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Nanocrystalline Sn@based dye-sensitized photoelectrochemical solar cells have very low open-circuit voltages of
325-375mV and efficiencies of 1%. However, on coating the Sp@rystallites with a thin film of MgO, the voltage and
efficiency are increased to 650-700 mV an@.5%, respectively. Evidence is presented to show that the photoexcited dye on
the outer MgO shell could tunnel electrons to $Srad that the low probability of reverse tunneling suppresses recombinations,
thus increasing the efficiency. An explanation is also given as to understand why dye-sensitizedlI§i@re more efficient

than those made from Sn@lone.
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Dye-sensitized (DS) photoelectrochemical cells (PECSs)
based on nanocrystalline semiconductor films and the mecha-
nisms of charge separation, transport and recombinations in-
volved have attracted much attentib®. The performance of
these devices depends on the film material, film morphology,
photophysical and structural properties of the sensitizer and
the redox couple used. PECs with Ru-bipyridyl dye-coated
TiO, films in | ~ /15 redox electrolyte generate short-circuit
photocurrentslg) at nearly 100% incident photons to pho- 4r
tocurrent conversion efficiencies (IPCEs) and energy conver-
sion efficienciesn) ~ 10% have also been achieveéde-
spite optimization by variation of the film characteristics, we
found thatn comparable to DS TiIQPECs could not be ob-
tained with DS Sn@cells, although they have similar light
absorption cross sections. However, on coating the,SnO
crystallite surfaces with a thin layer of MgO, an obvious en-
hancement ofs., open-circuit voltage\(,c) andn was noted.
Recombinations of the electrons (injected into the conduc-
tion band (CB) by the photoexcited dye) with the dye-cations
(D*)or I ionsin the electrolyte are the main dissipative pro-
cesses limiting the of a DS cell. In this letter, we describe
the construction and characteristics of a DS giMgO PEC
and explain how the MgO layer on Sp©ould improve the
cell by suppressing the leakage of trapped electrons to the
electrolyte interface.

SnG,/MgO films were deposited on conducting tin ox-
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(1 ml, 15% SnQ) and 50-10Qu| of acetic acid (sufficient to 0 200

dissolve MgO) are mixed and ground with a weighed amount V/imv

of MgO, gradually adding 10 mof ethanol. The disper- Fig. 1. (a) Variation oV, (curve 1) andsc (curve 2) of cells made from

sion is then sprayed onto CTO glass plates heated tdCL50 SnGy/MgO films with the MgO% (cell area 0.25 &n (b) |-V character-

and sintered at 58C for 20min. All films used for the istics of the DS cells made from (1) Sp®gO(4.1%) and (2) Sn@

measurements had a thickness~08 um. PECs were con-

structed in the usual manner (i.e., a platinized CTO glass

counterelectrode interposing the electroltdter depositing Fig. 1(a) shows a sharp peak fog. when MgO% = 4.1,

the dye cis-dithiocyanato-bis(2,Bipyridyl 4,4 dicarboxy- thereaftells. decreases rapidly,. slowly increases, with the

late) Ru(ll) andls; Voc was recorded at a constant inten-MgO% reaching a peak at 87%. The maximum value of

sity of ~ 1000 Wm~2 (tungsten filament lamp). The varia- also corresponds to the positions of maximuan Scanning

tion of these quantities with the MgO% (w/w) presented irelectron microscopy (SEM) examination did not reveal any
distinguishable differences between SA@9O(4.1%) and
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SnQ films. Interconnected Snkrystallites (4-10nm) ap- on the outer MgO shell on SnQcould tunnel electrons to
peared clearly in both SEM images. The only distinctiothe CB of SnQ. Tunneling of electrons across the MgO bar-
seen in the transmission electron microscopy (TEM) was réer becomes energetically feasible as the excited level of the
slight haziness around SaQ@rystallites in the SngMgO  dye (S) is located well above the CB (inset Fig. 2). As the
films, which we attribute to a coating of MgO. Energy dis-MgO film thickness is small, direct tunneling transfer occurs
persive X-ray (EDX) microanalysis detected MgO as homeeasily!?) Although recombinations are better suppressed by
geneously distributed (resolution 100 nm) and atomic absortiicker films of MgO, increase in the film thickness reduces
tion spectroscopy confirmed that the amount of Mg in the filnthe tunneling probability. We believe that the origin of the
is almost the same as that used for the preparation. Whsharp peak in the variation &f; with MgO% at 4.1% of MgO

the MgO% = 4.1, X-ray diffraction (XRD) did not resolve (Fig. 1(a)) originates from the presence of these two com-
Mg peaks. However, on increasing the MgO% (i.e., 15%)eting effects.V,., which is dependent on the height of the
only MgO and Sn@ peaks appeared, indicating the absencelectron quasi-Fermi level (QFL) is more sensitive to recom-
of mixed oxides. Digestion of the Sp®1gO(4.1%) films in  binations. Thus, thicker MgO films favor high¥g: and the

HCl leached all MgO. Surface areas of S@gO(4.1%) and limitation here is the insulating action of very thick films of
SnQ, (determined by desorption of adsorbed dye) were founllgO. Consequently,. slowly increases with the MgO%,

to be~ 750 and 800 times the geometrical area. Based on tlgeving a peak at 87% of MgO (Fig. 1(a)).

above experiments we conclude that the Sof)stallites in The final questions that need to be answered are: (1)
the SN@Q/MgO(4.1%) films are covered with a MgO layer of How does a thin film of MgO on SnOimprove the per-

~ 0.1 nm thickness. We are not certain whether the intercry$ermance of the cell? (2) Why do DS TjCcells deliver
tallite contacts are also interposed by a MgO film; if all such
contacts incorporate a MgO film, the resistance may be too
excessive to yield the observég. Sintering possibly fuses 60
SnQ to SnQ. The dye coated on SpMgO(4.1%) films is
completely desorbed on digestion in 0.25M HCI whereas the
dye on Sn@ films was resistant. From these observations we
infer that in SNnGQ/MgO(4.1%), the dye becomes anchored to 40
the MgO surface.

Figure 1(b), (curve 1) shows the-V characteristic of
the DS SN@/MgO(4.1%) cell at 1000 Wn~2 illumination, &
as measured by a solar-cell evaluation system (JASCO, 54 |
CEP-25BX). For comparison, the characteristics of the DS

1

CcB

PCE%

SnG, cell are also included (Fig. 1(b), (curve 2)). We == \

observe a dramatic enhancement\@f, n and fill factor Dye

(FF) in the Sn@/MgO(4.1%) system with an increase in S0 Mgo

Isc @as well (Tablel). The photocurrent action spectra of

SnQ/Mg0O(4.1%) and Sne cells yield peak {535 nm) 400 550 a/nm 700

IPCEs of 59% and 48%, respectively (not corrected for

losses). We conducted another experiment by sensitiziﬁ'gls-né /I\;’hootz):lige)nt daf(:g;gn OSpfﬁtra <I>f DSSCﬁe”S ~made frlomd g’_i)
0 ; i ; i /MgO(4.1%) an > films. Inset: ematic energy level di-

SanMgO(A"l /O) and Snghilms with hemat.oxy“n (H) This agram indicating the positions (eV/vacuum scale) of the bands of SnO,,

dye, adsqrped On_ SnCand MgO, have d'ﬁerent spectral ground and excited levels of the dye (S, S*) and the I /1 ~ redox level.

characteristics owing to surface complexing. H-adsorbed

SnQ, (brownish red) and MgO (blue) have absorption peaks

at ~533 and 600nm, respectively and we observed that 1 gg 0.09

H-adsorbed Sn@MgO(4.1%) has the same color and peak

absorption position as H-adsorbed MgO (Fig. 3), again con-

firming that SnQ@ crystallites in Sn@'MgO(4.1%) have an <
outer shell of MgO. Furthermore, the photocurrent ac- 31.20 0.06
tion spectra of H-sensitized SpCand SnGQ/MgO(4.1%) S S
cells (where a neutral electrolyte is used) showed peaks atg %
~533nm and 600 nm, respectively (Fig. 3), proving that in @ 8
the latter cell, sensitization had occurréi@ dye deposited =~ <0-60 0.035

a

on MgO. Therefore, we conclude that the photoexcited dye

d
0.00 A /\ L 0

Table |. Short-circuit photocurrent, open-circuit voltage and fill-factor of 350 500 650 800

DS cells made from SngdMgO(4.1%) and Snefilms. A/ nm
i 0, 0,
Film ls/mA Vod/mV n% FF% Fig. 3. Absorption spectra of hematoxylin-coated (a) SnO,, (b)
SnG/MgO(4.1%) 15.4 654 6.5 65 Sn0,/MgO(4.1%) and (c) MgO films and photocurrent action spectra DS
SnG 125 330 1.3 31 cells made from (d) SnO> and (€) SnO2/MgO(4.1%) films sensitized with

hematoxylin.
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higher lg, Voe, n compared to SnO, cells? The explana-
tions we offer are as follows. When electrons tunneled into
SnO,, relax to the CB, the reverse tunneling probability is
largely reduced. Thus, the MgO barrier suppresses recombi-
nations of the electrons with the D* or the 15 at the elec-
trolyte interface. Semiconductor nanocrystalites are densely
populated with intra-band trap states distributed in the en-
ergy gap>*>® and recombinations generally occur via me-
diation of a trapped state. Electrons injected into the CB
during dye-sensitization return to shallow traps and also be-
come thermally excited the CB.*® An electron in a shallow
trap, with energy E below the bottom of CB is described
by a wave function of the form ¥ ~ exp(—r/a),'? where
r = the radial coordinate measured from the trapping site,
a = h/(2m*E)¥2, and m* = electron effective mass. When
E ~ kT (T = room temperature) and m* ~ 0.1mg (for
SnO,,1213) the parameter ‘a’ (~ 4nm) has the same order of
magnitude as the SnO, crystallite dimension. In this situa-
tion, the trapped electron would readily leak to the electrolyte
(instead of returning back to the CB) and recombine with 1
or D*. The difference between the electron QFL in the semi-
conductor and the potential of the redox couple, determines
the Vo of a DS PEC. Although the QFL could rise to the
bottom of the CB or above, most cells have V,. below the
theoretical limit, because of the recombinations. V.. obtained
fromthe DS SnO, cell is350—400 mV. Upon coating MgO on
SnO,, Vo exceeding 700mV was observed, suggesting that
in this case QFL has risen even above the bottom of the CB.
The increase in the FF in MgO-coated cells (Table 1) again
demonstrates the effectiveness of the MgO shell in reducing
recombinations.

According to our own experience and other reports,*¥ DS
PECs comparable in performance to those based on TiO,
could not be prepared from ZnO. The CB position of ZnO
is above that of TiO, and yet DS ZnO cells have lower Vcs.
Here again the reason seems to be the small electron effec-
tive mass (~ 0.2me) in ZnO.1 Because of the large electron
effective massin TiO, (of the order 10me!® or larger accord-
ing to some reports'”) an electron trapped (in athermally ex-
citable level) in the bulk of 10-30nm thick TiO, crystallite
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would not readily leak into the electrolyteinterface. Although
DS PECs made from SnO, or ZnO alone are inefficient, a
composite DS SnO,/ZnO PEC was found have an efficiency
comparableto that of aTiO, cell.!® Inthis system, ZnO parti-
cles are more than one order of magnitude or larger compared
to the SnO, particles and therefore, the electrons transferred
to ZnO will not readily leak into the electrolyte interface. Ob-
vioudly, films made from larger size (i.e., > a) SnO, or ZnO
particles are unsuitable because of the low surface area. As
the effective electron massin TiO, isvery large, efficient cells
can be constructed from TiO, films composed of small crys-
tallites.
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