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A B S T R A C T   

In this work, gallium nitride (GaN) is employed for the first time to modulate the charge dynamics of quantum 
dot-sensitized solar cells (QDSCs). An ultrathin GaN layer has been coated on the surface of both mesoporous 
TiO2 photoanode and quantum dots (QDs) at 240 ◦C by plasma-enhanced atomic layer deposition (PEALD) 
approach. It is revealed that there exists a stepped energy level alignment among the as-prepared TiO2 film, GaN 
layer and QDs, which accelerates the extraction and collection of photogenerated electrons. Meanwhile, a type-II 
core-shell QD/GaN structure is formed benefiting from the self-limiting reactions of PEALD, resulting in an 
enhanced light absorption and a redshift of absorption edge. In addition, the dense GaN layer can also effectively 
inhibit the reverse transfer of photogenerated electrons from TiO2 to QDs or electrolyte while improving the 
connection between TiO2 and QDs. Ultimately, the QDSCs with a 0.68 nm-thick GaN layer achieve a 29% in-
crease of short-circuit current density and enhanced device efficiency, even with reduced fill factor. This work 
has shown the multi-functions of GaN in regulating the charge dynamics of QDSCs as well as the potential ad-
vantages in replacing TiO2 as photoanode for electronic extraction and transport.   

1. Introduction 

Over the past decade, quantum dot-sensitized solar cells (QDSCs) 
have experienced an attractive development and showed great appli-
cation potential [1–6]. During this progression, strenuous efforts have 
mainly focused on developing new quantum dot (QD) photosensitive 
materials that with excellent optoelectronic properties [7,8], increasing 
the loading amount of QDs [4,5], suppressing carrier recombination loss 
[9], designing more efficient counter electrodes [10,11], and investi-
gating the photoexcited carrier dynamics in QDSCs [12,13]. Among 
them, the extraction, transport and collection properties of photo-
generated electrons between QDs and photoanode have played a sig-
nificant role in determining the performance of QDSCs. Some metal 
oxides with wide bandgap such as TiO2, ZnO, ZrO2 and SnO2 have been 
used as the photoanode materials for QDSCs, wherein TiO2 is the most 

commonly used one. Mesoporous structures with high specific surface 
area that composed of TiO2 nanoparticles are constructed for loading 
QDs. Although a matched energy level alignment is formed between 
TiO2 and most chalcogenide QDs which enables photogenerated elec-
tron injection from QDs to TiO2, there are still some problems that will 
restrict the device performance. The main challenges can be summa-
rized as: i) the low electron mobility of TiO2 in not conductive to elec-
tron transport in photoanode; ii) the low load of QDs on the surface of 
TiO2 photoanode has led to the direct contact between the photo-
generated electrons within TiO2 and the holes in electrolyte, resulting in 
serious recombination and leakage current; iii) the sluggish charge 
extraction rate from QDs to TiO2 causes interfacial charge accumulation 
and recombination. Further accelerate electronic extraction, transport 
and collection is still necessary for the device development. Some so-
lutions including tailoring the structure of TiO2 photoanode [14–16] or 
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doping TiO2 to promote electron transport within photoanode [17–19] 
have played a positive role. Besides, the surface/interface engineering 
strategies of decorating TiO2/QDs films with metal oxide (Al2O3, SiO2, 
etc.) coatings are also effective, and in most cases, their work mechanism 
is through passivating surface defect states and blocking back electron 
transfer from TiO2 to the QDs and electrolyte [20–22]. 

Nevertheless, developing the new surface/interface coating mate-
rials which could further accelerate the extraction and collection of 
photogenerated electrons is also crucial for improving device perfor-
mance. Inspired by our previous works on metal nitride semiconductors 
[23], we believe that some metal nitrides may be potential candidates 
for QDSCs. Gallium nitride (GaN) attracts our attention own to its wide 
bandgap (~3.4 eV) with similar energy level to TiO2, stable chemical 
properties, and superb electron mobility, which is a potential material to 
replace TiO2 or combine with TiO2 as photoanode for constructing 
high-efficient QDSCs. However, the application of metal nitrides in 
QDSCs is still extremely rare due to the limitation of their preparation 
approaches. The typical GaN deposition technologies mainly include 
metal-oxide chemical vapor deposition (MOCVD), hydride vapor depo-
sition (HVPE) and molecular beam epitaxy (MBE). The corresponding 
deposition temperature usually up to 800–1000 ◦C, exceeding the 
maximum withstand temperature of the transparent conductive glass 
substrates (FTO, ITO, etc.) that commonly-used in QDSCs and would also 
lead to the stripping of TiO2/QDs films from FTO glass substrate. 
Selecting appropriate low temperature deposition method to obtain 
mesoporous GaN films or to realize good coverage of GaN layer on the 
surface of pre-prepared mesoporous TiO2 film is crucial. Fortunately, the 
advantages of low-temperature deposition and self-limiting reactions of 
plasma-enhanced atomic layer deposition (PEALD) technology enables 
atomic-level precision over film thickness and composition, showing 
great benefits in engineering the surface chemistry and complex inter-
facial structure of the mesoporous TiO2 photoanode. Based on this, GaN 
films have been grown on FTO glass substrate by PEALD and then 
applied to perovskite solar cells as electron transport layers, resulting in 
a 46% increase of device efficiency [24–26]. 

In this work, since the direct growth of GaN on TiO2 photoanode 
would lead to the subsequently unsatisfied QDs adsorption, PEALD-GaN 
layer was coated on the surface of QDs adsorbed-TiO2 films to analyze its 
effect on the charge transport dynamics of QDSCs. Transmission electron 
microscope (TEM) photographs and X-ray energy spectrum (XPS) results 
confirmed an ultrathin GaN amorphous layer was uniformly coated 
around the surface of both TiO2 films and QDs. The corresponding 
QDSCs were then assembled, and the deposition temperature and 
thickness of GaN layer were carefully optimized. Ultimately, the QDSCs 
with a 0.68 nm-thick GaN layer that deposited at 240 ◦C have achieved a 
29% increase of short-circuit current density (Jsc) and enhanced device 
efficiency, even with reduced fill factor (FF). The work mechanism of the 
GaN surface/interface layer was systematically investigated by UV–vis 
absorption, steady and transient photoluminescence (PL) spectra, and 
electrochemical impedance spectroscopy (EIS). It was revealed that 
there existed a stepped energy level alignment among the TiO2 films, 
GaN layer and QDs, which has accelerated the extraction, transport and 
collection of photogenerated electrons. Meanwhile, a type-II core-shell 
QD/GaN structure was formed benefiting from the self-limiting re-
actions of PEALD, resulting in an enhanced light absorption and a 
redshift of absorption edge. In addition, the dense GaN layer could also 
effectively inhibit the reverse transfer of photogenerated electrons from 
TiO2 to QDs or electrolyte while improving the connection between TiO2 
and QDs. This work has shown the multi-functions of GaN in regulating 
the charge dynamics of QDSCs as well as the potential advantages in 
replacing TiO2 as photoanode for electronic extraction and transport. 
Further improving GaN crystal quality and minimizing the damage of 
GaN deposition condition to QDs are expected to realize better carrier 
collection and reduced recombination, so as to promote the construction 
of high-efficient QDSCs. 

2. Experimental section 

2.1. Regents and materials 

Oleylamine (OAm, 80–90%) was from Aladdin. Cadmium oxide 
(CdO, 99.99%), oleic acid (OA, 90%), thioglycolic acid (TGA, 97%), and 
selenium powder (99.999%) were obtained from Alfa Aesar. Tri-
octylphosphine (TOP, 97%) was from Strem. Na2S⋅9H2O (98+%), sulfur 
power (99.5+%), KCl (99.5+%), ZnAc2⋅2H2O (99+%) and paraffin 
liquid were purchased from Sinopharm Chemical Reagent Co. Ltd. Tri-
methylgallium (TEG) (99.9999%) was purchased from Nanjing 
Aimouyuan Scientific Equipment Co., Ltd. Fluorine-doped tin oxide 
(FTO) conductive glass (Pilkington, 2.2 mm-thick, sheet resistance: 14 Ω 
per square) was chosen as the transparency electrode substrate for 
QDSCs. Similar to our previous work [1], a mesoporous TiO2 photo-
anode was prepared onto FTO substrate which consisted of a 14 
μm-thick transparent layer and a 6 μm-thick light scattering layer. 

2.2. Device fabrication 

CdSe QDs were synthesized by hot-injection method according to the 
literature [27]. 0.316 g of Se powder (4 mmol) was ultrasonic dissolved 
into TOP to obtain a 1 M Se precursor solution. The Cd precursor solu-
tion was prepared by dissolving 0.512 g of CdO (4 mmol) in a mixture of 
5 mL OA and 5 mL ODE under a nitrogen gas atmosphere. For the 
synthesis of CdSe QDs, a mixture of 4.5 mL of OAm, 0.3 mL of TOP and 
0.15 mL of the as-prepared Se precursor solution was filled into a 50 mL 
three-neck flask and vigorous stirred under vacuum at 90 ◦C for 30 min. 
The mixture was then heated to 280 ◦C under nitrogen followed by quick 
injection of 0.5 mL of the Cd precursor solution. About 1 min after in-
jection, the reaction was quenched using an ice-water bath. The CdSe 
QDs were purified with methanol and acetone, then centrifuged and 
redissolved into dichloromethane. Same with our previous work [1], a 
double-layered TiO2 photoanode consisting of a ~20 μm-thick trans-
parent layer and a ~10 μm-thick scattering layer was deposited onto 
FTO glass substrate by screen printing, then was annealed at 500 ◦C for 
1 h to achieved a mesoporous structure. In order to adsorb the CdSe QDs 
onto the surface of TiO2 photoanode, a ligand exchange was conducted 
according to the literature to obtain the TGA-CdSe QD solution [1]. The 
CdSe QDs were adsorbed onto the TiO2 photoanode through the 
carboxyl group of TGA ligand. 

A GaN layer was grown on the surface of the as-prepared TiO2/QDs. 
An Angstrom-dep III PEALD reactor (Thin Film Technologies Ltd., of 
USA), equipped with an inductively coupled remote plasma (ICP) source 
was employed for GaN deposition. TEG and high-purity Ar/N2/H2 
(1:3:6, 99.999%) plasma were used as Ga precursor and nitrogen source, 
respectively. High-purity Ar gas (99.999%) was used as the carrier gas 
for Ga and N precursor. The flow rates of both the plasma and carrier gas 
were set at 5 sccm, and the radio-frequency power and plasma frequency 
were 60 W and 13.56 MHz, respectively. The FTO/TiO2/QDs films were 
put on the reactor chuck of PEALD system and pumped down to the 
system base pressure of ~0.17 Torr, then the substrate chuck was heated 
to the deposition temperature and let to equilibrate for 40 min. Each 
PEALD-GaN cycle consisted of an Ar/N2/H2 plasma exposure for 40 s 
and an Ar purge of 30 s, followed by a TEG dose of 0.5 s and a reaction 
time of 45 s, and then an Ar purge of 30 s. After the GaN deposition, ZnS 
passivation layer was performed by alternately immersing in 0.1 M Zn 
(CH3COO)2 and 0.1 M Na2S aqueous solutions for 1 min, this step was 
repeated six times. The FTO/TiO2/QDs/GaN/ZnS films were then 
employed to assemble CdSe-based QDSCs by combining the commonly- 
used Cu2S counter electrode (cooper sheet corroded by an aqueous so-
lution consisting of 1 M Na2S and 1 M S) and polysulfide electrolyte 
(aqueous solution containing 2 M Na2S, 2 M S and 0.2 M KCl). Both the 
thickness and deposition temperature of GaN layer were carefully 
optimized. 
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2.3. Characterization 

The morphology of the TiO2/QDs/GaN sample was analyzed by 
transmission electron microscopy (TEM, FEI Titan ETEM G2). XPS and 
UPS spectra were obtained using a Thermo Escalab 250XI PHI5000 
VersaProbe III with monochromatized Al Kα source. Ultraviolet photo-
electron spectroscopy (UPS, VG Scienta R4000 analyzer) with a mono-
chromatic He I light source (21.2 eV) was used to measure the work 
function and valence band spectrum of the GaN layers. UV–vis spec-
troscopy was measured using Shimadzu UV2550. Both steady-state PL 
and time-resolved PL (TRPL) spectrum were obtained with a fluores-
cence spectrophotometer (Edinburgh Instruments, FLS 900). Electro-
chemical impedance spectroscopy (EIS) was carried out at dark 
condition on a PARSTAT 3000A DX electrochemical workstation, and 
the test results were fitted by Z-view software. The current-voltage (J-V) 
curves of QDSCs were recorded under AM1.5 illumination of 100 mW 
cm− 2 (Zolix SS150-A), and the active area of QDSCs was 0.196 cm2. The 
incident-photon-to-current conversion efficiency (IPCE) of QDSCs was 
measured by a direct current method under a monochromic light illu-
mination (QEX10, PV Measurements). 

3. Results and discussion 

The TiO2/QDs photoanode was firstly prepared by loading CdSe 
colloidal QDs on the TiO2 mesoporous films, and then transferred to the 
reactor chuck of PEALD system for GaN deposition. TEG and Ar/N2/H2 
(1:3:6) gas mixture plasma were employed as the sources of Ga and N, 
respectively. Each PEALD-cycle of GaN deposition consisted of Ar/N2/ 
H2 plasma/Ar purge/TEG/Ar purge. The detailed deposition procedure 
is described in the Experimental section. The temperature window of 
PEALD-GaN was obtained by growing GaN on crystal-Si (c-Si) substrate 
and deduced to be 200 ◦C–350 ◦C (Fig. 1), in which the growth of GaN 
was self-limiting [28,29]. 

To clarify the morphology of the GaN layer on TiO2/QDs films, high 
resolution TEM (HRTEM) images of the TiO2/QDs/30 cycle-GaN and 
TiO2/QDs/120 cycle-GaN samples were presented in Fig. 2. Compared 
with the TiO2/QDs sample (Fig. 2a), an amorphous GaN coating can be 
clearly distinguished on the surface of both TiO2 and QDs (Fig. 2b and c). 
Notably, a clear contour with uniform thickness of 0.68 nm can be 
measured for the TiO2/QDs/120 cycle-GaN sample (Fig. 2c), equiv-
alenting to a deposition rate (growth per cycle, GPC) of 0.06 Å/cycle, 
which is only one tenth of the GPC value of the GaN grown on c-Si 
substrate (0.75 Å/cycle) [28]. It is speculated that the mesoporous 

structure and undulating surface of the TiO2 films have restricted their 
contact with plasma and TEG to some extent, resulting in an extremely 
slow deposition rate. From this, the self-limiting reaction of PEALD 
shows great advantages over other deposition methods (MOCVD, MBE, 
etc.) for the controlled-deposition of ultrathin GaN layer on TiO2/QDs 
films. In addition, energy dispersive X-ray spectroscopy (EDS) mapping 
of the TiO2/QDs/120 cycle-GaN sample was also provided in Fig. 2d to 
confirm the existence of GaN as well as to reflect its distribution on the 
TiO2/QDs films. In order to analyze the chemical states of the GaN 
coating layer, XPS spectra of the TiO2/QDs/120 cycle-GaN sample was 
measured as shown in Fig. 3. In Fig. 3a, the Ga 3d spectra was decom-
posed into three subpeaks, assigning to Ga–N bond at 18.1 eV, Ga–O 
bond at 20.2 eV, and Ga–N bond at 19.4 eV, respectively [28]. Ga–N 
bond contributes to the major Ga 3d peak component, which means the 
GaN layer has been formed on the surface of TiO2/QDs through the 
PEALD procedure. Besides, similar to our previous work, the Ga–O bond 
is always difficult to avoid during our PEALD-GaN deposition on various 
substrates (FTO glass, c-Si, sapphire, graphene) [25,28,30]. Notably, no 
obvious increase in the Ga–O ratio was observed compared to the pre-
vious GaN deposition on c-Si substrate. Hence, we think the oxygen 
atoms in Ga–O bond mainly come from the unexcluded gas in the cavity 
and the quartz plasma generator rather than the TiO2 film. The N1s 
spectra (Fig. 3b) was also decomposed into three subpeaks at 392.0 and 
394.5 eV for the GaLMM1 and GaLMM2 bonds for Auger Ga, and 396.5 
eV of N–Ga bonds [28], wherein N–Ga bonds occupy the main portion. 

The effects of the ultrathin PEALD-GaN layer on the photovoltaic 
performance of QDSCs have been carefully studied. QDSC devices were 
assembled by combining the TiO2/QDs/GaN films with the commonly- 
used polysulfide electrolyte and Cu2S counter electrode. First of all, to 
determine the optimum deposition temperature of GaN, CdSe-based 
QDSCs with a 50 cycle-GaN layer that respectively deposited at 
200 ◦C, 240 ◦C and 280 ◦C were fabricated and their performance was 
evaluated using current-voltage (J-V) characteristics. Meanwhile, the 
device without GaN layer was also prepared as a reference. As shown in 
Fig. 4a and Table 1, obviously enhanced Jsc was obtained after intro-
ducing GaN. When the GaN deposition temperature rose from 200 ◦C to 
240 ◦C, the device efficiency increased from 3.64% to 4.14% with the 
increase of Jsc from 11.7 to 12.19 mA/cm2, but the device performance 
has not been further improved when raise the temperature to 280 ◦C. It 
may result from a compact GaN layer has been formed when the tem-
perature reaches 240 ◦C [22]. Nevertheless, the temperature as low as 
possible was expected to prevent QDs from being destroyed, therefore 
240 ◦C was considered as the optimum deposition temperature for GaN 
in our work. It is also noteworthy that there is no obvious change in 
open-circuit voltage (Voc) after introducing GaN layer, but the fill factor 
(FF) reduced by nearly 15%. To our acknowledge, placing TiO2/QDs 
photoanode into high temperature environment for a long time may 
damage the properties of the QDs and thus result in poor device per-
formance. Hence, to verify this situation, the TiO2/QDs films were 
treated under the same conditions as 50 cycle-GaN deposition (at 240 ◦C 
for 125 min) but no Ga or N source was introduced into the PEALD 
chamber. The corresponding absorption and PL emission spectrum have 
been measured and presented in Fig. S1. From the absorption spectrum, 
a slight red-shift of absorption can be seen after the heat-treatment. 
Besides, almost no PL emission signal can be detected after the 240 ◦C 
heat-treatment, indicating the degradation of optical properties of the 
CdSe QDs. As expected, a decrease of FF as well as almost unchanged Jsc 
and Voc for the corresponding device are found from Fig. 4b, indicating 
the negative impact comes from GaN deposition environment, while the 
improvement of Jsc is due to the existence of GaN layer. 

Besides, the relationship between GaN thickness and device perfor-
mance was further investigated, and the devices with 30, 60, 90, 120, 
150 and 180 cycles of GaN layer have been prepared, respectively. From 
the J-V curves in Fig. 4c and Table 2, the Jsc increases from 11.54 to 
12.67 mA/cm2 with increasing the GaN thickness from 30 to 60 cycles, 
when the GaN thickness continues to increase to 120 cycles, the Jsc is 

Fig. 1. Deposition rates of PEALD-GaN layer on crystalline-Si substrate at 
different temperatures. 
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almost unchanged. However, as the GaN thickness further increases to 
150 or 180 cycles, both the Jsc and FF begin to decrease significantly. For 
all the devices, the GaN layer has no obvious change for the Voc. The 

devices with 60–120 cycles of GaN layers show the best performance 
and their Jsc is nearly 29% higher than that of the device without GaN 
layer, which is an exciting result. The enhanced Jsc was further 

Fig. 2. High-resolution transmission electron microscopy (HRTEM) images of (a) TiO2/CdSe film, (b) TiO2/QDs/30 cycle-GaN films, and (c) TiO2/QDs/120 cycle- 
GaN films; (d) The scanning transmission electron microscopy (STEM) image and Energy dispersive X-ray spectroscopy (EDS) mapping of the TiO2/QDs/120 cycle- 
GaN films. 

Fig. 3. XPS spectra of the TiO2/QDs/120 cycle-GaN sample. (a) XPS spectra of Ga 3d. (b) XPS spectra of N 1s.  
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confirmed by the IPCE spectra shown in Fig. 4d. Interestingly, the GaN 
layer has induced a redshift of photoelectric response as well as facili-
tated higher IPCE value within the whole response wavelength range. 
This redshift was further reflected in both the PL emission spectra and 
UV–vis absorption spectra (Fig. 4e and f), and the absorption edge 
changed from 635 to 677 nm. The results also indicate that the case of 
Ga doping TiO2 can be excluded because a slight blueshift is generally 
observed for Ga-doped TiO2 films [31]. Furthermore, the GaN-modified 
devices achieved increased IPCE value in the long wavelength region, 
indicating the GaN layer promoted better charge collection in the deep 
region of device [32]. Besides, from the PL emission spectra, fluores-
cence quenching can be seen after depositing GaN, which can be 

attributed to the damage of QDs caused by the high temperature during 
GaN deposition. 

From the TRPL decay curves shown in Fig. 5a, the TiO2/QDs films 
with 30 and 120 cycles of GaN layers showed faster decay rate than that 
of the TiO2/QDs films, indicating a faster electron transfer rate, but a 
slower decay can be seen for the 180-cycle GaN sample. The TRPL decay 
curves exhibit two components and can be well fitted by a biexponential 
function (eq.1), both the fitting parameters and calculated average 
decay lifetimes (τave) have been listed in Table S1. The τave of the TiO2/ 
QDs, TiO2/QDs/30 cycle-GaN, TiO2/QDs/120 cycle-GaN and TiO2/ 
QDs/180 cycle-GaN samples are 4.12, 3.86, 3.31 and 5.72 ns, respec-
tively. The TiO2/QDs/120 cycle-GaN films showed the shortest lifetime 
which indicates the fastest electron transfer from QD to TiO2 films. 
Consistent with our previous research, the existence of the GaN layer has 
accelerated the extraction of photogenerated electrons. However, the 
TiO2/QDs/180 cycle-GaN sample achieved slower decay rate than that 
of the TiO2/QDs films, which presumably due to the dense amorphous 
GaN layer with thickness of about 1 nm hinders electron transfer to TiO2 
films. EIS was further utilized to study the charge transport properties of 
GaN-modified devices. Fig. 5b depicts the Nyquist plots of the devices 
with and without the GaN layer measured in the dark with a voltage bias 
of − 0.6 V. Notably, the small semicircle that generally appears at high 
frequency and associates with the charge transfer process (Rct-CE) at the 
counter electrode/electrolyte interface cannot be distinguished under 
our test conditions, which may be merged into the subsequent large 
semicircle. Based on the previous report [33,34], as well as considering 
the counter electrode/electrolyte interface is constant in this work, we 
believe that it is reasonable to directly study the effect of the GaN layer 
on the charge transport properties at the TiO2/QDs/electrolyte interface 
by comparing the larger semicircle appeared in our EIS spectrum. 
Charge-transfer resistance (Rct) of these devices were derived by fitting 
the EIS results using the model in the inset of Fig. 5b. The Rct values are 
calculated to be 13.28, 11.55, 8.30 and 10.51 Ω for the reference device 
and the devices with 30, 120 and 180 cycles of GaN layers, respectively. 
Notably, the GaN layer has obvious effects on the series resistance (Rs) of 

Fig. 4. (a) J-V curves of the CdSe-based QDSCs with 50 cycle- GaN layers that deposited at different temperatures. (b) J-V curves of the reference device and the 
devices with a 240◦C-heat treated TiO2/QDs photoanode or 50 cycle-GaN layer at 240 ◦C. (c) J-V curves and (d) IPCE spectra of the CdSe-based QDSCs with different 
thicknesses of GaN layers that deposited at 240 ◦C. (e) PL emission spectra and (f) UV–vis absorption spectra of the photoanodes with different thickness of 
GaN layers. 

Table 1 
Photovoltaic parameters of the CdSe-based QDSCs w/o or with 50 cycles of GaN 
layers that deposited at different temperatures.  

Samples Jsc (mA/cm2) Voc (V) FF PCE (%) 

Reference 9.76 ± 0.15 0.590 ± 0.006 0.665 ± 0.005 3.83 ± 0.01 
200◦C-GaN 11.76 ± 0.12 0.574 ± 0.006 0.539 ± 0.009 3.63 ± 0.06 
240◦C-GaN 12.40 ± 0.35 0.591 ± 0.003 0.559 ± 0.010 4.10 ± 0.05 
280◦C-GaN 12.32 ± 0.16 0.594 ± 0.002 0.557 ± 0.004 4.10 ± 0.09  

Table 2 
Photovoltaic parameters of the CdSe-based QDSCs with different thicknesses of 
GaN layers that deposited at 240 ◦C by PEALD.  

Samples Jsc (mA/cm2) Voc (V) FF PCE (%) 

Reference 9.43 ± 0.16 0.598 ± 0.001 0.671 ± 0.001 3.79 ± 0.05 
30 cycle-GaN 11.25 ± 0.29 0.582 ± 0.007 0.574 ± 0.018 3.76 ± 0.03 
60 cycle-GaN 12.57 ± 0.12 0.605 ± 0.009 0.554 ± 0.004 4.21 ± 0.06 
90 cycle-GaN 12.37 ± 0.30 0.598 ± 0.004 0.561 ± 0.007 4.15 ± 0.04 
120 cycle-GaN 12.70 ± 0.17 0.604 ± 0.009 0.573 ± 0.007 4.38 ± 0.06 
150 cycle-GaN 11.90 ± 0.38 0.594 ± 0.010 0.559 ± 0.007 3.95 ± 0.07 
180 cycle-GaN 10.67 ± 0.43 0.581 ± 0.013 0.551 ± 0.028 3.41 ± 0.09  
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these devices. The Rs value reduced from 13.28 Ω of the reference device 
to 8.30 Ω of the 120 cycle-GaN device, revealing the GaN layer facili-
tated better connection between TiO2 photoanode and QDs. However, 
even with a reduced Rs after GaN deposition, the devices still obtained 
lower FF than that of the reference device. We think this case was mainly 
caused by the deteriorated photoelectric properties of CdSe QDs at 
240 ◦C which may cause more carrier recombination or other adverse 
effects. So even if the GaN layer promoted a better interfacial connec-
tion, its improvement in FF was still not sufficient to offset the negative 
effects from the QDs deterioration. Therefore, further improving the 
GaN deposition technology that enables obtain GaN layer without 
damaging the properties of QDs is expected to alleviate the unsatisfac-
tory FF. 

As shown in Fig. 6, schematic diagrams were drawn to describe the 
working mechanism of GaN improving device performance. According 
to the absorption spectra and UPS results (Fig. S2), the energy level 
diagram of the as-prepared TiO2, GaN and QD were summarized in 
Fig. 6a, and a stepped energy band arrangement can be seen among 
them. Besides, as presented in Fig. 6b, CdSe QDs were anchored to TiO2 
photoanode surface through ligands (thioglycolic acid, TGA), the indi-
rect contact between QDs and TiO2 is unfavorable for interfacial charge 
transfer. Benefit from the advantage of PEALD’s self-limiting reaction, it 
is reasonably inferred that the GaN layer can be coated on the surface of 
both TiO2 nanoparticles and QDs. Thus, a core-shell structure of QD/ 
GaN was formed with a type-II energy level alignment between CdSe 
QDs and GaN. The effective bandgap (Eg) of the interacting CdSe/GaN 
system is determined by the valence band of the CdSe and the 

conduction band of the GaN, which was calculated to be 1.83 eV [35, 
36]. This result is well matched with the UV–vis absorption and IPCE 
spectra (Fig. 5d and f). In this case, the photogenerated electrons within 
QDs can be smoothly transfer to GaN layer and then to TiO2 films. In 
addition, a faster electron extraction from QDs to GaN than that to TiO2 
has been deduced in our previous research [37]. Accordingly, the GaN 
layer promotes better interfacial electron transfer between TiO2 and 
QDs, which consists with the TRPL and EIS results. Also, the reduction of 
Rs can be explained as the GaN-modified interface contact or connection 
in TiO2/GaN/QDs [38,39]. Furthermore, as described in Fig. 6b, the 
dense GaN layer around TiO2 can also effectively block the reverse 
transfer of electrons from TiO2 to QDs or electrolyte, thus suppress 
charge recombination. However, the GaN layer does not improve the Voc 
of devices, which may be attributed to the new defects introduced by the 
still unsatisfactory quality of the amorphous GaN layer. For this reason, 
it is extremely necessary to improve the crystal quality of GaN layer, 
facilitating higher electron mobility and improved electron transport 
property of devices. Also, further lowering the PEALD-GaN deposition 
temperature and shortening deposition time to reduce the damage to 
QDs would improve FF and device efficiency. 

4. Conclusions 

An ultrathin GaN layer has been coated on the surface of both mes-
oporous TiO2 photoanode and QDs by PEALD to modulate the charge 
transport dynamics of QDSCs. It was indicated that there existed a 
stepped energy level alignment among the TiO2, GaN and QDs, which 

Fig. 5. (a) TRPL of the TiO2/QDs films with different thickness of GaN layer; (b) Nyquist plots of the devices with or without GaN layer measured in dark condition at 
applied bias of − 0.6 V. Inset: Fitting model. 

Fig. 6. (a) Energy level diagrams of TiO2, GaN and CdSe QDs. (b) Schematic diagram of the work mechanism of GaN-modified device performance.  
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accelerated the extraction and collection of photogenerated electrons. 
Meanwhile, a type-II core-shell QD/GaN structure was formed 
benefiting from the self-limiting reactions of PEALD procedure, resulting 
in enhanced light absorption and a redshift of absorption edge. Ulti-
mately, the QDSCs with a 0.68 nm-thick GaN layer that deposited at 
240 ◦C achieved a 29% increase of Jsc and enhanced device efficiency. 
However, although the dense GaN layer could effectively inhibit the 
reverse transfer of photogenerated electrons from TiO2 to QDs or elec-
trolyte as well as improve the connection between TiO2 and QDs, both 
the Voc and FF of devices were not improved. It was speculated that the 
still unsatisfactory GaN quality has brought new defects, at the same 
time, QDs may be damaged under the PEALD-GaN deposition condition. 
For these reasons, further decreasing the GaN deposition temperature 
and improving its crystal quality to obtain higher electron mobility are 
expected for achieving more efficient QDSCs. Besides, this work also 
shows the potential of GaN replacing TiO2 as the electron transport layer 
of various types of photovoltaic devices to achieve better performance. 
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