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Mn-doping into CdS quantum dots (QDs) has been demonstrated a useful way to enhance the power
conversion efficiency (PCE) of quantum dot sensitized solar cells (QDSCs), the detailed systematic study is
needed to get a better fundamental understanding. This work focuses on the study of the effects of Mn
dopant on light harvesting, charge transfer, and charge collection of the solar cells. The results indicate
that the Mn-doping into CdS QDs increases the light absorbance and extends the light absorption range,
which results in the enhancement of the photo-generated current density. In addition, both the electron
cds transport rate and the electron diffusion length are also increased with the introduction of Mn dopant. So
Quantum dot sensitized solar cells the charge collection efficiency (7)..) of the solar cell increases from 89.9% for CdS sample to 96.7% for Mn/
Mn CdS sample. As a result, the PCE of Mn/CdS QDSC reaches 3.29%, which is much higher than that of CdS
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1. Introduction

Semiconductor quantum dots (QDs) based on II-VI group [1]
such as CdSe [2], CdS [3], PbS [4,5], PbSe [6], ZnS [7] and CdSe/CdS
[8], have an extensive use involved lasers [9], photocatalysis [10]
and solar cells [11,12] due to the tunable band-gaps [13], high
extinction coefficient [ 14], large intrinsic dipolar moment [15] and
direct hot carrier transfer [16]. Additionally, owing to the multiple
excition generation (MEG) [17-19], the theoretical power conver-
sion efficiency (PCE) of the solar cells based QDs can reach up to
44%, which is much higher than that of 31% for semiconductor solar
cells according to Schockley-Queisser limit [20,21]. Quantum dot
sensitized solar cell (QDSC) is considered as one of the next
generation solar cells, which has drawn a tremendous attention
due to the simple and low-cost solution processed manufacture
compared to the traditional silicon solar cells [22-24]. The typical
structure of QDSCs is composed of a wide-band-gap mesoporous
photoanodes (TiO, or Sn0O), narrow band-gap QDs as sensitizers,
polysulfide electrolyte (5>~/S,2~) and counter electrode (e.g. Cu,S).
During operation, the photons are harvested by QDs, generating
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the excitions (electron-hole pairs) that are rapidly separated into
electrons and holes at the interface between photoanode and QDs.
The electrons are transferred by photoanode, at same time, the
holes are released by redox couples in the liquid electrolyte [25].
However, the observed efficiency of QDSCs is still very low, which
may be attributed to the insufficient amount of QDs [26], serious
surface charge recombination [27] and inappropriate internal
band-gap structure [1,28].

In recent years, many researchers have devoted to the study of
how to improving the PCE of QDSCs. Pan et al. [29] combined both
advantages of CdSe and CdS in light harvesting and electron
injection to prepare type-1 CdS/CdSe core/shell structure QD-based
solar cells, the efficiency of which reached 5.36%. Radich et al. [30]
designed a Cu,S/graphene oxide-based counter electrode for high
efficiency QDSCs greater than 5% of PCE. Tian et al. [31-33]
introduced the surface modification of photoanodes to reduce the
charge recombination. Recently, the breakthrough revolution in
QDSCs was made by Santra et al. using Mn dopant into CdS QD [34].
The PCE of CdS/CdSe QDSC was up to 5.4%. Subsequently, Tian et al.
[35] doped Mn?* into CdSe QDs to assemble Cd;_,Mn,Se solar cells,
which showed high efficiency (6.33%). Kim et al. [36] also doped
Mn?* into CdS for improving the performance of QDSCs. So doping
transition metal ions is thought to be a useful way for designing
highly efficiency solar cells. However, detailed systematic study on
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Scheme 1. Successive ionic layer absorption and reaction process.
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Fig.1. (a) SEM image of cross section of the TiO, film, (b) Photocurrent density-voltage (J-V) curves of QDSCs assembled with undoped and Mn-doped CdS QDs, respectively.
The J-V curves were measured under AM 1.5G, at 1 sun light intensity with a shadow mask. The concentrations of Mn?* dopant were 0, 0.04 M, 0.075M and 0.1 M.

the effect of Mn dopant into CdS QD on the QDSC seems to be rarely
reported. Therefore, investigation the role of Mn dopant into CdS
QD should be explored.

Here, CdS QDs directly grow on the mesoporous TiO; film using
successive ionic layer absorption and reaction (SILAR) as shown in
Scheme 1. Cd?* are adsorbed on the surface of TiO, nanoparticles at
the first dipping step in the metallic precursor solution. After
washing, Cd?* reacts with S?~ to form CdS QD into the TiO, film at
the second dipping step in the sulphur precursor solution. To
achieve Mn doped CdS QD, the metallic precursor solutions are
consisted of 0.04M, 0.075M and 0.1 M manganese acetate and
01M cadmium nitrate aqueous solution, respectively. Our
investigation reveals that the optimum amount of Mn-doped into
CdS is 0.075 M, and the transition metal Mn?* dopant into CdS can
strongly improve the incident photon to charge carrier efficiency
(IPCE), owing to the increased light harvesting, electron injection
and charge collection efficiencies. As a result, the PCE of Mn/CdS
QDSC is up to 3.29% under standard simulated AM 1.5 G, 100 mW/
cm?, which is much higher than that of QDSC without doping
(2.01%).

Table 1
Amount of elements on the surface of the photoanodes assembled with CdS and
Mn/CdS QDs determined from EDS.

Samples Atomic %

(0] Ti cd S Mn
Cds 64.968 28.134 3.356 3.542 0
0.04M-Mn/CdS 65.203 28.011 2.567 3.630 0.589
0.075M-Mn/CdS 65.142 28.216 2173 3.622 0.847
0.1M-Mn/CdS 65.046 27.946 2.463 3.629 0.916

2. Experimental section
2.1. Materials

Cadmium nitrate tetrahydrate (Cd(NOs),-4H,0, Alfa Aesar,
98.5%), sodium sulfide nonahydrate (NapS-9H,O, aladdin,
>98.0%), manganese(ll) acetate anhydrous (Mn(CH3COO),, Alfa
Aesar, 98%), zinc nitrate hexahydrate (Zn(NOs),-6H,0, aladdin,
99%), sublimed sulfur (S, Guoyao China, >99.5%), hydrochloric acid
(HCl, Beijing China, 36%-38%), methanol anhydrous (CH3OH,
Guoyao China, >99.5%), TiO, (Degussa P25). All of the chemicals
without further purification to use directly.

2.2. Preparation of TiO, film

The porous TiO, films were prepared by our previously reported
method [25]. In brief, the well-clean fluorine-doped tin oxide (FTO,
8 ()/square) glass was used as substrate for the photoanode and
fabricated by TiO, pastes which composed of TiO, nanoparticles,
ethyl cellulose and a-terpineol, via the doctor blade method at

Table 2
Photovoltaic properties obtained from the J-V curves using undoped and Mn-doped
CdS QDs as sensitizers.

Samples Voc (V) Jsc (MAJcm?)  FF PCE (%)

cds 0.57 +0.01 6.73+0.33 0524002 2.01+024
0.04 M-Mn/CdS 0.57 +0.01 829+041  053+0.01 245+0.15
0.075 M-Mn/CdS ~ 0.60+0.01  10.07+0.39  0.55+0.01 3.29+0.19
0.1 M-Mn/CdS 0.59+0.01 955+0.44 0494003 2.78+0.22
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Table 3
Electrochemical impedance results of QDSCs assembled with CdS and 0.075 M-Mn/
CdS QDs, respectively.

Samples R. (Q) Ree () T (s)
Cds 10.2 68.5 017
0.075 M-Mn/CdS 10.5 80.5 0.21

room temperature for 30 min followed by sintering process in air at
500°C (2°C/min) for 30 min.

2.3. Preparation of CdS QD

The SILAR method was used to deposit QDs on the TiO,
photoanodes. In a typical synthesis protocol, the working electro-
des were soaked in the cation and anion solutions for 1 min each
solution, then rinsed with methanol and dried with air in between
each step. Stock solutions of Cd?* and S*~ were prepared from
0.1 M Cd(NOs3);-4H,0 in methanol and 0.1 M Na,S-9H,0 in 1:1
methanol and water solution, respectively. To incorporate the
doping of Mn?*,0.04 M, 0.075 M and 0.1 M Mn(CH3COO), methanol
solutions were prepared and then mixed with Cd(NOs),-4H,0,
respectively. Generally, 10 cycles of SILAR process were repeated to
deposit sufficient QDs on the TiO, films.

2.4. Preparation of ZnS Passivating Layer

The passivating layer of ZnS was made by SILAR method. The
QD-deposited TiO, films were immersed into 0.1 M Zn(NOs),-6H,0
and 0.1 M Na,S-9H,0 solution for 1 min, respectively. The sulfur ion
precursor was prepared by dissolving Na,S-9H,0 in methanol and
water solution with ratio of 1:1. The zinc ion precursor was
prepared by dissolving Zn(NOs),-6H,0 in methanol. The films were
washed with methanol and dried with air. A total of 2 cycles of
SILAR process were done in all the cases.

2.5. Counter electrode and electrolyte

In this study, compact Cu,S film was used as the counter
electrode. In a typical procedure, brass foils were immersed in 35%-
38% HCl at 70 °C for 20 min, then washed with deionized water and
dried in air. The etched brass foils were dipped into polysulfide
electrolyte to form compact Cu,S film. The electrolyte was
prepared from 1.0M S and 1.0 M Na,S solution dissolved in 7:3
methanol-water solution.
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Fig. 3. Light Harvesting Efficiency (LHE) curves of the TiO films loaded with CdS
and 0.075 M-Mn/CdS QDs, respectively.

2.6. Characterization

Hitachi SU8020 SEM system equipped with an energy-
dispersive X-ray spectroscope (EDS) operated at 20 KV was
employed to analyze the thickness and the elemental composition
of the film. The absorption spectra were recorded on a UV-visible
spectrophotometer (Shimadzu UV-3600). The photoluminescence
(PL) spectra were measured on Shimadzu luminescence spectrom-
eter RF-5301PC. The active area of the QDSCs was 0.196 cm?. The
photovoltaic characteristics of the solar cells were evaluated using
simulated AM 1.5 sunlight with an output power of 100 mW/cm?.
Incident photon to charge carrier efficiency (IPCE) spectra were
obtained in the range 400-700 nm using a Keithley 2000 multi-
meter with illumination of a 300 W tungsten lamp with a Spectral
Product DK240 monochromator. The electrochemical impedance
spectroscopy (EIS) was carried out with an impedance analyzer
(ZAHNER CIMPS) at forward bias -0.6 V over the frequency of 0.1 Hz
to 100 kHz under dark condition.

3. Results and Discussion

Fig. 1(a) shows the scanning electron microscropy (SEM) image
of cross section of TiO, film. It is clear that the thickness of the film
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Fig. 2. (a) UV-visible spectral curves (inset shows the photographs of CdS and Mn/CdS photoanodes) and (b) (Ahv)'/? vs. hv curves of TiO, films loaded with undoped and Mn-

doped CdS QDs, respectively.
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Fig.4. (a) Incident photon to charge carrier efficiency (IPCE) spectra curves and (b) absorbed photon to current conversion efficiency (APCE) curves of QDSCs assembled with

undoped and Mn-doped CdS QDs, respectively.

is 10-12 pm. According to our previous work [25]. the thickness of
the TiO, film prepared using commercial P25 nanoparticles in
around 11 pm exhibited the best performance for QDSC. We
prepared Mn/CdS QDs sensitized photoanodes using different
concentrations of Mn?* precursor solution. Energy-dispersive X-
ray (EDS) was conducted to monitor the elemental compositions of
CdS and Mn/CdS QDs sensitized TiO, photoanodes as shown in
Table 1. It can be seen that the amount of the Mn element in the
Mn/CdS QDs sensitized TiO, photoanodes increases as Mn?*
solution concentration increases. The content of Cd element
decreases accordingly. Fig. 1(b) shows the J-V characteristics of the
QDSCs based on CdS, 0.04 M Mn2* doped CdS (0.04 M-Mn/CdS),
0.075M Mn?" doped CdS (0.075 M-Mn/CdS), and 0.1 M Mn?* doped
CdS (0.1 M-Mn/CdS). The corresponding parameters of the solar
cells including open circuit voltage (V,.), short circuit current
density (Js), fill factor (FF) and power conversion efficiency (PCE)
are summarized in Table 2. In comparison to the QDSCs assembled
with CdS QDs, it is clear that the Mn doped CdS-QDSCs exhibit
significant improvement in the PCE. With increasing the concen-
tration of Mn?* precursor solution, both J,. and PCE drastically
increase to 8.29 mA/cm? and 2.45% for 0.04 M-Mn/CdS, and further
to0 10.07 mA/cm? and 3.29% for 0.075 M-Mn/CdS, and then decrease
t0 9.55 mA/cm? and 2.78% for 0.1 M-Mn/CdS. V,. and FF of the solar
cells show the same trend like Jsc and PCE. Among the properties of
QDSCs, the increment of J, is highest, which is increased by 50% in
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comparison with CdS QDSC. Ji is mainly affected by the number of
the excited electron, electronic injection rate and electronic
transport rate, which is expressed by the following equation [37]:

]Sc=(LHE'(pinj'ncc)')\'Pin()\)/1024 (1)

where LHE is the light harvesting efficiency, ®;,; is the electron
injection efficiency, . is the electron collection efficiency, A is the
absorbing wavelength, Pi,(») is the light intensity. The effects of Mn
dopant on the LHE, @;,; and 1. have been studied as following
discussion.

The absorption spectra of the CdS and Mn/CdS QD-sensitized
photoanodes are shown in Fig. 2(a). The absorption onsets are
545nm,575nm,585nm and 585nm for CdS, 0.04 M-Mn/CdS,
0.075 M-Mn/CdS and 0.1 M-Mn/CdS photoanodes, respectively.
The absorbance of photoanodes increases as the concentration of
Mn?* precursor solution increases. When the concentration of Mn?
* precursor solution is more than 0.075M, the absorbance of
photoanodes decreases slightly. The inset in Fig. 2(a) displays the
color of Mn/CdS QD films is much darker than that of CdS films,
indicating that the more amounts of QDs is absorbed. High
absorbance of the photoanodes means high loading amount of QDs
according to the previous reports [36,38]. So the enhanced
absorbance value of Mn/CdS compared to CdS will be ascribed
to a greater amount of QDs into the TiO, films. However, the EDS
results do not seem to support increased CdS QDs loading in the

—CdS

4
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0 2 4 6 8 10
Time / ns

Fig. 5. (a) Photoluminescence (PL) curves and (b) excited state electron radiative decay of the TiO, films loaded with undoped and Mn-doped CdS QDs, respectively.

(Excitation wavelength 325 nm).
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film with increase of Mn dopant. In all cases, the relative content of
Cd+S+Mn is ~7%. EDS is only considered as an observation
measurement, which is difficult to monitor the accurate variation
of the elements content when the content of element is low. The
total content of Cd, S and Mn elements is no more than 8% so that
the bias of measurement covers up the variation of the contents.
The increased amount of QDs mainly results from the increase of
nucleation number in the formation process of QDs. The possible
reason is that Mn?* in the precursor solution boost the nucleation
of QDs according to the principle of heterogeneous nucleation
[39,40]. But it is difficult to find a good testing method to verify this
conclusion. However, the increase of the absorption region (red-
shift) is another story. According to the previous work [33], the
band gaps of the QDs are calculated to be 2.14 eV for CdS, 2.10 eV for
0.04 M-Mn/CdS, 2.05eV for 0.075 M-Mn/CdS, and 2.07 eV for 0.1
M-Mn/CdS as shown in Fig. 2(b). The decrease of band gap for Mn-
doped CdS QDs may be attributed to the formation of Mn mid-gap
in CdS band gap [34,41]. According to the results of the light
absorbance, LHE will be increased by doping Mn?* into CdS QDs.

To verify the conclusion, the LHE characteristics of the QDSCs
assembled with CdS QDs with and without Mn dopant were
measured as shown in Fig. 3. The value of the LHE is calculated by
the following equation [42]:

A(QD)

_ ~(A io24qp)d)
A(TiOZJrQD)(l 10 Vriozeanyd)y (2)

LHE =

(2)

/\l

I

I

I

I

[

v
[

where Agp) and Atioz2+qp) are the absorbance of the TiO, films
prior to and following QDs absorption, respectively. d is the
thickness of films. The LHE of Mn/CdS based QDSCs is strongly
higher than that of the case made by CdS, from 400 nm to 600 nm.
LHE of QDSCs can be enhanced by doping Mn?* into CdS QDs,
which is helpful for high-generated current density of the solar
cells.

It is well known that the charge generation and collection of the
solar cell can be evaluated by incident photon to charge carrier
efficiency (IPCE) and absorbed photon to current conversion
efficiency (APCE). In the closed circuit, the definition of IPCE is the
ratio of the electron number and the incident monochromatic
photon number Per unit time. IPCE value is also affected by three
parts: LHE, @;,; and 7. It is expressed by the following equation
[43]:

IPCE =LHE x @inj X Nee 3)
The APCE is calculated by the following equation [42]:
IPCE
APCE = Py x 1] = T
IPCE
Ao riozy(1 — 10 — (A(QD + Ti02) + d))

Fig. 4(a) shows IPCE spectra of the solar cells. It can be seen that
the IPCE values of Mn-doped devices are higher than that of device
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Scheme 2. Energy band structures of TiO,/CdS (Mn/CdS).
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Fig. 6. (a) Nyquist plot curves and (b) Bode plot curves of the QDSCs assembled with CdS and 0.075 M-Mn/CdS QDs under forward bias (-0.6 V) and dark condition.
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without dopant. The 0.075 M-Mn/CdS sample shows the highest
IPCE value. The IPCE spectra of Mn/CdS sample is red shifted in
comparison with CdS sample. Such characteristics exhibit the same
trend as the UV-visible spectra and J-V curves (Fig. 1 and Fig. 2). To
better understand the role of Mn dopant on the electron injection
and collection, APCE for both CdS and Mn/CdS QDSCs have been
measured as shown in Fig. 4(b). The APCE value of the 0.075 M-Mn/
CdS based solar cell is higher than that of sample without Mn
dopant in the wavelength range of more than 480nm. It
demonstrates that Mn dopant can improve the efficiency of the
conversion of the absorbed photons, although the APCE value has
no obvious increase in the short wavelength (<480 nm). It is clear
that the increase of the J. depends on not only the high light
harvesting efficiency but also the charge collection and injection
efficiencies.

We have further probed the relative energy position of the
quantum dots (both undoped and Mn-doped CdS) from where the
electron gets injected to the TiO, conduction band by monitoring
the electron injection rate using Photoluminescence spectroscopy
as shown in Fig. 5(a). In addition, a blocking layer of Al,03 on the
surface of TiO, films is introduced to verify the number of the
excited electrons of QDs with and without Mn dopant [44]. There is
an obvious peak around 650 nm in every curve of Fig. 5(a), which is
frequency doubling peak (the excited wavelength is 325 nm) and
does not influence the analysis of experimental result. The PL
emission of Mn?* does not appear in the spectra, because the
overall PL emission of Mn-doped QDs is donated by QDs excited
emission [45]. It can be seen that PL intensity of photoanode loaded
with Mn/CdS QDs is lower than that of photoanode loaded with

CdS QDs. 0.075 M-Mn/CdS QDs photoanode exhibits the lowest PL
intensity. The PL emission intensity is markedly quenched despite
the increase in the absorption intensity after Mn?* doping into CdS
QDs. So excitions are effectively separate into electrons-holes. And
then the electrons transfer to TiO, conduction band. Thus, Mn
dopant can delay the charge recombination. The PL intensity of the
TiO, films coated Al,Os3 layer is higher than that of the untreated
films because the blocking layer of Al,O3 hinders the electrons
transition to TiO, and increases radiative recombination fluores-
cence. Therefore, more excitied electron and faster injection rate
can be obtained by doping Mn?* into CdS QDs. To prove the
increase of injection kinetics of doped QDs, the excited state
electron radiative decay of the photoanodes is measured as shown
in Fig. 5(b). The short-lived excited state means the injection rate of
electrons in the semiconductor is increased [46,47]. Fig. 5(b) shows
a clear increase in electron injection rate after doping Mn?* into
CdS QDs. Thus, the Mn dopant can accelerate the electron injection
from QDs to TiO, and reduce the electron-hole recombination.
Scheme 2 displays the energy band structures of TiO,/CdS and
TiO,/Mn/CdS. It demonstrates that the excited electrons on
conduction band of QDs inject into conduction band of TiO,
through two ways ((1), (2)). Although the electron transport
distance from CdS conduction band to TiO, conduction band is
extended by Mn mid gap, the faster speed of electron transport
improves the electron collection.

Fig. 6 displays the electrochemical impedance spectra (EIS) of
the QDSCs measured under dark condition with forward a bias of
-0.6 V. The fitting impedance results of Fig. 6 are listed in Table 3.
Nyquist curves obtained from EIS measurements are fitted the
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equivalent circuit model as shown in Fig. 6(a). The intercept of high
frequency and the horizontal ordinate is the ohm resistance (Rs),
related to the surface of working electrode base resistance. The
high frequency semicircle (R;) shows the transport resistance at
the counter electrode and electrolyte interface. The intermediate
frequency semicircle (R.) is associated with the interface
resistance of TiO,/QD/electrolyte. The values of R, corresponding
to CdS and Mn/CdS samples are 68.5() and 80.5 (), respectively,
which means the electrons and holes of the Mn-doped CdS solar
cells are more difficult to recombine in the electrolyte than that of
CdS devises. Thus, the less charge recombination can be emerged
in Mn/CdS QDSC. The corresponding Bode phase plots for cells with
Mn-doped and undoped are shown in Fig. 6(b). The electron
lifetimes (T;) can be obtained according to the following equation
[48]:

Tr=1/(2Tfmax) (5)

where fiax is the maximum frequency in the Bode plot. The T,
values of CdS and 0.075M Mn-CdS devices are found to be 0.17 s
and 0.21 s, respectively. The higher T, value of Mn/CdS means that
electrons have a longer lifetime. The result that the employment of
the Mn dopant in CdS enhances the charge recombination
resistance. So the Mn dopant in CdS can reduce the charge
recombination and prolong the electron lifetime of the solar cell,
which is agreement in the result of PL spectra. In order to further
characterize the electron transport and charge recombination of
the QDSCs based on CdS and Mn/CdS QDs, intensity modulated
photocurrent spectroscopy (IMPS) and intensity modulated photo-
voltage spectroscopy (IMVS) have been tested. The conducted light
intensities are changed from 19.48 to 97.38 Wm™2. The values of
the electron transit time (14) and electron lifetime (7,) can be
calculated by the following equations [48-50]:

Ta=1/27fq (6)

Te=1/27f; (7)

where f4 and f; are the characteristic frequency minimum of the
IMPS and IMVS imaginary component, respectively. Fig. 7(a) shows
that the transit time of Mn/CdS sample is much lower than that of
CdS sample. In term of the PL results, the introduction of Mn mid-
gap can boost the electron injection and transport. In addition, the
electron lifetime has an obvious increase which is consisted with
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Fig. 8. Distribution of sixteen cells' efficiency, the lines representative the average
PCE of the solar cells assembled with CdS and 0.075 M-Mn/CdS QDs, respectively.

the result of the Bode plot curve [48]. The more details can be
obtained from Fig. 7(b-d). The electron diffusion coefficient (D)
can be described by the following equation [49-51]:

Dy, = d?/2.3574 (8)

The electron diffusion length (L,) and electron collection
efficiency (n.) can be calculated by the following equations
[51,52]:

Ln=(Dn'Tr)1/2 (9)

Nee=1 *Td/Tr (10)

In view of the results, both the electron transition rate and the
electron diffusion length are increased by doping Mn?* into CdS
QDs, which results in the enhancement of 7., from 89.9% for CdS
device to 96.7% for Mn/CdS device.

Photovoltaic parameters have been gathered from sixteen cells
and statistical analysis of the result is shown in Fig. 8. It can be seen
that the Mn/CdS devices show good reproducibility with a high
efficiency (>3%), which is much higher that of CdS devices (~2%).
According to all of discussion, the increase of PCE for Mn/CdS
QDSCs is mainly derived from the enhancement of the light
harvesting efficiency (LHE) and collection efficiency at the back
contact (7¢c).

4. Conclusions

Mn?* doped CdS QDSCs were obtained by successive ionic layer
absorption and reaction (SILAR) method. The power conversion
efficiency (PCE) of Mn/CdS device was up to 3.29% when the
concentration of Mn?* precursor solution was 0.075M, which is
much higher than that of CdS device (2.01%). We found that the Mn
dopant into CdS QDs increased the light absorbance and extended
the light absorption range, which resulted in the enhancement of
the light harvesting efficiency (LHE). In addition, the faster speed of
electron transport and longer electron diffusion length for Mn/CdS
QDs devices improved the charge collection efficiency (n.) of the
solar cells. n.. was increased from 89.9% for CdS device to 96.7% for
Mn/CdS device. As a result, the improvement of PCE for Mn/CdS
QDSCs was mainly derived from the enhancement of LHE and 7.
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