O©oO~NOOOL b~ WNBE

15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38

39
40
41
42
43
44
45
46
47

Original Research Article
QUANTUM DOTSSOLAR CELLSBASED ON
CdS/ICdSe/ZnS-TiO, PHOTOANODES

ABSTRACT

Quantum dots solar cells (QDSSCs) based on therdiff CdS/CdSe/ZnS-Tiphoto anodes were
prepared by successive ionic layer adsorption aadtion (SILAR) processes. The CdS, CdSe and ZnS
layers were considered by UV—-Vis spectrumfor optical the SILAR cycles of CdS, CdSe and ZnS show
different impact on the performance of QDSSCs. Withddmosition times of CdS increasing (from 1 to 5
cycles), the short circuit current density of thevide is enhanced. On the contrary, the increasing
deposition times of CdSe (from 1 to 5 cycles) hamgative ffect for the generation and collection of
photoelectron. In addition, the electrochemical éagnce spectroscopy technology (EIS) was used to
investigate the dfusion and recombination in QDSSCs. In addition,dyimamic resistances was
discussed based on the EIS results.

Keywords: Quantum dots, solar cells, photo anodes.

. INTRODUCTION

Quantum dot-sensitized solar cells (QDSSCs) arsidered as a promising low-cost alternative for
third generation photovoltaic [1]. This solar dsllsourcing from the dye-sensitized solar cell (BjS
which is based on sandwich dye-sensitized nanctatliye work electrode, counter-electrode and
electrolyte. Compared to the conversional DSSCs#msitizer of QDSSC is replaced by semiconductor
guantum dots (QDs) such as CdS [2], PbS [3LSA], CdSe [5], AgSe [6], CdTe [7] and InAs [8]
which possess multiple advantages as tunable baps, igh extinction coefficient, and high photo
stability [9-11]. Unfortunately, QDSSC which promssa high theoretical efficiency up to 44% for its
special multi electrons generation character [&f]], presents lower energy conversion efficiencg an
far below the theoretical value. For QD-sensitiz@dS, CdSe and ZnS have been paid much attention
because of their high potential in photo absorptimder visible region. The two materials exhibit
different characteristics. For CdS, its conduction H@®R) edge is higher than that of Ti@naking the
electron injection from CdS to Tirery dfective, but the absorption range of CdS is tooaverwhich
restrict the utilization of light. Lee and Lo [13hodel system prepared by SILAR is favorable than
single CdS or CdSe, which can extend spectral resspto the visible light region and charge injattio
from QDs to TiQ. The influence of SILAR cycles on the performanes klso been investigated
recently [14]. However, the detailed optical anghezsally electrochemical properties of the photo
anodes with dferent SILAR cycles are still lack of deep researth.this paper, we prepared
CdS/CdSe/ZnS co-sensitizer on meso porous Sifaces with dferent SILAR cycles. The optical
properties of the photo anodes and the photovgttaitormance of the corresponding solar cells were
investigated. Moreover, EIS was employed to ingesé the interface impedance and chemical
capacitance of QDSSCs. Based on the EIS resuisSilhAR deposition cyclesffect on the charge
recombination was discussed.

[I. EXPERIMENT

Materials. Cd(CHCOO).2H,0 (99%), KCI, NaS, Zn(NQ),, Se powder, S powder, b&0O;, TiCl,,
TiO, paste obtained from Dyesol, Australia.

To prepare TiO, films, the TiG; thin films were fabricated by silk-screen printiwigh commercial
TiO, paste. Their sizes ranged from 10 to 20 nm. Twedaf film with thickness of 8 um (measured by
microscope). Then, the Tidlm was heated at 48G for 5 min, 5060C for 30 min. Afterward, the film
was dipped in 40-mmol Tigkolution for 30 min at AT and heated at 580 for 30 min. The specific
surface area of the mesoporous Jiere investigated by using the, lddsorption and desorption
isotherms before and after the calcination. Théaserarea is 120.6% ‘(measured by BET devices).
This result indicates that the synthesized matéaalwider mesoporous structure.



48 To prepare TiO,/CdS/CdSe/ZnS films, the highly ordered TiQwere sequentially sensitized with
49 CdS, CdSe and zZnS QDs by SILAR method. First, th@,Tilm was dipped in 0.5 mol/L

50 Cd(CH,COO)-ethanol solution for 5 min, rinsed with ethanolpgkd for 5 min in 0.5 mol/L

51  NaS-methanol solution and then rinsed with methahbé two-step dipping procedure corresponded
52  to one SILAR cycle and the incorporated amount @6 @Ds was increased by repeating the assembly
53 cycles for a total of three cycles. For the subseSILAR process of CdSe QDs, aqueous Se solution
54  was prepared by mixing Se powder ang®&;, in 50ml pure water, after adding 1 mol/L NaOH &tQ@

55  for 7h. The TiQ/CdS samples were dipped into 0.5 mol/L Cd¢CBO)-ethanol solution for 5 min at

56  room temperature, rinsed with ethanol, dipped ireaqs Se solution for 5 min at*&f) rinsed with pure

57  water. The two-step dipping procedure correspoadsne SILAR cycle. Repeating the SILAR cycle
58 increases the amount of CdSe QDs (a total of fgcles). The SILAR method was also used to deposit
59  the ZnS passivation layer. The TI0OdS/CdSe samples were coated with ZnS by altdyrgifgping the

60 samples in 0.1 mol/L Zn(Ng¢) and 0.1 mol/L Ng5-solutions for 5 min/dip, rinsing with pure water
61  between dips (a total of two cycles). Finally, asvheated in a vacuum environment with different
62  temperatures to avoid oxidation (see Fig. 1). TH@,/CdS/CdSe/ZnS was be measured thickness by
63  microscopic. The results ofthe average thickness8{C), CdSe(1), ZnS(1) are 40nm, 43.3nm, 40nm
64  respectively.

Suglyn

FTO Pt Glass

TiO;redox . .,'“ . ,’q

Figure 1. The diagram shows the instruction of the QDSSGkimages of photo anodes
Fabrication of QDSSCs:

The polysulfide electrolyte used in this work waspared freshly by dissolving 0.5 MM 0.2 M S, and 0.2 M
KCl in Milli-Q ultrapure water/methanol (7:3 by wohe). The CdS/CdSe/ZnS co-sensitized ;TpBotoanode
and Pt counter electrode were assembled into anéatmdell by heating with a Surlyn. The electrolytas filled
from a hole made on the counter electrode, whichlat@r sealed by thermal adhesive film and a agless. The
active area of QDSSC was 0.38%cm

Char acterizations and measur ements

The morphology of the prepared samples was obseugary fieldemission scanning electron microscopy
FE-SEM, S4800). The crystal structure was amalyby an X-ray diffractometer (XRD)with CaKadiation.
The absorption properties of the samples were tigagsd by UV-vis spectrum (JASCO V-670). Photoentr
Voltage measurements were performed on a Keitd@®p Zourcemeter using a simulated AM 1.5 sunligtit w
an output power of 100 mW/dproduced by a solar simulator (Solarena, Sweden).

65 Il. RESULTSAND DISCUSSION

66 Detailed morphological features and crystal ofihee TiQ and TiGQ/CdS/CdSe/ZnS photo anodes
67 were investigated using TEM image. A typical TEMaige of pure Ti@film is depicted in Fig. 2a.
68 It is quite evident that the mean diameter of J@noparticle is about 25 nm. Fig. 2b shows a TEM
69 image of the TIQCdS/CdSe/ZnS photo anode prepared with the SILpéecnumber of CdS,
70 CdSe and znS at 3, 3 and 2. We can clearly seeQbat uniformly cover the surface of TiO

71 nanoparticles. It shows that the average diamét®Ds is from 2 nm to 3 nm. The results of the
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TEM demonstrate that the SILAR method is an effiti€ O, sensitization strategy for obtainil
well covering the QDs on the T, surfaces.

— 1),

Figure 2.TEM images of (aTiO, film and (b) TiQ/CdS/CdS&nS film.
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Figure 3. UV-Vis absorption spectra of the T, films sensitized by CdS/CdSe/ZnS QDs shows the éighbrptior
behavior of photoanodes changed with the SILAReydf CdS, CdSe and Z and Photoluminescence (F

spectra of the Ti@CdS/CdSe/ZnS (small image).

The optical performance of -sensitized Ti@thinfilms can be monitored by studying the absorb:
and energy band gap of the materials. Fig. 3a shioevi/\—Vis spectrum of thusensitized electrode
measured after each cycle of SILAR. As expecteglattsorbance increased with the deposition ¢
of CdS, CdSe and ZnS. However, only absorption tspewith SILAR cycles of the electroc
TiO,/CdS(3)/CdSe(3)/ZnS(Zobtains the best efficiencgs discussed in the following secticThe
changeof absorbance is due QDs that was loaded on Ti@m. Moreover, the increasing success
deposition cycles alscause a red shift of UV-Visthat lossesby quantum fieement ffect [15]. The
averagesizes of CdS, CdSe and ZnS are consistent witlrE-SEM images. Theffect of deposition
cycles of CdS, CdSe and ZnS can be clearly seetheoenergy band gap values of CdS/CdSe/
co-sensitized Ti@films. The estimated band gaps vary from JeV to 2.7 eV, which are higher th
the values reported for CdS and CdSe in bulk (8\2%nd 1.7 eV [1], respectively), indicating thiag¢
sizes of CdS, CdSe and ZnS on ; films are still within the scale of QDs. A highersabption is thut
obtained beause the absorption spectrum of ZnS complementetiod the CdSe and CdS QI
Furthermore, ZnS acts as a passivation layer ttegréhe CdS and CdSe QDs from photo corro
[16]. Fig 3b shows the PL of different photoanottest their thick is changeby the cycles SILAR
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After the CdS, CdSe, and ZnS QDs are sequentialposited onto the Tifilm, a cascade type of
energy band structure is constructed for the csieed photo anode. The best electron transpditipa
from the CB of ZnS and CdSe to that of CdS, andlyine TiO, film (shows Fig 6b). Thus, the PL of
TiO,/CdS/CdSe/ZznS was quenched (displayed in Figure Bhis reveal that Ti@film serve as
effective quenchers of excited CdS, CdSe and ZnS Qbes.thick photo anode film quenches more
efficiently than thin photo anode film.
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dS(111) (a) o,
BOD - Ba{111)
—_ —
=
= Cd3e 1200 MAUTIO2CAS-CdSe-ZnS
] - Cd
.E 600 1050-] L ‘ (b)
5 E 900 ‘
£ NN N
4004 édggl-?m-l E 600 TiN ‘ cd T
h'n- -l I EES S Ll A
gt RS T 01 T ol “ ‘
i Ses!
2001 TI oy J\Zw?\ | \U‘m " .
T T T T T * T 15071‘ W”’! R H‘ | ‘
30 40 50 60 N had A
2 Thela [U'E'gl'éﬂ':l 0.00 100 200 300 4‘00 5“00 s“oo 7“00 s“oo 9“00 10,00
keV
Figure 4. (a) XRD and (b) Energy dispersive X - ray spect(&DS) of TiGQ/CdS/CdSe/ZnS photo
anodes.

The structure of the TisIQDs photo electrodes for photovoltaic applicatiasteown in Fig. 4(a), are
studied by the XRD patterns. It reveals that th®,Thave a anatase structure with a strong (101) peak
located at 25% which indicates that the TiCfilm are well crystallized and grow along the []01
direction. Three peaks can be observed at’264 and 51.8, which can be indexed to (111), (220) and
(331) of cubic CdS, CdSe respectively. Two peaksbeaobserved at 4&nd 54.6, which can be indexed
to (220) and (331) of cubic ZnS respectively. imbastrates that the QDs have crystallized ontd tGg
film. Fig. 4(b) is the Raman spectrum of the F@Ds photo electrodes. It shows that an anatagetste
of the TiG; films have five oscillation modes correspond torevaumber at 143, 201, 395, 515 and 636
cm®. In addition, two peaks can be observed at 208, 89d 515 cf, which can be indexed to the cubic
structure of CdS, CdSe. The results of the Raméikaly the results of XRD. Fig. 4 (b) is the engrg
dispersive X ray spectrum of the THOdS/CdSe/ZnS film. It shows that the Ti and O peaie from the
TiO, film, Cd, Se, Zn and S peaks, clearly visiblehia EDS spectrum, are from the QDs. The Si is from
the FTO and C is from the solvent organic. Thawshdhe QDs are well deposited onto the JTiO
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Figure 5.Diagram shows the values efficiency of solar cells.
In order to understand théfects of SILAR cycles of CdS, CdSe and ZnS, we pegpa series of
combinations of CdS, CdSe and ZnS QDs on,Tiltns, investigated their photovoltaic performances
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with polysulfide electrolyte. All the samples werated with ZnS to inhibit the recombination at the
TiO, photo anode/polysulfide electrolyte interface [1Thble 1 presents the photocurrent density
voltage characteristics of the QDSSCs witffatent CdS/CdSe/zZnS co-sensitized Jfiims (active
area of 0.38 cf) at AM 1.5 (100 mW/crf), and the related parameters of these QDSSCssted In
Table 1. It shows that the power conversifficeencies of QDSSCs are increasing with the SILAB ey
number of CdS, CdSe and ZnS at 3, 3 and 2, respbctit is noted that lower power conversion
efficiency was obtained for those cells with eithes IdS and CdSe SILAR cycles than 3 or more CdS
and CdSe SILAR cycles than 3 (shows Fig 5b). QDSIE3®d on the Tig®CdS(3)/CdSe(3)/ZnS(2)
photo anode shows an open-circuit voltagg.)(éf 0.76 V, a short-circuit current densityJbf 4.79
mA/cn?, fill factor (FF) of 0.41 and an energy converséficiency ) of 1.52%. As the deposition
cycles of CdS and CdSe increase, there were stightitnges in ). and FF values. Besides, thg J
decreases which cause in a reducédom 1.52% to 0.45%). These results indicate tetter light
absorption performance were obtained while more eCdSaded on TigICdS. However,
TiO,/CdS/CdSephoto anodecan increase recombinatiorDiBS®s. On the contrary, the increase of
ZnS leads to the increasing generation of phottrele@nd is helpful to collect excited electrormnfr
ZnS, CdSe and CdS to Ti®@Im.

Jsc is given by equation:

Jse = f b(E)QEE)E (1)

Jscis thephotoncurrent density and bs(E) is the nurofgrotonsin the rangeEtoE+dEper unitareaper
unittime. gis thecharge of the electron, QEdepemtise absorption coefficientof the materialsoldk. ce
The short-circuit current depends on a number ofofa: the area of the solar cell,the number of
photons,the spectrum of the incident light,the agdtiproperties (absorption and reflection) and the
collection probability of the solar cell, which dapls chiefly on the surface passivation and theritin
carrier lifetime in the base. From Equationl, we that thedds notdirectly dependentonthe thickness of
thelayer ofQDs. Whenthe thickness of thelayer of€fasges, the results change theabsorption
spectrumandthe collection probability of the soleell. After all, they cause change &fJ
however,thischangeis nonlinear.

An equation for i is found by setting the net current equal to Zzerie solar cell equation to give:

Voc = kq—Tln (j—L+ 1) )
o

The above equation shows thaj.\depends on the saturation current of the soldrael the
light-generated current. The saturation curregt,dépends on recombination in the solar cell.
Open-circuit voltage is then a measure of the amofirecombination in solar cells. FF depend ¢z V
values, the junction quality (related with the esiR) and the type of recombination in a solar celbrr
Table 1, \bcvalueschangeaccording to thefilm thicknessfrom@Q@@6, corresponding to the change
inFFfrom0.26t00.41. Therefore the FFis thelow vahezause Mcis low. On the other hand, ¢
depend on the recombination process, particulady fre large, it gives low open-circuit voltages.
addition, FF is effected by,RThe equations of f&an be calculated by Thongpron and co-workers [18]

rR=vVe 1 tetllhy g
=1, Al,=1) Iph+|0_|2

Two operating points {J Vi) and (b, V) on a single I-V curveA 2%; lon 1o are the
n

photocurrent and the diode reverse saturation surRe values are calculated from 55 to 158on.
This values is large as result as low FF.
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Table 1. Photovoltaic performance parameter s of QDSSCs based on different photo anodes.

Samples  Jec (MA/eM?)  Voe(v) M ;aFCtor Efficiency n(%)
1 2.18 0.29 0.35 0.22
2 4.28 0.54 0.37 0.86
3 4.79 0.76 0.41 1.52
4 5.73 0.39 0.31 0.68
5 3.05 0.45 0.32 0.45
6 6.05 0.356 0.26 0.55
7 421 0.55 0.38 0.88
8 3.30 0.48 0.31 0.50
9 2.08 0.33 0.27 0.18
10 7.03 0.39 0.26 0.73

QDSSCs based on THTdS/Cdse/zZnSphoto anode have obtained a bettieieaffy than both
QDSSCs based on THTdS and TiQCdSephoto anodes [19]. The result shows that xoéeel
electrons haveinjected from conduction band (CBJ@$e QDs to CB of Tign which they may not be
effective becauseof the quasi Fermi levelg (& CdSe being lower than that of Ti{13]. On the other
hand, the Eof CdSQDs is higher than that of the }i0], so it have improved the electrons injection
from CdSe to Ti@ In addition, aZnSlayer was coating to forms aptal barrier between the QDs and
the electrolyte, which blocks the electrons in @8 from recombination with the electrolyte [21].
Resulting in a high performance of efficiency. Besathe Eof CdS is higher than of TiQbeneficial
effects are conferred to the coupled QDSSC syseom Table 1, it is evident that the photocurrent
density of the coupled QDSSC was influenced by CdS&IZnS co-sensitization cycles [22], which can
be explained in two ways. Firstly, particle sizeiagon in CdS, CdSe and ZnS QDs leads to E
alignment and consequently, so the CB of ofCdS,eC@8S is higher that of TiOAs result, the excited
electrons were transferred in Ti@asier [23].
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Figure. 6. (a) Nyquist plotsf QDSSCsbesed on THTdS(3)/CdSe(3)/ZnS(2) photo anodl®), Bodeplot and (c)
the proposed energy band structure of QDSSCs[15].

In order toresearch the dynamic processe the QDSSCs, we have measuk® plot under dark
conditions at varying negative applied bias -0 V). Figure 6a shows the Nyquist plots of
CdS(3)CdSe(3)/ZnS(2) QDs sensitized solar cells. There are two semicsatienyquis at high
frequency and low frequency. The small semicirdldigh frequency corresponds to the resiste
movement okexcitedelectronat counter electrode/electrolyte (fRinterfaceand FTO/TI(, interface.
The large semicircle at low frequency from-100 kHz described resistance against the movenfe
excited electron in TiQand recombination at T,/QDs/electrolyte (R») interfaceand against inside
the diffusion in etctrolyte (z,). From Figure 6a, we see that the Q0ff R, defined large, so it caus
resistance the movement of electrons at the,/QDs/electrolyte interfacand recombination of th
electrons irpolysulfide [22].The figure 6b shows that the Bode plot with TiCS(3)/CdSe(3)/ZnS(:
photo anode that is illuminated with an 1000\%. At low frequency peaks corresponds to
movement of electrons at T,/QDs/electrolyte interfacavhile the peak at higher frequencies desc
the movement oélectronsat the Pt/electrolyte interfackifetime of electrons in semiconductay) is
determined by the following formula = Ik, The f,.is the peak of the Bode plot at low frequenc
T~3.2 ms.

IV.CONCLUSIONS

We have successfully fabricate solar cbased on CdS/CdSe/ZnS- boto anodes which
researchedthe optical to dependnumber of CdS, CdSe and ZnS SILAR cycMéth the depositiol
times of CdS increasing (from 1 to 5 cycles), therscircuit current density of the device is enteth
Onthe contrary, the increasing deposition times ds€¢from 1 to 5 cycles) has a negatiffect for the
generation and collection of photoelectFor EIS spectrunthe SILAR deposition cyclesfect on the
charge recombinatiorof excited electrons in Ti, and TiGQ/QDs interfaces The synthesize
TiO,/CdS/CdSe/ZnS photo anode exhibits a maximfficiency value of 1.52%.
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