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Abstract

In this article, we demonstrate the surface effect and optoelectronic properties of holmium (Ho3+)-doped ZnO in
P3HT polymer nanocomposite. We incorporated ZnO:Ho3+ (0.5 mol% Ho) nanostructures in the pristine P3HT-
conjugated polymer and systematically studied the effect of the nanostructures on the optical characteristics.
Detailed UV-Vis spectroscopy analysis revealed enhanced absorption coefficient and optical conductivity in the
P3HT-ZnO:Ho3+ film as compared to the pristine P3HT. Moreover, the obtained photoluminescence (PL) results
established the improvement of exciton dissociation as a result of ZnO:Ho3+ nanostructures inclusion. The
occurrence of PL quenching is the result of enhanced charge transfer due to ZnO:Ho3+ nanostructures in the
polymer, whereas energy transfer from ZnO:Ho3+ to P3HT was verified. Overall, the current investigation revealed a
systematic tailoring of the optoelectronic properties of pristine P3HT after inclusion of ZnO:Ho3+ nanostructures,
thus opening brilliant perspectives for applications in various optoelectronic devices.
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Background
Organic-inorganic semiconductors are the main focus of
tremendous research activities nowadays due to their
promising prospective in optoelectronic device applications,
particularly related to their wide photophysical potential-
ities [1, 2]. It is well known that the fundamental properties
of P3HT-conjugated polymers can be tailored intentionally
through various designs and structural modification in
order to achieve optimal efficiencies [3, 4]. Pristine P3HT
has been widely applied in the fabrication of optoelectronic
devices but mostly in bulk heterojunction organic photovol-
taic devices due to its low bandgap and especially its
high absorption coefficient (order of 105 cm−1) in the
visible [3, 5–10]. It is however of crucial importance to
probe and elucidate the mechanisms underlying the versa-
tile properties of the modified organic polymer semicon-
ductor materials. Moreover, in optoelectronic applications,
one of the major drawbacks of organic semiconductors is

their low charge mobility. In order to overcome this, we
have proposed a hybrid heterostructure based on pristine
P3HT containing inorganic ZnO:Ho3+ nanostructures,
which are aimed at enhancing its optoelectronic proper-
ties owing to the advantages offered by the high electron
mobility of ZnO. It is also important to note that ZnO
nanoparticles have been previously found to enhance car-
rier mobility in P3HT [11].
There are plenty of works in the literature related to

hybrid-based polymer heterostructures containing inorganic
nanostructures [3, 12–17]. Several research groups which
worked on P3HT-ZnO heterostructures devoted their focus
on various aspects such as power conversion efficiency
(PCE) enhancement [7, 18], morphology, structural proper-
ties, exciton generation, thermal properties, photoexcitation,
and charge dynamic [19–21]. However, to our best know-
ledge, there is no report about optical conductivity of
P3HT-ZnO:Ho3+ heterostructures in the literature. More-
over, there is no available report found in the literature on
photoluminescence quenching of P3HT-ZnO:Ho3+ hetero-
structure. Owing to its attractive 4f-4f intra-ionic transitions,
holmium is expected to tune the optical properties of ZnO
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and thus leads to the P3HT-ZnO:Ho3+ system exhibiting ex-
cited overall performance [22]. Previous studies have shown
that materials containing holmium displayed rich absorbing
characteristics in the visible range of the electromagnetic
spectrum [23, 24]. Furthermore, Lian et al. [25] suggested
that through up-conversion processes, Ho3+-based struc-
tures may absorb ultra-broadband near-infrared (UBB-NIR)
photons and convert them to visible NIR photons above the
bandgap of the host matrix.
In the current paper, we investigated the effect of Ho3+

on the optical and surface properties of P3HT-based het-
erostructure which is the subject of extensive investigation
for application in solar cells and other optoelectronic de-
vices. The main motivation of the study was to demonstrate
a novel approach to achieve efficient interfacial charge
transfer in P3HT-ZnO heterostructure. The incorporation
of Ho3+ dopants leads to the enhancement of the crystallin-
ity of ZnO and further improved the charge mobility of
P3HT-ZnO:Ho3+ as compared to P3HT-ZnO heterostruc-
ture which can be understood through its optical conduct-
ivity. Such heterostructures are of particular interest as
absorbing layers in organic-inorganic bulk heterojunction
solar cells. Finally, to our best knowledge, there is no report
in the literature which describes the photoluminescence
quenching in P3HT-ZnO heterostructure owing to the
presence of Ho3+ ions in the crystal lattice of ZnO.

Methods
The precursors were all used as received from Sigma-
Aldrich (Germany). ZnO:Ho3+ were synthesized by a sol-
gel method following the same procedure as reported in
our previous works [26, 27]. The solution of sodium hy-
droxide dissolved in ethanol was prepared separately, then
cooled in ice water and added drop-wise judiciously to the
ethanol suspension of Zn2+ ions. For the preparation of

Ho3+-doped ZnO samples with different concentrations of
Ho3+ (0.5 mol%), the ethanol solution of holmium nitrate
pentahydrate was added into the hydrolyzed Zn2+ solution
prepared following the above route. The obtained clear so-
lution was kept at room temperature for 24 h and then
washed several times in a mixture of ethanol and heptane
(1:2 molar ratio) to eliminate unreacted Na+ and CH3COO
− ions. The resulting precipitates were then re-dispersed in
ethanol and/or dried at 200 °C for 2 h.
Moreover, P3HT-ZnO:Ho heterostructures films were

prepared via a direct mixing solution drop-casting method
of ZnO and pristine P3HTassisted by ultrasonication [28].
The optical microscopy images were obtained on a KEY-

ENCE (VK-X250/X150/X120) 3D Laser scanning confocal
microscope. The room temperature (RT) UV-Vis absorption
spectra were collected using a Perkin-Elmer Lambda 1050
UV/Vis/NIR spectrophotometer equipped with integrated
sphere. Photoluminescence (PL) spectra were collected at
RT using a Jobin Yvon Fluorolog 3 spectrofluorometer. The
X-ray photoelectron spectroscopy (XPS) core levels were
carried out using a PHI 5000 VersaProbe-Scanning ESCA
Microprobe. Raman scattering were collected using a
Horiba Jobin Yvon HR800 Raman spectrometer equipped
with a visible microscope with a 514-nm-excitation Ar+

laser with a spectral resolution of 0.4 cm−1 at RT.

Results and Discussion
TEM and XRD Analysis of Un-Doped and Ho3+-Doped ZnO
TEM measurements were undertaken carefully on both
un-doped and Ho3+-doped ZnO samples (see Fig. 1). The
measurements revealed that the nanostructures were evenly
distributed and were highly crystalline. However, a peculiar
phenomenon based on the mutation of morphology was
observed and was attributed to doping with Ho3+ ions,
more precisely due to the growth of nanoparticles in

a b

Fig. 1 TEM images for a un-doped and b Ho3+-doped ZnO
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solution through a diffusion-limited Ostwald ripening
process known to be the most predominantly growth
mechanism so far [29]. However, further investigations are
required in order to effectively elucidate on the observed
mechanism of morphology mutation. It is however sug-
gested that studies on colloidal nanocrystals growth under
TEM using the so-called liquid cell electron microscopy
[30, 31] should be performed. Such study has been under-
taken previously but not quite intensively, especially on the
ZnO nanoparticles growth [32]. Furthermore, TEM analysis
revealed that the particle diameter of both un-doped and
Ho3+-doped ZnO was below 10 nm.
Figure 2 illustrates the X-ray diffraction (XRD) profiles

of the ZnO and ZnO:Ho3+. The analysis revealed that
the as-synthesized nanocrystals ranging between 4 and
8 nm in diameter were highly crystalline and exhibited
the hexagonal wurtzite structure (space group P63mc)
indexed to JCPDS card # 36-1451. Furthermore, no sec-
ond phase originating from Ho2O3 was observed in the
Ho3+-doped ZnO samples, which confirms that the dop-
ants successfully substituted the Zn2+ ions within the
ZnO lattice structure. Scherrer’s equation was employed
to estimate the crystallite size [26, 27, 33]

D ¼ kλ
β cosθ

; ð1Þ

where D, λ, β, Ө, and k are the crystallite size, the wave-
length of the incident X-ray CuK radiation (0.1514 nm),
the full width at half maximum (FWHM), the diffracting
angle, and a numerical constant (0.94), respectively. The
result revealed that Ho3+ doping improved the crystallinity
of ZnO as confirmed by the enhanced intensity of the dif-
fraction peaks and the crystallinity increased with Ho3+.

UV-Vis Absorption and Optical Microscopy Analysis
Figure 3 shows normalized absorption spectra of pristine
P3HT, P3HT-ZnO, and P3HT-ZnO:Ho3+ with several
P3HT to ZnO:Ho3+ mass ratio (1:1, 1:2, 2:1). An obvious
improved absorbance for pristine P3HT was observed from
the film containing a blend of P3HT and ZnO:Ho3+ nano-
structures (1:1 mass ratio). It has been reported elsewhere
that such improvement in absorbance intensity leads to en-
hanced efficiency of polymer solar cells [17]. In the current
study, all samples exhibited the common vibronic modes
of the excited electronic state absorption peaks centered at
about 526 nm (2.38 eV), 548 nm (2.26 eV), and 602 nm
(2.06 eV) assigned to A0-2, A0-1 intra-chain excitation and
A0-0 transition (π-π inter-chain interaction), respectively
[34–36]. In addition, an isosbestic peak located at about
479 nm (2.59 eV) was detected, which denote the presence
of two different states in the polymer [36]. The isosbestic
peak may be explained by a transition of completely dis-
solved polymer chains into aggregated stacks without inter-
mediate states [36]. It was noted that all spectra exhibited
an absorption band-edge at about 650 nm. Furthermore,
the redshift observed in the band-edge of P3HT-ZnO:Ho3+

(1:1) film as compared to the P3HT film result in an en-
hanced inter-chain interaction in semicrystaline P3HT
leading to effective ground state interaction between the
polymer and ZnO:Ho3+ nanostructures [3, 17]. In fact, the
nanostructures induced an improvement of the structure
ordering of the hybrid heterostructure [7]. The observed
redshift, which involve enhanced conjugation length,
definitely implies an enhancement of the light absorp-
tion ability of P3HT polymer with inclusion of ZnO:Ho3+

nanostructures [1].
Spano and co-workers have established the correlation

between the absorption lineshape and the weakly

Fig. 2 XRD patterns for un-doped ZnO and Ho3+-doped ZnO dried
at 200 °C

Fig. 3 Absorption spectra of pristine P3HT, P3HT-ZnO, and
P3HT-ZnO:Ho3+ films
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interacting H-aggregates states [37]. Assuming that the
Huang-Rhys factor is equivalent to unity [38], the free-
exciton bandwidth of the aggregates (W) has been calcu-
lated using the equation below [37–40]:

I0−0
I0−1
——— ¼ 1−0:24W=Ep

1þ 0:073W=Ep

� �2

; ð2Þ

where I0 − 0 and I0 − 1 are the magnitudes of A0–0 and
A0–1 transitions, respectively. Ep = 180 meV is the effect-
ive energy of the main intramolecular vibrational modes
coupled to the electronic transition [41]. The average
values obtained for (W) were 420, 389, and 378 meV for
P3HT, P3HT-ZnO, and P3HT-ZnO:Ho3+, respectively.
This result implies an increase in conjugation length and
chain ordering with the inclusion of ZnO:Ho3+ nano-
structures in P3HT [42–45].
The UV-Vis spectra collected in the current study

served to analyze the refractive index, dielectric constant,
and optical conductivity of the samples (see Table 1). Op-
tical conductivity is a key parameter to evaluate optoelec-
tronic materials and has been previously employed to
probe carrier dynamic in organic semiconductors [46]. It
is related to the electrical conductivity within a variable
electric field. Prior to the investigation of optical conduct-
ivity, the absorption coefficient was calculated following
the Beer-Lambert law [47]:

log
I0
It

� �
¼ 2:303� A ¼ α� t; ð3Þ

where I0 and It are the intensities of the incident and
transmitted light beam, respectively. Moreover, (A) and
(t) parameters are the optical absorbance and thickness
of the film, respectively.
Table 1 presents the extinction coefficient of the sam-

ples, which is the measure of the light scattering loss
and absorption per unit distance of the penetration
medium. Moreover, the extinction coefficient is propor-
tional to the absorption coefficient as presented in the
following equation [48]:

K ¼ αλ

4π
; ð4Þ

where α and λ are the absorption coefficient and the
wavelength of the photon, respectively.

The refractive index was calculated using the equation
below [49]:

n ¼ 1
T

−1
� �1

2

þ 1
T
; ð5Þ

where T is the percent transmission coefficient.
The dielectric constant composed of a real (εr) and an

imaginary (εi) component was obtained as a function of
“K” and “n” as shown below [50]:

εr ¼ n2−K2 ð6Þ
εi ¼ 2nK : ð7Þ

Finally, the optical conductivity was obtained as de-
scribed below [50, 51]:

σ ¼ αnc
4π

ð8Þ

where α, n, and c are the absorption coefficient, refractive
index, and celerity of light in the vacuum, respectively.
At 548 nm, the optical conductivity was found to increase

by the order of 2.3 with the inclusion of ZnO:Ho3+ nano-
crystals in pristine P3HT (see Fig. 4). The dependence of the
optical conductivity with the absorption coefficient complies
very well with previous studies [50]. The variation observed
in the optical conductivity upon ZnO:Ho3+ nanostructure
inclusion can be associated to improved electronic transport
properties in the heterostructure material. More interest-
ingly, larger dielectric constant is beneficial to improving
power conversion efficiency of photovoltaic devices [52].
To probe the effect of ZnO:Ho3+ nanostructures on the

surface morphology of pristine P3HT film, we collected 3D
optical micrographs of both P3HT and P3HT-ZnO:Ho3+

films as shown in Fig. 5. The inclusion of ZnO:Ho3+ nano-
structures in the P3HT polymer greatly altered the

Table 1 Optical parameters of P3HT and P3HT-ZnO:Ho3+ films
at 548 nm

Sample α K n σ [S−1] ɛi ɛr

P3HT 0.18 7.72 1.69 0.72 × 107 26 −57

P3HT-ZnO:Ho3+ 0.22 9.55 3.17 1.66 × 107 61 −81
Fig. 4 Optical conductivity spectra of pristine P3HT and
P3HT-ZnO:Ho3+ films
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morphology of the donor (P3HT)-acceptor (ZnO:Ho3+)
interface of the hybrid heterostructure [53, 54]. The images
clearly demonstrated that the addition of ZnO:Ho3+ nano-
structures has increased the root-mean-square surface
roughness (SSR) of the P3HT-ZnO:Ho3+ film (140.7 nm) as
compared to pristine P3HT film (30.4 nm), which exhibited
a smooth and blemished surface (Fig. 5a, c). More import-
antly, the P3HT-ZnO:Ho3+ heterostructure (see Figs. 5b
and 2d) exhibited aggregation of ZnO:Ho3+ nanostructures
on the surface of the film and a higher coverage of the sub-
strate with a height value of 3.4 μm as compared to the pris-
tine P3HT film which exhibited a height of 1.1 μm. The
observed increase of the surface roughness of the hybrid
heterostructure film is in agreement with enhanced light ab-
sorption (see UV-Vis absorption results).

Photoluminescence Analysis
The photoluminescence spectra (Fig. 6) of the samples were
obtained through 548-nm (2.26 eV) photoexcitation; this
energy correspond to the strongest vibronic state in the ab-
sorption spectra (see Fig. 3). It was found that the emission
spectra were dominated by P3HT, while the ZnO emission
was suppressed due to the energy transfer from ZnO to
P3HT [55]. The origin of this emission is still controversial
and still need lot of studies in order to effectively establish
its deep origin. The spectra contains two peaks at about
649 nm (1.91 eV) and 692 nm (1.79 eV), which are respect-
ively attributed to the (0-0) and (0-1) transitions of H-

aggregates in the regio-regular P3HT films; the obtained
spectra revealed a quenching of the P3HT emission which
is beneficial for photovoltaic solar cells [41, 56, 57]. Interest-
ingly, the blueshift of the main emission peak (0-0 transi-
tion) of P3HT-ZnO (λem = 647 nm, 1.92 eV) and further
the P3HT-ZnO:Ho3+ (λem = 639 nm, 1.94 eV) as compared
to the pristine P3HT film was assigned to the alteration of
P3HT crystalline order [55, 58]. Moreover, based on the
abundance of the report found in the literature, and in the
light of their successful luminescence studies so far,

a b

c d

Fig. 5 72 × 80 μm2 laser confocal optical and 3D micrographs of (left panel a, c) pristine P3HT and (right panel b, d) P3HT-ZnO:Ho3+ (1:1) films

Fig. 6 Emission spectra of pristine P3HT, P3HT-ZnO, and P3HT-
ZnO:Ho3+ (1:1) films

Kabongo et al. Nanoscale Research Letters  (2016) 11:418 Page 5 of 11



photoluminescence quenching appear to be a key indica-
tion of the measure of success of exciton dissociation in
P3HT-based materials [15]. The spectra recorded in the
current study exhibited two well-defined peaks in the range
of 600–800 nm which either agrees well with the previous
report [15]. Moreover, the quenching of P3HT emission
denotes effective enhanced exciton dissociation at the inter-
face of ZnO nanostructures and P3HT host matrix. It was
found that the quenching was further important in the case
of P3HT-ZnO:Ho3+ heterostructure; this is possibly due to
the occurrence of more quenching centers within the poly-
mer resulting from holmium doping [59]. However, further
transient absorption spectroscopy study is needed to eluci-
date more on this process. Generally, two types of PL
quenching phenomena may occur in polymers: static and
dynamic quenching [60, 61]. The pillar for this process to
take place is the interaction between a fluorophore (P3HT)
and a quencher (ZnO:Ho3+). In the process of static
quenching, a non-fluorescent complex forms between a
fluorophore and a quencher. The formation of this complex
is independent of the population of the excited state [61].
On the other hand, the dynamic quenching also known as
collisional quenching is the result of a diffusion of the
quencher to the fluorophore during the lifetime of the ex-
cited state. The diffusion will result in the return of the
fluorophore to the ground state without emission of a pho-
ton [61]. It is worth noting that the collisional quenching is
optimally described by the Stern-Volmer law [61]. The
quantitative PL quenching analysis revealed that the
quenching rate (ΔPL/PL0; ΔPL ≈ PL0 − PLf) was about
0.57. Overall, the degree of quenching of the polymer
photoluminescence is a good indication of efficient charge
transfer induced by the acceptor (ZnO:Ho3+) dispersed in
the donor host matrix (P3HT).

X-ray Photoelectron Spectroscopy Analysis
Surface state study and elemental analysis of the P3HT-
ZnO:Ho3+ (1:1) film before and after Ar+ sputtering were
undertaken using X-ray photoelectron spectroscopy. Prior
to analysis, the binding energy (BE) calibration by means of
C 1s peak (BE = 284.8 eV) was applied. Carbon, sulfur, oxy-
gen, zinc, and holmium distribution in P3HT-ZnO:Ho3+

film were detected and analyzed (see Table 2). Figure 7a
shows the wide survey scan spectra of P3HT-ZnO:Ho3+

film in which the two significant peaks at about 284 and
530 eV were identified to arise from C 1s and O 1s core
levels, respectively. The lower BE region was found to be
dominated by two peaks at about 227 and 163 eV from
P3HT originating from S 2s and S 2p core levels. The ab-
sence of shake-up peak on the higher BE region of the
high-resolution spectra of C 1s core level (Fig. 7b) indicates
that the conjugation lengths of the conjugated π system in
P3HT-based heterostructure remained unbroken after
inclusion of ZnO:Ho3+ nanostructures [51, 62]. High-
resolution measurements were performed on C 1s, S
2p, O 1s, and Ho 4d before and after Ar+ ion sputtering
as shown in Fig. 8. The S 2p core level centered at about
BE = 164 eV was de-convoluted to give rise to two compo-
nents; the lower BE component at about 163 eV is related
to the interaction between P3HT and ZnO (Fig. 8a). How-
ever, the higher BE component at about 165 eV is due to
S–C bonding in P3HT [51, 53–56, 58–65]. Moreover, the
spin-orbit splitting (Δ) of the S 2p core level spectra was
found to be 1.24 and 1.15 eV before and after Ar+ ion sput-
tering, respectively. The Ar+ sputtering was found to con-
solidate the interaction of P3HT and ZnO (Fig. 8d) as a
result of the reduced concentration of the contaminant
(see Table 2). The value of the spin-orbit splitting obtained
after Ar+ sputter cleaning was found to comply well with
the literature [66], reason being the removal of surface con-
taminant. Additionally, the de-convoluted high-resolution
O 1s core level spectra depicted in Fig. 8b resulted in two
bands: the lower BE = 530 eV is assigned to oxygen bonded
with zinc and the higher BE band located at about 532 eV
resulting from oxygen impurities incorporated in P3HT
[67–69]. It is however important to note that the Ar+ ion
sputtering causes the reduction of oxygen impurities con-
centration in P3HT (Fig. 8e). Finally, Fig. 8c, f presents the
Ho 4d core level spectra of the sample before and after Ar+

sputtering, respectively. The peak was de-convoluted to
give rise to a doublet bands located at BE = 163 and 165 eV
assigned to Ho 4d5/2 and Ho 4d3/2, respectively [70].

Raman Spectroscopy Analysis
Further details about the spectroscopic properties were
obtained by the analysis of the Raman scattering of pristine
P3HT, P3HT-ZnO, and P3HT-ZnO:Ho3+ heterostructures
as shown in Fig. 9. The most common Raman shift

Table 2 XPS core level positions of P3HT-ZnO:Ho3+ film before and after Ar+ sputtering

Core level [eV], area [%] C 1s O 1s S 2p Ho 4d

O2 O1 1/2 3/2 3/2 5/2

Before Ar+ sputtering 284.8 532.55 530.88 165.00 163.76 165.01 163.76

(84.81 %) (15.19 %) (30.23 %) (69.77 %) –

After Ar+ sputtering 284.8 532.55 531.11 164.95 163.80 164.95 163.66

(80.96 %) (19.04 %) (18.08 %) (81.92 %) –
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Fig. 7 XPS a wide survey scan spectra and b C 1s core level of P3HT-ZnO:Ho3+ film before and after sputtering

Fig. 8 XPS S 2p, O 1s, and Ho 4d core levels of P3HT-ZnO:Ho3+ film a–c before and d–f after Ar+ sputtering
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features of P3HT were identified to be active at 1445.36,
1378.22, and 726.55 cm−1, which were assigned to Cα=Cβ

symmetric stretching mode, Cβ–Cβ skeletal stretching
mode, and to antisymmetric Cα–S–Cα ring skeleton in-
plane distortion in the thiophene ring of P3HT, respect-
ively [71, 72]. The other less intense peaks falling in the
range of 999.58, 1088.52, 1178.79, and 1514.96 cm−1 are
assignable to Cβ–Calkyl stretching mode, C–H bending
mode, Cα–Cα symmetric stretching mode, and Cα=Cβ

antisymmetric stretch mode [71–74]. The peak located at

higher Raman shift at about 2901.2 cm−1 was assigned to
C–H antisymmetric stretching mode [34]. Furthermore,
the blueshift observed in the doped sample could be
the result of the interaction taking place between pris-
tine P3HT and ZnO. Finally, as shown in the magnified
Raman spectra in the region of 1350–1500 cm−1 (see
inset Fig. 9), the intensity of the scattering of the P3HT-
ZnO:Ho3+ film is found to increase as compared to pris-
tine P3HT film; this complies well with absorption and
XRD results.

Fig. 9 Raman scattering spectra of pristine P3HT, P3HT-ZnO, and P3HT-ZnO:Ho3+ (1:1) films

Fig. 10 Schematic sketch of a energy level and b exciton dynamic of a P3HT-ZnO hybrid heterostructure. ((A) Electron-hole generation, (B) interface
charge separation, and (C) current generation)
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Proposed Energy Level and Exciton Dynamics Model of
P3HT-ZnO Heterostructure
Figure 10 depicts energy level diagram and the proposed
exciton dynamic mechanism of the P3HT-ZnO hybrid het-
erostructure. The energy diagram (Fig. 10a) presents the
ELUMO and EHOMO, which are the energy levels within the
polymer. P3HT exhibits a lowest unoccupied molecular or-
bital (LUMO) at about −3.2 eV while the highest unoccu-
pied molecular orbital (HOMO) is located at −5.2 eV, both
are located below the vacuum level (0 eV) [15]. Conversely,
the ZnO valence band energy level EV is situated at about
−7.8 eV and the conduction band energy level at about
−4.4 eV [15]. Prior to an efficient exciton dynamic process
(Fig. 10b), it is of pivotal importance to achieve percolated
network in the polymer in order to minimize phase separ-
ation on the macroscopic scale [14]. Upon exposure to sun-
light, the donor (i.e., pristine P3HT) absorbs photons to
generate electron-hole pairs (process A). Then, the diffu-
sion of the excitons shall take place at the vicinity of the
P3HT-ZnO nanostructures interface to allow charge separ-
ation (process B). Finally, the dissociated carriers (i.e., elec-
trons and holes) are transported via the donor (polymer)
and acceptor (ZnO nanostructures) to their respective elec-
trodes and hence induce a photocurrent which relies on
the energy difference between the LUMO of P3HT and the
conduction band of ZnO [14]. It is however critical to take
note of the subsequent competing phenomena taking place,
while free carriers are formed, such as non-radiative recom-
bination at the P3HT-ZnO interface [75]. Based on the UV-
Vis and PL results, it is evident that the P3HT-ZnO:Ho3+

film more likely exhibit an enhanced charge mobility rela-
tive to the pristine P3HT film.

Conclusions
The optoelectronic and microstructural properties of
P3HT-ZnO:Ho3+ heterostructure film has been successfully
investigated by XRD, UV-Vis, PL, and Raman spectroscopy.
ZnO:Ho3+ nanostructures were found to be effective PL
quencher agent in the P3HT polymer. Strong enhancement
and slight redshift of P3HT absorbance spectrum were
obtained as a result of inclusion of selective amount of
ZnO:Ho3+ nanostructures. In addition to the PL quenching,
these findings indicate that ZnO:Ho3+ nanostructure inclu-
sion to the P3HT matrix improved the crystal quality and
optoelectronic properties, among which the optical con-
ductivity. The current study revealed that Ho3+ played a
dramatic role in improving the quality of the hetero-
junction interface and charge transfer within the
heterostructure-based P3HT polymer. Overall, P3HT-
ZnO:Ho3+ heterostructures appear to be a promising
candidate for application in various optoelectronic de-
vices. In order to effectively confirm the effect of Ho3+

on the charge transfer dynamics properties of P3HT-
ZnO:Ho3+ heterostructure for better device application,

we are currently investigating the excited state fluores-
cence lifetime.

Acknowledgements
We are thankful to the University of South Africa (UNISA), National Research
Foundation (NRF) (grant# 88028), and the Council for Scientific and Industrial
Research (CSIR) of South Africa for the valuable support. The National Nano
Surface Characterization Facility of the University of the Free State is
acknowledged for XPS measurements. Guy acknowledges the funding
support from the University of South Africa (UNISA). We are grateful to R.
Mohajerani (KEYENCE Canada Inc.) for optical micrograph measurements.

Authors’ Contributions
GL and GH conceived and carried out the experimental work. GL analyzed
and interpreted the obtained data; he plotted all the graphs and schemes
and wrote the paper. PS, BM, KT, and MS designed the investigation and
supervised the project. PS and MS edited the manuscript. All authors read
and approved the manuscript.

Competing Interests
The authors declare that they have no competing interests.

Author details
1Department of Physics, University of South Africa, PO Box 3920003 Pretoria,
South Africa. 2CSIR-National Centre for Nano-Structured Materials, PO Box
3950001 Pretoria, South Africa. 3Département de Physique, Université
Pédagogique Nationale, 8815 Kinshasa, République Démocratique du Congo.
4Department of Physics, University of Free State, Bloemfontein 9300, South
Africa.

Received: 27 July 2016 Accepted: 10 September 2016

References
1. Li G, Shrotriya V, Huang J et al (2005) High-efficiency solution processable

polymer photovoltaic cells by self-organization of polymer blends. Nat
Mater 4:864–868

2. Girtan M (2013) On the stability of the electrical and photoelectrical properties
of P3HT and P3HT:PCBM blends thin films. Org Electron 14:200–205

3. Gärtner S, Christmann M, Sankaran S et al (2014) Eco-friendly fabrication of
4% efficient organic solar cells from surfactant-free P3HT:ICBA nanoparticle
dispersions. Adv Mater 26:6653–6657

4. Freitas FS, Clifford JN, Palomares E, Nogueira AF (2012) Tailoring the
interface using thiophene small molecules in TiO2/P3HT hybrid solar cells.
Phys Chem Chem Phys 14:11990–11993

5. Lim EL, Yap CC, Yahaya M, Salleh MM (2013) Performance enhancement of
hybrid solar cells via surface modification with diluted P3HT. J Phys Conf
Series 431(1):012017

6. Segal-Peretz T, Sorias O, Moshonov M et al (2015) Plasmonic nanoparticle
incorporation into inverted hybrid organic-inorganic solar cells. Org Electron
23:144–150

7. Chen X, Chen L, Chen Y (2014) Self-assembly of discotic liquid crystal
decorated ZnO nanoparticles for efficient hybrid solar cells. RSC Adv 4:
3627–3632

8. Mbule PS, Kim TH, Kim BS, Swart HC, Ntwaeaborwa OM (2013) Effects of
particle morphology of ZnO buffer layer on the performance of organic
solar cell devices. Sol Energy Mater Sol Cells 112:6–12

9. Yun MH, Kim GH, Yang C, Kim JY (2010) Towards optimization of P3HT:
bisPCBM composites for highly efficient polymersolar cells. J Mater Chem
20:7710–7714

10. Miller S, Fanchini G, Lin YY, Li C et al (2008) Investigation of nanoscale
morphological changes in organic photovoltaics during solvent vapor
annealing. J Mater Chem 18:306–312

11. Chin YM, Lin YJ, Liu DS (2013) Enhancement of carrier mobility in poly(3-
hexylthiophene) by incorporating ZnO nanoparticles. Thin Solid Films
548:453–455

12. Loubiri D, Hamed ZB, Ilahi S et al (2015) Photothermal investigation of poly
(3-hexylthiophene): ZnSe nanocomposites. Appl Phys A 119(2):581–588

13. Sharma SN, Mehta A, Chand S (2014) Ligand-exchange dependent
properties of hybrid nanocomposites based on luminescent colloidal CdSe
nanocrystals in P3HT matrix. Colloid Polym Sci 292:1153–1162

Kabongo et al. Nanoscale Research Letters  (2016) 11:418 Page 9 of 11



14. Chawla P, Singh S, Sharma SN (2014) An insight into the mechanism of
charge-transfer of hybrid polymer:ternary/quaternary chalcopyrite colloidal
nanocrystals. Beilstein J Nanotechnol 5:1235–1244

15. Kwong CY, Choy WCH, Djurisic AB et al (2004) Poly(3-hexylthiophene):TiO2

nanocomposites for solar cell applications. Nanotechnology 15:1156–1161
16. Liu CP, Wang HE, Ng TW et al (2012) Hybrid photovoltaic cells based on

ZnO/Sb2S3/P3HT heterojunctions. Phys Status Solidi B 249(3):627–633
17. Shen W, Tang J, Yang R et al (2014) Enhanced efficiency of polymer solar

cells by incorporated Ag–SiO2 core–shell nanoparticles in the active layer.
RSC Adv 4:4379–4386

18. Olson DC, Piris J, Collins RT et al (2006) Hybrid photovoltaic devices of
polymer and ZnO nanofiber composites. Thin Solid Films 496:26–29

19. Liang Z, Zhang Q, Wiranwetchayan O et al (2012) Effects of the morphology
of a ZnO buffer layer on the photovoltaic performance of inverted polymer
solar cells. Adv Funct Mater 22:2194–2201

20. Lloyd MT, Prasankumar RP, Sinclair MB (2009) Impact of interfacial polymer
morphology on photoexcitation dynamics and device performance in
P3HT/ZnO heterojunctions. J Mater Chem 19:4609–4614

21. Rezasoltani E, Wang M, Hill IG, Silva C (2014) The influence of molecular
interface modification on the charge dynamics of polymeric semiconductor:
ZnO heterostructure. J Appl Phys 116:074502

22. Mereu RA, Mesaros A, Vasilescu M et al (2013) Synthesis and
characterization of undoped, Al and/or Ho doped ZnO thin films. Ceram Int
39(5):5535–5543

23. Boyer JC, Vetrone F, Capobianco JA et al (2003) Optical transitions and
upconversion properties of Ho3+ doped ZnO-TeO2 glass. J Appl Phys
93(12):9460–9465

24. Enderle M, Pilawa B, Schwab M et al (1990) Absorption spectra and Zeeman
effect of the trivalent holmium ion in compounds with tetragonal zircon
structure. II. Ho3+ in YAsO4. J Phys Condens Matter 2:4701–4710

25. Lian H, Hou Z, Shang M et al (2013) Rare earth ions doped phosphors for
improving efficiencies of solar cells. Energy 57(C):270–283

26. Kabongo GL, Mhlongo GH, Malwela T, Mothudi BM, Hillie KT, Dhlamin MS
(2014) Microstructural and photoluminescence properties of sol-gel derived
Tb3+ doped ZnO nanocrystals. J Alloys Comp 591:156–163

27. Kabongo GL, Mhlongo GH, Mothudi BM, Hillie KT, Dhlamini MS (2014)
Enhanced exciton emission from ZnO nano-phosphor induced by Yb3+

ions. Mater Lett 119:71–74
28. Tai H, Li X, Jiang Y et al (2015) The enhanced formaldehyde-sensing

properties of P3HT-ZnO hybrid thin film OTFT sensor and further insight
into its stability. Sensors 15:2086–2103

29. Viswanatha R, Sarma DD (2007) Growth of nanocrystals in solution. In: Rao
CNR, Müller A, Cheetham AK (eds) Nanomaterials chemistry: recent
developments and new directions. Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, 10.1002/9783527611362.ch4

30. Liao HG, Cui L, Whitela S, Zheng H (2012) Real-time imaging of Pt3Fe
nanorod growth in solution. Science 336:1011–1014

31. Liu Y, Lin XM, Sun Y, Rajh T (2013) In situ visualization of self-assembly of
charged gold nanoparticles. J Am Chem Soc 135(10):3764–3767

32. Layek A, Mishra G, Sharma A et al (2012) A generalized three-stage
mechanism of ZnO nanoparticle formation in homogeneous liquid
medium. J Phys Chem C 116:24757–24769

33. Patterson AL (1939) The Scherrer formula for X-ray particle size
determination. Phys Rev 56:978–982

34. Shao M, Keum J, Chen J et al (2014) The isotopic effects of deuteration on
optoelectronic properties of conducting polymers. Nat Comm 5:4180. doi:
10.1038/ncomms4180

35. Brown PJ, Thomas DS, Kohler A et al (2003) Effect of interchain interactions
on the absorption and emission of poly(3-hexylthiophene). Phys Rev B 67:
064203

36. Tremel K, Ludwigs S (2014) Morphology of P3HT in thin films in relation to
optical and electrical properties. Adv Polym Sci 265:39–82

37. Clark J, Silva C, Friend RH, Spano FC (2007) Role of intermolecular coupling
in the photophysics of disordered organic semiconductors: aggregate
emission in regioregular polythiophene. Phys Rev Lett 98:206406

38. Spano FC (2007) Spano FC (2005) Modeling disorder in polymer aggregates:
the optical spectroscopy of regioregular poly(3-hexylthiophene) thin films.
J Chem Phys 122:234701. Erratum. J Chem Phys 126:159901

39. Spano FC (2006) Absorption in regio-regular poly(3-hexyl)thiophene thin
films: Fermi resonances, interband coupling and disorder. Chem Phys
325:22–35

40. Clark J, Chang JF, Spano FC et al (2009) Determining exciton bandwidth
and film microstructure in polythiophene films using linear absorption
spectroscopy. Appl Phys Lett 94:163306

41. Spano FC, Silva C (2014) H- and J-aggregate behavior in polymeric
semiconductors. Annu Rev Phys Chem 65:477–500

42. Paquin F, Yamagata H, Hestand NJ et al (2013) Two-dimensional spatial
coherence of excitons in semicrystalline polymeric semiconductors: effect of
molecular weight. Phys Rev B 88:155202

43. Scharsich C, Lohwasser RH, Sommer M et al (2012) Control of aggregate
formation in poly(3-hexylthiophene) by solvent, molecular weight, and
synthetic method. J Polym Sci B 50:442–453

44. Westenhoff S, Abrusci A, Feast WJ et al (2006) Supramolecular electronic
coupling in chiral oligothiophene nanostructures. Adv Mater 18:1281–1285

45. Gierschner J, Huang YS, Averbeke BV et al (2009) Excitonic versus electronic
couplings in molecular assemblies: the importance of non-nearest neighbor
interactions. J Chem Phys 130:044105

46. Li Y, Yi Y, Coropceanu V, Brédas JL (2014) Optical conductivity and optical
effective mass in a high-mobility organic semiconductor: implications for
the nature of charge transport. Phys Rev B 90:245112

47. Swinehart DF (1962) The Beer-Lambert law. J Chem Educ 39(7):333–335
48. Forouhi AR, Bloomer I (1988) Optical properties of crystalline

semiconductors and dielectrics. Phys Rev B 38:1865–1874
49. Jenkins FA, White HE (1957) Fundamentals of optics. McGraw-Hill, New York,

copyright©1976. ISBN 0-07-256191-2
50. Sharma P, Katyal SC (2007) Determination of optical parameters of a-

(As2Se3)90Ge10thin film. J Phys D Appl Phys 40:2115–2120
51. Bhagat DJ, Dhokane GR (2014) UV-VIS spectroscopic studies of one pot

chemically synthesized polyindole/poly(vinyl acetate) composite films. Mater
Lett 136:251–253

52. Koster LJA, Shaheen SE, Hummelen JC (2012) Pathways to a new efficiency
regime for organic solar cells. Adv Energy Mater 2:1246–1253

53. Loubiri D, Ben Hamed Z, Ilahi S et al (2015) Effect of TBPO-capped CdSe
nanoparticles concentration on sub-bandgap absorption in poly(3-
hexylthiophene) thin films studied by photothermal deflection
spectroscopy. Synth Met 206:1–7

54. Alves JPC, Freitas JN, Atvars TDZ, Nogueira AF (2013) Photophysical and
photovoltaic properties of a polymer-fullerene system containing CdSe
nanoparticles. Synth Met 164:69–77

55. Xu J, Wang J, Mitchell M et al (2007) Organic-inorganic nanocomposites via
directly grafting conjugated polymers onto quantum dots. J Am Chem Soc
129:12828–12833

56. Bakour A, Geschier F, Baitoul M et al (2014) Effects of single-walled carbon
nanotubes on the optical and photo-conductive properties of their
composite films with regio-regular poly(3-hexylthiophene). Mater Chem
Phys 143(3):1102–1110

57. Goutam PJ, Singh DK, Iyer PK (2012) Photoluminescence quenching of
poly(3-hexylthiophene) by carbon nanotubes. J Phys Chem C
116:8196–8201

58. Chasteen SV, Carter SA, Rumbles G (2005) Exciton dynamics and device
performance in polythiophene heterojunctions for photovoltaics. Proc SPIE
5938:59380J–59381J

59. Wang Y, Kurunthu D, Scott GW, Bardeen CJ (2010) Fluorescence quenching
in conjugated polymers blended with reduced graphitic oxide. J Phys
Chem C 114:4153–4159

60. Lakowicz JR (1999) Principles of fluorescence spectroscopy, 2nd edn.
Springer, Kluwer, New York

61. Kumari K, Kumar U, Sharma SN et al (2008) Effect of surface passivating
ligand on structural and optoelectronic properties of polymer : CdSe
quantum dot composites. J Phys D Appl Phys 41(23):235409 (1-9)

62. Salaneck WR, Inganas O, Themans B et al (1988) Thermochromism in poly(3-
hexylthiophene) in the solid state: a spectroscopic study of temperature-
dependent conformational defects. J Chem Phys 89:4613–4919

63. Wei H, Scudiero L, Eilers H (2009) Infrared and photoelectron spectroscopy
study of vapor phase deposited poly (3-hexylthiophene). Appl Surf Sci
255(20):8593–8597

64. Li JQ, Aoki K (1998) Electrochemical gelation of poly(3-hexylthiophene) film.
J Electroanal Chem 453:107–112

65. Yun JM, Noh YJ, Yeo JS et al (2013) Efficient work-function engineering of
solution-processed MoS2 thin-films for novel hole and electron transport
layers leading to high-performance polymer solar cells. J Mater Chem C 1:
3777–3783

Kabongo et al. Nanoscale Research Letters  (2016) 11:418 Page 10 of 11

http://dx.doi.org/10.1038/ncomms4180


66. Moulder JF, Stickle WF, Sobol PE, Bomben KD (1992) Handbook of X-ray
photoelectron spectroscopy. Chastain J (ed). Perkin-Elmer Corporation,
Eden-Prairie

67. Seo HO, Jeong MG, Kim KD (2014) Studies of degradation behaviors of
poly(3-hexylthiophene) layers by X-ray photoelectron spectroscopy. Surf
Interface Anal 46:544–549

68. Kumar V, Singh F, Ntwaeaborwa OM, Swart HC (2013) Effect of Br+6 ions on
the structural, morphological and luminescent properties of ZnO/Si thin
films. Appl Surf Sci 279:472–478

69. Kumar V, Swami K, Kumar A, Ntwaeaborwa OM, Duta V, Swart HC (2016) Eu3
+ doped down shifting TiO2 layer for efficient dye-sensitized solar cells.
J Colloid Interface Sci 484:24–32

70. Tung-Ming P, Li-Chen Y, Xin-Chang W (2010) A comparative study on the
structural properties and electrical characteristics of thin HoTixOy, TmTixOy

and YbTixOy dielectrics. Semicond Sci Technol 25(5):055015 (1-9)
71. Falke S, Eravuchira P, Materny A, Lienau C (2011) Raman spectroscopic

identification of fullerene inclusions in polymer/fullerene blends. J Raman
Spectrosc 42(10):1897–1900

72. Saini V, Li ZR, Bourdo S et al (2009) Electrical, optical, and morphological
properties of P3HT-MWNT nanocomposites prepared by in situ
polymerization. J Phys Chem C 113(2009):8023–8029

73. Baibarac M, Lapkowski M, Pron A et al (1998) SERS spectra of poly(3-
hexylthiophene) in oxidized and unoxidized states. J Raman Spectrosc
29(9):825–832

74. Louarn G, Trznadel M, Buisson JP et al (1996) Raman spectroscopic studies
of regioregular poly(3-alkylthiophenes). J Phys Chem 100:12532–12539

75. Tamura H, Burghardt I (2013) Potential barrier and excess energy for
electron-hole separation from the charge-transfer exciton at donor-acceptor
heterojunctions of organic solar cells. J Phys Chem C 117:15020–15025

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Kabongo et al. Nanoscale Research Letters  (2016) 11:418 Page 11 of 11


	Abstract
	Background
	Methods
	Results and Discussion
	TEM and XRD Analysis of Un-Doped and Ho3+-Doped ZnO
	UV-Vis Absorption and Optical Microscopy Analysis
	Photoluminescence Analysis
	X-ray Photoelectron Spectroscopy Analysis
	Raman Spectroscopy Analysis
	Proposed Energy Level and Exciton Dynamics Model of P3HT-ZnO Heterostructure

	Conclusions
	Acknowledgements
	Authors’ Contributions
	Competing Interests
	Author details
	References

