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a  b  s  t  r  a  c  t

Ag-doped  Ca3Co4O9 thin  films  with  nominal  composition  of  Ca3−xAgxCo4O9 (x =  0∼0.4)  have  been  pre-
pared  on  sapphire  (0 0 0 1)  substrates  by pulsed  laser  deposition  (PLD).  Structural  characterizations  and
surface  chemical  states  analysis  have  shown  that Ag substitution  for Ca  in  the  thin  films  can  be achieved
with  doping  amount  of  x ≤  0.15; while  x > 0.15, excessive  Ag was  found  as  isolated  and  metallic  species,
eywords:
hermoelectric
a3Co4O9

hin film

resulting  in  composite  structure.  Based  on the perfect  c-axis  orientation  of the  thin films,  Ag-doping  has
been  found  to facilitate  a remarkable  decrease  in the  in-plane  electrical  resistivity.  However,  if  doped
beyond  the substitution  limit,  excessive  Ag  was  observed  to severely  reduce  the  Seebeck  coefficient.
Through  carrier  concentration  adjustment  by  Ag-substitution,  power  factor  of  the  Ag-Ca3Co4O9 thin
films  could  reach  0.73  mW  m−1 K−2 at around  700  K,  which  was  about  16%  higher  than  that  of  the  pure
oping Ca3Co4O9 thin  film.

. Introduction

Thermoelectric (TE) materials and devices have great poten-
ial to provide alternative solutions to worldwide energy crisis and
lobal warming, as they are able to harvest clean energy from waste
eat and provide refrigeration without using harmful gas. Among
he various TE materials, misfit layered cobalt oxide Ca3Co4O9 has
een considered to be the most promising candidates for high tem-
erature TE application due to its remarkable TE performance and
uperior properties, such as low toxicity, high thermal stability
nd low cost [1].  The performance of a TE material is evaluated
y the dimensionless figure-of-merit ZT = S2T/(��), where S, T, �
nd � are the Seebeck coefficient (also called thermopower), abso-
ute temperature, electrical resistivity and thermal conductivity,
espectively [2].  For a Ca3Co4O9 single crystal, the ZT value can
each 0.83 at 1000 K [3].

The crystal structure of Ca3Co4O9 is composed of the CdI2-type
oO2 layer and the rock-salt-type Ca2CoO3 layer alternately stack-

ng along the c-axis [4].  Although this misfit layered structure is
onsidered to be beneficial for TE properties, the large anisotropy
eads to poor TE performance for randomly oriented polycrys-
alline materials, and difficulty in fabricating large Ca3Co4O9 single

rystals for volume production [5]. Nevertheless, it is found that
hin film configuration with well controlled crystal orientation can
ater for the electrical transport of carriers along favorable direc-
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tion and overcome this issue. In addition, thin films can promote
the reduction of thermal conductivity by phonon scattering effect
[6],  and facilitates Micro-Electro-Mechanical System (MEMS) pro-
cessing towards on-chip devices [7]. Epitaxial or c-axis oriented
Ca3Co4O9 thin films have been prepared by various techniques,
such as radiofrequency (RF) sputtering [8],  pulsed laser deposi-
tion (PLD) [9,10],  atomic layer deposition (ALD) [11] and topotactic
ion-exchange method [12]. The in-plane power factor of a pure
Ca3Co4O9 thin film has been reported to reach 0.51 mW m−1 K−2

at around 920 K, which is higher than the value of textured bulk
ceramics, and comparable to that of single crystals [13]. Such
improvement in TE performance could be ascribed to the enhanced
energy filtering effect as a result of the nanostructures and grain
boundaries inside the thin films [9,13].

Meanwhile, research work towards TE performance enhance-
ment in Ca3Co4O9 bulk materials has also been carried out through
foreign cation-doping using alkali metals [14], alkaline earth metals
[15], rare earths [16,17] and transition metals [18]. Among them,
Ag-substitution at the Ca site has been found to effectively reduce
the electrical resistivity of Ca3Co4O9, and thus improve the TE per-
formance [19]. It has also been found that if Ag is not doped into
the Ca3Co4O9 lattice, but instead is added as a metallic phase to
form bulk composite ceramics, a decrease in electrical resistivity
can still be achieved [20,21]. Through the doping and the addi-
tion of Ag, a high ZT value above 0.5 at 1000 K has been reported

in Ca2.7Ag0.3Co4O9/Ag-10%, which is so far the highest ZT value
reported for polycrystalline Ca3Co4O9 system [22]. It should be
noted that although both approaches can reduce electrical resistiv-
ity, different mechanisms are involved: Ag-substitution increases

dx.doi.org/10.1016/j.jallcom.2011.09.008
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Chemical compositions of sol-gel solutions, PLD targets and the as-prepared thin films as well as their thicknesses.

Sample name Sol–gel solution Target Thin film composition Film thickness (nm)

Ca:Ag:Co Ca:Ag:Co Ca:Ag:Co Ag+:Ag0 (%) Nominal formula

CCO 3:0:4 3.04:0.00:4 3.02:0.00:4 – Ca3Co4O9 99 (8)
Ag01  2.9:0.2:4 2.91:0.21:4 2.93:0.07:4 100:0 Ca2.93Ag0.072Co4O9 107 (7)

 100:0 Ca2.89Ag0.151Co4O9 102 (3)
70.7:29.3 Ca2.88Ag0.155Co4O9/Ag0.064 108 (6)

 53.9:46.1 Ca2.86Ag0.156Co4O9/Ag0.134 98 (8)
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Fig. 1. HR-XRD long-scan patterns of pure and Ag-doped Ca3Co4O9 thin films.
Ag02  2.8:0.4:4 2.81:0.40:4 2.89:0.15:4
Ag03 2.7:0.6:4 2.73:0.59:4 2.88:0.22:4
Ag04 2.6:0.8:4 2.62:0.77:4 2.86:0.29:4

-type major carrier concentration; while metallic Ag addition
ontributes to electrical conduction by composite effect. It is there-
ore necessary to identify the exact amount of Ag substituted and
o fully characterize the Ag dopant species in heavily Ag-doped
a3Co4O9 system. As indicated in previous works, having a thin
lm configuration of such material can facilitate the above men-
ioned characterization using XPS and Hall effect analysis [23]. In
his work, we report the Ag-doping effect and TE enhancement in c-
xis oriented Ca3Co4O9 thin films. The Ag-doping level and dopant
pecies are fully characterized. The influences of light and heavy
g-doping on carrier concentration as well as high temperature
lectrical properties of these thin films are also investigated.

. Experimental details

Ca3−xAgxCo4O9 (x = 0, 0.1, 0.2, 0.3 and 0.4, named as CCO, Ag01, Ag02, Ag03 and
g04 respectively in the subsequent text) thin films with c-axis orientation were
repared on (0 0 0 1) sapphire (c-plane) single crystal substrates by PLD method at
00 ◦C in 20 Pa (150 mTorr) oxygen pressure. A KrF excimer laser (Lambda Physik
ompex, � = 248 nm)  was  used with a laser energy density of ∼1.2 J/cm2 per pulse
orresponding to a deposition rate around 2 nm/min. To prepare the PLD targets, the
a3−xAgxCo4O9 precursor powders were first synthesized by sol–gel method [17],
hen shaped into 1-inch diameter pellets and sintered at 880 ◦C for 20 h. Due to the
trong volatile nature of Ag during PLD process [24], double amounts of the designed
omposition of Ag were added in the targets. Chemical compositions of the targets,
btained by inductively coupled plasma (ICP) analysis (Dual-view Optima 5300 DV
CP-OES, Perkin Elmer), are listed in Table 1 with the corresponding sample names
nd the elemental ratio in the precursor solutions.

The thicknesses of the thin films were measured using an Alpha-Step IQ sur-
ace profiler. High resolution X-ray diffraction (HR-XRD) data were collected using
’Pert MRD (PANalytical) with monochromatic Cu K� radiation (� = 1.5406 Å) over
–55◦ range. Chemical states and elemental composition were analyzed by using
n  X-ray photoelectron spectroscopy (XPS) (Al anode, hv = 1486.6 eV, Theta Probe
PS, Thermo Fisher Scientific) on the thin film surfaces. The C 1s peak located at
84.5 eV was assigned to carbon from adventitious contaminations, and was  used
s  the criterion to rectify binding energies of the XPS spectra. The in-plane electrical
esistivity (�ab) and Seebeck coefficient (S) of the thin films were measured from
oom temperature to ∼700 K by the standard four-probe method and the conven-
ional steady state method, respectively. Room temperature carrier concentrations
p)  of the thin films were determined by the Hall measurement (Bio Rad HL5500)
ith four-point-probe technique using van der Pauw geometry.

. Results and discussion

Fig. 1 shows the HR-XRD 2�–ω scans of pure and Ag-doped
a3Co4O9 thin films on (0 0 0 1) sapphire substrate over 5–55◦

ange. Thin films Ag01 and Ag02 show similar XRD patterns to that
f the pure thin film, CCO. Besides the peak from sapphire (0 0 0 6)
ubstrate, only peaks from diffractions of (0 0 l) Ca3Co4O9 planes
an be observed, indicating that the ab-planes in the Ca3Co4O9
hin films are parallel to the (0 0 0 1) sapphire substrate surface
nd both films are c-axis oriented. However, for thin films Ag03
nd Ag04, an extra peak at ∼38.12◦ can be observed. This peak
orresponds to Ag (1 1 1), which indicates the presence of Ag exist-
ng as a metallic phase other than those doped into the Ca3Co4O9
rystal structure. The influence of Ag-doping on the crystal lattice

f Ca3Co4O9 thin films was  investigated by calculating the c-axis
arameters of the pure and Ag-doped Ca3Co4O9 thin films from
he XRD data. For each thin film, the average c-axis parameter
as calculated by using Bragg equation according to every posi-
Fig. 2. Relationship between c-axis parameter (calculated from the 2� angle of (0 0 l)
peaks) and Ag content (determined by XPS by assessing Co = 4).

tion of the (0 0 l) peaks in the HR-XRD pattern. It can be seen from
Fig. 2 that the c-axis lattice constant increases gradually with the
Ag amount (as determined by XPS). The ionic radii of Ag1+ and Ca2+
in six-coordination are 1.15 and 1.00 Å, respectively [19]. Thus, for
light Ag-doping, the substitution of the larger Ag+ ions for Ca2+ can
result in the enlargement of the Ca3Co4O9 unit cell. This observation
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Fig. 3. XPS fine scan spectra of Ag 3d (5/2

s consistent with the reported work on Ag-substituted Ca3Co4O9
oly-crystals [19]. However, it is found that the c-lattice parameter
f Ca3Co4O9 thin films continues to increase for the heavily Ag-
oped samples beyond the Ag-substitution limit (as indicated in
he subsequent XPS analysis). Such c-direction expansion is likely
o be associated with the thin film strain relaxation [25,26]. Due to
he lattice misfit from substrate, the c-axis lattice parameter of the
ighly oriented Ca3Co4O9 thin films (10.73–10.79 Å in this work,
nd 10.73–10.78 Å in others [10–12])  is slightly lower than that
f the bulk value (10.81–10.99 Å [4,15,19]). In the case of heavy
g-doping, Ag segregation or crystallization can introduce large
mount of structural defects and can release the thin film strain
rom the substrate. Thus, as the Ag-dopant further increases, the
-lattice of thin film starts to be relaxed and increases towards the
alue of the bulk.

In order to study the doping effect on TE properties, the exact
mounts of Ag dopant in these thin films were determined by using
he area ratios of Ca (2p3/2), Co (2p3/2), and Ag (3d5/2) peaks. The
esults are summarized in Table 1. It is found that, even after dou-
ling the amount of Ag in the targets, the final Ag compositions

n the resultant as-prepared thin films were still lower than the
esigned values, indicating that a substantial amount of Ag atoms
ere “lost” during the PLD process. The yield of Ag by the laser

blation is only about 36% in this thin film fabrication process (with
eference to the yield of Co taken as 100%). Further, the chemical
tates of Ag dopant within the Ag-Ca3Co4O9 thin films were inves-
igated by XPS fine scan of the Ag 3d peaks, as shown in Fig. 3.
or thin films Ag01 and Ag02, the peaks of Ag 3d3/2 and 3d5/2 are
ocated at 373.7 and 367.7 eV, respectively, and the spin energy
eparation is 6.0 eV. This is the characteristic of Ag–O bond [27],
ndicating that the silver species existing in these two thin films is

g+ ion rather than metallic Ag (Ag0). It should be noted that Ag
xide will be decomposed into metallic Ag at temperatures above
00 ◦C, while the deposition of the Ag-doped Ca3Co4O9 thin films
as carried out on a substrate at 700 ◦C. Thus, neither Ag2O nor AgO
 (3/2) for Ag-doped Ca3Co4O9 thin films.

phases would be generated in the PLD process and all the Ag+ ions
in samples Ag01 and Ag02 should come from the Ag+ substituted
at Ca site in the Ca3Co4O9 crystal structure. In other words, it can
be concluded that most Ag atoms in thin films Ag01 and Ag02 have
successfully substituted into the Ca site in the crystal structure. On
the other hand, for samples Ag03 and Ag04, the 3d peaks of Ag in
the XPS spectra are found to shift to higher binding energy, indicat-
ing that chemical states of Ag atoms are not uniform in these two
Ca3Co4O9 thin films. The Ag 3d peaks were further decomposed into
two components, Ag+ with binding energy of 373.7 and 367.7 eV,
and Ag0 with binding energy of 374.2 and 368.2 eV [27], as shown in
Fig. 3. The Ag+:Ag0 atomic ratio were calculated based on the 3d5/2
peaks deconvolution using Gaussian–Lorentzian sum functions and
Tougaard-type background subtraction, and the results are listed in
Table 1. It can be found that with heavy doping of Ag, some metallic
Ag0 atoms are present in the Ag03 and Ag04 films. Moreover, as the
Ag content in the thin films increases, the amount of Ag0 is found
to increase significantly, while there is only a slight increase for the
substitution amount, Ag+. These XPS results clearly indicated that
the Ag contents for thin films Ag03 and Ag04 have gone beyond
the substitution limit of Ag in the Ca3Co4O9 crystal structure. The
excess amount of Ag atoms exists as metallic Ag0 phase within the
thin films, which is consistent with the XRD results.

A recent work done on Ag-doped Ca3Co4O9 poly-crystalline
bulk samples prepared by conventional solid state reaction route
reported heavy Ag-doping of nominally 10 at% at the Ca site (cor-
responding to x = 0.3 in Ca3−xAgxCo4O9) [19]. However, the exact
amount of Ag in Ca3Co4O9 was  not provided and the characteri-
zation on the species of the Ag-dopant was limited. According to
our study, a lower Ag-substitution limit in the Ca3Co4O9 structure
was suggested to be about 5 at%. First of all, it should be noted

that the radius of Ag+ ion (1.15 Å) is much larger than that of Ca2+

(1.00 Å) ion. The substitution of Ag for Ca, or any possible inter-
stitial Ag atom, can lead to large lattice distortion accompanied
with a large increase in the system energy. Thus, heavy-doping of
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Fig. 4. Temperature dependence of in-plane electrical resistivity, �, for pure and
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polaron hopping energy remains constant and the transport mech-
g-doped Ca3Co4O9 thin films. The inset gives Ag content dependence of carrier
oncentration, p, and carrier mobility, �.

g is not favorable in the Ca3Co4O9 structure. Furthermore, due
o the weak Ag–O bond at high temperature, Ag cannot combine
ith oxygen. So, it will be difficult for Ag atoms to get into the
a3Co4O9 structure through high-temperature processing routes.

t is hence unlikely to achieve heavy Ag+ substitution through either
olid state reaction or PLD methods. In addition, in the case of PLD
abrication, the dissociative Ag atoms are unstable at high tem-
erature under vacuum and tend to evaporate from the substrate
urface. As a result, the deposition yield of Ag is fairly low and the
s-prepared thin films possess less Ag content than in the corre-
ponding targets.

The temperature dependence of the in-plane electrical resistiv-
ty, �, of the pure and Ag-doped Ca3Co4O9 thin films on sapphire
0 0 0 1) was measured for the temperature range of 300–720 K.
s shown in Fig. 4, all the thin film samples show a low electri-
al resistivity around 3.5–5.5 m� cm over the temperature range
easured. The � values of the thin films obtained in the present
ork are lower than that of the reported poly-crystalline Ca3Co4O9

ulk (6–12 m�  cm)  [22], and are comparable to that reported for
ingle crystal [3]. The superior electrical conduction property is
ttributed to the highly oriented thin film structure achieved by
LD processing as previously reported [9,23].  For thin films Ag01
nd Ag02, electrical resistivity shows similar transport behavior
o that of un-doped Ca3Co4O9 thin film CCO, namely, metallic-like
ehavior at room temperature, and semiconducting-like behav-

or at elevated temperatures. Moreover, when compared with the
ure Ca3Co4O9 thin film, the resistivity of samples Ag01 and Ag02
ecreases significantly with increasing Ag content within the entire
emperature range measured, indicating that Ag substitution for Ca
ave efficiently reduced the � of the c-axis oriented Ca3Co4O9 thin
lms. It is worth noting that the electrical resistivity of the Ag-
oped Ca3Co4O9 thin films obtained in this work is 3.86 m� cm
t ∼675 K for Ag02, which is one of the lowest values reported
hus far for Ca3Co4O9 based materials. The electrical resistivity
an be expressed as � = 1/	  = 1/(�pe), where 	, p, � and e are the
lectrical conductivity, p-type carrier concentration, carrier mobil-
ty and electron charge of carrier, respectively. As shown in the
nset of Fig. 4, the increases in both p and � by Ag-substitution
or Ca contribute to the superior electrical conduction property,
hich is consistent with that reported for Ag-doped Ca3Co4O9 poly-

rystalline bulk materials [22].
On the other hand, for thin films Ag03 and Ag04, the �–T curves
xhibit metallic-like behavior in the entire measured temperature
ange. Although the electrical resistivity decreases with increas-
ng Ag content at the low temperature range (300–550 K), the �
Fig. 5. Plot of ln(�/T) versus 1000/T  for pure and Ag-doped Ca3Co4O9 thin films.
The  lines denote the linear fitting. And the inset gives the evaluated activation
energy, Ea .

values of samples Ag03 and Ag04 are higher than that of Ag02 at
the high temperature range above 600 K. This is similar to that
reported for Ca3Co4O9 poly crystalline materials with Ag added
as metallic phase [21,22]. Further investigation through Hall effect
measurement has indicated that the effective carrier concentra-
tion, p, for thin films Ag03 and Ag04 decreases with increasing
Ag content. Thus, it can be concluded that further increase in
Ag doping content results in composite effect since metallic Ag
offers electron conduction in a p-type Ca3Co4O9 semiconductor
matrix.

Further study on the electrical conduction mechanism in these
Ag-Ca3Co4O9 thin films was  carried out by data analysis using both
thermally activated conduction (TAC) model and adiabatic small
polaron hopping conduction (SPHC) model in the high tempera-
ture region for T > 550 K. As shown in Fig. 5, the plots of ln(�/T)
versus 1000/T  for all the samples lie on straight lines for tempera-
tures above 550 K, indicating the SPHC behavior in these thin films.
According to the SPHC mechanism of Ca3Co4O9, the temperature
dependence of electrical resistivity can be generally expressed as
[18,23]

1
�

= 	 = pea2
(

A

T

)
exp

(−Ea

kBT

)
(1)

where a, Ea, kB and A are the intersite distance of hopping, activation
energy, Boltzmann constant and a pre-exponential term related
to the scattering mechanism, respectively. From the slopes of the
plots in Fig. 5, Ea of the pure and Ag-doped Ca3Co4O9 thin films
can be calculated, and the results are shown in the inset of Fig. 5. It
can be seen that, for CCO, Ag01 and Ag02 films, Ea remains almost
constant within the range of 71–73 meV, while Ea values of Ag03
and Ag04 samples are much lower, indicating the different con-
duction mechanism in these two  films. For the lightly Ag-doped
thin films Ag01 and Ag02, the decrease of electrical resistivity can
be attributed to the substitution of univalent Ag+ for divalent Ca2+

in Ca3Co4O9. It has been reported that the edge shared CoO2 layers
are responsible for the electrical conduction, whereas the rock-salt-
type [Ca2CoO3] layers are regarded as a charge reservoir to supply
hole-type charge carriers into the CoO2 layers [28]. Considering a
constant oxygen composition and based on the valence equilib-
rium, the substitution of Ag+ for Ca2+ will create more electrical
holes, and thus decrease �. Since the substitution happens at the
[Ca2CoO3] layers, which do not disturb the CoO2 sub-lattice, the
anism is therefore unchanged by the Ag-doping. On  the other hand,
for the heavily Ag-doped samples Ag03 and Ag04, the metallic-
like electrical transport behavior arises from the existence of the
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thin films doped with higher amount of Ag, excess Ag is found to
ig. 6. Temperature dependence of in-plane Seebeck coefficient, S, for pure and
g-doped Ca3Co4O9 thin films.

econdary metallic Ag phase as confirmed by XRD and XPS anal-
sis. In the dense and highly oriented Ca3Co4O9 thin films, Ag
lusters are likely to locate at grain boundaries, stacking faults and
nterfaces, and form connections between cobaltite grains. At low
emperature, carrier scattering effect at the structural defects is not
ronounced, and hence the electrical resistivity of Ag03 and Ag04
an be reduced effectively by metallic Ag. However, at high tem-
erature above 600 K, the polaron hopping process of Ca3Co4O9
ill be greatly influenced by the presence of metallic Ag. In addi-

ion, much more structure defects and grain boundaries can act as
cattering centers and eliminate the low energy carriers. It can be
magined that such scattering effect is more severe at high tem-
erature. As a result, the Ag03 and Ag04 samples exhibit higher

 at the high temperature range. For the individual composition,
Ag < �Ca3Co4O9 . So carriers would transport through Ag clusters
ather than Ca3Co4O9 grains in the composite structure, and elec-
rical transportation of Ag03 and Ag04 changes into metallic-like
ehavior. [21].

Temperature dependence of the in-plane Seebeck coefficient,
, for pure and Ag-doped Ca3Co4O9 thin films is plotted in Fig. 6.
he positive sign of S for all the thin film samples indicates that
ole carrier is still dominant in these samples, which is consistent
ith the Hall effect results. In addition, S values of the Ag-doped
a3Co4O9 thin films show similar trends as the pure Ca3Co4O9
hin film, namely, S increases with increasing temperature over the
ntire temperature range measured. It is also clearly shown that S
ecreases slightly with increasing Ag content for thin films Ag01
nd Ag02, while decreases significantly for thin films Ag03 and
g04. Ag04 exhibits the lowest S in the temperature range stud-

ed. This dependence of S on the Ag-doping amounts is also found
o be consistent with that reported for Ag-doped Ca3Co4O9 poly-
rystalline bulk materials [29]. In the Ca3Co4O9 system, S can be
xpressed by the Mott formula as [14]:

(T) = ce

p
+ 
2k2

BT

3e

[
∂ ln �(ε)

∂ε

]
ε=EF

(2)

here ce is the electronic specific heat. It has been reported that
or Ca3Co4O9-based materials, S follows with the Drude picture:

 ∼ ce/p, where the first term in Eq. (2) is dominant [14]. Therefore,
or thin films Ag01 and Ag02, the increase in carrier concentra-
ion, p, can directly result in the decrease in Seebeck coefficient.
owever, for samples Ag03 and Ag04 multiphase system, the mod-
fication of effective carrier concentration becomes insignificant.
nstead, the decrease in S in these two samples should be attributed
o the existence of the metallic Ag phase within the Ca3Co4O9 thin
Fig. 7. Temperature dependence of in-plane power factor, P, for pure and Ag-doped
Ca3Co4O9 thin films.

films. For materials with more than one type of charge carriers, the
Seebeck coefficient could be expressed as [22]

S =
∑

i

(
	i

	

)
Si (3)

and for samples Ag03 and Ag04 it can be rewritten as

S = 	Ca3Co4O9

	Ca3Co4O9 + 	Ag
SCa3Co4O9 + 	Ag

	Ca3Co4O9 + 	Ag
SAg (4)

which can be transformed into

S = SCa3Co4O9

	Ag

	Ca3Co4O9 + 	Ag
(SAg − SCa3Co4O9 ) (5)

since SAg is much smaller than SCa3Co4O9 , and the second term in Eq.
(5) is negative. As a result, S of Ca3Co4O9/Ag multi-phase material
can be expected to be lower than that of the single phase Ca3Co4O9
system. And the decrease in S for thin films Ag03 and Ag04 can be
observed.

Finally, the temperature dependence of power factor, P, of the
pure and Ag-doped Ca3Co4O9 thin films, was  calculated from the
measured � and S and plotted as shown in Fig. 7. For all samples,
P values increase with increasing temperature. In addition, thin
films Ag01 and Ag02 show higher power factor due to the posi-
tive enhancement on carrier concentration and mobility through
the successful Ag-substitution at Ca site. Despite the increase in
Ag amount, samples Ag03 and Ag04 exhibit decreasing P values
because S is much suppressed by the presence of the metallic
Ag phase. Among these thin film samples, the highest P value
reaches ∼0.73 mW m−1 K−2 for thin film Ag02 at 705 K, which is
about 16% higher than that of the pure Ca3Co4O9 thin film and is
among the best values reported for Ca3Co4O9 materials [3,22]. The
present results have demonstrated the great potential of Ag-doped
Ca3Co4O9 thin films for thermoelectric applications. Meanwhile,
the understanding of the influences of both Ag-substitution and
Ag-addition has also shed light on the future effort of carrier tuning
by cation-doping towards the improvement of TE performance.

4. Conclusions

In summary, Ag-doped Ca3Co4O9 thin films with c-axis orienta-
tion have been prepared by PLD method. Careful characterization
of the Ag-Ca3Co4O9 thin films revealed that substitution limit of
Ag at Ca site is only about 5 at% in Ca3Co4O9 thin films. For the
exist as isolated metallic phase in the films. In addition, Ag+ and
Ag0 doping in Ca3Co4O9 thin films give different influences on the
in-plane electrical properties. Ag+-substitution at the Ca site can
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ncrease both the carrier concentration and mobility. As a result,
espite a slight reduction in Seebeck coefficient, the in-plane elec-
rical resistivity can be drastically decreased, contributing to the
reat enhancement in the power factor. However, for the heav-
ly doped samples with Ag0 phase, although the resistivity can be
urther decreased, Seebeck coefficient is severely reduced simulta-
eously. Among these Ag-doped Ca3Co4O9 thin films, the highest
ower factor of ∼0.73 mW m−1 K−2 was achieved for thin film Ag02
Ca2.88Ag0.15Co4O9) at 705 K, which is about 16% higher than that
f the pure Ca3Co4O9 thin film. This indicates the great potential of
g-doped Ca3Co4O9 thin films for thermoelectric applications.
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