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A B S T R A C T

Tuning the charge transfer rate between quantum dots (QDs) and metal oxide (MO) is important for improving
the performances of QDs-MO devices. And tailoring the energy band of MO is one way to tune the charge transfer
rate. In this work, we enhance the charge transfer rate between CdTe QDs and ZnO through tailoring the optical
band gap of ZnO nanofilms by Ga-doping. The Ga doping influenced the photo luminescence (PL) performance of
CdTe QDs/ZnO hybrid structures. The results of time-resolved fluorescence spectra revealed that the charge
transfer rate from CdTe QDs to ZnO nanofilms could be tuned by varying the Ga doping concentrations in ZnO.
And, transfer rate were increased by up to ~4.1 times through Ga doping. In addition, the structure showed
electron transfer efficiency improvements to the tune of ~25.3%. We attribute the improvement to efficient
electron transfer via band-band transfer and the defects pathways induced by Ga-doping. The experimental
results will be useful for improving the efficiency of optical devices using QDs/ZnO hybrid structure.

1. Introduction

Nano-optical devices have important potential applications in many
fields [1–4]. Among them, QDs-metal oxide (MO) devices have at-
tracted much attention for their applications in QDs sensitized solar
cells [5–7] and QDs emission diodes (QLEDs) [8]. In these devices,
electron transfer plays an important role. For example, electron transfer
from the light absorbing material (QDs) to the electron collector (MO)
enhances the photocurrent, which is crucial in determining the effi-
ciency of solar cells [9,10]. And, to improve the performance of these
devices, electron transfer rate should be increased, which is mostly
realized by reducing the size of the QDs [11]. This up-shifts conduction
band minimum (CBM) of QDs and increases the driving force for elec-
tron-transfer to MO [12].

Though the electron transfer rate can be increased by decreasing the
QDs size, it also widens bandgap of QDs, which in-turn results in blue
shift of the optical-absorption edge. This may result to lower efficiency
of the solar cells. Therefore, understanding of the charge transfer me-
chanisms and tailoring the energy band in QDs/MO devices are critical
for optimizing the electron transfer and light harvesting simulta-
neously. In this work, we propose an optional way to tune electron
transfer rate by tailoring the bandgap of the ZnO (MO) nano-films using
Ga-dopants, other than by decreasing QDs size.

ZnO is widely used in QD/MO devices because of high electron

mobility [13], wide direct band gap [14], and high transparency. And,
the performances of ZnO QD/MO devices can be improved by doping
[15]. For example, Mg doping in ZnO raises the CBM, thus prevents
electron injection from the cathode to QDs, improving QLED perfor-
mance [16]. Li-doped ZnO nanoparticle photovoltaics has also been
reported [17]. Besides, Jung et al. [18] demonstrated that the perfor-
mance of CdS/CdSe nanocomposite co-sensitized ZnO nanowires device
was enhanced by defects and nanoscale strain. However, the effect of
Ga doping on charge transfer dynamics in QDs/ZnO hybrid structures
has not been reported.

Gallium-doped zinc oxide (GZO) nanostructures are advantageous
because close atomic radius; Ga3+ (0.062 nm) to Zn2+ (0.074 nm)
[19,20]. This produces less strain and local lattice distortion in the
crystal. Moreover, Ga doping merits because it is less reactive with
oxygen [21,22]. Finally, Ga doping increases the transparency of ZnO in
the visible region [23]. Here we studied the influences of Ga doping on
the photo-induced charge transfer from CdTe QDs to ZnO. The results
show that the charge transfer rates and efficiency were tuned through
varying Ga doping concentration in ZnO. By using this benefit, we
demonstrate how to boost the performance of hybrid structures by
slightly doping the MO.

https://doi.org/10.1016/j.optmat.2019.109311
Received 18 June 2019; Received in revised form 30 July 2019; Accepted 8 August 2019

∗ Corresponding author.
E-mail address: longhua@hust.edu.cn (H. Long).

Optical Materials 96 (2019) 109311

0925-3467/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09253467
https://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2019.109311
https://doi.org/10.1016/j.optmat.2019.109311
mailto:longhua@hust.edu.cn
https://doi.org/10.1016/j.optmat.2019.109311
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2019.109311&domain=pdf


1.1. Experiment

Ga doped ZnO (GZO) nano-films were fabricated on quartz sub-
strates by pulsed laser deposition with GZO targets of different doping
concentrations (0%, 2.9%, 5.0%, and 7.3%) [15]. The GZO targets were
sintered at 1350 °C for 48 h in air atmosphere using prescribed amount
of ZnO (99.99%) and Ga2O3 (99.99%). The Ga contents in the ceramic
GZO targets were 2.9%, 5.0% and 7.3%, respectively. The KrF excimer
laser beam (Lambda Physik, 248 nm) was focused on the GZO targets
through lens. The repetition frequency of the excimer laser was 5 Hz.
Before the deposition, the vacuum chamber was evacuated to
4.5×10−3 Pa. During the deposition, the oxygen gas pressure was kept
at 0.2 Pa. The energy density focused on the GZO target surface was
about 2.0 J/cm2. And, the deposition time was 40min.

Red and orange CdTe QDs capped by thioglycolic acid were then
dispersed on either GZO films or quartz substrates from their diluted
aqueous solution via drop casting. Here we marked the orange and red
QDs as QD1 and QD2, respectively.

The surface morphologies of GZO nanofilms were measured by
atomic force microscopy (AFM, Veco NanoScope MultiMode). The
UV–visible transmission spectra were measured by a spectrophotometer
(HITACHI U3310). Bright field images were obtained using TEM
(Tecnai G220, 300 KV) for the as prepared CdTe QDs solution.

The time-resolved photoluminescence (TRPL) measurements were
performed using a home-built confocal-microscope configuration and a
time-correlated single-photon counting system (Picoquant, PicoHarp
300) [24], pumped by 800 nm fs laser (a mode-locked Ti/Sapphire os-
cillator, described in details in [25]). The laser beam was focused on
hybrid structure by the same 20×objective (Olympus, NA=0.4). In
addition, the reflected signals was collected using the same objective.

2. Results and discussion

The AFM images of the GZO nanofilm surface with different Ga
concentrations are shown in Fig. 1. The grain sizes of the nanofilms

decreased with Ga concentration increase due to enhanced nucleation
density during doping. This resulted to smoother surface.

Fig. 2(a) shows the plots of (αhv)2 versus photon energy (hv). The
inserted figure is the corresponding UV–visible transmission spectra at
different Ga concentrations. The optical band gaps (Eg) were obtained
using the following formula [26,27]:

= −αhv B hv E( )g
1/2 (1)

where B is a constant, α is the absorption coefficient. From the figure,
we observed that Eg increased from 3.24 to 3.49 eV with Ga con-
centrations increase, which was attributed to the Burstein-Moss effect
[28]. Fig. 2(b and c) shows the transmission electron microscope
images of QD1 and QD2 respectively. The diameter of the QDs was es-
timated to be about 3.5 nm and 3.8 nm respectively. The inserted
Fig. 2(b and c) show the images of QDs solutions.

The absorption and PL spectra of CdTe QDs solutions are shown in
Fig. 3(a). The emission peaks were at 605 nm and 635 nm for QD1 and
QD2, respectively. Fig. 3(b) shows PL spectra of QD1 on quartz and GZO
nano-films. From the figure, it is clear that the emission intensity of QDs
was reduced with the introduction of Ga dopants in ZnO. The
quenching effect was attributed to deactivation of excitons via electron
transfer to GZO at QD/GZO interfaces and/or intra-gap assisted non-
radioactive recombination [29]. The QD2 on GZO nano-films also
showed similar behavior.

Fig. 4 (a, b) shows the decay results of the time resolved PL emission
(pumped at 800 nm) from QD1 and QD2 on GZO nanofilms, respec-
tively. The experimental results can be fitted using a biexponential
decay function:
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where I is the PL intensity, α1 and α2 are pre-exponential factors, τ1 and
τ2 are corresponding fast and slow lifetime, respectively. Additionally,
we determined the average emission lifetimes ( τ‾ ) [30]:

Fig. 1. AFM images of GZO nano-films with different Ga concentration. (a, b) shows the 3-D micrograph which reveals reduction in surface roughness and enhanced
smoothening of the surface [see (c, d)] due to reduction in grain size.
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The fitted decay lifetime values were shown in Table 1. The short
lifetimes (τ1) were related to a convolution of trapping and non-radio-
active energy transfer. The long decay lifetime (τ2) of QDs on quartz
(SiO2) is related to electron-hole radioactive recombination, whereas
the τ2 of QDs coupled on GZO is attributed to a combination of electron-
hole radiative recombination and back electron transfer at the QD/MO
interface. τ2 continuously reduces as the Ga contents were increased
which could be attributed to enhanced charge transfer activities.

As shown in Table 1, τ‾ of QDs on GZO decreased compared to QDs
on undoped ZnO, suggesting an apparent increase of the electron
transfer rate from QDs to GZO nanofilms. This result implies that the

electron transfer can be manipulated by Ga doping. We then calculated
the charge transfer rate constant (Ket) for the QDs/ZnO hybrid structure
using equation (4) [31]. To deconvolute electron transfer as a result of
Ga doping, we make the assumption that the only difference between
the kinetic behavior of an electron-hole pair in a QD coupled to SiO2

and one coupled to GZO is the added pathway of electron transfer.
Under this assumption, the electron transfer rate can be calculated as
follows:

= −
+τ

K
τ

1
‾

1
et

QDs GZO QDs (4)

where +τ‾QDs GZO is the average lifetime of QDs on GZO, while τQDs is
lifetime of the QDs on quartz. When QD1 and QD2 were coupled to GZO
nanofilms, the ket show enhancement factor as high as ~4.1 and ~2.7,

Fig. 2. (a) The plots of (αhv)2 versus energy (hv) for
GZO films with different Ga concentrations. The in-
serted figure is the corresponding UV–visible trans-
mission spectra. (b, c) shows the TEM images of QD1

and QD2 respectively. The inserted figures (b, c)
show QDs solution image. (d) Scheme of the relative
energy differences between CdTe (donor) and MO
(acceptor) of the hybrid structure.

Fig. 3. (a) Absorption and emission spectra of QD1 and QD2 solutions. (b) The PL spectra of the QD1/GZO hybrid structures with different Ga doping concentration.
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respectively (see Fig. 5(a) on the influences of Ga doping). Furthermore,
the ket of QD1 was larger than that of QD2, which was attributed to the
quantum confinement effect [32] and conduction band shifting to more
negative with QDs size decrease [30]. The ket increased with the in-
creasing band gap energy difference between the donor (QDs) and ac-
ceptor (ZnO). However, further increase Ga concentration to 7.3% will
induce decrease of Ket, which can be attributed to the high density of
states and reduced band gap at high doping concentration [33].

Generally, fast electron transfer reduces electron-hole recombina-
tion [34] and more electrons could be injected to ZnO, leading to im-
proved performance of QDs/ZnO structure. According to Marcus model
[35], Ket is dependent on the band difference gradient between the QDs
and MO. Ga-doping leads to upshift of the CBM of ZnO (see Fig. 2 (d)),
which reduces this band energy gradient. Nevertheless, other factors

can also influence the Ket. For example, Fahimi et al. showed ZnO had a
higher Ket than TiO2 despite the fact that the CBM of ZnO is higher than
that of TiO2, which was attributed to high electronic coupling matrix
element in ZnO compared to TiO2 [9]. Moreover, Ga doping enhances
energy defects [36,37] which could act as a passageway to facilitate
electron transfer [17]. Ding et al. [38], reported high electron transfer
efficiency using Mg doped ZnO despite the fact that Mg upshifted the
CBM of ZnO. They attributed this to enhanced defects, which served as
alternative pathways for electron transfer. Finally, we calculate the
electron transfer efficiency η( ET) as a result of Ga doping using equation
(5) [39]:

= − +η
τ

τ
1 ‾

ET
QD GZO

QD (5)

The calculated charge transfer efficiencies are 7.7%, 18%, 25.3%
and 20.8% for 0%, 2.9%, 5% and 7.3% Ga doped ZnO sensitized with
QD1 respectively. While charge transfer efficiencies using QD2 are
8.3%, 13.8%, 21.2% and 14.4% for 0%, 2.9%, 5% and 7.3% respec-
tively. This gradual increase in the efficiency as the Ga doping con-
centration increases (see Fig. 5 (b)), suggests that the indeed charge
transfer can still be enhanced through the defects induced by doping.

3. Conclusions

The electron transfer characteristics of CdTe QDs coupled to GZO
nano-films were studied. The results systematically demonstrated that
the hybrid structure can enhance electron transfer rate and efficiency
through additional pathways (defect states) induced by Ga doping.

Fig. 4. Time resolved PL results of QD1/GZO (a) and QD2/GZO (b) hybrid structures. The dotted lines show the fitting curves using biexponential decay function.

Table 1
The PL decay lifetimes of QD1 and QD2 on quarts and GZO nano-films.

Sample α1 τ1 (ns) α2 τ2 (ns) τ‾ (ns) Ket×108 (s−1)

QD1 0.14 0.8708 0.86 3.0042 2.9008
QD1-GZO (0%) 0.15 0.8400 0.85 2.7831 2.6848 0.2775
QD1-GZO (2.9%) 0.38 0.9317 0.62 2.6524 2.3684 0.7749
QD1-GZO (5.0%) 0.45 0.8267 0.55 2.5185 2.1603 1.1817
QD1-GZO (7.3%) 0.31 0.7412 0.69 2.5110 2.3038 0.8933
QD2 0.06 0.944 0.93 3.4962 3.4525
QD2-GZO (0%) 0.13 0.8926 0.87 3.2621 3.1690 0.2591
QD2-GZO (2.9%) 0.33 1.0581 0.67 3.2826 2.9778 0.4617
QD2-GZO (5.0%) 0.49 1.1683 0.51 3.2551 2.7200 0.7800
QD2-GZO (7.3%) 0.42 0.8012 0.58 3.3499 2.9546 0.4881

Figure 5. (a, b) shows the influence of Ga doping on the electron transfer rate and efficiency η( )ET respectively.
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Besides, these results show the possibility of tuning the Ket in CdTe
QDs/ZnO hybrid structure through Ga doping. The increased Ket can
lead to a reduction in electron-hole recombination, which can be
helpful to improve the performance of QDs/MO devices.
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