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Dye-sensitized solid-state solar cells based on SnO, where the crystallite surface is passivated with ultra-
thin structures constituted of MgO, ZnO and CaO are examined using high extinction coefficient indoline
dye D149 as the sensitizer. Results clearly demonstrate that surface passivation effectively suppress
leakage of electrons from interconnected SnO, crystallites preventing recombination with the hole
transport substrate CuSCN. In the presence of passivating films of any type, the optimum efficiency
occurred at nearly same SnO, film thickness of 12 pm. MgO passivated system at a MgO surface con-
centration of ~8 x 10~ g cm~2 yielded the highest efficiency of 2.82% under standard measurements
conditions using cells of active area 0.25 cm?.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Solar cells based on heterojunctions of the configuration, nano-
structured n-type semiconductor/thin light harvesting layer/p-
type semiconductor has attracted great deal attention as a pro-
mising concept for the development solar cells, via less energy
intensive and environmentally friendly techniques [1-12]. The
light harvesting layer (LHL) could be a dye [1-5,10,12,13] (D) or a
semiconductor (S) [6-11] with interfaces establishing electronic
communication with the n- and p-type collector substrates. When
LHL=D, the resulting device referred to as the dye-sensitized so-
lid-state solar cell (DSSC), delivers a photocurrent, when the ex-
cited molecules D inject, electrons and holes to n- and p-substrates
from the LUMO and HOMO levels [13]. Similarly, when LHL=S, the
resulting device, named the extremely thin absorber solar cell [6-
8] (ETA cell) operates by diffusive transfer of photo-generated
electrons and holes in conduction and valence bands states (CB
and VB) of S to the n- and p-substrates [6]. Although there are
fundamental distinctions in the detailed mechanism of operation
of DSSCs and ETA cells, the requisite material aspects of n- and
p-type substrates are similar. The n-type material should essen-
tially be an optically transparent stable semiconductor admitting
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deposition onto conducting transparent glass to form a thin film
constituted of interconnected nano-crystallites. Again the film
roughness factor needs to be of the order of one thousand, in order
to obtain a sufficiently large light absorption cross-section on
deposition of LHE. For efficient collection of electrons at the anode,
the film thickness should not exceed the electron diffusion length
[L=(D7)'?], (where D=diffusion coefficient, 7=recombination
time) in the matrix and the necessary roughness factor is achieved
by reducing the crystallite size and introducing porosity to the
film. Porosity also leads to a significant population of inter-
connected void paths leading to the back contact. Unlike in the
dye-sensitized electrolytic cell, in a DSSC or ETA cell, filling of
these channels by the hole-collector, results short-circuiting of the
cell. Elimination or minimization of void channels in the film is
essential for proper functioning of a DSSC or an ETA cell. In the first
reported DSSC [1] and the ETA cell [6], this requirement was
achieved by an ingenious film fabrication procedure involving
multiple application and sintering of a especially prepared TiO»
paste on conducting tin oxide glass [1,6]. Later, a more convenient
method of depositing a blocking layer and an upper screen printed
layer was adopted [14].

A variety techniques have been developed for depositing nano-
structured thin films of familiar high band oxide semiconductors
TiO, [15], ZnO [7,16-18] and SnO, [19-22] and they have been
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extensively examined as the n-type substrate for electrolytic dye-
sensitized solar cells [7,16-22]. Of these highest unmatched effi-
ciencies with best sensitizer dyes were achieved with TiO,, despite
the variation of the film morphology in the case of other two
oxides. Cells based on ZnO and SnO, are highly susceptible to re-
combination owing to heavier population of surface states [16-22].
Although the mechanism involved has not been fully understood,
it appears that, lower effective carrier mass in SnO, facilitates re-
combination mediated via surface states [19]. Surface modifica-
tions passivate surface the states and as expected, deposition of
ultra-thin layers of insulating or semiconducting oxides im-
pressively enhances the efficiencies of electrolytic dye-sensitized
SnO, solar cells based cells [19]. Tin oxide has some advantages
over TiO, because of higher diffusion rates of electrons in bulk
SnO, [18,19]. Unfortunately, in nanocrystalline SnO, films, the
diffusion coefficient happens to be even smaller than that of TiO,
owing to presence surface traps, trapping-detrapping greatly re-
duce the effective diffusion coefficient. Closure of surface states,
increases the effective diffusion coefficient of electrons in SnO,
permitting the usage of thicker films to increase the light ab-
sorption cross-section. Attempts have also been made to utilize
Sn0, as n-type substrate for DSSCs, adopting the strategy of sur-
face passivation [23-25]. Experiments with MgO passivating layers
have clearly demonstrated that, it slows down recombination ki-
netics, but lowers the injection rate. In this work we describe our
observation on SnO, based DSSCs, surface passivated with ultra-

FTO

thin films of MgO, ZnO and CaO and sensitized with the high ex-
tinction coefficient organic indoline dye D149 [26]. The variation
of the photovoltaic parameters with respect to the thickness of the
composite film is examined in detail for MgO, ZnO and CaO.

2. Material and methods

In all experiments, sample solar cells were fabricated using
fluorine doped tin oxide (FTO) glass plates (sheet resistance 20 Q/
sq and dimensions 1 x 2 cm?) adopting the following procedure.
The layer FTO in an area of thickness ~1 mm along three edges of
the plate was ablated with Zn+HCI treatment after insertion of a
mask. To deposit a blocking layer of un-doped SnO,, the bare area
along the edges is again masked, plate heated to 450 °C and a
solution of dibutyltindiacetate (7.5% in ethanol) sprayed evenly.
Pryolysis of tin precursor yields a transparent SnO- layer of sheet
resistance ~0.1 k Q/sq, when the extent of spraying is controlled
accordingly. For the purpose establishing electrical contact, a patch
of silver paste, ~0.25 cm wide is painted at the FTO covered edge
of the plate. The steps of the above procedure are depicted in (a)-
(c) of Fig. 1.

Mesoporous SnO, films were deposited on the plates processed
as above using a 15% aqueous colloidal solution of SnO, (Alfar-
Aesar). Three drops of glacial acetic acid is added to 2 ml of the
colloidal solution and the mixture is ground in an agate mortar to

/ SnO, Dense Layer-
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Fig.1. (a) Removing FTO at the edges, (b) application of SnO, blocking layer, (c) deposition of Ag contact, (d) deposition of SnO, based mesoporous film, (e) dye coating of the

mesoporous film, and (f) deposition of CuSCN.
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Fig. 2. Structure of the D149 dye.

form a thick paste and ground again after addition of 3 ml of the
non-ionic surfactant Triton X 100. The paste was dispersed in
40 ml ethanol and sprayed on the plate heated to 150° C, appro-
priately masked to expose only the blocking layer area. Finally the
plate is heated in air at 500 °C for 30 min to form the SnO, film
[Fig. 1(c)]. Composite films covered with ultra-thin barrier layers
over SnO, crystallites were prepared by incorporation weighed
quantities of MgO, ZnO and CaCOs into the SnO,+acetic acid
mixture prior to grinding. Films were characterized by SEM and
XRD. SEM images of transverse sections of plates were recorded to
determine the films thickness.

The dye used in all the experiments is the indoline D149 whose
structural formula is given in Fig. 2. The dye is coated by immer-
sing the plates in a solution of the 0.3 mM solution of dye ( acet-
onitrile+t-butanol in 1:1 ratio by vol.) for 12 h. Plates are rinsed
with acetonitrile, dried and stored in dark.

CuSCN was deposited on the dyed area of the plates by a
modification of the procedure previously adopted [27] to improve
the film morphology and enhance p-type conductivity of CuSCN.
Pure CuSCN (0.5 g) is dissolved in n-propyl sulfide and ~1 ml
triethylaminethiocyanate is mixed and agitated in air for about a
minute. Thereafter the solution is aged for about a week in a
closed vial and any brown precipitate settling down is removed by
decantation [28]. Solution is drop coated over dyed plate heated to
80 °C and slowly dried to the ambient. The above prescription for
coating CuSCN, effectively introduce excess SCN to CuSCN en-
hancing p-type conductivity [28], traces of SCN~ ions in the sol-
vent acts as a crystal growth inhibitor aiding pore filling.

Cells set for measurements are fabricated by painting the outer
CuSCN surface with graphite and pressing a Cr-Pt coated FTO glass
plate to serve as the cathode. Here, the hole collector is CuSCN and
graphite is used to improve the contact between Cr-Pt coated FTO
glass and CuSCN layer. A cross-section of the cell depicting dif-
ferent components of heterojunction is presented in Fig. 3. The
cells masked to an active area of 0.25 cm? were used to ascertain
IV characteristics at AM1.5 simulated sunlight using Peccell LO1
solar simulator and a source meter. The variation of IV parameters
with film thickness and amount of passivating material (MgO, ZnO
and CaO) was investigated to determine the optimum efficiency.

<—Glass
FTO—>, Crpt
Graphite Layer—> [
<—— CusCN
D149 Dye

Passivating Layer
SnO,
<€—— SnO; Dense Layer
<€——Glass

Ag—>
FTO—>

- A A P

Fig. 3. Schematic sketch showing different components of the heterojunction.

The internal cell parameters were determined by impedance
spectroscopy using Autolab PGSTAT12 system at dark conditions,
at bias voltage of —0.5V and in the frequency range from 1 mHz
to 1 MHz.

3. Results and discussion

Tin oxide films made by the procedure described in the ex-
perimental section have a mesoporous structure (SEM) with
crystallites of median size 3-5 nm and roughness factor of 500-
600 determined by standard dye desorption technique. In cells
made only of SnO, (i.e. no surface passivating agent included in
the film fabrication procedure), the optimum of IV parameters
(Jsc=6.07 mA cm 2, V,.=0.156V, FF=0.334, #1=0.32%) occurred
when the film thickness is 9+1 pm ( Table 1 ). When the thickness
variation of IV parameters was examined in films incorporating the
passivating agent, the optimum of # and I, occurred at a fixed
level of loading of MgO, ZnO, Ca0 of ~3.6 x 1073, 1.2 x 1072, and
6 x 1072 g per 1 g of SnO, respectively. These optimum loadings in
each case are largely independent of the film thickness.The above
values corresponds to a surface coverage of MgO, ZnO, CaO on
SnO, crystallites at concentrations ~8 x 107°, 2.8 x 1078, and
1.4 x 108 g cm 2 respectively. A simple estimation assuming bulk
densities of these oxides, indicates that film thickness t calculated
as t=w/[Ap (w=wt. of passivating material, A=effective area of the
film, p=bulk density of the passivating material) is even less than
the respective unit cell dimensions. Presumably, the passivating
layer is a modified surface structure of sub-nanometer dimensions
not resolved in XRD or SEM. Sometimes XRD examination of the
films display peaks suggestive individual oxides, their stannates or
carbonates. Perhaps, these signals originate from un-homogenized
islets of the additive material accumulating in the film matrix.

Tables 2-4 show the film thickness variation of the IV para-
meters of the cells based on Sn0,/Mg0O, Sn0,/Zn0 and Sn0O,/Ca0
films at the optimum surface concentrations of MgO, ZnO and CaO.
For all the three cases the optimum efficiencies of 2.82%, 2.38%,
and 1.38% respectively corresponded to a film thickness of 12 pm,
compared to 9 pm for the cells where the SnO, surface remained
unmodified. This observation can be understood as effective mi-
tigation of electrons injected to the semiconductor matrix, re-
combining with holes at the interface, during their transit to the
back contact. Again passivation of the trapping sites reduces the
frequency of trapping and detrapping events increasing the ef-

fective diffusion coefficient [29,30] Deg~ncd(n.+ny), where
Table 1
[-V parameters of cells with SnO, films of different thicknesses.

Cell no. SnO, film thickness +1/ Jo/mAjcm? VoV FF Efficiency/%

pm

1 3 3.82 0.094 0.289 0.10

2 6 3.73 0.110 0.295 0.12

3 9 6.07 0.156 0.334 0.32

4 12 3.76 0.100 0.290 0.1

5 15 1.78 0.056 0.268 0.03
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Table 2
IV parameters of SnO,/MgO cells of different film thicknesses at the optimum
surface concentration of MgO.

Sn0,/MgO film thickness +1/  Ji/mA/cm? VoV FF Efficiency/%
pm
1 3 443 0.500 0.403 0.89
2 6 5.61 0.550 0.537 1.66
3 9 8.66 0549 0476 2.26
4 12 10.18 0.544 0.510 2.82
5 15 8.86 0.533 0.530 2.50
Table 3

IV parameters of Sn0/ZnO cells of different film thicknesses at the optimum sur-
face concentration of ZnO.

Cell no. Sn0,/ZnO film thick- Js/mAjem? VoV FF Efficiency/%
ness + 1/pm
1 3 3.47 0.556 0.529 1.02
2 6 8.25 0.503 0.370 1.54
3 9 8.85 0.489 0.388 1.68
4 12 10.24 0.507 0.459 2.38
5 15 8.26 0474 0444 1.74
Table 4

IV parameters of Sn0O,/Ca0 cells of different film thicknesses at the optimum sur-
face concentration of CaO.

Cell no. SnO, film thickness +1/ Js/mAjcm? VoV FF Efficiency/%
pm

1 3 3.60 0412 0414 0.61

2 6 7.84 0.442 0.426 1.48

3 9 7.95 0448 0.458 1.63

4 12 8.84 0.454 0.458 1.84

5 15 6.24 0.364 0.384 0.87

n.=density of free electrons, n=density of trapped electrons As
recombination time 7 and diffusion coefficient are both increased,
the electron diffusion length (D.sT)"/greatly increases and the
film thickness is limited by mean free path of light. The dye D149
has a high extinction coefficient of the order of 70,000 L mol cm !
near the absorption peak [31] corresponding to photon mean free
path of the 10 pm in the dyed film.

Fig. 4 shows IV curves for the cells based on SnO,/MgO, SnO,/
Zn0,Sn0,/Ca0 films at the optimum surface concentration of MgO,
ZnO, and CaO0 respectively and for comparison the IV curve for the
cells made of unmodified SnO,.The highest efficiency (2.82%),
open-circuit voltage (0.544 V) fill factor (0.510) is obtained in the
MgO system. These parameters for the SnO,/ZnO cell are some-
what smaller (7=2.38%, V,.=0.507V, FF=0.459) but the short-
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Fig. 4. IV curves of different cells.
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Fig. 5. Dark IV curves of different cells.

circuit current density (10.24 mA cm~2) is slightly higher com-
pared to the Sn0O,/MgO cell (10.18 mA cm~2),

The dark IV curves of the cells are presented in Fig. 5. All the
cells with surface passivated SnO,, shows good rectification.
However resistance to electrons entering to TiO, is also noticeable
as significant forward current appears only at higher voltages. The
effect is most pronounced in the MgO system followed by ZnO and
CaO0. The cell based on pure SnO, shows very poor rectification.
Compared to electrolytic DSSCs, solid-state versions have much
lower efficiencies, an electrolytic DSSC based on SnO,/MgO gives
an efficiency of ~7% [19]. As electrolytic cells have superior dark
current rectification, it appears that interfaces in the soild-state
cell are more susceptible recombination.

The impedance spectra of the cells under dark conditions, at a
bias potential of —0.5V and the equivalent circuit used for the
analysis of the spectra are shown in Fig. 6. The circuit parameters
marked in the equivalent circuit are, Rcg=resistance at the counter
electrode, R;=transport resistance in the n-type semiconductor,
Rnole=transport resistance in the p-type semiconductor,
R.=recombination resistance at the p-type semiconductor/n-type
semiconductor interface, Rg; =resistance at the blocking layer/hole
conductor interface, C,, =capacitance at the p-type semiconductor/
n-type semiconductor interface, r=relaxation time. The values of
the parameters Rcg, Ry, Ry, Rpote, €, and 7 derived from the analysis
are given in Table 5.

Impedance measurements clearly indicates that the presence of

4 Sn0,/MgO
Sn0,/Zn0O

-
= % + Sn0,/CaCOs;
0 —g\ —— \. — 3, 50

20 30 40 50 60 70 80 90 100 110 120
7'/Q

R

Ruoe Ruoe L Ree

[

Fig. 6. (a) Impedance spectra of different cells. (b) Equivalent circuit adopted for
impedance analysis.



894 CS.K. Ranasinghe et al. / Materials Science in Semiconductor Processing 40 (2015) 890-895

Table 5
Impedance parameters of different cells.

Working electrode Rcg/Q R{/Q Rho1e/Q C,/uF R,/Q 7/ms
Sn0, 0.7 3.0 0.5 14.7 34 0.05
Sn0,/MgO 1.0 21.0 7.0 2.4 741 0.18
Sn0,/Zn0O 1.0 18.0 4.0 1.6 44.6 0.07
Sn0,/CaCO3 1.0 21.0 7.0 3.0 36.6 0.11

the passivating layer greatly increases the recombination re-
sistance (R;) by more than one order of magnitude. (Table 5) Re-
combination resistance increases with the thickness of the passi-
vating film and also depends on the nature of the passivating
material. The data presented in Table 5 corresponds to optimum
surface concentration of the passivating agent. The effect is most
conspicuously evident in Sn0O,/MgO system, where R,=74.1Q
compared to 3.4 Q for SnO,. It is important to note that this high
value of R, for MgO is the lowest surface concentration (i.e.
8x 10 2gcm 2 compared to 2.8 x 1078 14x 10 8gcm—2 for
ZnO and CaO respectively). Electron transport resistance (R;) in-
clude series resistance contributions from SnO, passivating layer
and crystallite interconnections and contact at the blocking layer.
High values of R; and Ry for MgO are detrimental to the per-
formance of the cell. An ideal passivating layers would not exhibit
the bulk properties of MgO, ZnO or CaO. Presumably, because of
unavoidable practical constraints, materials in bulk form may ac-
cumulate the SnO, matrix. The high capacitance C,, of SnO; of bare
SnO, films could be understood as a result of a high population of
trapping sites that are effectively closed by the passivating agent.
MgO in bulk form is highly insulating, this factor may contribute to
the high value of R, for the MgO system. However, we are not in
position to provide an unequivocal explanation, as trace amounts
of MgO on SnO, surface may not have properties similar to bulk
MgO Naturally, presence of passivating layers increase the film
resistance, but when heterojunction perform as a solar cell, the
electron motion through the nanocrystalline matrix is diffusive. In
diffusive transport, any modification of the intercrystallites necks
could adversely affect the electron diffusion coefficient in contrast
to favorable effect of the outer passivating layer. Any signs mod-
ification of the crystallite necks due the passivating agent are not
discernable SEM examination. Although, conformal coating of
passivating layers are expected to avoid modification of the necks,
all methods we have adopted to paint layers of MgO, ZnO or CaO
after fabrication of the SnO, film, failed to yield superior or even
comparable results. Immersion of SnO, films in precursor solu-
tions containing Mg, Zn or Ca and sintering did not result coating
of uniform layers over the SnO, crystallites.Passivating layers have
reduced the capacitance C,, by nearly an order of magnitude (2.4,
1.6, and 3.0C,, pF respectively for SnO,/MgO, Sn0,/Zn0, Sn0,/Ca0
respectively, compared to 14.7 C, pPF for Sn0O,). Passivating layers
also shift the flat-band level (FBL) of SnO, upwards with respect to
vacuum zero level [32,33]. Extensive measurements have been
conducted to determine the variation of FBL of MgO with the
surface concentration of MgO [32]. However, it extremely difficult
to assign an optimum thickness to the passivating film. Film was
not discernable SEM to assign thickness (t), our previous attempts
for measurement with TEM was also unsuccessful. Naively, one
can assume t=W/pS, where W=wt. of passivating agent per unit
area, p=density and S=effective surface area. However, the ma-
terial of passivating layer is not really MgO, ZnO or CaO and p is
uncertain. Assuming p as respective bulk densities gives sub-
nanometer values for the film thickness. The shift of FBL rapidly
increases with the surface coverage of passivating agent, the shift
at the surface coverage of MgO corresponding to the optimum
efficiency is ~0.2 eV [32]. The observed change in C, could be

LUMO
— — — -FBL
D
Cp——————>
HOMO

Fig. 7. Schematic energy level diagram of the SnO,/passivating layer/dye interfaces
showing positions of the HOMO, LUMO and vibrational levels of the dye, SnO,
conduction band (CB), band bending at the passivating layer of thickness D.

interpreted as a consequence of the shift of the flat-band potential.

It is also seen that the passivating layer increase the relaxation
time 7 (Table 5) as a natural consequence of the resistance to
carrier movement. The effect is strongest in MgO/SnO, and least in
Zn0/Sn0O, where the relaxation time is comparable to that of the
bare SnO, system. Although considering bulk properties of the
material may not be meaningful, ZnO has very low resistance
compared to MgO. An energy level diagram of the SnO,/passivat-
ing layer/dye interfaces showing positions of the HOMO, LUMO
and vibrational levels of the dye, SnO, conduction band (CB), band
bending at the passivating layer of thickness D is represented
schematically in Fig. 7. The exact structure of the band profile at
the interface could not be ascertained. The sensitivity of the IV
parameters to the “thickness” of the passivating layer strongly
suggests a potential variation at the interface as shown in Fig. 7.
Such a profile will sensitively interfere with the carrier injection
efficiency, depending on LUMO level of the dye. The photo-excited
electron after vibrational relaxation will acquire energy Eiymo,
tunnel across the barrier and relax into CB. Tunneling transmission
coefficient increases with electron energy and decreases with
barrier width D and height. When the tunneled electron relaxes to
CB, lowering of energy, greatly reduce backward electron transfer,
i.e., geminate recombination is also reduced by the passivating
layer. Transient measurements clearly indicate that geminate re-
combination is faster in dye-sensitized bare SnO, compared to
TiO, [34]. Naturally, barrier also reduces the electron injection rate
to some extent. The optimization cell efficiency requires fine
tuning of the passivating layer.

4. Conclusions

Other workers have also examined DSSCs with passivating
layers of MgO and observed an enhancement of efficiency in-
dicative of recombination suppression and a lowering of the in-
jection efficiency. The reasons for the distinction with the elec-
trolytic version have also been analyzed [4,35]. In the present
work DSSC heterostructures of configuration surface passivated
SnO,/indoline dye D149/CuSCN has been extensively examined
introducing MgO, ZnO and CaO as the passivating agent and var-
iation of the IV parameters with the SnO, film thickness is ex-
tensively investigated. When the SnO, film thickness variation of
cell performance was determined, for all thicknesses, the optimum
of the short-circuit current and efficiency occurred at a fixed sur-
face concentration of MgO, ZnO and CaO. In all three systems
optimum efficiency (2.82%, 2.38%, and 1.84% respectively for SnO,/
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MgO, Sn0,/Zn0, and Sn0,/Ca0 respectively) occurred at a nearly
identical film thickness of 12 pm compared to cells based only of
Sn0,, where an optimum efficiency of 0.32% was seen at a film
thickness of 9 pm. Compared to previous work [4,35] the dye D149
used here possess very large extinction coefficient, corresponding
to a photon mean free path of ~10 pm in the dyed film. The im-
portant conclusion of this observation is that, the passivating
layers have effectively suppressed the recombination of the elec-
trons as they traverse to the back contact and the film thickness is
limited by the photon mean free path (and not the diffusion
length). Dark current and impedance measurements also confirm,
that recombination is mitigated by the passivating layer. Closure of
electron trapping surface states by the passivating agent increase
the electron life-time as well the effective electron diffusion
coefficient, thereby increasing the electron diffusion length. The
passivating layer modulates band profile at the interface shifting
the flat-band potential upwards. The modified band structure
provides a barrier preventing electron leakage which causes re-
combination. However, barrier has some detrimental effect on
injection efficiency and fine tuning is necessary to achieve best
results. The problem seems to be the difficulty of obtaining uni-
form coverage of requisite surface concentration. Unexpectedly,
conformal coatings were found to be inferior to films based on
prescriptions, where the passivating agent is introduced to the
SnO, precursor before film fabrication. Further investigations into
film fabrication procedures for incorporation of passivating films
and choice other materials would a promising area research for
development of efficient DSSSCs and ETA cells.
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