film thickness needed C1s peak at-292.5 eV, corresponding to the binding energy
to sustain a given electrical field between the electrodes andOf the carbonyl carbon of propylene carbon@edicates that
permits the film thickness to be included in a rational design of PC is not present in the information depth probed by XPS
nanoscale dielectrics and electrolytesr Bo/ applied across a  (estimated to be-8 nmy° 7! and suggests that the polymer
20-nm-thick film, the electric field between the electrodes is Salt system is not plasticized by residual solvent in the XPS
1.5 x 10° V cm™%, which approaches or exceeds the dielectric Sampling region.
strength of many materiaf$. The dielectric breakdown field An AFM examination of ITQ|PPO-LICIO4 films (Figure
for ultrathin PPO, taken as the point of deviation from a second- 2b) shows the presence of solid clusters on the polymer surface,
order polynomial fit of the current trace (see dotted line in Figure presumably of the LiCI® salt. The size of the clusters is
6), is 1.74 0.1 x 1f V cm L The additional current above  ~0.5—2 um in diameter with heights ef 5—-500 nm. The mean
the breakdown field results in irreversible changes in the current film thickness in cluster-free regions is 4310 nm, which is
response of the film (Figure 6 inset), which is consistent with roughly twice that of the as-deposited ITIPPO films (21+ 2
dielectric breakdown. The measured dielectric strength of 20- nm). The increase in film thickness for IT®PO-LICIO4
nm-thick PPO is similar to previously reported dielectric compared to ITQPPO suggests that salt and/or solvent are
strengths of 2.3« 10° V cm~1 for 3-um-thick electrodeposited  present within the polymer film. The ether oxygens of poly-
PDPCG® and 1.5 x 10° V cm™! for 120-nm-thick films (phenylene oxide) may solvate Liin a manner similar to
electrodeposited from arylamingsThese results demonstrate PEO273and other ether-containing polymers; however, further
that the dielectric properties of these systems are retained incharacterization is needed to determine the nature of the
nanometer-scale films and are comparable to films-1@0 polymer—salt interaction.

times thicker. Given the measured dielectric strength of ultrathin  Solid-State Impedance of lon-Containing Poly(phenylene
PPO, a film thicknes& 18 nm is required to sustaB V across  oxide). After soaking PPO films in LiCIQ—PC solutions, the
the film without dielectric breakdown. impedance response of the vacuum-dried films converts from
Obtaining lons in the Dry Polymer Film. For the elec- a solid dielectric to an ion conductor (compare the impedance
trodeposited polymer film to function as a solid electrolyte rather of the as-deposited PPO film with and without ions in Figure
than a solid dielectric, the polymer film must conduct ions as 7), indicating that mobile ions are incorporated into the film.
well as serve as an electronic insulator between the active However, an inhomogeneous distribution of charge carriers was
electrodes. The as-deposited dry PPO films do not contain ionsfound by sampling different areas of the same film, with some
(other than trace), as evidenced by the impedance response. Weegions exhibiting impedances that are similar to a PPO film
have considered a number of different strategies to obtain mobilethat was not soaked in LiCl>-PC. For the ITQPPO-
ions within the film, including using substituted phenol mono- LiClO4||Galn samples where the impedance clearly deviates
mers with ionic functionality’26¢ chemically derivatizing the  from pure dielectric behavior, the data are fitted to the equivalent
polymer after electrodeposition, and introducing dissolved ions circuit for an ionic conduct&? (Figure 7b, inset), which includes
in the film. Dissolving ions within polymers, extensively an additional resistance in parallel with the capacitance. The
researched in poly(ethylene oxide), PEO, systéhisperhaps ionic conductivity of the films was determined using the
the simplest route. It also has the advantage of preserving thecalculated resistance from the impedance, the calculated contact
electrical insulation of the film, whereas other methods may area’* and the sample thickness measured by AFM. For four
result in films with higher electronic conductivities. independent samples, the ionic conductivity is &7 4
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x 10710 S cnT?l, which is within the lower range of ionic  Electrochemical Power Sources. C.P.R. is an ONR-MURI
conductivities of PEG-salt complexes at room temperatiéife.  postdoctoral associate and thanks Professor Bruce Dunn (UCLA)
Indium—tin-oxide electrodes are nonblocking with respect to for useful discussions and UCLA for financial support.

ions and can undergo surface reactions with Li-containing

electrolytes’® potentially complicating the impedance analysis ~ SUPPOrting Information Available: ~X-ray photoelectron
by introducing an additional parallel RC element into the spectroscopic measurements and additional impedance data. This

equivalent circuit. To discount these effects, analogous experi- material is available free of charge via the Internet at http://
ments were performed on blocking Au substrates with2- pubs.acs.org.
nm-thick PPO films. Initial experiments of the solid-state

frequency-dependent impedance of |RPO-LiCIO4||Galn _ _ _ _
samples showed a similar response to [[RPO-LiCIO4||Galn Eg Joachim, C.. Gimzewsk, QJS K Aviram, Alature2000 408 541.
(showp in Flgure 7b), which suggests that the mobile ions are  (3) schmid, G.: Liu, Y.-P.; Schumann, M.; Raschke, T.; Radehaus, C.
associated with the polymer rather than the ITO substrate. Nano Lett.2001, 1, 405.
(4) Cui, Y.; Lieber, C. M.Science2001, 291, 851.
c Ui (5) Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. J.; Malik,
onclusions M. A.; Murray, R. W.J. Am. Chem. So@002 124, 8958.
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i i i i 12 1 -
are highly electronically insulating at¥ 2 x 1072 S cn?, (8) Croce, F.; Appetecchi, G. B.; Persi, L.; ScrosatiN&ture 1998

with a dielectric strength of 1.z 0.1 MV cm?, permitting 304 456.
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