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Carrier injection from gold electrodes into thioacetyl-end-functionalized
poly„para-phenyleneethynylene…s
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Carrier injection from a gold electrode into a thioacetyl-end-functionalized polymer, poly~para-
phenyleneethynylene!s ~TA-PPE!, has been investigated by using sandwich and nanogap electrode devices.
The results suggest that carrier injection depends on the organized status of the Au/TA-PPE interface. For
sandwich devices with spin-coated TA-PPE films, carrier injection is dominated by a thermal emission mecha-
nism with a barrier height of around 1.16 eV. However, as regards devices with nanogap electrodes, when the
Au/TA-PPE interface is poorly organized, the carrier injection is dominated by a mixed mechanism consisting
of thermal emission and tunneling. When the Au/TA-PPE interface is well organized, i.e., most of the mol-
ecules are connected to the Au electrode by Au-S bonds, and the carrier injection is dominated by tunneling,
the tunneling barrier heightFB is estimated to be around 1.33–1.43 eV.
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I. INTRODUCTION

Conjugated polymers have been attracting consider
attention since the 1990s1–8 due to their wide range of appli
cations in devices such as organic light-emitting diod
~OLEDs!, solar cells, and field-effect transistors. Of the
polymers ~oligomers are not included here!, poly~para-
phenyleneethynylene!s ~PPE! have provided many advan
tages for OLEDs and are regarded as good electrolumi
cent materials.9–11 Moreover, the ideal rigidity of PPE
molecules, which originates from the presence of the tri
bond ~which prevents the rotation of adjacent phenyl rin
with respect to each other!, gives the polymer many potentia
applications in nanotechnology~e.g., in nanowires!.12,13 Fur-
thermore, by modifying PPE with thiol/thioacetyl-end
functionalized groups~so-called ‘‘molecular alligator clips,’’
which can adhere to Au electrodes14,15via Au-S bonds!, there
are good prospects for applying this thiol/thioacetyl-en
functionalized polymer to nano/molecular electronics. As
gards devices constructed by self-assembly, impres
progress has been made on low molecular weight mate
~e.g., conjugated phenylene ethynylene oligomers!,14,15how-
ever, as far as we know no reports have dealt with the f
rication of nanojunctions with conjugated polymers,
though the outstanding electronic-photonic properties
conjugated polymers have been well known since
1990s.1–9 Recently, we synthesized a thioacetyl-en
functionalized PPE@which we call TA-PPE, as shown in Fig
1~a! by Mw'54 000,Mw /Mn52.47, calculated fromMn ,
the averagen'73, and the dispersion ofn value was roughly
estimated among 15–570#.16 Here, we report carrier injection
from Au electrodes into TA-PPE based on a gold sandw
@Fig. 1~b!# and coplanar nanogap electrode devices@Fig.
1~c!#. We adopted coplanar nanogap electrodes here is
cause this nanogap structure is more accessible for the fu
self-assembly of TA-PPE into potential electronic devices

II. EXPERIMENTS

We fabricated sandwich devices by vacuum deposit
Ti/Au ~5 nm/50 nm! on glass substrates, then spin coati
0163-1829/2004/69~16!/165207~6!/$22.50 69 1652
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TA-PPE ~;100 nm! on the Au/glass substrates, and fina
depositing the top Au electrodes. The area of the sandw
devices was around 4 mm2. Au gap electrode structures wer
prepared by electron beam lithography on Ti-primed~;50
Å! oxidized silicon substrates (SiO2 :300 nm). The gap
width of the electrodes was around 100 nm@Fig. 1~d!#. The
nanogap electrodes were first cleaned successively with
water, hot acetone, hot ammonia-hydrogen peroxide solu
(ammonia:hydrogen oxide:water51:1:5), pure water and
pure ethanol. Then several drops of TA-PPE were depos
around the electrode tip positions, and finally the electro
were dried in anN2 chamber. We obtained scanning electr
microscope~SEM! images of the nanogap electrodes with
Hitachi S-4300 SE ~Japan!, fluorescent images of self
assembled TA-PPE nanowires with a Nikon Microphot FX
Current-voltage (IV) measurements of the devices were
corded with a Low Temperature BCT-21 MDC Probe Stati
~Nagase, Japan! and a Keithley 6430. All measurements we
performed in a vacuum~2–3 Pa!.

III. RESULTS AND DISCUSSION

Au ~5.2 eV! electrodes have a high work function, and
the injection of electrons into PPE is negligible and we on
observed the current caused by the hole injection. In fact
electroluminescence was found in the sandwich device
the 25–15-V range. The typical current density-voltag
curves (JV) of the sandwich devices are shown in Fig. 2~a!.
The obvious temperature dependence suggested the pre
of a thermal activation process during the hole injection. F
thermore, when we analyzed the observedJV properties on
the basis of the tunneling and space-charge-limited cur
models, they did not reveal any dependence on voltage
temperature. These results indicate that the electrons
caused by the thermal emission mechanism. Here we
lyzed theJVs based on the thermal emission model, tak
account of the barrier lowering due to the image force, or
Schottky effect.
©2004 The American Physical Society07-1
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According to the thermal emission model theJV can be
expressed as:17,18

J5A* T2 expF2
FB2qAqV/4p«0« rd

kT G ,
whereA* is the effective Richardson constant,T is the tem-
perature,2FB is the barrier height at the interface,q is the
electron charge,k is the Planck constant,« r is the dielectric
constant of TA-PPE,«0 is the permittivity in a vacuum, and
d is the TA-PPE thickness. In Fig. 2~b! the results of Fig. 2~a!
are plotted to show the relationship between ln(J) andV. The
extrapolated value of current density to zero voltage gi
the saturation current densityJS , the barrier height can be
obtained from the plot of ln(JS/T2)}T21 as shown in Fig.
2~c!, and the slope gives a barrier height of 1.16 eV. T
barrier height obtained in our experiments agrees well w

FIG. 1. ~a! Molecular structure of thioacetyl-end-functionalize
poly~p-phenyleneethynylene!s ~TA-PPE!. ~b! Sandwich structures
~c! Nanogap electrode structures.~d! SEM image of the nanogap
electrodes.
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Wederet al.’s results.19 They used ultraviolet photoelectro
spectroscopy to determine that the ionization potential
poly~p-phenylene ethynylenes! is around 6.3 eV. If we as-
sume that the work function of Au is about 5.2 eV, then t
Au/PPE barrier height is around;1.10 eV.19

As regards the devices with nanogap electrodes@Fig.
1~c!#, the typical JVs of devices with new cast films ar
shown in Fig. 3. With respect to the coplanar geometry,
current transport between the two electrodes flows alon
thin surface layer of unknown thickness. As a conseque
of this two-dimensional geometry the current density is e
pressed in units of@A/m# instead of@A/m2# for sandwiched
electrodes.20 Two features are clear in Fig. 3:~i! temperature

FIG. 2. ~a! JV characteristics of sandwich devices consisting
Au/TA-PPE ~100 nm!/Au/glass at different temperature.~b! ln J
;V1/2 relationship of the data of~a!, ~c! ln(JT22);1/T relationship
for the sandwich devices.
7-2
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dependence is still present; and~ii ! there are some nonlin
early stepwise characteristics. The temperature depend
suggests the continued existence of the thermal activa
process during hole injection. However, the nonlinearly st
wise characteristics are probably due to the tunne
injection.21–35In fact, when we analyzed the data in Fig. 3
using lnJ}V1/2 or an Arrhenius plot (lnJ vs 1/T), they did
not fit either curve well. Therefore, it is probable that t
hole injection is the result of a mixed mechanism in th
case.

It is well known that thiol/thioacetyl-end-functionalize
groups can act as ‘‘molecular alligator clips’’ to adhere to A
electrodes via Au-S bonds. Carrier injection through bond
usually the result of a tunneling mechanism.21–23,33,36–46

Here, although our TA-PPE possesses thioacetyl-functio
end groups, the demonstration of temperature dependen
Figs. 2~a! and 3 suggests that the interface connection
tween the Au electrodes and TA-PPE is not realized by A
bonds, i.e., at this time, the Au/TA-PPE interface is not w
organized. One possible reason for this poor organizatio
the rapid volatilization of the tetrahydrofuran~THF! solvent
for the dropped and spin-coated films, which would me
that the TA-PPE molecules have insufficient time to re
range themselves at the Au/TA-PPE interface.

In order to clarify this we placed the sample described
Fig. 3 in THF vapor~in a bottle 1/3 filled with THF! for
another 96-h treatment. Moreover, methods have been
scribed whereby NH4OH promoted the deprotection o
acetyl-protected thiols.14,47–51 Therefore, a 20-ml ammonia
solution was added to the THF solvents to generate a m
THF/ammonia atmosphere to promote Au-TA-PPE conn
tion. After this treatment, the samples were kept in a vacu
chamber for 24 h. TypicalJVs of the treated samples a
shown in Fig. 4~a!: ~i! the current density is much larger tha
that of the above untreated devices~as shown in Fig. 3!; ~ii !
the temperature dependence is unclear; and~iii ! nonlinearly
stepwise characteristics are clear when the bias is chan
an example of which is shown in Fig. 4~b!. The much im-
proved current density suggested two possibilities:~1! im-
proved hole injection, i.e., an improved interface between
TA-PPE and the Au electrodes, and~2! a transformation of
the bulk TA-PPE between the nanogap electrodes. Howe
when we changed the electrodes from Au- to Pt~TA-PPE

FIG. 3. JV characteristics of the gap electrode device with a n
cast TA-PPE film.
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exhibits very weak adhesion on a Pt surface16!, before and
after the same ammonia/THF treatment, the current dens
of the device showed no obvious change, which indica
that the effect of ammonia/THF on the bulk TA-PPE is n
the key to the improved current density as shown in F
4~a!. That is, the much improved current density is ve
likely due to the improved Au/TA-PPE interface. Moreove
the fact that there is no significant temperature dependenc
Fig. 4~a! proved that there is a much weaker thermal acti
tion process in the hole injection. An Arrhenius plot (lnJ vs
1/T) of Fig. 4~a! is shown in Fig. 4~c! and it exhibits no
significant temperature dependence in the lnJ;1/T slope at

w

FIG. 4. ~a! JV characteristics of Fig. 3 is device after bein
treated in an ammonia/THF atmosphere for 96 h.~b! JV character-
istics of the device of~a! measured at 247 K.~c! ln J;1/T relation-
ship of the device of~a!, suggesting no temperature dependence
7-3
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different biases, which certainly reveals the absence of t
mal activation in the sample after ammonia/THF treatme
The above two points enabled us to conclude that the h
injection is now dominated by tunneling.

With respect to the new spin-coated and dropped TA-P
film on a Au substrate, the SEM results~not shown here!
indicate that the film is amorphous. Therefore, it is reas
able to assume that the new dropped TA-PPE films, wh
came into contact with our nanogap electrodes, are
amorphous as shown in Fig. 5~a!, because of the rapid
volatilization of the THF solvent~the TA-PPE molecules
have insufficient time to rearrange themselves!. However,
once the sample has again been treated in an ammo
THF atmosphere for 96 h, the Au-TA-PPE connection
the Au/TA-PPE interface will be much improved@Fig. 5~b!#
because of the fact that thiol/thioacetyl-functionalize
end groups can graft to Au surfaces. The connectiv
between Au and our TA-PPE molecules has been identi
by the absorption spectrum of TA-PPE on a Au substra16

and the self-assembled TA-PPE nanowires on
substrates.52 As a supplementary proof, the connectivity c
be further enhanced as shown in Fig. 5~c!. In this case, a
SiO2 substrate with a gold stripe is used for the experime
The substrates were first cleaned successively with p
water, hot acetone, hot ammonia-hydrogen peroxide solu
(ammonia:hydrogen oxide:water51:1:5), pure water and
pure ethanol. Then the substrates were dipped into
ammonia/TA-PPE solution for 96 h~TA-PPE concentration
1026 M; solvent: THF!. Finally, the substrates were re
moved from the solution and cleaned gently, again with T
and pure water. It is interesting that the TA-PPE molecu

FIG. 5. ~a! Au and TA-PPE connected model for the device w
new cast polymer films.~b! Au and TA-PPE connected model fo
the device of~a! after being treated in an ammonia/THF atmosph
for 96 h. ~c! Fluorescent image of self-assembled TA-PPE on a
striped SiO2 substrate.
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are adsorbed on the Au surfaces but not on the SiO2 surfaces,
demonstrating the good connectivity of Au-TA-PPE. Th
good connectivity is because ‘‘molecular alligator clips
have a strong affinity to Au surfaces, but a weak affinity
SiO2 surfaces.

The above results further demonstrated the ideal conn
tivity between Au and our TA-PPE molecules if the polym
molecules have enough time to rearrange themselves i
ammonia/THF atmosphere, i.e., the correctness of the
sumption of Fig. 5~b!. However, we do not know whether th
connected TA-PPE molecules are with or without alk
protected end groups, because no proof can suggest the
plete deprotection of the alkyl end groups.

We assume that the carrier injection in our gap structu
is ‘‘through Au-S bond’’ tunneling. The tunneling can b
divided into direct tunneling~whenV<FB /e) and Fowler-
Nordheim tunneling~whenV>FB /e). These two tunneling
mechanisms can be distinguished by their distinct volta
dependence as shown in the following equations:17,53

J}V expF2
2wA2mFB

\ G
(direct tunneling atV,FB /e),

J}V2 expF2
4wA2m

3q\V
~qFB!3/2G

~Fowler-Nordheim tunneling atV.FB /e!.

Here,w is the gap width of the electrodes,m is the effective
mass of holes,\ is Planck’s constant, andFB is the tunneling
barrier height. We plot the results of Fig. 4~a! with a ln(J/V2)
vs 1/V in Fig. 6. It is clear that all the curves can be divide
into two parts. In a low bias range (1/V.0.75), the curves of
ln(J/V2) vs 1/V show no significant voltage dependence; in
high bias range (1/V,0.75), the ln(J/V2) vs 1/V curves ex-
hibit similar linear relationships. The results indicate that c
rier injection is dominated by Fowler-Nordheim tunneling
a high bias and by direct tunneling at a low bias. The div
ing point is around 1/V'0.7– 0.75. Therefore, it is reason
able to deduce that the tunneling barrier height of the Au
bondFB is around 1.33–1.43 eV. The result agrees well w

e
u

FIG. 6. ln JV22;1/V relationship of the results in Fig. 4~a!.
7-4
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those of Reedet al.53 They found that the Au-S tunnelin
barrier is around 1.3960.01 eV by studying the alkanethio
monolayer.

Our nanogap electrodes devices can be regarded as m
molecule-metal~MMM ! junctions, and many tunneling mod
els have been proposed to describe the electronic trans
through such MMM junctions.36–46,53–58For example, the
Franz two-band model53–56 was assumed to be useful fo
interpreting the electron transport through a molecular s
tem with highest occupied molecular orbital and lowest u
occupied molecular orbital energy levels. Conjugated po
mers are such molecular systems and they can be depicte
a typical energy band model. The Franz two-band model
probably be helpful in interpreting our MMM junctions
Moreover, because the geometry of the orbitals on the sul
does not permit the conjugatedp orbitals from the TA-PPE
molecules to interact strongly with the conduction orbitals
the gold electrodes, the mismatch of orbitals creates a po
tial barrier at each connection interface of the gap struc
devices. This means a nanogap device is similar to a qu
tum dot junction, if we regard the conjugated TA-PPE m
ecules as quantum dots, with the terminal sulfur atoms ac
as two tunnel barriers. The electron transport through
MMM junction is process sequential tunneling or reson
tunneling through double barriers. We anticipate that fut

*Author to whom correspondence should be addressed. Electr
address: huwp@iccas.ac.cn
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IV. CONCLUSION

In summary, carrier injection from gold into TA-PPE de
pends on the organization status of the Au/TA-PPE interfa
In sandwich devices with spin-coated TA-PPE films the c
rier injection is dominated by a thermal emission mechan
with a barrier height of around 1.16 eV. In nanogap electro
devices, carrier injection for devices with new cast films
dominated by a mixture mechanism of thermal emission
tunneling, because the rapid volatilization of the solve
~THF! results in a poorly organized Au/TA-PPE interfac
~TA-PPE molecules have insufficient time to rearrange the
selves!. However, after subjecting the sample to
ammonia/THF atmosphere for 96 h to reconstruct the A
TA-PPE interface, i.e., to form a well-organized interface
means of the Au-S bond connection, the carrier injection
dominated by tunneling. The tunneling barrier heightFB is
estimated to be around 1.33–1.43 eV.
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