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ARTICLE INFO ABSTRACT

Keywords: In this paper we have presented a power conversion efficiency (PCE) enhanced Pb-chalcogenide/CdS quantum
PbSe dots (QDs) solar cells with novel tandem absorption layers synthesized by using chemical bath deposition (CBD)
Solar cells method. The tandem absorption layer is assembled by orderly stacking PbS-QDs layer, PbS-QDiM layer and
Quantum dots embedded in the bulk matrix PbSe-QDiM layer. Compared to single layer PbS-QDs/CdS solar cells, the solar cell with double-tandem layers
,(r?lg;l:[ll (PbS-QDiM/QDs) shows the highest short current density (Js.) of 47.5 mA/cm? due to smoothing of the photo-
Chemical bath deposition (CBD) generated carrier transportation and enhancing the absorption in the visible region 530-800 nm. However, the
decreased open circuit voltage (V,.) of 0.14 eV results in a low power conversion efficiency (PCE) of 2.2%. The
triple-tandem absorber (PbSe-QDiM/PbS-QDiM/QDs) enhances the spectra absorption both in the visible
(500-800 nm) and near-infrared (1000-1700 nm) regions, resulting in a higher short current density (Js.) of
40 mA/cm?, while keeping a relatively large open circuit voltage (V,.) of 0.28 eV. Through an architectural

modification, an enhancement of power conversion efficiency (PCE) of 4.2% has been achieved.

1. Introduction

In recent years intensive studies have been carried out in lead
chalcogenide (PbX) materials in attempt to explore their potential ap-
plications in optoelectronics [1-3] and photovoltaics [4-10]. As pro-
mising constituent materials for solar cells in Fig. 1(a) [4-10], PbS
colloid quantum dots (CQDs), which are synthesized by high tem-
perature injection method, have been gaining much attention due to
their unique optoelectronic properties. The high absorption cross sec-
tion and CQD sized related tunable band gap, which is caused by the
quantum confinement effect, enable efficient capture of solar illumi-
nation. Multiple exitron generation effect could overcome the efficiency
limit of single energy gap to improve the light-to-current conversion
efficiencies. By using the PbS CQD, the power conversion efficiency
(PCE) of 9.2% has been demonstrated recently [10].

With an in-depth study on fundamental physical principles
[4,11,12] it is found that the key factor limiting PCE of CQDs solar cells
is mainly attributed to their inefficient extraction of photon-generated
carriers. Such inefficiency is the result of the introduction of organic
ligand, which led to a low short circuit current (J,.) generally less than

30 mA/cm?

It has been demonstrated that this limitation is gradually being
overcome by the material-engineering and the architecture-engineering
[4]. The goal of the material-engineering is to reduce the density of trap
centers, improve the transport properties of the carriers, and reduce the
extent of energy level pinning, which could be realized by selecting and
optimizing the synthesis strategies, passivating QDs through the ligand
exchange, and modifying QDs through the core-shell strategies or sur-
face self-healing. The goal of the architecture-engineering is to capture
a wider spectrum of the incident light and improve the transportation of
the photo-generated carriers. The evolution of the device architectures
has undergone from the Schottky structure to the heterojunction, and
then to multi-junction tandem integration.

In this paper, a novel structure of IV-VI materials with QD em-
bedded in the bulk material matrix (QDiM) was developed. Based on
the physical properties of the QDiM structure, two types of the stacked
tandem architectures, showing in Fig. 1(b) and (c), were proposed to
increase the performance of traditional PbS-QDs solar cells. Through
optimizing the thickness of every absorber layer, the best tandem QDs
solar cell devices we developed demonstrated a PCE of 4.2%, which is
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higher than the reported results by Hernandez-Borja (1.63%) [13],
Obaid (1.68%) [14] and Cho (3.10% and 4.03%) [15,16]. In addition,
we found that the QDiM layers can also improve the stability of the
solar cell devices.

2. Experimental details

All chemicals used in the experiment were analytic grade reagents
without further purification, and a scheme for preparing the tandem layer
was shown in Fig. 2.

2.1. Materials growth and device fabrication

CdS films were grown on the fluorine doped tin oxide (FTO) sub-
strates by using the chemical bath deposition (CBD) method. An aqu-
eous precursor was prepared by mixing 8 mM cadmium acetate (Cd
(CH3CO,),), 8 mM ammonium acetate (NH4CH3;CO,), 12 mM thiourea
(CH4N,S), and 2M ammonium hydroxide (NH3-H,O, 28%). The
cleaned substrates were immersed into the precursor with FTO facing
down. The solution was then heated up and stabilized for 1 h in the
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Fig. 1. Schematic illustration of CBD-PbS/CdS solar cells with
different assembled structures. (a) Traditional PbS-QDs/CdS solar
cell, (b) PbS-QDiM/QDs/CdS stacked tandem two-layer solar cell
and (c) PbSe-QDiM /PbS-QDiM/QDs/CdS stacked tandem triple-
layer solar cell.

80 °C water bath to obtain a thin film with the thickness of 300 nm.
Both of PbS-QDs films and PbS-QDiM films were deposited from the
precursor mixed with lead acetate (Pb(CyH305)5), sodium hydroxide
(NaOH), thiourea (CH4N-S) and triethanolamine (CgH;5NOs, abbre-
viated as TEA). This procedure was optimized for PbS growth on CdS
coated FTO substrates and glass substrates. The final composition of the
deposition solution for PbS QDs was: 120 mM NaOH, 10 mM Pb
(C3H305),, 45 mM CgH;5NO3 and 10 mM CH4N,S, mixed in this order.
Therefore, the CdS coated FTO substrates (or glass substrates) were
placed with the CdS facing down in the solution, mounted on a custom-
designed Teflon stage at an angle of 70° with respect to the surface. The
growth was carried out at a low temperature (typical 3-5 °C) for 72 h
for 300 nm thickness. The QDiM-PbS films were deposited at a high
temperature (typical 25°C) from a composited precursor of 0.3 M
NaOH, 25 mM Pb(C,H305),, 90 mM CgH;sNO and 50 mM CH4N,S. The
desired thickness was obtained by refreshing the precursor every hour,
which results in an increase of thickness of 200 nm/per circle.
PbSe-QDiM films were synthesized from an aqueous precursor
containing NaOH, Pb(C,H305),, selenosulfate (Na,SeSO3) and TEA
with a concentration ratio of 12:1:1:0.2. The resultant substrates were

Fig. 2. Schematic illustration of fabrication processing for tandem

80°C 3°C absorption layer by chemical bath deposition. (a) The deposition
L +FTO substrate —FTO substrate of n-type CdS films; (b) P-type PbS-QDs deposition over the CdS
o film; (c) PbS-QDiM deposition over the PbS-QDs/CdS and (d)
y 1 n-type CdS film —n-type CASfilm ODIM deposition over PbS-QDIM/QDs/CdS.
— PbS QDs
(U] (1
50°C
FTO substrate — FTO substrate
n-type CdS film L+ n-type CdS film
PbS QDs — PbS QDs
PbS QDiM | -+~ PbS QDiM
— PbSe QDIM
(1 (V)
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immersed upside-down into the precursor and maintained at 50 °C with
a growth rate of 300 nm/h.

For the solar cell devices, a small segment of the PbSe-QDiM/PbS-
QDiM/QDs/CdS film on one edge of the sample was wet-chemically
etched by using 10% hydrochloric HCl to expose the bottom contact
layer, FTO. Then Au electrode was deposited by the thermal evapora-
tion method, and a shadow-mask was used to form the electrode pat-
tern. The active area of the device was 0.1 cm? defined by the overlay of
Au.

2.2. Structure and morphology, optoelectronic and device characterizations

The morphologies of the synthesized thin films were examined by a
Zeiss Neon-40 EsB high resolution field-emission scanning electron
microscope (FESEM). Hall Effect measurements were conducted in Van
der Pauw four-point probe configuration, using fresh indium contacts,
in an automated EGK HEM-2000, with a magnetic induction of 0.37 T.
The visible-NIR PL spectrum was conducted by Princeton Instruments
acton sp2500 monochromater with 325 nm He-Cd continuous laser,
while the IR PL spectrum were characterized by a Fourier transform
infrared (FTIR) spectrometer in Step-Scan mode with a 1.064 um Q-
switched Nd:YAG pulse pumping laser (5ns, 10 Hz). The external
quantum efficiency (EQE) was analyzed using the FTIR with Si and Ge
detectors. The transmission spectra of the samples were measured by
the FTIR system with Si detector for 350-1000 nm and DLATGS de-
tector for 1-10 um. The Current density-voltage (J-V) behavior was
examined by using a current-voltage analyzer and a solar simulator
(Oriel Sol2A Solar simulator) under AM 1.5G (100 mW/cm?). A copper
mask was attached to the solar cell with an aperture with an area of
0.1 cm? to define the active area of the devices.

3. Results and discussions

It is well known[17-22] that the structural morphology of chalco-
genide semiconductor films could be finely tailored by the CBD pro-
cessing parameters, such as complex agents, complex/Pb ratio, pH
value and growth temperature. Fig. 3 shows the different structural
morphologies of the PbS and PbSe films, resulting from the control of
the complex agent and the growth temperature.

The PbS thin film synthesized from the lowest growth temperature
of 3°C appears to be highly adhesive, light brown in color, surface-
smooth, uniform and reflecting. The top-view FESEM image in Fig. 3(a)
reveals the formation of a nanostructured thin film with homogeneous,
nearly spherical and fine-grained morphology without the presence of
cracks. The side-view FESEM image in Fig. 3(b) clearly reveals that the
film is made up of aggregates of individual small crystallites of 6-8 nm
in diameter without any voids, and the crystallite size is fairly constant
throughout the thickness.

With increasing the growth temperatures, the color of PbS films
gradually deepen to brownish black, then to grey, as shown in the
Supporting information Fig. S1. At the same time, the transparency
quickly declines to opacity as temperature was increased to 10 °C. The
top-view FESEM image in Fig. 3(c) shows that cube-like particles with
0.2 um are formed as the temperature ramped up to 10 °C. The particle
size is found to continuously increase to 0.5-0.8 um with increasing the
growth temperature from 10 to 30 °C, as shown in Fig. 3(e), making
them much rougher, resulting in much stronger light scattering. The
size distribution of the crystallites can be seen to be rather broad.

The large magnification cross-side view FESEM images in Fig. 3(f)
and (g) show that every micron-size cubic-like crystallite is made up of
very individual small crystallites of 10-12 nm surrounded by a non-
nanostructure matrix. Similar structures and structural changes are
observed from the PbSe growth, dependent on complex agent and
temperature, as shown in Fig. 3 from (h) to (K).

Such a structure of individual nano-crystallites embedded in a
micro-size cubic-shaped matrix (QDiM) was further confirmed by the

119

Solar Energy Materials and Solar Cells 172 (2017) 117-123

appearance of multiple PL emission peaks, shown in Fig. 4. Only one
strong peak at 2.3 eV was observed in the PbS-QDs absorber fabricated
at 3 °C. This blue shift of the band gap towards the visible range in-
dicates that the film consists of small QDs with uniform size distribu-
tion. However, three PL emission peaks were observed from the films
fabricated at 25 °C at the wavelength range from 400 to 3000 nm. Two
strong normalized peaks at 0.47 and 2.3 eV are attributed to the
emissions of micro-crystal and PbS-QDs particles, respectively. The
broad and weak peak centred at 1.1 eV could be originated from a small
amount of relatively large QDs with inhomogeneous sizes. Four strong
peaks at 0.72, 0.6, 0.38 and 0.32 eV were observed from the PbSe-
QDiM PL spectrum. The first three peaks were attributed to the emis-
sions of PbSe quantum dots in the matrix due to the blue shift relative to
the one at 0.32 eV which as emitted from the micro PbSe matrix.
Meanwhile, these three peaks covering the wavelength range from 1.7
to 3.2 pm, indicates that the size of PbSe-QDs is inhomogeneous.

Such a QDiM morphology evidently confirms the latest speculation
of Prof. Y. Golan in 2016 [18]. We believe that the QDiM growth
process is dominated by the ion-by-ion mechanism along with the
cluster-by-cluster mechanism, due to a prolonged transition time
caused by the introduction of the high concentration TEA.

It is well known that the role of the complex agents [18-22] is to
bind with the metal ions to prevent rapid precipitation through the
homogeneous reaction. TEA can effectively complex Pb*>* in the solu-
tion, and allow the slow release of the free Pb®* to react with the anion
generated slowly at lower temperature (< 5 °C). Therefore, a QDs film
forms by adsorption, migration and coagulation of colloidal nano-par-
ticles pre-formed in the solution by a homogeneous reaction in a low
growth rate. This process is commonly known as the cluster-by-cluster
mechanism.

The increase of growth temperature significantly accelerates the
release rates of lead-complex and anion (8% and Se?), resulting in a
switch from the initial cluster mechanism to the ion-by-ion mechanism.
These high concentration ions directly condense at the reacting surface
and form the film by a heterogeneous precipitation. Because of the
transition from the cluster-by-cluster to the ion-by-ion mechanism,
these initial round-shaped clusters on the substrate can develop into
(100) faceted cube-shaped micro-crystallites by a thermodynamically
driven regime.

However, due to the high TEA:Pb ratio concentration in our case,
the mechanism transition process could take longer time in the interval
range of 60-120 min [18]. In the course of the prolonged transition,
both process may coexist and interact, leading to films where small
colloids are embedded in the faceted micro-crystals. At the same time,
the cluster process can still survive in the dominated ion-by-ion me-
chanism due to a low anion (S or Se) concentration and a short de-
position time in this work [18].

Table 1 represents the carrier concentration and mobility dependent
on the growth temperature. These results were obtained by the Hall
measurement. All samples show the p-type conductivity. Increasing the
deposition temperature from 3 to 25 °C results in the decrease of the
PbS carrier concentration from 5.5 x 10'® to 2 x 10'7 cm ™3, and the
increase of the carrier mobility from 0.9 to 13 cm?/V s. A similar var-
iation trend was also observed from the PbSe films. Similar results were
reported by Cho [15]. The decreased concentration is mainly attributed
to the decreased S/Pb ratio in PbS films with the increased tempera-
tures [15]. At the same time, roughened interfaces and the discontinued
particles, as shown in Fig. 3, impede the carrier transport process. The
increased mobility is due to the improved crystal quality (less defeats)
and the decreased grain boundaries at a higher growth temperature.

The typical cross-side view FESEM images of the PbS-QDs/CdS and
the PbS-QDiM/CdS solar cells are presented in Fig. 5(a) and (b). Fig. 6
shows their typical current density-voltage characteristics. The best
photovoltaic performance of the devices with the optimized absorption
layer thickness is demonstrated in Table 2, including the short circuit
current density (Js.), the open circuit voltage (V,.), the fill factor (FF)
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Fig. 4. Typical PL spectra of PbS-QDs films and PbS-QDiM and PbSe-QDiM morphologies
which were fabricated from growth temperature of 3, 25 and 50 °C, respectively.

and the power conversion efficiency (PCE). The influence of the
thickness will be discussed later in this work. In the PbS-QDs/CdS de-
vice, a large open circuit voltage (V,.) of 0.32 V was achieved. How-
ever, the Jg is only 5 mA/cm?, leading a lower PCE of 0.6%. Therefore,
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Fig. 3. Typical morphologies of PbS and PbSe films
fabricated from various growth temperatures. Top-
and side- view FESEM images of PbS films obtained
from (a), (b) 3°C, (c), (d) 10 °C and (e), (f) and (g)
25 °C. Side-and top-view FESEM images of PbSe films
obtained from (h) 3 °C, (i), (j) 25 °C and (k) 80 °C.

Table 1
Electrical properties of PbS and PbSe films with QDs and QDiM morphologies which
fabricated from various growth temperatures.

PbS PbSe

QDs QDiM QDs QDiM
Carrier concentration (x 10'® cm ™) 5.5 0.2 3.2 0.4
Mobility (cm/V s) 0.9 13 1.4 11

the PbS-QDiM/CdS structure was then proposed to improve the J..

As shown in Table 2, this new device achieved a largely improved
J. of 47.5 mA/cm?. To our knowledge, this is the largest value ever
reported, and results in a PCE of 2.2%. Because of the higher carrier
mobility and the lower defect density in the micro-size matrix crystals,
the photo induced carrier generated from QDs absorption can transport
through the thin film much easier. On the other hand, the external
quantum efficiency EQE in Fig. 7 shows a broader spectral absorption
and a higher EQE. For the PbS-QDs/CdS solar cell, the generated pho-
tocurrent is mainly attributed to the absorption in the visible region
530-800 nm. However, for the modified PbS-QDiM/CdS solar cell, be-
sides of an enhanced absorption in the visible region (higher EQE), an
obvious near infrared absorption region from 1.0 to 1.3 um was also
clearly observed, which explains the strong enhancement of the J. by
10 times.

On the other hand, it is noticed from the Fig. 6 that the PbS-QDiM/
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Table 2
The optimized photovoltaic performances of PbS/CdS solar cells with different assembled
structures.

Jsc (mA/ Voo (V) FF (%) PCE (%) EQE-Jsc
cm?) (mA/cm?)
PbS-QDs/CdS 5.0 0.32 40 0.6 2.40
PbS-QDiM/CdS 47.5 0.14 33 2.2 15.1
PbS-QDiM/QDs/CdS  25.5 0.28 32 2.3 10.0
PbSe-QDiM/PbS- 40 0.28 38 4.2 17.2

QDiM/QDs/CdS

CdS solar cell, presents a significant power losses through the decreased
Voc from 0.32 to 0.14 eV as well as the increased current-voltage slope
compared with the original PbS-QD/CdS solar cell. Firstly, one of the
reasons could be due to the decreased shunt resistance, which provides
an alternate current path for the light-generated current. Such a di-
version reduces the amount of current flowing through the solar cell
junction and also reduces the voltage generated from the solar cell.
Such leakage is also facilitated by the dark current-voltage character-
ization chart shown in the Supporting information Fig. S2. Typically,
the reduced shunt resistance is due to the defects introduced through
the fabrication process rather than poor solar cell design, which means
the issue can be solved. However, in this work, the deficiency caused
the leakage in the process has not been targeted yet. Further in-
vestigation will be made specifically on it in our future work.

Solar Energy Materials and Solar Cells 172 (2017) 117-123

Fig. 5. Typical side-view FESEM images of CBD-PbS/CdS solar
cells with different assembled structures. (a) PbS-QDs/CdS solar
cell, (b) PbS-QDiM/CdS solar cell and (c) PbSe-QDiM/PbS-QDiM/
QDs/CdS stacked tandem solar cell.
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Fig. 7. EQE spectra of CBD-PbS/CdS solar cells with various assembled structures.

Furthermore, we believe that the decreased V,. might be also caused by
the increased particle size from ~ 8 nm of QDs to the micro-scale of
QDiM. The V. is intrinsically determined by the Fermi-energy differ-
ence and the band offset of the heterojunction materials. With in-
creasing the particle size, the PbS band gap decreases due to the wea-
kened quantum confinement efficiency. Consequently, band offset
decreases, resulting in a significantly dropped V,.. Therefore, a new
structure with an inserted PbS-QDs layer in the PbS-QDiM/CdS was
designed to solve this issue. This PbS-QDs layer has a larger band gap,
which will rise the band offset with the CdS hole-block layer, and then
increase the V.

The structure of the sacked tandem PbS-QDiM/QDs/CdS solar cell is
shown in Fig. 1(b). Compared to a single QDiM layer, the QDiM/QDs
two stacked layers shows a large improvement of the V. from 0.14 to
0.28 V. However, an obvious decrease of the Jg. from 47.6 to 25 mA/
cm? was observed. We suggested that the decreased J. is a result of two
reasons: Firstly, the introduction of low-temperature QDs bottom layer
hinders the photo-generated carrier transport due to their high trap
state densities and additional grain boundaries; Secondly, the PbS-QDs
layer introduces a potential barrier at the interface between the PbS-
QDs and the matrix, which possibly blocks the transport of the photo-
generated electrons, as indicated as in Fig. 8. This issue could be
weakened by tailoring the size of PbS-QDs, as to allow the light gen-
erated carrier across the barrier by thermionic emission effect.

On the other hand, it is found that the PCE of the sacked tandem
PbS-QDiM/QDs/CdS solar cell is only 2.3%. We think broadening the
spectral absorption of the device can be an effective approach to further
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improve the PCE. Therefore, A PbSe-QDiM absorption layer is in-
troduced into the previous device to form a novel triple tandem solar
cell architecture, as shown in Figs. 1(c) and 5(c). Because of a smaller
band gap of 0.28 eV, and a larger Bohr radium of 46 nm [28], the
quantum effect can be achieved even in the relatively large particles for
PbSe material, resulting in the absorption of a much longer wavelength
light. In addition, to tailor the size of the PbSe QDs is easier due to a
wider growth temperature from O to 80 °C.

On the other hand, based on the reported electron affinities of the
bulk CdS, PbS and PbSe as shown in Supporting information S3
[22-27], the energy diagram of the stacked tandem solar cell is shown
in Fig. 8. Because an appropriate type-II heterojunction could be formed
in the bulk p-PbSe/PbS and n-CdS at room temperature, the transpor-
tation of the photo-generated electrons and holes could be unhindered
from the conductive bands (CB) and the valance bands (VB) to elec-
trodes, respectively.

Compared to PbS-QDiM/QDs two staked layer, the PCE of the PbSe-
QDiM triple-tandem stacked layer shows a significant improvement
from 2.3% to 4.2%, as shown in Table 2. The enhancement was pri-
marily due to the large increment in the J,. from 25 to 40 mA/cm>
while maintaining a large V,. of 0.28 eV. It is clearly shown in Fig. 7
that, PbSe-QDiM triple-tandem stacked layer not only extends spectra
response to 1.7 pm infrared region, but also exhibits a higher EQE
covering a broader absorption range compared with the PbS-QDiM/
QDs/CdS solar cell. Furthermore, the transmission spectrum in Fig. 9
shows that the absorption edge apparently red shift from visible to
infrared area with the PbSe-QDiM layer. Therefore, the QDiM PbSe
layer not only enhances the absorption of visible light, but more im-
portantly, absorbs a larger portion of near infrared light from 1.1 to

100
80 Pb?-QDs

60 ~

40

Transmittance (%)

20+

Wavelength (um)

Fig. 9. Transmittance spectra of CBD-PbS/CdS solar cells with various assembled struc-
tures.
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Fig. 8. The energy level diagram of PbSe-QDiM/PbS-QDiM/QDs/
CdS stacked tandem solar cell structure.

1.7 pm. Consequently, the Jg is largely improved.
In addition, we calculated the short-circuit current by using the EQE
of the cell based on the following equation:

Yo =q [ $()EQEM)dA

where ¢ is the charge of the electron, and ¢ is the photon flux. The
calculated Jy listed in the Table 2. Obviously, the EQE-J,. is different
with the measured directly with the I-V solar simulator.

However, the difference is not unusual. Even, for silicon solar cells,
which are well understood and reproducible, there is a difference. In
our case, the calculated J. is lower than J,. from the I-V measurement.
The two possible Explanations are shown as following [29]: (1) the light
intensity from the EQE system and the solar simulator is different,
which results in a various barrier for photocurrent. The barrier is large
under low light intensity or monochromatic illumination (EQE), but
becomes lowered at AM1.5 illumination; (2) the shunting paths can also
play their role in this discrepancy of J. values. In our EQE measure-
ment, the cell is irradiated only on a limited area of 0.01 cm?, which is
far less than the active solar cell area. Generated charge carrier can
diffuse to the dark region that works as low resistance path and act as
shunt for the generated current. Reducing the cell area to the area of
illumination may increase the EQE.

It was found that the thickness of each absorb layer has significant
influence on the performance of the stacked solar cells, as shown in
Table 3. Although be favourable to the carrier transportation, ultrathin
thin QDs film less than 100 nm is failed to increase the Voc possibly due
to pinholes. Thinner PbS and PbSe-QDiM layers less than 1000 nm re-
sult in an inadequate absorption, and then a lower Jg. Although thicker
thickness, more absorption, the photo-generated carriers have higher
recombination probability during travelling through thicker layers due
to short diffusion lengths of the carriers, contributing a lower J;. and FF,
then consequent a lower PCE. The optimum thickness for the PbS-QDs,

Table 3
The effect of thickness of absorption layer on the photovoltaic performance of the stacked
tandem solar cells.

Thickness Jsc Voc (V) FF (%) PCE (%)
(nm) (mA/
cm?)
PbS-QDiM(1000 nm)/ 100 31.1 0.14 35 1.5
Cds 200 25.5 0.28 32 2.3
300 17.4 0.28 33 1.6
PbS-QDiM/QDs 600 16.1 0.28 37 1.7
(200 nm)CdS 800 20.5 0.28 34 1.9
1000 25.5 0.28 32 2.3
1200 20.2 0.28 28 1.6
PbSe-QDiM/PbS-QDiM 600 31.2 0.28 38 3.3
(1000 nm)/QDs 1000 40.0 0.28 38 4.2
(200 nm)/CdS
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Fig. 10. long-term stability assessment of CBD-PbS/CdS solar cells with different as-
sembled structures.

PbS and PbSe-QDiM are about 200, 1000 and 1000 nm, respectively.

Considering the stability factor for commercialization, we found
that the utilization of QDiM absorber layers can not only significantly
increase the PEC, but also improve the device stability. Only 10%
performance degradation was observed from PbSe/PbS triple-tandem
stacked solar cells over 10 days storage time in ambient at room tem-
perature, comparing with the 67% degradation on the CBD-PbS QDs
solar cells, as shown in Fig. 10. One of the possible reasons for improved
stability could be due to the higher electron affinities of the micro-
matrix, which are less reactive and hence, less susceptible to perfor-
mance degrading reactions [16,30,31].

4. Conclusions

In summary, we have proposed and demonstrated a low-cost, three
layer stacked solar cell involved the Pb-chalcogenide QDs and QDiM
using the CBD method. The morphologies of PbS and PbSe layers could
be precisely tailored just by controlling the CBD growth temperature
and complex agents. The device showed a PCE enhancement of 4.2%
due to the increased J,. of 40 mA/cm?. Such increase is the result of the
smooth carrier transportation and the extend absorption covering both
visible and near-infrared regions, while reminding a relatively large V.
of 0.28 eV. We envision that PCE will be further increased by opti-
mizing the device structural parameters, such as the fill factor.
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