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ZnSe as a surface passivation layer in quantum dot-sensitized solar cells plays an important role in preventing charge
recombination and thus improves the power conversion efficiency (PCE). However, as a wide bandgap semiconductor, ZnSe
cannot efficiently absorb and convert long-wavelength light. Doping transition metal ions into ZnSe semiconductors is an
effective way to adjust the band gap, such as manganese ions. In this paper, it is found by the method of density functional
theory calculation that the valence band of ZnSe moves upward with manganese ions doping, which leads to acceleration
of charge separation, wider light absorption range, and enhancing light harvesting. Finally, by using ZnSe doped with
manganese ions as the passivation layer, the TiO,/CdS/CdSe co-sensitized solar cell has a PCE of 6.12%, and the PCE of
the solar cell increases by 9% compared with the undoped one (5.62%).
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1. Introduction

Developing low-cost and high-performance solar energy
devices that reduce reliance on fossil energy has become an ur-
gent issue in the world.!"! Quantum dot-sensitized solar cells
(QDSSCs) attracted much attention of researchers because of
their simple fabrication process, low manufacturing cost, and
theory power conversion efficiency (PCE) more than 44%.>4
However, due to the tiny size and large relative surface area
of conventional quantum dot sensitizers, there are many de-

[56] These surface defects

fects in the photoanode interface.
lead to strong electron-hole recombination, which seriously
limits the power conversion efficiency of QDSSCs.!:81 It is an
effective method to improve the PCE of QDSSCs by prepar-
ing a passivation layer on the surface of quantum dots to re-

9-121 Meanwhile, Huang et al. pointed

duce surface defects.|
out that both the conduction band position and the valence
band position of ZnSe were higher than CdS/CdSe quantum
dots.!!3! Therefore, the type-II core—shell structure with quan-
tum dots not only can effectively prevent the reverse trans-
mission of photoelectrons to the electrolyte, but also facili-
tate the rapid transport of holes from the quantum dots to the
electrolyte after the exciton separation.!'*l Many studies have

shown that devices with ZnSe as a passivation layer have ex-

DOI: 10.1088/1674-1056/ab37f3

cellent performance.!'3-!7! However, ZnSe with wide bandgap
does not allow absorption in long wavelength regions.[!8]
Doping transition metal ions is an effective method to
adjust the energy band structure of semiconductor mate-
rials, such as manganese ions.!!>?°! Doping ions will di-
rectly affect the density distribution of the electronic states
in the semiconductor, thereby affecting the properties of the
nanomaterials.!'3! The influence of the doped manganese ions
on quantum dots has been widely reported.!?!! Kamat et al.
firstly doped manganese ions into CdS/CdSe quantum dots,
and finally improved the PCE of QDSSC to 5%.1??) Cao’s team
also improved the PCE of CdSe QDSSC to over 6% by means
of optimization of the doping process.[?*! In particular, Gopi
et al. studied the effect of manganese ions doping on ZnSe
surface, and obtained 5.67% conversion efficiency through
this method, which greatly improved the PCE of CdS/CdSe
QDSSCs. 2?1 So far, less work has been done to study the ef-
fect of Mn ions on CdS/CdSe QDSSCs from the aspect of elec-
tronic band structure, which is the key to photoelectric proper-
ties of devices and the process of electron hole separation. 3]
The research on the influence of manganese ions on the elec-
tronic band structure is conducive to deepening the under-
standing of charge generation, transmission, and recombina-
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tion mechanisms in QDSSCs system. %171

In this work, we investigate the effect of manganese ions-
doped ZnSe on CdS/CdSe co-sensitized solar cells. The dop-
ing of manganese ions affects the distribution of electron state
density in quantum dots and thus changes the energy band
structure of ZnSe nanomaterials. Compared with ZnSe pas-
sivated CdS/CdSe QDSSCs, manganese ions-doped ZnSe as
a passivation layer significantly improves the light absorption
and reduces interfacial recombination of the solar cells, thus
enhancing the short circuit current density Js.. The results
show that the PCE of the device was 6.12%, and the PCE was
increased by 9% compared with the undoped one (5.62%).

2. Experimental technology
2.1. Synthesis of the passivation layer

We prepared TiO,/CdS/CdSe film on FTO glass accord-
ing to the previous method.[”>) Then, the ZnSe and Mn-
doped ZnSe layers were prepared by SILAR method. Specif-
ically, 0.048-mol-L~! Zn (Ac)2-2H,0 and 0.012-mol-L~! Mn
(Ac),-4H, O were mixed into a homogeneous solution for later
use. Then, the TiO,/CdS/CdSe films without passivation were
soaked in the mixed solution and 0.06-mol-L~! NaHSe for
2 min respectively. After each deposition, the excess solution
on the surface of the TiO,/CdS/CdSe film should be washed
clean with deionized water. A total of three SILAR cycles are
required to form uniform Mn—ZnSe passivation layers. NaHSe
is formed by mixing NaBH, with selenium powder in deion-
ized water in an atmosphere of argon. ZnSe layer was pre-
pared by the same synthesis process using 0.06 mol-L~! Zn
(Ac),2-2H»O solution instead of the mixed solution contain-
ing zinc ions and manganese ions. The preparation method
of electrolyte and counter electrode is the same as our previ-
ous work, and the device is finally assembled into a sandwich

structure. 23

2.2. Characterization

The micro-morphologies of the photoanodes were re-
searched by field emission scanning electron microscopy (FE-
SEM, Hitachi S-4800). The chemical composition of the sam-
ple was analyzed by x-ray photoelectron spectroscopy (XPS,
Kratos AXIS UltraDLD, UK). The UV-visible (UV-Vis) light
absorption spectrum of the photoanode was measured by UV-
visible spectrophotometer (Hitachi U-3900H, Japan). The J—
V curves were measured (Keithley 2400 source meter) under
a solar illuminance (100 mW-cm~2, AM1.5G, Zolix, China).

3. Results and discussion
3.1. Characterization of photoanodes

Figure 1(a) shows an SEM image of the ZnSe-passivated
photoanode. In the SEM image, the ZnSe passivation layer
is clearly visible on the surface of the TiO, substrate, and
these TiO, particles have a size of about 25 nm. The Mn-
doped ZnSe passivation layer is shown in Fig. 1(b). The sur-
face of the TiO, substrate is covered with a larger area of
porous passivation film. These passivation films, having a pore
structure, can improve the penetration of the electrolyte and
have a light reflection effect. The possible reason is that Mn
ions act as a nucleation center to promote the growth of ZnSe
films.>*! Figure 1(c) shows the main components of the pho-
toanodes by EDX. The atomic percentage of EDX is listed
in Table Al in Appendix A, combined with the EDX spec-
tra of TiO,/CdS/CdSe/ZnSe samples as shown in Fig. A1, and
a small amount of Mn (1.29%) was introduced into the sam-
ple. Figure 1(d) shows the XPS spectrum of Mn-doped ZnSe
films grown on the TiO,/CdS/CdSe photoanodes. The binding
energy of 284.6 eV corresponds to the C 1s peak for calibra-
tion. The binding energies of 641 eV and 652 eV correspond
to 2p3 5 and 2p; , of Mn, respectively as indicated by the red
arrow in the figure. The Se 3d peak appears at a binding en-
ergy of 55 eV. Figure A2 shows the XPS spectra of Se with
and without manganese ions doping. As shown in Fig. A2,
the binding energy of the Se 3d peak for Mn—ZnSe shift at
high binding energy, which may be caused by the interaction

e.125] Therefore, the introduction of

between doped Mn and S
Mn ions can be determined in conjunction with Fig. 1(c).

Taking the TiO,/CdS/CdSe/ZnSe sample as a reference,
the UV-visible curve from 350 nm to 750 nm of the Mn—ZnSe
passivated photoanode is shown in Fig. 2. It shows that the
sample treated with Mn—ZnSe passivation has significant im-
provement in light absorption intensity and red-shift. The en-
hanced light absorption intensity may be due to the introduc-
tion of more porous membrane structure, which increases light
reflection and increases the utilization ratio of light.[?627 At
the same time, the red-shift of absorption edge is probably as-
cribed to the reduce of the forbidden band width by Mn ion
doping into the semiconductor nanomaterial, which leads to
the lower energy required for electrons to be excited to the
conduction band.?® This conclusion is discussed in detail in
the next data.

In order to study the effect of Mn ions on the ZnSe band
structure, the ZnSe and Mn-ZnSe band structures were cal-
culated and analyzed. The calculation is done by Vienna
Ab initio Simulation Package, namely VASP version 5.2 soft-
ware. The code is mainly based on density functional theory
(DFT). In the calculation, the generalized gradient approxima-
tion (GGA) of Perdew—Berk—Ernzerhof (PBE) is selected to
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describe the electron exchange—correlation energy by the pro-
jector augmented wave (PAW) method, and the cutoff energy
of the plane wave is selected as 400 eV.!”!! ZnSe and Mn-
doped ZnSe were calculated in unit cell (8 atoms) and super-
cell (2 x 2 x 2, 64 atoms), respectively. Structural optimization
was achieved by relaxation of the positions of all atoms un-
til the convergence difference of force on each atom was less
than 0.01 eV-A~1.?°! It is worth mentioning that the doping

concentration of Mn ions is 1/64 selected according to the ex-
perimental data, and the doping site is the place to replace Zn
atom. According to the Monkhorst—Pack method, the structure
optimization was divided into 5 x5 x5and 11 x 11 x 11 in the
Brillouin zone, and the lattice constants of Mn ion-doped ZnSe
and undoped ZnSe were fixed at 11.45 A and 5.74 A. Gaussian
smearing and M—K-I"-M high symmetry points was used to
calculate the band structure of Mn ions doped with change.

(c) =—— TiO,/CdS/CdSe/Mn—ZnSe

Se La
Ti Ko

Intensity/arb. units
Cd L«

Energy/eV

Fig. 1.

Topside SEM of (a) TiO,/CdS/CdSe/ZnSe and (b) TiO,/CdS/CdSe/Mn—ZnSe photoanodes.
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(c) Energy dispersive x-ray spectrum of

TiO,/CdS/CdSe/Mn—ZnSe and (d) photoanodic x-ray photoelectron spectroscopy of TiO,/CdS/CdSe/ Mn—ZnSe samples.

As shown in Fig. 3, pure ZnSe and Mn-doped ZnSe
showed the property of band gap semiconductor materials.
The band gaps of ZnSe and Mn-doped ZnSe are 1.14 eV and
0.89 eV, respectively. It means that ZnSe band gap width de-
creases after Mn ion doping. Because the Coulomb interaction
is not considered accurately, the calculation results of forbid-
den band width based on DFT are often small, so the calcu-
lated value of forbidden band width of pure ZnSe (1.14 eV)
is less than its true value (2.70 eV).[?*] Therefore, we should
pay more attention to the change of ZnSe bandgap before and
after Mn ion doping, rather than the absolute calculated value
of E,.

The energy band arrangement diagram is shown in Fig. 4,
where E> corresponds to the infrared absorption edge of the
original undoped sample. As Mn is added, it causes the VBM
of ZnSe to move up so that E& is less than E». In other words,
the photoanode passivated by Mn-doped ZnSe will have a
longer infrared absorption edge than the sample passivated by

ZnSe. Combined with the calculation and analysis of UV-Vis
and energy band structure, it can be concluded that it is the im-
purity Mn that causes the ZnSe valence band position to move
up, thus causing the red-shift of the UV-Vis spectral line of the

sample. 30!
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Fig. 2. UV-Vis absorption spectrum of photoanodes with and without Mn
doping.
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Fig. 4. Schematic diagram of the energy band position of (a) ZnSe and (b)
Mn-doped ZnSe as a passivation layer.

3.2. Characterization of devices

The dark current curves of the two samples are shown in
Fig. 5(a). The testing process is carried out with a scanning
range of —0.1 V to 0.6 V and a point interval of 7 mV. It can
be seen that the samples doped with Mn ions have lower dark
current compared with the pure ZnSe passivation samples. 3]
The passivation layer of Mn—ZnSe can effectively inhibit the
charge recombination process near the surface of the photoan-
ode, so it can be said that ZnSe doped with Mn ions has a
better passivation effect. Incident photoelectron conversion ef-
ficiency (IPCE) can be used to estimate the light harvesting ef-
ficiency, charge injection efficiency, and charge collection ef-
ficiency of QDSSCs. Figure 5(b) shows the IPCE spectrum of

devices with and without Mn ions. The J. results for IPCE in-
tegration are also shown in Fig. 5(b). It is worth noting that the
device consisting of Mn ions-doped photoanode has a larger
value than a sample without Mn ions doping, and the same
is true for the integral Js. value. As shown in Fig. 5(b), the
integral Jy. values of the ZnSe and Mn-doped ZnSe samples
are 15.28 mA-cm~2 and 17.1 mA-cm~2, respectively, which
are like the Jg results of the I-V test in Table 1. Meanwhile,
the Mn-doped sample showed a significant red-shift, which is
consistent with the results of Fig. 2 and Fig. 3.

(a)

— Ti0,/CdS/CdSe/ZnSe
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Current density/mA-cm™2
|
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Fig. 5. (a) Dark current of ZnSe and Mn-doped ZnSe as a passivation
layer. (b) IPCE spectra and integrated Jg.

The IPCE value can be divided into three parts: light har-
vesting efficiency nug, charge injection efficiency 7y, and
charge collection efficiency 7)., as shown in the following for-
mula (1)B32

IPCE = NLHE X Mnj X Nees (D
where 1LuE is light harvesting efficiency, 1y, is charge injec-
tion efficiency, and 1. is charge collection efficiency. The
light harvesting efficiency My is related to the light absorp-
tion intensity and can be derived from the light absorption

spectrum by the formula (2)133]

NLHE = 1— lo—absorbancc. )

It is easy to obtain according to Fig. 2 that Mn-doped
photoanodes have larger light harvesting efficiency 7 yg.
Charge injection efficiency 7, determined by the stepped

1341 According to the theoretical calculation re-

band structure.
sults, the Mn doping does not change the position of the con-
duction band, and thus does not affect the charge injection ef-

ficiency My, As for the charge collection efficiency 7, it
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mainly depends on the charge recombination in the entire de-
vice. According to the dark current of devices as shown in
Fig. 5(a), the Mn-doped sample can effectively suppress the
charge recombination and promote the separation of photo-
generated carriers. This is because the Mn ions increase the
valence band top energy of ZnSe and promote the transport
of holes from the quantum dots to the electrolyte, so electron
hole recombination is reduced.*”! Based on the above analy-
sis, Mn doping improves the light harvesting efficiency nppg
and charge collection efficiency 1., thereby enhancing the
IPCE and ultimately the PCE of the solar cell is significantly
improved.

20

=
@)

—_
\V]

o

'S

" —e— TiOy/CdS/CdSe/Mn—ZnSe °
b —— Ti0,/CdS/CdSe/ZnSe
0 1

Current density/mA-cm—2

0 0.1 02 03 04 05 0.6
Voltage/V

Fig. 6. Current density—voltage (J-V') characteristics of the QDSSCs with
ZnSe and Mn-doped ZnSe as a passivation layer.

Table 1. Photoelectric parameters of QDSSCs.

Sample Voo/ V. Je/mA-cm™2 FF n/%
TiO,/CdS/CdSe/ZnSe 0.60 15.71 0.59 5.62
TiO,/CdS/CdSe/Mn-ZnSe  0.61 17.29 0.58 6.12

Figure 6 shows the J-V curve of ZnSe and Mn-doped
ZnSe samples. The detailed parameters of the J-V test are
listed in Table 1. It is found in Table 1 that the introduction
of Mn ions does not change the open circuit voltage (Vi)
and fill factor (FF) of devices.
QDSSCs is mainly determined by the energy band position
of the CdS/CdSe quantum dots and the redox potential of
the electrolyte.3>1 Obviously, Mn-doped ZnSe significantly

This is because the V. of

improved the short-circuit current Jg. of the device, and the
Jo value of the solar cell increased from 15.71 mA-cm 2
to 17.29 mA-cm~2 compared with the sample without man-
ganese doping. The main reason is that Mn doping broadens
the light absorption range of solar cells and reduces interfa-
cial recombination, resulting in the final PCE of 6.12% for

QDSSCs, an increase of 9%.

4. Conclusion

According to a series of experimental characterization
and theoretical analysis, it can be concluded that the use

of Mn-doped ZnSe as a passivation layer on the surface of
TiO,/CdS/CdSe co-sensitized solar cells can effectively im-
prove the PCE of solar cells. The introduction of more porous
membrane structure increases light reflection and improves the
utilization ratio of light, thus enhancing the light absorption in-
tensity. Meanwhile, the valence band of the Mn-doped ZnSe
passivation layer is shifted upward compared to the pure ZnSe
passivation layer, which results in red-shift of light absorp-
tion edge and promote hole transport of QDSSCs, suppress-
ing charge recombination. Finally, QDSSCs with Mn-doped
ZnSe as a passivation layer achieved a power conversion effi-
ciency PCE of 6.12%, an increase of 9% compared to a device
without manganese doping (5.62%). This work system ex-
plains the effect of Mn-doped ZnSe passivation layer for high-
performance CdS/CdSe QDSSCs.

Appendix A: Supporting information

The atomic percentages of EDX, combined with the EDX
spectra of TiO,/QDs/ZnSe samples are given in the following
table and figures.

Table A1. The atomic percentages of the main elements in photoanodes.

Sample o Ti S Cd Zn Se Mn

TiO,/CdS/CdSe/ZnSe  55.06 28.41 6.76 523 3.11 253 -
TiO,/CdS/CdSe/Mn-ZnSe 45.22 30.03 7.49 6.58 6.31 3.08 1.29

S
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Fig. Al. Energy dispersive x-ray spectrum of TiO,/CdS/CdSe/ZnSe.
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Fig. A2. The XPS spectra of Se with and without manganese doping.
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