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Group II–VI quantum dots (QDs) possess tunable electrical and optical 
properties that make them very attractive for high-tech applications and power 
generation. The effects of proton irradiation on both the structural and physical 
properties of “giant” CdSe/CdS core–shell QDs (g-CS QDs) are investigated. 
These experiments shed light on photoelectron delocalization in g-CS QDs, 
where current linkages and strong variations in optical emission result from 
the spatial extension of the photoelectron wavefunctions over the conduc-
tion bands of CdSe and CdS. Monte Carlo simulations of ion–matter interac-
tions show that the damaging rates can be set from the energy of impinging 
protons to promote the formation of structural defects in the core or shell. 
The formation of nanocavities is demonstrated after irradiation doses higher 
than ≈1017 H+ cm−2, while a continuous decrease in luminescence intensity 
is observed for increasing proton fluencies. This feature is accompanied by a 
concomitant lifetime decrease marking the rise of nonradiative phenomena 
and the occurrence of greater photocarrier transfers between CdS and CdSe. 
Current-to-voltage characterizations evidence that proton implantation can 
be implemented to enhance the photocurrent generation in g-CS QDs. This 
increase is attributed to the delocalization of photoelectrons in the CdS shell, 
whose improvement is found to promote electron–hole pair separation.
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by these radiations in nanostructured 
semiconductors provide physical insights 
and relevant information regarding their 
structural integrity, tunability, long-term 
degradation, and stability for numerous 
applications in materials science and 
optoelectronics, including space tech-
nology and power conversion. Beyond the 
natural protection provided by the Earth’s 
atmosphere, various types of ionizing 
radiation (mainly composed of protons, 
alpha particles, gamma and X-rays) can be 
encountered.[2] This kind of environment 
is usually known to disrupt electronic 
systems and instrumentation, therefore 
it is important to evaluate the change in 
performance and test the stability of any 
system based on advanced materials. The 
effects of proton irradiations on solar cell 
performances,[3] field effect transistors,[4] 
and other optoelectronic devices[5] were 
studied extensively. It has been shown 
that the damage caused by incident parti-
cles induces irreversible changes in their 
physical properties, such as the shift of 

threshold voltage,[4] the modulation of electrical conductance,[4b] 
and the reduction of the photocarrier lifetime.[5b]

Colloidal quantum dots (QDs) are promising building blocks 
for several emerging technologies, due to their size/shape/
composition-dependent optoelectronic properties based on 
quantum confinement.[6] QDs-based optoelectronic devices, 
such as photovoltaics (PV),[7] radiation sensors,[8] lumines-
cent solar concentrators,[9,25] and light-emitting diodes,[10] 
can be potentially implemented in future technologies due 
to their extraordinary properties, high application potential, 
and low cost. For PV applications, the overlapping of excited 
electron wavefunctions inside and between the conduction 
and valence bands of nanostructured semiconductors makes 
possible the dissociation of excitons (e–h pairs) over a large 
spectral range.[11] The use of this wavefunction engineering can 
be applied to generate photocurrent[11c,12] and tune the optical 
properties of QDs.[11c,13]

Irradiation effects on both shape and morphology of nanopar-
ticles (NPs) have been investigated for several types of NPs.[14] 
Here, we report such effects for core–shell systems, observed 
specifically in “giant” CdSe/CdS core–shell QDs (g-CS QDs). 
These materials were chosen because of their high stability 
over time.[7d] Previous works conducted on other nanomaterials 

1. Introduction

Irradiation of solids with energetic particles, such as elec-
trons or ions, gives rise to the formation of atomic defects 
that can strongly modify the material properties.[1] Both the 
understanding and the quantification of the effects induced 
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showed that ion bombardment may affect the shape of the irra-
diated NPs.[14b] In addition to the morphological changes, some 
studies also demonstrated that ion irradiation can create defects 
or induce structural phase transitions.[15] Regarding the changes 
induced in materials properties, irradiation experiments on Si 
QDs embedded in SiO2

[16] indicate that increasing the ion dose 
decreases both the luminescence intensity and the lifetime of Si 
QDs at 800  nm. Similar Si/SiO2 systems exposed to H+, He+,
Si+, Ge+, and Au+ ion beams exhibit a strong decrease of the QDs 
luminescence intensity. Nevertheless, for single-layer InGaAs/
GaAs QDs,[7d,17] multilayer InAs QDs[18] and colloidal CdSe/ZnS 
QDs embedded in polymers[19] exposed to various proton beams, 
stronger luminescence was reported after irradiation. Although 
semiconducting QDs have been used as efficient absorber/
emitters for different types of optoelectronic devices,[7b–d,8a,b] 
the investigation of the ion irradiation stability is still largely 
unknown, especially for colloidal “giant” core/shell QDs.

Here, we performed proton irradiation on g-CS QDs system. 
We used the stopping and range of ions in matter (SRIM) 
Monte Carlo simulation code to evaluate the damage resulting 
from the ion–matter interaction for 1.5 and 10  keV energies 
and ion fluences up to 1017 H+ cm−2, which corresponds to radi-
ation exposure conditions for long-term operation on Earth and 
durations longer than several decades in outer space.[2b] The 
results indicate that ion implantation can be used to generate 
different damaging rates into core–shell structures and tune 
their physical properties by setting the acceleration energy.

Structural investigations at the atomic scale were conducted 
by high-resolution TEM (HRTEM), followed by photolumi-
nescence (PL), transient PL measurements, and current-to-
voltage (I–V) characterizations to study their evolution upon 
the irradiation doses. Nanocavities with a diameter of ≈1.0 nm 
are reported for g-CS QDs exposed to strong proton fluences. 
The density of nanocavities observed by TEM is found to be 
consistent with the rate of vacancies generated during irradia-
tion, according to SRIM simulations.[20] Both the PL intensity 
and lifetime of QDs decrease after irradiation. By comparing 
the measurements obtained for experiments conducted with 
ion beams of 1.5 and 10 keV, the reduction of these two para
meters appears to vary linearly with the concentration of sur-
face defects/traps created by impinging protons into the CdS 
shell. The I–V curves of QDs deposited on Si and irradiated 
with 1.5 and 10  keV H+ show that the semiconductor band-
gaps and the charge carrier exchanges inside and outside QDs 
differ from the I–V response of the substrate. These varia-
tions are attributed to the generation of additional nonradiative  
decay channels in the g-CS QDs system, as well as efficient photo
electron delocalization. Under illumination, we evidence the 
occurrence of enhanced photoelectron exchanges and electron/
hole separation in systems containing more defects inside their 
CdS shell, which both promote the photocurrent generation.

2. Results and Discussion

2.1. Proton Implantations into g-CS QDs

The SRIM Monte Carlo code was used to simulate the ion 
beam implantation conditions and the resulting processing of 

materials. The code is based on the binary collision approxima-
tion approach.[20] For the convenience of the SRIM simulations, 
we built a simple three-layer model with a 3  nm layer thick-
ness (Figure  1). The thickness of each layer is defined by the 
shell thickness and the core diameter of the g-CS QDs. The rate 
of damage generated by impinging protons depends on their 
energy, tilt angle, as well as the density and atomic composi-
tion of the target. Two different acceleration voltages of 1.5 and 
10 keV were set, to promote the formation of vacancies either 
in the shell or in the core, respectively. For such energies, it 
is found that more than 89% of the impinging protons cross 
the g-CS QDs entirely. SRIM 2013 full-cascade simulations 
performed with CdSe density of 5.82  g cm−3 and CdS density 
of 4.82 g cm−3 are presented in Figure 1. The maximum pen-
etration depth of the impinging protons calculated using these 
simulations in the target is ≈80 and ≈260 nm, for acceleration 
voltages of 1.5 and 10  kV, respectively. Figure  1a,b shows the 
depth-distribution of the vacancies created by 1.5 and 10  keV 
proton irradiations, respectively. Nuclear collisions are usually 
higher for low proton energies (Figure S1, Supporting Infor-
mation), so that an implantation conducted for acceleration 
voltage of 1.5 kV generates more vacancies. The latter is related 
to recoiled target atoms that were displaced from their original 
site. The plot ordinate units are given in vacancy per ion so 
that the total vacancy concentration can be directly obtained 
from the ion-beam current and the irradiation times that are 
measured during each experiment. The results presented in 
Figure  1a,b indicate that 1.5 and 10  keV proton irradiations 
create almost the same rate of vacancies inside the CdSe core, 
while 1.5 keV proton irradiation creates 30% higher vacancies 
in the CdS shell than that of 10  keV protons. Such features 
remain qualitatively valid for two stacked g-CS QDs exposed to 
1.5  and 10  kV proton beams, as shown by the SRIM damage 
profiles presented in Figure S2 (Supporting Information), 
where the solid lines in green refer to the relative fraction of 
vacancies generated in the CdS shell, and the solid lines in red 
refer to the ones generated in the CdSe core. This indicates that 
the ion implantation energies can be set to control the forma-
tion of structural defects in different regions of the samples, 
even for multilayered g-CS QDs.

2.2. Structural Effects of Proton Bombardment in Implanted QDs

Bright field (BF) (Figure  2a) and HRTEM (Figure  2b) images 
show g-CS QDs with narrow size distribution and clear crys-
talline lattice. The inset selected area electron diffraction 
(SAED) pattern in Figure  2a demonstrates that the g-CS QDs 
have wurtzite (WZ) crystal structure (JCPDS No. 00-041-1049). 
Before proton beam exposure, the individual QDs exhibit 
uniform TEM contrast except few QDs that contain stacking 
faults.[21] The crystal plane d-spacing in Figure  2b is meas-
ured to be ≈3.16 and ≈3.58 Å with an angle of ≈63.9°, which 
corresponds to the (1011)  and (1010)  plane of WZ crystal 
structure of CdS.[22] After proton irradiation of 1 × 1017 H+ cm−2, 
the TEM contrast of individual QDs (Figure 2c,e) is not as uni-
form as the one reported before irradiation (Figure 2a,b). Both 
BF and HRTEM images reveal the appearance of small white 
spots, pointed out by arrows in Figure  2c,e. This feature is 
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corroborated by the modulation of the HRTEM contrast intensi-
ties along with the directions drawn on each image, indicating 
significant changes after irradiation.

Nevertheless, Figure  2d,f shows that the crystalline lattice 
is still ordered, showing {1010} and {1011} lattice planes that 
were used to determine both d-spacings and interplanar angles. 
After proton irradiation, no volume expansion is observed, 
since the crystal plane d-spacings are still consistent with the 
ones of bulk WZ CdS (JCPDS No. 00-041-1049). This confirms 
that the impinging protons go through the whole QDs and 
that less than 10% are stopped inside the irradiated g-CS QDs 
during experiments.[20] The inset SAED patterns in Figure 2c,e 
also indicate the crystal structure of QDs survived to 1 × 1017 
H+ cm−2 irradiations. For defect-free QDs, the nonuniform 
TEM contrast mainly arises from mass-thickness contrast.[23] 
Therefore, the white spots formed in the QDs can be associated 
with nanoscale cavities.

To clarify the formation of nanocavities, proton irradia-
tions were conducted for ion doses varying between 1 × 1014 
and 1 × 1017 H+ cm−2, followed by TEM observations. The low-
magnification (120 000×) TEM images are shown in Figure S3 
(Supporting Information) and those recorded at higher magni-
fication (400  000×) are presented in Figure  3, for proton irra-
diations at fluences between 1 × 1016 and 1 × 1017 H+ cm−2. 
Although all irradiated QDs are damaged, the TEM image con-
trast is observed to depend on the experimental parameters 
(electron beam aperture, intensity, and magnification), sample 
thickness, and the crystal orientation of each g-CS QD, indi-
cating that the sharpness of the nanocavities is nonuniform. 
The images presented in Figure 3a–c show that the nanocavi-
ties start to form for 10  keV proton energies with implanted 
ion doses higher than 5 × 1016 H+ cm−2. In addition, the 
size of the formed nanocavities is found to increase with the 

proton fluence. For ion doses lower than 5 × 1016 H+ cm−2, no 
significant change was observed.

The formation of nanocavities can be explained as follows: 
During proton irradiation, the impinging protons have succes-
sive collisions with the target atoms of QDs. After collision, if 
the energy transfer to the target atom is larger than the binding 
energy of a lattice atom to its site, a vacancy can form. In a par-
ticular area of QDs, only if the number of atoms knocked out 
by impinging protons is large enough, a cavity will be found. 
Objects smaller than 1 nm are not accounted for in our study 
because there are close to the detection limit of the TEM 
(around 0.6 nm). We can nevertheless assume that nanocavities 
with diameters smaller than 1 nm can form during irradiation. 
According to SRIM calculations, which show the distribution 
of damage inside bombarded QDs in Figure  1c, the density 
of vacancies created by 10  keV proton irradiation at 1 × 1017 
H+ cm−2 is about 2 nm−2. For an average QD area of 65 nm2, 
this corresponds to about 130 vacancies per QD. Considering 
that one nanocavity consists of 10–20 vacancies, the average 
number of nanocavities inside each QD should be between 6 
and 13. This rough estimation is consistent with the number 
of nanocavities observed by TEM (Figure 3c), where the surface 
concentration of nanocavities is found to be around 10 per QD. 
The estimation method can also be used in the case of lower 
proton fluence irradiation (Figure 1b).

2.3. Optical Effects of Impinging Protons on QDs

All samples were measured at room temperature with the same 
active area (≈2 mm2), to compare the optical properties of QDs 
before and after irradiation. Figure  4a,b shows the absorption 
and PL spectra of g-CS QDs before and after irradiation with 

Figure 1.  a,b) Vacancy distribution calculated from SRIM simulations, inside g-CS QDs exposed to 1.5 and 10 keV proton beams.
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1.5 and 10  keV proton energies at ion doses varying between 
5 × 1013 and 5 × 1015 H+ cm−2. Before irradiation, all samples 
show a strong PL emission with a PL peak around 627 nm. In 
Figure 4a,b, while the PL intensity of QDs after proton irradia-
tion is found to decrease with the irradiation dose, neither shift 
nor spectral changes are measured. A similar variation in PL 
emission was recorded in preliminary studies conducted on 
core CdSe QDs exposed to 20  keV protons, as presented in 
Figure S4 (Supporting Information). The behavior reported in 
this work for g-CS QDs exposed to 1.5 and 10 kV proton beams 
differs from the results obtained by Zanazzi et al. for CdSe/ZnS 
QDs embedded in polyvinyl alcohol (PVOH),[19] who observed 
a decrease followed by an increase of the QD PL emission after 
2 MeV proton irradiations, due to the activation of charge car-
rier transfers between the QDs and the irradiated matrix of 
PVOH. As the materials we have investigated by photolumi-
nescence measurements are freestanding g-CS QDs dispersed 
on a silicon wafer, no contribution from their surrounding is 
expected before and after irradiation, so that their PL emission 
decreases continuously with the proton irradiation dose.

Our observation also highlights that both the size and 
bandgap of g-CS QDs remain unchanged after irradiation.[22] 

This feature is qualitatively consistent with the slight 
decrease reported in optical absorbance after exposure to the 
proton beam. In Figure  4c,d, the normalized spectral inten-
sity of each measured PL peak is reported as a function of the 
proton fluence and the corresponding concentration of irradi-
ated-induced vacancies that were determined within the CdS 
shell using the SRIM calculations presented in Figure 1. The 
intensity of the PL signal was obtained after subtracting the 
optical background contribution and numerical integration of 
the PL peak between 550 and 750 nm. As shown in Figure 4c, 
1.5  keV proton irradiation exhibits a slightly faster reduc-
tion of PL intensity than for the case of 10 keV. In Figure 4d, 
the linear decrease of this signal upon the concentration of 
vacancies generated by impinging protons inside the CdS 
shell indicates that the faster decrease reported for low-energy 
irradiations results from the higher damaging rate and the 
greater nuclear collision cross section between 1.5  keV pro-
tons and target atoms. Such a remark is consistent with the 
vacancy distribution calculated from SRIM simulations in 
Figure  1a, as well as the nuclear stopping power presented 
as a function of the proton energy in Figure S1 (Supporting 
Information).

Figure 2.  BF images, HRTEM images, and intensity profiles of g-CS QDs: a,b) before irradiation; c,d) after 1.5 keV proton irradiation at 1 × 1017 H+ cm−2; 
e,f) after 10 keV proton irradiation at 1 × 1017 H+ cm−2.
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The fluorescence decays of QDs under optical excitation 
at λex  = 444  nm are shown in Figure  5a,b. After proton irra-
diation, all PL lifetimes are found to decrease with the dose 
of implanted protons. The representative fluorescence decay 

curves of the PL peak centered at 627  nm of g-CS QDs were 
fitted using triple exponential decay functions. The intensity-
weighted average lifetime 〈τ〉 is estimated using the following 
equation[22,24]

Figure 3.  TEM images and sketches of g-CS QDs after 10 keV proton irradiation with fluence of a,d) 1 × 1016 H+ cm−2, b,e) 5 × 1016 H+ cm−2, and 
c,f) 1 × 1017 H+ cm−2, respectively.

Figure 4.  a,b) Evolution of the absorption and PL spectral emission in g-CS QDs exposed to1.5 and 10 keV proton irradiation, c) with the dose-depend-
ence of the PL signal integrated between 550 and 700 nm, and d) as plotted as a function of the variation in CdS shell vacancy surface concentration 
calculated by SRIM.
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where ai are the coefficients of the fitting of PL triple exponen-
tial decay (i = 1, 2, 3). Before irradiation, the measured lifetime 
of as-prepared g-CS QDs is 66.6  ns. After 5 × 1015 H+ cm−2 
irradiation, the measured lifetimes decrease to 54.1 and 57.0 ns 
for 1.5 and 10 kV acceleration voltages, respectively.

As observed in Figure 4d for the variation of the PL intensity 
upon irradiation, a faster decrease of the average lifetime of 
photocarriers is observed after exposure to proton beams of 
lower energy in Figure  5d. Such a behavior is also qualita-
tively consistent with the higher formation rate of vacancies 
inside the g-CS QDs target for 1.5  keV impinging protons 
(Figure 1b,c). This confirms the role played by CdS shell on the 
g-CS QD luminescent properties, related to electron delocaliza-
tion effects.[7d,17]

The variations of radiative decay rate (Ket) and nonradiative 
decay rate (Knet) after proton irradiations can be extracted from 
the fluorescence quantum yield (QY), which is related to the 
variations of lifetime measured by time-resolved PL spectros-
copy,[25] as follows

QY et

et net

=
+
K

K K
(2)

where the measured lifetime is defined as

1

et netK K
τ =

+
(3)

Before proton irradiation, the average QY of as-synthesized 
g-CS QDs is found to be ≈45%, as reported in the literature.[22]

Based on the relative QY calculated through the variation 
of PL intensity (Figure 4) and absorption (see Figure S5, Sup-
porting Information), the values of Ket and Knet can be calculated 
from Equations (2) and (3). As shown in Figure 6, the values of 
Ket decrease with the fluence, while values of Knet increase. The 
higher nonradiative decay rate Knet arises from the formation of 
surface defects/traps induced by the irradiation process.[16,25,26] 
These surface defects/traps will open up new nonradiative 
decay channels and highly affect the lifetime of photocarriers 
inside the core–shell heterostructure system. The occurrence of 
such effects is consistent with TEM imaging (Figure 2) and is 
also supported by SRIM simulations (Figure 1). This suggests 
that the nanocavities formed during irradiations can act as new 
nonradiative centers.

In Figure  6, the increase of Knet is also found to be 10% 
higher for 1.5 keV irradiations than for the ones at 10 keV. Such 
a variation is substantially lower than the increase by 30% of 
the vacancies generated in samples exposed to a proton beam of 

Figure 5.  Evolution of the PL decay. a,b) g-CS QDs under 1.5 and 10 keV proton irradiation; c) dose-dependence of PL lifetime and d) its variation upon 
the surface density of CdS shell vacancies calculated by SRIM.
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lower energy. This leads to two observations: First, the number 
of nonradiative centers differs from the number of vacancies 
located within the medium;[27] Second, the overdamaging of 
the CdS shell shown for 1.5 keV proton irradiations (Figure 1b) 
should reduce the contribution of delocalized photocarriers to 
the PL emission process due to the generation of more non-
radiative traps. This latter effect would be consistent with the 
results presented in ref. [22] indicating that a fraction of about 
40–50% of the optically excited photocarriers is delocalized over 
the whole core–shell systems and contribute to the increase in 
both global PL emission and average PL lifetime.

2.4. I–V Characterizations and Photocurrent Generation

The g-CS QDs were dispersed on p-type Si substrates bonded to 
a copper plate using silver paste. To measure the effect of proton 
implantations on both the electrical properties and the photocur-
rent generation, the studied samples were covered by a 20 nm 
MoO3 film, followed by a top Au electrode of 17 nm thickness. 
Both MoO3 and Au layers were deposited by evaporation after 
ion exposure. To verify that the H+ ions implanted into the QDs/
Si targets did not contaminate or affect the chemical structure of 
the MoO3 films,[28] their chemical composition has been inves-
tigated by XPS measurements in nonimplanted and implanted 
samples. As shown in Figure S6 (Supporting Information), no 
significant change is observed in the 3d5/2 and 3d3/2 valence 
bands of Mo. Both are found to be dominated by Mo6+ states.

The I–V curves of MoO3/QDs/Si and MoO3/Si systems 
under dark and 1 sun solar-simulated illumination (AM 1.5G, 
100 mW cm−2) are presented in Figure 7, for applied bias volt-
ages varying between −1.5 and +1.5 V. Figure 7a,b corresponds 
to samples containing QDs, before and after implantations per-
formed at 1.5 and 10.0 kV, respectively. For each implantation 
energy, the doses of implanted protons were set to generate 
the same amount of vacancies inside the whole g-CS structure 
(Figure  1). Figure  7c,d are related to data recorded for pure 
silicon wafers exposed to similar proton beams.

In the following discussion, the “forward” (and “reverse”) 
bias polarizations are defined as the positive (and the negative) 
terminals of the voltage generator connected with the upper 
electrode. Accordingly, the right part of each figure related to 
applied voltages between 0.0 and +1.5  V corresponds to for-
ward bias I–V measurements, and the left one (between −1.5 
and 0.0 V), to the reverse ones, respectively. For all experiments 
conducted in dark conditions, the forward current passing 
through the MoO3/QDs/Si or the MoO3/Si systems is meas-
ured to be greater than the reverse current. A decrease in the 
reported values is also observed with the increase of the proton 
beam exposure. These two features appear to occur faster and/
or to be more pronounced for implantations conducted at 
1.5 kV and those conducted at 10.0 kV. For I–V curves obtained 
under illumination, the measurements strongly differ in the 
presence and absence of g-CS QDs. Two remarkable and very 
distinct trends are reported. First, almost no reverse biased 
photocurrent is detected in MoO3/QDs/Si samples (left parts of 
Figure 7a,b), whereas a strong current is observed in the MoO3/
Si systems (left parts of Figure  7c,d). Second, while all meas-
ured photocurrents are found to decrease with the proton dose 
in implanted MoO3/Si (Figure  7c,d), these photocurrents are 
found to increase continuously with the H+ fluencies in MoO3/
QDs/Si (Figure  7a,b). This latter effect is highlighted by the 
four vertical arrows (in yellow) that have been directly reported 
in Figure 7.

The degradation of the biased current after proton-beam 
exposures and the decrease of its related photocurrent are con-
sistent with the increase of structural “modification” and optical 
delocalization, both presented in Sections 2.3 and 2.4. In such 
a scenario, the observed losses may result from the increase 
of current leaks in the conduction and valence bands of irradi-
ated QDs, as well as in the upper part of the Si substrate where 
implanted protons are located. Nevertheless, a more detailed 
clarification is needed to explain the difference in forward and 
reverse currents, as well as the significant improvement of the 
photocurrent generation reported for MoO3/QDs/Si systems on 
Figure 7a,b.

In Figure  8a, we propose a complete description of the 
bandgap alignment occurring in MoO3/QDs/Si systems, based 
on previous investigations conducted on g-CS QDs,[7d] as well 
as UV photoelectron spectroscopy (UPS) measurements car-
ried out in silicon substrates before and after exposure to dif-
ferent H+ beams (see Figure S7, Supporting Information). On 
the left of Figure 8a, the type-II heterojunction between MoO3 
and the CdS shell of the QDs is comparable to the bandgap 
interfaces of TiO2/CdS[7d] and bulk MoO3/CdS layers found in 
the literature,[29] for given bandgap energies of 3.1 and 2.7 eV, 
in MoO3 and CdS, respectively. The bandgap of the CdSe core 
is 1.8 eV, in agreement with the expected PL spectra presented 
in Figure 4a,b.[7d,30] An indirect bandgap of 1.1 eV is chosen to 
illustrate the type I junction between the bottom side of the CdS 
shell and the top surface of the implanted Si layer.[31] As the 
generation of bi-vacancies in implanted Si is known to increase 
the concentration of donor states inside the medium,[29a] the 
increase of the valence band edge and the slight decrease of 
the sample work functions reported in Figure S7 (Supporting 
Information) indicate that the band structure of the Si substrate 
exposed to proton bombardment is upshifted by 0.2–0.3  eV 

Figure 6.  Evolution of Ket and Knet of g-CS QDs under proton irradiation.
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with respect to that of nonimplanted Si. The junction between 
the implanted Si layer (labeled “SiH+” on the figure) and nonim-
planted Si region located deeper than several hundreds of nm is 
assimilated to a type II energy barrier, as illustrated in the right 
part of Figure 8a and zoomed in Figure 8b. According to SRIM 
calculations,[20] the thickness of the SiH+ layer is of about 80 and 
260  nm for 1.5 and 10.0  keV ion beams, respectively. For the 
whole system, the bandgap alignment is set with respect to the 
Fermi level shown by the horizontal dashed line in Figure 8a–c.

The presence of the CdS/SiH+/Si interface can explain the 
evolution of I–V curves in reverse and forward polarizations. 
The lower value of the conduction band minimum in the SiH+ 
sublayer and the higher value of its valence band maximum 

create energy barriers for electrons passing 
through the implanted Si layer toward the 
CdS shell or the Si substrate. These barriers 
generate two local electric fields of opposite 
directions (labeled E1 and E2 in Figure  8b) 
resulting from the equilibrium of the donor/
acceptor distributions across the SiH+/Si and 
SiH+/CdS junctions. The SiH+/CdS interface 
has an energy barrier of about 0.5–0.6  eV, 
which is twice the one of Si-H/Si (≈0.3  eV). 
In the first approximation, the total contri-
bution of charge carrier redistribution can 
be averaged inside the SiH+ “buffer” layer as 
a positive electric field, E, oriented normal 
to the Si substrate (Figure  8b). In the right 
part of Figure  8c, a schematic representa-
tion of the CdS/SiH+/Si heterojunctions is 
presented.

For reverse bias, the average energy bar-
rier potential between the CdS core and the 
Si substrate: Φ = q(E − V) increases, so that 
the charge carrier transfers between QDs and 
Si decreases and the current passing through 
the MoO3/QDs/Si system is reduced. These 
effects are evidenced in the left parts of 
Figure  7a,b, where reverse biased current 
densities are lower than 1. µA cm−2. Con-
versely, the forward polarization favors the 
current flow through the device by reducing 
the energy barrier Φ. This feature leads to 
higher forward bias conductivity, as seen in 
Figure  7a,b. The applied voltage for which 
Φ  =  0  eV (labeled V0(H+) on Figure  7a,b)
refers to acceleration tension thresholds var-
ying between +0.1 and +0.2  V, above which 
forward biased current densities higher than 
10 µA cm−2 are recorded. Although this 
quantity was not found to vary continuously 
with the irradiation dose, its value should 
depend on the concentration of structural 
defects induced by proton bombardment.

The strong discrepancy between forward 
and reverse polarizations is not observed in 
MoO3/Si systems without g-CS QDs. For 
this set of samples (Figure  7c,d), the meas-
urement of greater reverse biased currents 

reveals the formation of a type II junction between MoO3 and 
SiH+, as already stated for bulk MoO3/Si heterojunctions.[31] 
After implantation, the presence of structural defects inside 
the Si substrate is found to have a limited impact on the I–V 
characteristics, because the conduction band minimum and 
the valence band maximum of the SiH+ sublayer remain always 
greater or equal to the ones of MoO3 (Figure 8a).

Under 1 sun illumination, the photocurrent generation 
process occurring in MoO3/QDs/Si systems is described in 
Figure  8c. As calculated by Selopal et  al. in CdSe/CdS,[7d] the 
excitons created inside the CdSe/CdS QDs are made of elec-
trons whose spatial wavelength function is delocalized over 
the CdSe-CdS core–shell conduction band, and holes that are 

Figure 7.  I–V characteristics of MoO3/QDs/Si and MoO3/Si under dark and illumination,  
a,b) for QDs implanted at 1.5 and 10.0 kV, as well as c,d) Si substrates implanted at 1.5 and 10.0 kV.
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located within the valence band of the CdSe core. Such a con-
figuration was found to reduce the spatial electron–hole (e–h) 
overlap and improve the exciton dissociation. It can be imple-
mented to enhance the electron injection from the conduction 
band of the QDs into the conduction bands of their neigh-
boring semiconductors.[32]

In proton-irradiated g-CS systems, where the PL emis-
sion and optical properties of QDs indicate the occurrence 
of stronger delocalization effects (Section  2.3), we infer that 
the presence of an increasing number of nonradiative struc-
tural defects favors electron exchanges between the superim-
posed and overlapped wavefunctions of the CdSe/CdS con-
duction bands. This enhanced electron delocalization over the 
core–shell system promotes the electron–hole pair separation 
induced by charge carrier transfers inside and at the QD inter-
faces. Such a feature would explain the generation of stronger 
forward light currents reported in Figure  7a,b, as well as the 
continuous increase of the current density upon the dose of 
implanted protons. From the variation in the forward current 
measured with an applied voltage of +1  V under solar illumi-
nation in irradiated systems, we found a significant increase in 
photocurrent density relative to the current density measured 
in nonimplanted MoO3/QDs/Si. This enhancement is higher 
than 100% for QDs exposed to 1.5  keV protons that generate 

stronger structural and optical changes in the materials, and 
around 50% for 10  keV proton bombardments. Nevertheless, 
the QDs spread on the Si wafer before implantation and the 
deposition of MoO3 do not form a homogenous layer of uni-
form thickness. The measurements conducted in MoO3/QDs/
Si samples and presented in Figure  7a,b also account for the 
contribution of MoO3 that was directly deposited on the Si wafer 
or the SiH+ sublayer, due to the spacing existing between each 
QD. This makes thus impossible a precise quantification of 
both the photocurrent generation in QDs and its improvement 
caused by their proton irradiations. In any case, as the light cur-
rent increases in MoO3/QDs/Si despite the presence of direct  
contact between MoO3 and the SiH+/Si layers that should con-
tribute to its attenuation (as observed in samples containing no 
QD, Figure  7c,d), this highlights the occurrence of enhanced 
photocurrent generation in irradiated g-CS QDs. These results 
also indicate that proton-based treatments (and most likely other 
postgrowth processes that generate structural defects similar to 
those induced by proton bombardment) can be implemented to 
modify both the interface and the structure of core–shell QDs. 
Such processing could be done using plasma immersion ion 
implantation for ion doses between 1014 and 1018 ions cm−2 
and ion energies between 20 eV and 10 keV, which is a low-cost 
technique suitable for high-throughput production in the solar 

Figure 8.  a) Schematic band alignment along the Fermi level in MoO3/QD/Si systems containing g-CS QDs, b) donor/acceptor redistribution at CdS/
Si-H and Si-H/Si interfaces leading to local electric fields E1 and E2. c) Equivalent potential downshift, Φ, given upon E = E1 − E2 and the biased voltage, 
VBIAS, with the enhanced photovoltaic process due to the delocalization of conduction electrons in the g-CS system.
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cell industry.[33] Hence, our study not only provides a better 
understanding of the proton irradiation effects on nanoscale 
devices but also promotes new technological routes based on 
wavefunction engineering to develop photovoltaic components 
with better light-to-current conversion efficiency, in particular, 
and tune the physical properties of QDs, in general.

3. Conclusion and Perspectives

In summary, we studied the effects of irradiation-induced 
damaging on both the structural and the optical properties 
of g-CS CdSe/CdS QDs using proton beams with accelera-
tion voltages of 1.5 and 10.0  kV. SRIM Monte Carlo simula-
tion code was applied to calculate the vacancies generated by 
impinging protons through g-CS QDs, demonstrating that the 
damage created by 1.5  keV protons in the CdS shell is 30% 
higher. TEM investigations conducted at high spatial resolu-
tion revealed the formation of nanocavities after high ion 
doses implantations. The PL and PL decay measurements 
conducted in all irradiated samples demonstrated that both 
PL intensity and lifetime of g-CS QDs decrease linearly with 
the concentration of structural defects generated in the CdS 
shell. I–V measurements carried out in dark and light envi-
ronments show that the exposure to proton irradiations can 
significantly promote the photocurrent generation in g-CS  
QDs. This feature is associated with the delocalization of photo
electrons over the conduction bands of g-CS QDs, whose 
improvement with the formation of nonradiative structural 
defect is found to favor the electron–hole pair separation. In 
addition to providing physical insights in relation to charge 
carrier exchanges, bandgap alignment and exciton disso-
ciation in systems containing g-CS QDs, such wavefunction 
engineering can be beneficial for potential applications in 
solar energy conversion and optical tuning, as well as for the 
development of new nanomaterials.

4. Experimental Section
Synthesis of g-CS QDs: CdSe QDs were first synthesized via a hot

injection approach.[22,34] To grow the CdS shell layers on CdSe core 
(lattice mismatch: 3.9%) with retention of crystalline quality and 
minimal introduction of defects, the successive ionic layer adsorption 
and reaction (SILAR) approach[22,35] was implemented. This technique 
is based on the cation adsorption process and involves the presence 
of the van der Waals and electrostatic forces. The detailed procedure 
was described in Adhikari et  al.[22] The QDs were then dispersed in 
toluene, to be spin-coated (1500 r min−1, 60 s) as a thin g-CS QDs layer 
(≈20  nm) on fused silica substrates for irradiation experiments and 
optical measurements. According to the profilometry measurements 
(Bruker, Dektak XT) presented in the Supporting Information (Figure S8, 
Supporting Information), the g-CS QDs are not uniformly dispersed over 
the substrate. As the average diameter of g-CS QDs is lower than 10 nm 
and the spread g-CS QDs form an irregular layer of 20  nm average 
thickness, this means that some QDs are stacked on top of each other 
and form two monolayers of freestanding g-CS QDs.

Proton Radiation Experiments: The proton irradiation experiments 
were performed inside a low-energy ion accelerator, equipped with  
a magnet mass separator and a radio frequency plasma source. 
Ultrapure hydrogen gas was introduced into the source chamber, where 
positive ions were generated by stripping away electrons orbiting around 

the atomic nuclei. After extraction, these positive ions were accelerated 
and filtered using an electromagnet, to be then oriented toward the 
target sample. The total proton extraction/acceleration voltages were 
set at 1.5 and 10 kV for an implanted sample area of 0.81 cm2 using a 
collimator. In this experiment, g-CS QDs were irradiated with fluences 
varying between 5 × 1013 and 1 × 1017 H+ cm−2, which are measured 
from a controlled proton beam current.

Characterizations: Freestanding g-CS QDs were dispersed on holey 
carbon film coated copper grid for TEM observation. BF images, SAED 
patterns, and HRTEM images were recorded using a JEOL JEM2100F 
TEM operating at 200  kV for all experiments. The PL spectroscopy 
measurements were conducted at room temperature using a 405  nm 
laser-diode excitation source (5.9  mW), as well as a QE65000 Ocean 
optics detector, for measurements in the visible (vis) range. The PL 
lifetime was measured using a time-correlated single-photon counting 
(TCSPC) mode with a 444 nm laser. TCSPC was based on the detection 
of single photons of a periodical light signal, the measurement of the 
detection times of the individual photons, and the reconstruction of 
the waveform from the individual time measurements. The measured 
decay curves were fitted using a triple exponential decay. The optical 
absorbance measurements were carried out between 200 and 700  nm 
at a scan speed of 600  nm min−1, using a Cary 5000 UV–vis–NIR 
spectrophotometer (Varian).

I–V characterizations were conducted before and after proton 
irradiations, on pure Si substrates and g-CS QDs dispersed on Si p-type 
wafer, which were covered by a uniform MoO3 layer of 20 nm thickness. 
Gold electrodes of 17 nm thickness were deposited by metal evaporation 
on the top of each studied sample, whose backside is bonded to a 
copper plate that is directly connected to the voltage source. The 
current through the device and the voltage across its two terminals were 
measured between −1.5 and + 1.5 V in dark environment and under light 
exposure, using a tungsten tip connected with the upper Au electrode 
and a compact solar simulator class AAA (Sciencetech SLB-300A) under 
1 sun simulated sunlight (1 sun = AM 1.5G, 100 mW cm−2), calibrated 
with a silicon reference cell. In order to check the reproducibility of 
the measurements, each I–V curve was recorded on 4–5 different Au 
electrodes that were designed on the same sample.

XPS and UPS investigations were conducted on MoO3 films deposited 
on reference and implanted Si substrates using the monoenergetic Al 
Kα X-ray at 1486.6 eV and the He Iα emission at 21.22 eV, respectively.
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