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ABSTRACT Nanocomposite matrices of silver/poly(3-hexylthiophene) (P3HT) were prepared in ultrahigh vacuum through vapor-
phase codeposition. Change in microstructure, chemical nature, and electronic properties with increasing filler (Ag) content were
investigated using in situ XPS and UPS, and ambient AFM. At least two chemical binding states occur between Ag nanoparticles and
sulfur in P3HT at the immediate contact layer, but no evidence of interaction between Ag and carbon (in P3HT) was found. AFM
images reveal a change in Ag nanoparticles size with concentration which modifies the microstructure and the average roughness of
the surface. Under codeposition, P3HT largely retains its conjugated structures, which is evidenced by the similar XPS and UPS spectra
to those of P3HT films deposited on other substrates. We demonstrate here that the magnitude of the barrier height for hole injection
(εv

F) and the position of the highest occupied band edge (HOB) with respect to the Fermi level of Ag may be controlled and changed
by adjusting the metal (Ag) content in the composite. Furthermore, UPS reveals distinct features related to the C 2p (σ states) in the
5-12 eV regions, indicating the presence of ordered P3HT, which is different from solution processed films.
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1. INTRODUCTION

The nanoengineering of hybrid polymer-metal (1-3),
-metal oxide (4), -semiconductors (5, 6), -poly-
mers (7, 8), and -fullerenes (9) as thin films is a fast

developing field of nanotechnology. These new composite
materials show promise for a variety of applications in novel
organic optoelectronics such as solid-state electronics (10, 11),
electroluminescent devices and photovoltaics (12-14), and
photodetectors (15). In particular, poly(3-hexylthiophene)
(P3HT), because of its high drift mobility (16) (up to 0.1 cm2

V-1 s-1) (10), has been widely adopted as a hole-transporting
agent in developing plastic electronics (10, 12). The func-
tionality and performance of these devices are largely de-
pendent on the charge-transfer process across the interfacial
structure between organic semiconductors (polymer) and
filler materials. The offsets of the energy levels of the two
materials result in the formation of a heterojunction, with
the polymer being the electron donor and the filler the
electron acceptor. The charge-transfer process is a function
of the relative energy levels of the HOMO and LUMO derived
molecular orbitals in the valence band and conduction band

regions, respectively. Studies of electronic structures using
ultraviolet photoelectron spectroscopy (UPS) and X-ray pho-
toelectron spectroscopy (XPS) have primarily focused on thin
films in the layered configuration. However, the electronic
properties of nanoparticle-loaded polymers could be very
different from those of the extended interfaces because of
distinct structural morphology. Unfortunately, this important
field is less studied partly because of its complex nature.
Most of polymeric devices are solution processed in order
to incorporate nanocrystalline fillers into the matrix. How-
ever, one of the limiting factors for device performance using
this process is inefficient charge transport. The presence of
solvent adsorbed on the surface of the nanoparticles im-
pedes the interaction between polymer and nanoparticles
and the transfer of charges between the two materials and
the transport of electrons from one nanocrystal to another
(9, 17). Vapor phase codeposition presents an alternative
route to synthesize a metal/polymer blend. This process of
producing nanocomposites is solvent free and has recently
generated increasing interest in several research groups
(2, 3, 18).

In the present work, we demonstrate for the first time
that P3HT and silver can be simultaneously thermally evapo-
rated to form a nanocomposite. The codeposition of metal
(Ag) and P3HT from two independent sources was achieved
to produce polymeric films with different metal contents.
The composite materials were investigated by photoemis-
sion spectroscopy (XPS and UPS) and atomic force micros-
copy (AFM). The surface sensitive analysis techniques are
utilized to investigate the chemical nature and electronic
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states of the newly formed composite. XPS probes the core
level binding energies, allowing us to determine the chemical
reactions at the vast interfaces between Ag and P3HT. UPS
characterization provides insightful interfacial electronic
information of the metal/polymer composite matrices. Our
findings are compared with layered (P3HT/Ag) structures.
Finally, AFM images provide morphological information
such as height difference and Ag nanoparticle size as a
function of Ag loading.

2. EXPERIMENTAL SECTION
Ag/P3HT composites for UPS/XPS measurements were formed

by evaporating P3HT and Ag simultaneously in situ in a high-
vacuum deposition chamber (base pressure of 1 × 10-8 Torr)
by vapor-phase codeposition using an electron-beam heated
effusion cell (Mantis Deposition Ltd.). The details of the experi-
mental setup are described elsewhere (19). A quartz crystal
microbalance (QCM) was utilized to estimate the deposition rate
and film thickness. Its calibration on P3HT was performed on
a layer-structured sample (P3HT on top of Ag substrate) with
the attenuation of the intensity of Ag 3d5/2 peaks by using the
ratio of the sample signal to that of a pure Ag substrate signal
(20). The P3HT deposition was kept at a constant low deposition
rate (ca. 1 Å/min) and the silver deposition rate was varied to
alter the metal loadings. Three nominal Ag/P3HT volume ratios
were selected including 1:3, 1:1, and 3:1. Since the sticking
coefficient of Ag to P3HT is unknown, no attempt was made to
correlate the deposition rate ratio to the actual Ag concentration
in the sample. The thickness for all samples is estimated to be
around 50 nm assuring that photoelectrons originate only from
the interested composite and not from the underlying sub-
strates. This thickness was also confirmed by the absence of
any XPS signal from the underlying Si of composites deposited
on substrates.

The deposition chamber is interfaced with the UPS/XPS
analysis chamber, ensuring sample deposition, transfer, and
measurements all under ultrahigh vacuum without exposure to
air. Initially, Ag and P3HT were kept below their melting points.
Subsequently, they were slowly heated to a temperature above
their melting points and kept there for about 1 h to remove
potential impurities and other alien volatiles. The evaporation
temperature of P3HT was monitored using a thermocouple
affixed on the outside wall of the crucible and adjusted to be
slightly above its 230 °C melting point (21). Our previous IR
and XPS measurements (20) indicate that the vapor-phase
deposited P3HT molecules undergo no or little change in
composition and chemical structures. This is also supported by
the reversible thermochromic effect of P3HT from -60 °C to
melting point state as demonstrated by Saleneck et al. (24) A
polycrystalline silver foil obtained from Alfa Aesar was cut into
squares of about 10 × 10 mm2 and used as substrates for XPS/
UPS characterization. The foils were mechanically polished with
a typical metal polish paste (Simichrome Polish), successively
cleaned under sonication for several minutes in acetone and
isopropanol alcohol, and finally rinsed with isopropanol alcohol
and dried in air. The substrates were then immediately loaded
into the XPS/UPS system and underwent Ar ion sputtering
cleaning for at least 15 min. A piece of Si substrate was put side-
by-side with the silver foil substrate for atomic force microscope
(AFM) characterization.

XPS and UPS measurements were performed on a Kratos
AXIS-165 multitechnique electron spectrometer system with a
base pressure of 5 × 10-10 torr. Achromatic X-ray radiation of
1253.6 eV (Mg KR) was utilized as the XPS excitation source
for acquiring all XPS photoelectron spectra. The binding ener-
gies were calibrated against the Au 4f 7/2 peak taken to be
located at 84.19 eV and Ag 3d 5/2 peak at 368.46 eV. Deconvo-

lution of S 2p peaks was performed with CasaXPS, commercial
software obtained from Casa software, Ltd. A precise curve
fitting was carried out using Gaussian/Lorentzian curves shape
(GL(30)) with a full width half-maximum (fwhm) of about 1.4
eV to determine the different chemical species.

UPS data were collected with a homemade He lamp source
which produces a resonance line He I (21.21 eV) by cold cathode
capillary discharge. The spectra were acquired using a hybrid
lens that focused the ejected electrons into the Kratos spec-
trometer. A bias of -20 V was applied to the sample to shift
the spectra out of the nonlinear region of the analyzer (0-10
eV kinetic energy). The resolving power was determined at the
Fermi edge of the Ag foil to be better than 150 meV based on
the terminology adopted by Tien et al. (22).

The AFM images were obtained with a PicoPlus microscope
from Agilent Inc. and analyzed using a scanning probe imaging
processor (SPIP), commercial software from ImageMetrology
A/S. The images were only processed with planefit unless
indicated otherwise in the figure caption.

3. RESULTS AND DISCUSSION
The structural morphology in nanocomposite materials

has been shown to play an important role in the functionality
and performance of devices (5-7). Atomic force micro-
graphs (AFM) for two Ag/P3HT composite matrices on Si
coupons are illustrated in Figure 1. Silver nanoparticles with
irregular shapes embedded in the P3HT matrix were ob-
served for both composite films. The formation of silver
nanoparticles can be explained by the strong dissimilarity
of the two constituents. Metals usually have low solubility
in polymers and they have a strong tendency to aggregate
into particles and/or clusters because of their mutual affinity.
Metal in polymers is often present in a relatively broad size
distribution due to the steric hindrance of polymers. The
measured diameter of the phenomenological Ag “crystal-
lites” appears to change from about 50 to 100 nm as the
Ag/P3HT ratio varies from 1:3 to 3:1 (volume ratio). How-
ever, these “crystallites” are indeed not individual particles,
but aggregates consisting of many smaller size nanocrystals
as displayed in the higher-resolution AFM image (Figure 1c).
The line profiles of Figure 1d indicate that the nanocrystals
are less than 20 nm in diameter for the Ag/P3HT composites
of 3:1 ratio. Because of the presence of polymer in between,
small Ag nanocrystals disperse in a polymorphous arrange-
ment instead of coalesce into larger single crystal or grains.
Such superstructures are often observed in heterogeneous
system because of the very dissimilar nature of the involved
components (18). The composite surface appears relatively
smooth with height variation of about 1.2 and 2.0 nm for
1:3 and 3:1 Ag/P3HT composites, respectively, as deter-
mined by line profiles. For the samples with a high Ag
loading the AFM image reveals more connecting particle
aggregates (red dashed lines in Figure 1a) embedded in
polymer. This microstructure creates pathways to promote
efficient transport of electrons from Ag nanoparticle to
adjacent Ag nanoparticles. In contrast, samples with lower
loading of Ag (Figure 1b) produced much smaller Ag nano-
particle aggregates which are less likely to be in direct
contact with each other. In the latter system the transport
of electrons between Ag nanoparticles is reduced by the
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relatively large physical gap between particles which is filled
with polymer.

Figure 2 displays photoemission spectra of Ag 3d, C 1s,
and S 2p obtained for different Ag/P3HT composites. Figure
2a (top left) shows spectra for the clean Ag foil and for three
Ag to polymer ratios (3:1, 1:1, and 1:3). A small static
charging was observed on composites with relatively low
metal contents (1:1 and 1:3), which is consistent with the
isolated nature of Ag particles and relatively large physical
gaps in between them as confirmed by AFM. The position
of the Ag peak for these two composites was adjusted to
correct for the small static charging. The same energy shift
was used to correct the C 1s and S 2p spectra (panels b and
c in Figure 2, respectively). Both C 1s and S 2p spectra
exhibit an energy shift of about -0.3 eV when compared to
a thin film of P3HT (∼ 3.1 nm) vapor deposited on polycrys-
talline Ag foil (20). The C 1s spectra of Figure 2b display a
single symmetric peak centered at BE ) 285.2 eV ( 0.1 eV
with no shakeup peak at higher BE of the main line. Although
the contribution of carbon involves both conjugated carbon
and hexyl side chains, their contributions cannot be resolved
in our XPS measurements. A similar energy shift for C 1s
was also observed in an In/polypyrrole system and was
attributed to band bending (23). Similar to individual deposi-
tion of P3HT, the absence of shakeup peaks on the high BE
side of the main C 1s line indicates that P3HT largely retain
its conjugated nature even during the radical codeposition

with hot metal atoms (24). The chemical integrity of the
polymer upon thermal deposition was studied in details in
our previous work by IR and XPS measurements (20).

On the other hand, the S 2p signal in Figure 2c can be
deconvoluted with three distinct peaks. The ratios of atomic
concentration of these peaks for the three codeposited
matrices on Ag foil are given in Table 1. These peaks are
assigned to 1) the pristine S in P3HT (164.4 eV), 2) S
interacting with Ag nanoparticles (162.7 - 162.2 eV) to form
most likely an Ag-S species. In their study of Ag-S interac-
tion Li et al. (25) found that by depositing Ag atoms on thick
sulfur layers supported on Mo (110) at 100 K, silver sulfide
formed which they labeled AgSy with S 2p peak at BE ) 163
eV; and 3) a different species resulting from P3HT-Ag
interaction (161.7-161.2 eV), that could be assigned to
Ag2S. This assignment agrees with the work of White et al.
(26) They studied the electrochemical growth of Ag2S on Ag
(111) by Coulometric analysis and XPS. The sulfur peak was
measured at BE ) 161.5 eV. The existence of these three
peaks can be explained by the presence of more than one
chemical bonding state between Ag and S such as AgS and
Ag2S compounds (27, 28). The peaks labeled I and II in
Figures 2 and 3 were also observed and measured at similar
BEs on the layered structure (P3HT on Ag) for film thickness
between 0.25 to 1.0 nm (20). The latter weak feature (peak
III) is not very clear in layered structures (20) because the
diffusion and chemical reaction are much milder for organic

FIGURE 1. Tapping mode AFM topological micrographs of Ag/P3HT composites on Si substrates with Ag/P3HT volume ratio of (a) 3:1 and (b)
1:3. (c) High-resolution image displays a small particle size of about 20 nm across, as confirmed by (d) the line profiles.
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deposition onto bulk metal substrates as a result of smaller
interfacial areas or the absence of effective mixing of the
two species. In contrast, in the case of metal deposition onto
an organic layer or codeposition with organics, the high
energy of vaporized metal atoms could promote stronger
chemical interaction and lead to the formation of new
compounds, such as Ag2S, which are unavailable for P3HT
deposition on silver. As the P3HT polymer concentration
increases from a ratio of 3:1 to 1:3 (Ag/P3HT) the intensity
of the peak I from intrinsic S atoms (Figure 2c) increased
drastically with respect to the other two peaks (II and III) (see
Table 1). This increase is expected because of the increased
content of polymer in the composite. The energy position
of peak I remains the same for all three composites. How-
ever, the energy position of peaks II and III shifts to slightly
higher BE (∼0.5 eV) as the ratio of Ag/P3HT reached 1:3.
The energy shift measured for peaks II and III is more
difficult to explain since the main peak associated with P3HT
does not shift with polymer loading. However, at higher

silver loadings the size of Ag particle aggregates reached 100
nm on average as seen in Figure 1a for the 3:1 concentra-
tion. The AFM image reveals that more Ag particles are in
contact with each other (dashed lines). As a result, the
ratio of volume interface with polymer to volume particle
(Vinterface/Vparticle) is small and the Ag nanoparticles provide
a direct pathway for electrical conductance. The value of
this ratio increases with polymer concentration for the 1:1
and 1:3 composites. Therefore, one possible explanation for
the energy shift is that as the polymer content increases to
the ratio of 1:3 and the size of the Ag particles gets smaller
as shown by AFM, the negative charge on the S atom and
the positive charge on the Ag atom become more localized
which is in contrast with a more delocalized charge distribu-
tion over the larger available Ag area in the case of the 1:1
and 3:1 volume ratios in which the Ag particles are larger.
This localization of charge distribution on the Ag-S reduces
the negative charge on the sulfur making it more positive.
As a result the energy of the species formed by S atoms in
direct contact with Ag nanoparticles will shift to higher BE.
Composite samples made on Si substrate exhibit a similar
energy shift for peaks II and III between ratio of 1:3 and 3:1
(see Figure 3c).

Because Ag and S strongly interact, the face-on confor-
mation may be more favorable than the edge-on conforma-
tion because of the steric presence of hexyl side chains on
both sides of the thiophene rings. In our previous work on

FIGURE 2. XPS spectra of codeposited Ag/P3HT matrix on Ag foil with different Ag loadings (a) Ag 3d, (b) C 1s, and (c) S 2p. The ratios represent
the amount of Ag to P3HT. Spectra of vapor-phase-deposited P3HT films on Ag were also superimposed for comparison.

Table 1. Atomic Percent Concentration (at %) of
the Three Sulfur Chemical Species in Ag/P3HT
Blends

atomic percent concentration (at %)

Ag/P3HT ratio peak I peak II peak III

1:3 87 8 5
1:1 76 15 9
3:1 60 28 12
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P3HT films deposited on Ag we found that pristine S ap-
peared even at the first deposition layer (0.25 nm). This
indicates that only about one or two monolayers of P3HT
molecules are in direct contact with Ag surfaces. This is
different from tris (8-hydroxyquinolinato) gallium (Gaq3) on
Ga where intrinsic Ga peak was only observed after 1.2 nm
(29). Therefore, the relative area intensity of perturbed and
unperturbed S indicates that large amount of S should be in
contact with Ag materials. This further confirms the AFM
observation of large amount of small nanocrystals present
in the larger aggregates, creating vast surface areas. This is
also observed in other metal/polymer composites (18),
where polymer matrices usually decrease the mobility of
metal particles and strongly prevent their merging into single
large particles.

Figure 3 displays photoelectron spectra of Ag 3d acquired
on bare Ag foil, and Ag 3d, C 1s and S 2p for two metal/
polymer composites on a Si substrate. The photoelectron
spectra of Ag 3d and C 1s of the two composites are very
similar to those measured on Ag substrate. The curve fitting
of the photoelectron spectra of S 2p reveals three peaks with
peaks II and III shifting to higher BE with increasing content
of P3HT. The presence of these three peaks in both Ag and
Si substrates confirms that the Ag nanoparticles are respon-
sible for the existence of the two Ag-S species.

Figure 4 depicts the He I UPS spectra of codeposited Ag/
P3HT composites for three different Ag loadings. The pure

Ag and the thin film of P3HT (3.1 nm) spectra obtained by
thermally depositing P3HT on the polycrystalline Ag foil are
also shown for comparison. In Figure 4a, the position of the
secondary cutoff edge shifts with increasing P3HT content.
This vacuum level shift (∆) for all samples is determined with
respect to clean Ag. This shift is generally attributed to the
presence of a dipole moment at the interface of metal/
polymer. It is worth noting that the acquired UPS/XPS
information thoroughly originate from the Ag/P3HT blend
film rather than the interface with the underlying Ag or Si
substrates due to the film thickness (∼50 nm), which is the
focused interest of the present study. Therefore, the ob-
served shift indicates a strong chemical interaction between
Ag nanoparticles and P3HT in the composite film because
of charge transfer between the two materials as a result of
codeposition. Surprisingly, the Ag/P3HT sample of 1:3 ratio
exhibits more upshift (∆ ) -0.9 eV) than for pure P3HT on
Ag (∆ )-0.56 eV). This energy shift decreases to -0.8 and
-0.5 eV as the content of Ag increases. The decreasing value
of |∆| is expected with increasing amount of Ag in the matrix
when measured with respect to clean Ag since the material
becomes more and more metallic. The same trend is also
observed for the composite samples made on Si coupons
(see Figure 5). This larger secondary edge shift could be due
to the presence of a large amount of Ag-S complex. As
evidenced by the change in the amount of Ag-S complex,
it increases as Ag content decreases. This results in a larger

FIGURE 3. XPS spectra of codeposited Ag/P3HT matrix on silicon wafer with different Ag contents (a) Ag 3d, (b) C 1s, and (c) S 2p. The ratios
indicate the amount of Ag to P3HT.
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interfacial area between Ag nanoparticles and S in samples
with low metal content, which is consistent with the upshift
measured for low metal contents.

The knowledge of both the vacuum shift (∆) with respect
to Ag and the position of the highest occupied band edge
(HOB) allows for the construction of a schematic representa-

tion of the band diagram as a function of Ag loading. The
band diagram is shown in Figure 6. The work function of
the blend films decreases from 3.77 to 3.37 eV, whereas the
barrier height for hole injection (εv

F) increases from 0.55 to
1.36 eV with polymer content. The comparison with pure
P3HT indicates that the change of these parameters going

FIGURE 4. He I UPS spectra of codeposited Ag/P3HT matrix on Ag foil with three different Ag contents. Vacuum shifts (∆) and the highest
occupied band edge are shown.

FIGURE 5. He I UPS spectra of codeposited Ag/P3HT matrix on Si coupons with two different Ag contents. Vacuum shifts (∆) and highest
occupied band edges are shown.
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from metal-rich to polymer-rich composites is not linear.
Therefore, the blend films should not be treated as simple
physical mixing because of the strong chemical reactions
involved in codeposition. Similar to layered structures, as
the P3HT content increases, the HOMO peak shifts to
higher binding energy, from 3.5 to 4.0 eV (the right graph
in Figure 4). Unfortunately, the energy gap for these new
kinds of composite materials is unknown, which does not
enable us to position the conduction band minimum (CBm)
in our band diagram (Figure 6) and determine with confi-
dence if these blended films are p or n type materials. In
their study of P3HT-PCBM film adsorbed on PEDOT/ITO
from solution, Chen et al. (30) found a value for the barrier
height for the blend film of 0.74 eV higher than for the pure
PEDOT/ITO (εv

F ) 0). Our results appear to exhibit the same
trend.

Finally, three distinct features at 11, 9.4, and 7.6 eV are
observed between 5 and 12 eV in Figure 5c. These features
are not well resolved in our P3HT thin film deposited on Ag.
This region is attributed to the σ states (C 2p) contributed
from main backbones and hexyl side chains of P3HT. The
emergence of these features indicates that ordered struc-
tures were formed more or less in the vapor-phased code-
posited P3HT in contrast to spin-coated films where this
region in the experimental data appears as a broad feature-
less band (31). This may be explained by the forgoing
speculation of face-on conformation due to the preferential
S-Ag interaction at the vast interfacial contact. However,
the calculated DOS using the DFT method by Hao and co-
workers (31) reveals three distinct peaks at 11.2, 10, and
7.8 eV, respectively. This is in relatively good agreement with
our measurements. The codeposition with Ag appears to
reduce to a certain extent the complexity of the polymer
structure to promote a more ordered structure.

The codeposition of Ag with P3HT forms complicated
binding states at the vast interface of Ag nanoparticle/
polymer and a different structural morphology as a func-
tion of composition. The interfacial complex Ag-S may
be considered as a third phase in addition to the original
constituents and may play an important role in the design
of devices. The new composite materials cannot be
treated as simple physical mixture of different compo-
nents because there are vast chemical interactions be-

tween species as a result of large interfacial areas and
interdiffusion.

4. CONCLUSION
Chemical, electronic and structural information were

obtained on vapor-phase codeposited Ag/P3HT nanocom-
posites with variation of metal content. Ag exists in the
form of nanoparticles embedded in P3HT matrix as
confirmed by AFM images. Composites with low metal
content exhibit a decrease in electrical conductivity be-
cause of the spatial distribution of the metal phase, which
changes the Vinterface/Vparticle ratio. XPS indicates that there
are at least two chemical bonding states between Ag and
S in P3HT. UPS measurements show some similarity in
the derived region (0-5 eV) with the conventional layered
structures (P3HT on top). Large secondary cutoff edge
shifts (∆) to higher binding energies were observed with
increasing P3HT content. This is mostly due to the vast
interfacial areas between Ag nanoparticle/P3HT where the
third phase of Ag-S complex resides. The magnitude of
HOB edge (barrier height) increases with polymer content
which impedes the charge injection from the Fermi
energy of Ag into the valence band of the composite
materials. Furthermore, we have demonstrated in this
work that it is possible to tune the value of the barrier
height (εv

F) from 0.55 to 1.36 eV by simply varying the
composition of the blend film (Ag/P3HT ratio ranging from
3:1 to 1:3) and changing the electronic properties of
nanocomposite materials. Finally, three small yet clear
peaks were observed in the 5-12 eV region which is
related to the σ states of P3HT backbone, indicating the
possible ordering of these vacuum thermally evaporated
polymers as a result of thermal annealing.
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