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hotoelectrochemical cells (PECs)

based on a mesoporous nanocrystal-

line TiO, film (TiO, film) sensitized
with organic or organometallic dyes have
been studied intensely for the past 20 years
as a potential low cost alternative to more
traditional, solid state photovoltaics.'? Sig-
nificant progress has been made in optimi-
zation of the components of the dye-
sensitized solar cell (DSSC) with highest re-
ported efficiencies currently exceeding
11%.3* As part of a search for new ap-
proaches to further improvement in effi-
ciency over the past several years, a num-
ber of research groups reported studies of
PECs in which the sensitizing dyes are sub-
stituted with nanocrystals of narrow band
gap semiconductors, such as InP,> CdS,5~ 10
CdSe,"'"13 CdTe," PbS,">'® and InAs," also
called nanocrystals quantum dots (NQDs).
In these studies it was demonstrated that
NQDs can function as efficient sensitizers
across a broad spectral range from the vis-
ible to mid-infrared and offer advantages
such as the tunability of optical properties
and electronic structure by simple variation
in NQD size, while retaining the appeal of
low-cost fabrication. In addition, as was
demonstrated recently,'®'® NQDs, of cer-
tain materials have the ability to efficiently
convert the energy of a single photon into
multiple electron—hole pairs via a process
called carrier multiplication (CM) or multiple
exciton generation (MEG). Provided that
carriers generated by the MEG effect can
be effectively extracted from NQDs, this
process has the potential to significantly im-
prove the efficiency of solar cells.??!

Two distinct approaches to the sensitiza-
tion of TiO, film with narrow band gap
semiconductors have been demonstrated
in recent studies. In one approach, NQDs
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ABSTRACT We have constructed and studied photoelectrochemical solar cells (PECs) consisting of a

photoanode prepared by direct deposition of independently synthesized CdSe nanocrystal quantum dots (NQDs)

onto a nanocrystalline Ti0, film (NQD/Ti0,), aqueous Na,$ or Li,S electrolyte, and a Pt counter electrode. We show

that light harvesting efficiency (LHE) of the NQD/Ti0, photoanode is significantly enhanced when the NQD surface

passivation is changed from tri-n-octylphosphine oxide (TOPO) to 4-butylamine (BA). In the PEC the use of NQDs

with a shorter passivating ligand, BA, leads to a significant enhancement in both the electron injection efficiency

at the NQD/Ti0; interface and charge collection efficiency at the NQD/electrolyte interface, with the latter

attributed mostly to a more efficient diffusion of the electrolyte through the pores of the photoanode. We show

that by utilizing BA-capped NQDs and aqueous Li,S as an electrolyte, it is possible to achieve ~100% internal

quantum efficiency of photon-to-electron conversion, matching the performance of dye-sensitized solar cells.

KEYWORDS: nanocrystals - quantum dots - solar cell - quantum-dot-sensitized solar cell -
dye-sensitized solar cell - photoelectrochemical solar cell - cadmium selenide

are generated on the surface of TiO; films
in situ, using chemical bath deposition
(CBD)'%?22 or successive ionic layer adsorp-
tion and reaction (SILAR).2*?°> The advan-
tages of the in situ deposition approaches
are their simplicity, the fact that the NQDs
are in direct electronic contact with TiO,,
and that they can easily produce TiO, films
with high surface coverage of the sensitiz-
ing NQDs. However, there are several limita-
tions of the in situ approaches, such as poor
control over NQDs chemical composition,
crystallinity, size, and surface properties,
which may hamper effective exploitation
of the advantages of the NQDs.

An alternative approach is based on a
two-step process, whereby NQDs are first
independently synthesized using estab-
lished colloidal synthesis methods and the
TiO; film is subsequently sensitized by ex-
posure to a concentrated solution of the
NQDs. The advantage of this approach is a
significantly higher control over the chemi-
cal, structural, and electronic properties of
the NQDs compared to the in situ
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Figure 1. (a) TEM image of the CdSe NQD/TiO, film slice cut
with a focused ion beam (FIB): slice thickness, 20—180 nm; TiO,
film thickness, ~6.5 pm; TiO, NC size, ~20 nm; NQD radius,
~5.0 nm. The red arrow indicates the direction of the EDS scan
shown in panel b. The inset shows digital images of the front
and back of CdSe NQD/TiO; films deposited on glass. Top im-
age: TiO, film thickness, ~20 um; TiO, NC size, ~400 nm; NQD
radius, ~5.0 nm. Bottom image: TiO; film thickness, ~7 pm;
TiO, NC size, ~20 nm; NQD radius, ~5.0 nm. (b) EDS analysis
of CdSe NQD/TiO; film slice shown in panel a. The EDS spectra
for each element were taken with respect to the SiO,/TiO, inter-
face (zero point on the abscissa). Thus, the absolute value of
negative distance is the distance measured from the interface
into the SiO, layer. The diameter of CdSe NQDs (including TOPO
ligand) is ~7 nm, and the average pore diameter of the TiO,
film measured by Brunauer Emmett and Teller (BET) method is
~18 nm.

approaches. However, since NQDs, unlike dyes, do not
possess an anchoring functional group for coupling to
the TiO, surface, this approach provides limited control
over the TiO, sensitization process and degree of NQD-
TiO, electronic coupling. In addition, NQDs as pre-
pared are typically passivated with a layer of organic
ligands, such as tri-n-octylphosphine oxide (TOPO), ali-
phatic amines, or acids, which serve as a impediment to
effective TiO, sensitization and as a barrier to efficient
charge transfer across the NQD/TiO, and NQD/electro-
lyte interfaces. Nevertheless, several groups have dem-
onstrated that exposure of “bare” TiO, films or TiO, films
functionalized with bifunctional organic linkers to con-
centrated solutions of NQDs leads to their effective
sensitization.>$~28 While in the studies of PEC perfor-
mance, several parameters, such as NQD size,? type of
bifunctional organic linker?®*° and counter electrode
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material,?®3! have been evaluated, the role of NQD or-
ganic surface passivation remained mostly unexplored.
In the present work we study how modification of
NQD surface passivation affects the performance of
PECs utilizing a photoanode prepared by direct deposi-
tion of presynthesized CdSe NQDs onto a nanocrystal-
line TiO, film. By performing comparative studies of de-
vices based on NQDs capped with TOPO and with
4-butylamine (BA), we show that the reduction in the
length of the passivating ligand leads to significant im-
provement in light harvesting efficiency (LHE) of the
NQD/TiO, photoanode and improvement in charge in-
jection and charge collection efficiencies of the PEC de-
vice. In PEC devices utilizing BA-capped NQDs and
aqueous Li,S electrolyte, we observe ~100% internal
quantum efficiency of photon-to-electron conversion.

RESULTS AND DISCUSSION

Structural and Optical Properties of NQD/Ti0, Films. The
NQDs used in this study were synthesized and purified
following a standard literature procedure.3 The CdSe
NQD/TiO, composite films were prepared by direct
deposition of NQDs onto freshly prepared TiO, films
from hexane or toluene solution (see Methods section
for more details). We find that NQDs effectively infiltrate
in and deposit within the pores of TiO, as evidenced
by significant coloration (Figure 1a inset) and by the ap-
pearance of characteristic absorption features of NQDs
in the spectra of the films (Figure 2a). This is consistent
with previous literature reports.>* The amount of depos-
ited NQDs, as monitored by absorption spectroscopy,
increases with NQD concentration and duration of TiO,
film soaking with a plateau reached at NQD concentra-
tions of ~107—10"° M and exposure time of ~48 h.

One important question from the standpoint of
practical application of NQD/TiO, composite films in
(PECs) is the uniformity of the NQD distribution within
the film. In our studies of TiO, films with thicknesses be-
tween ~5—20 um we noticed a distinct coloration dif-
ference between the front and back face for films with
thicknesses >10 um (Figure 1a inset, top), suggesting
limited penetrability of the NQDs into the film. The ~10
wm threshold was not significantly affected by varia-
tion in size of TiO, nanocrystals (20—400 nm) or the size
of NQDs (~4—7 nm). For the films with thicknesses
<7 pm there was no observable coloration difference
between the front and back face (Figure 1a inset, bot-
tom), suggesting complete penetration of the NQDs
across the TiO, film. To obtain more detailed informa-
tion about the NQD distribution in the sub-7 pm films,
a thin (20—180 nm) slice of the NQD/TiO, composite
film, cut with a focused ion beam (FIB), was analyzed
by energy dispersive X-ray spectroscopy (EDS). The
transmission electron microscope (TEM) image of the
slice is shown in Figure 1a, and the results of the EDS el-
emental analysis of the NQD/TiO; slice are shown in Fig-
ure 1b. A nearly constant concentration of Cd and Se at-
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Figure 2. (a) Absorption spectra of CdSe NQDs (r ~ 2.15 nm), with 4-butylamine (BA) or tri-n-octylphosphine oxide (TOPO)
passivation, deposited on TiO, films, (film thickness, ~5 pm) and suspended in hexane solution. The NQD/TiO, films were pre-
pared by exposure of the TiO, film to 3.0 X 107% M hexane solution of NQDs for 48 h. Also shown is the absorption spec-
trum of the blank TiO, film. (b) Experimentally determined light harvesting efficiency (LHE) for the two films shown in panel
a compared with that of the TiO, film of the same thickness sensitized with N3 dye. The dotted lines represent the error of the
measurement for the independently prepared films following the same procedure. The TiO, film sensitized with an N3 dye
was prepared by exposure of the TiO, film to 0.3 M solution of the dye in ethanol for 48 h. (c) Molar extinction coefficients of
CdSe NQDs (TOPO) of various sizes compared with molar extinction coefficient of N3 dye. (d) Calculated LHE for the same se-
ries of CdSe NQDs (TOPO) as in panel c assuming size-scaled surface coverage to be the same as for the N3 dye, shown as a
dashed line. The dotted line represents calculated LHE for CdSe NQDs with BA as a passivating ligand.

oms throughout the film indicates that the NQDs not
only penetrate all the way to the interface between TiO,
and glass, but they are also uniformly distributed across
the TiO, film.

Optical studies of NQD/TiO, films revealed that the
amount of NQDs deposited within the TiO, film is sig-
nificantly affected by the type of NQD surface passiva-
tion (see Figure 2a,b). Figure 2a compares absorption
spectra of CdSe NQD/TiO, films prepared using NQDs
capped with TOPO and films prepared using NQDs
capped with BA. The BA-capped CdSe NQDs (NQD(BA))
were prepared from the same batch of TOPO-capped
CdSe NQDs (NQD(TOPO)) by sequential precipitation in
MeOH and dissolution of NQDs in BA at elevated tem-
perature (see Methods section for details). Also included
in Figure 2a are absorption spectra of the same NQDs
in hexane solution and the absorption spectrum of the
TiO, film. Comparison of the spectral features indicates
that the modification of surface passivation or adsorp-
tion of NQDs into the TiO, film does not significantly al-
ter their electronic structure. However, for NQD(BA) we
have consistently observed significantly higher optical
densities of the NQD/TiO, films. This is consistent with
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the results of light harvesting efficiency (LHE) measure-
ments summarized in Figure 2b, showing clear en-
hancement of LHE for the NQD(BA). Also included in
Figure 2b is the LHE of a TiO, film sensitized with an or-
ganometallic chromophore cis-di(thiocyanato)-bis(2,2-
bipyridyl-4,4-dicarboxylate) ruthenium(ll), known as N3
dye. An analysis of the LHE values for the N3/TiO,, NQD-
(TOPO)/TiO,, and NQD(BA)/TiO, provides important in-
sights about the effect of the NQD surface passivation
on the optical properties of the NQD/TiO, films.

As a first step in our analysis we compare the experi-
mentally determined molar extinction coefficient of N3
dye®* with the estimated molar extinction coefficients
of CdSe NQDs. As was shown previously,*® the size de-
pendent absorption cross sections of CdSe NQDs at 400
nm can be estimated using an empirical relationship
0o(cm?) = (Ncgse/Nsolvent) 1.6 X 10716 [r (nm)]3, where o,
is an absorption cross section, Ncgse and Nyopyent are re-
fractive indexes of CdSe NQD (taken as 2.5)% and sol-
vent (Nhexane = 1.354) and r is the NQD radius. The ra-
dius of an NQD can be estimated from the absorption
spectrum of the NQD solution using an empirical rela-
tionship between the NQD size and its band gap, typi-
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cally taken as the peak of the lowest energy electronic
transition (1s).3° To convert the calculated value of o,
(cm?) to molar extinction coefficient, ¢ (M~' cm™), we
use the relationship € = g,Na/(1000 X 2.303) = 0,(2.61
X 10%), where N, is the Avogadro’s constant. The com-
parison of calculated values of & for CdSe NQDs of sev-
eral sizes and the molar extinction coefficient of N3 dye
shows that on a molar basis NQDs are significantly bet-
ter absorbers than the dye (Figure 2c). This feature
makes NQDs a very appealing alternative to molecular
dyes as the sensitizer in PECs. However, since NQDs are
typically much larger than dyes, the amount of NQDs
adsorbed per unit of TiO, surface area can be signifi-
cantly smaller than that of dyes. Therefore the compari-
son of LHEs in composites with similar chromophore
surface coverage is more useful from the practical
standpoint.

As was shown previously,* in cases when the scat-
tering and the reflectance are small compared to the
absorption losses, the LHE is directly related to the mo-
lar extinction coefficient of a chromophore as shown
ineq 1:

LHE()\) =1 - 10_[1000(Cm3"—’1)E(mol’"L-cm”)r(mol-cmﬂ)]

M

In eq 1 the ¢ is a molar extinction coefficient and I' is
the chromophore surface coverage in mol/cm? The cal-
culated LHE for the N3 Dye is shown as a dashed line
in Figure 2d. In the calculation we have adjusted the
surface coverage so as to match the calculated value of
LHE at 525 nm with the experimentally observed value
of LHE at the same wavelength (Figure 2b). (Note that
the experimentally observed LHE is broadened and par-
tially distorted at high energies due to high TiO, absorp-
tion). To estimate the maximum achievable LHE by
NQDs under the same conditions, we scale the NQD sur-
face coverage using the relationship I'ngp = I'nz(Sna/
Snap), where Sys and Syqp are cross-sectional surface ar-
eas of N3 dye and the NQDs, respectively. Each value is
calculated as S = w X r?, where ry; was taken as 0.58
nm3 and rygp was taken as the radius of the NQD plus
the length of the ligand (estimated as 1.1 nm for TOPO
and 0.4 nm for BA). In this calculation it is assumed that
the capping ligands are “impenetrable”; that is, the
periphery-to-periphery distance between the NQDs is
equal to twice the ligand length. The results of the cal-
culation for TOPO-capped NQDs of several sizes are
shown in Figure 2 in solid lines. Also, shown is the re-
sult of a calculation for the NQDs with a particle radius
of 2.15 nm, capped with BA (dotted line).

The results of the LHE calculations in Figure 2d
and their comparison with the experimental LHE
shown in Figure 2b yield several insights. First, after
accounting for their size, in spite of significantly
higher molar extinction coefficients of NQDs com-
pared to N3 dye, NQDs are not significantly better
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absorbers than molecular dyes, at least at energies
close to the band edge. Second, both the theoreti-
cal analysis (Figure 2d) and the experiment (Figure
2b) indicate that reduction in length of the NQD cap-
ping ligand can significantly improve the LHEs of
the NQD/TiO; films. Finally, the high LHEs observed
experimentally for the NQDs suggest that they effec-
tively cover the TiO, surface.

Determination of IPCE in CdSe NQD/Ti0, PEC. One of the
characteristics of the liquid electrolyte-based DSSCs is
slow recombination of electrons in TiO, films with a re-
dox couple in the electrolyte.3*4° As a result, in an irra-
diated device under open circuit conditions, electrons
often accumulate in the TiO, film. Because of the large
surface area of the TiO, film this effect is more pro-
nounced in DCCSs than in Shottky-type devices. When
the photocurrent measurement is initiated the accumu-
lated charges are released and depending on measure-
ment conditions this can result in overestimation
and/or poor reproducibility of the measured photocur-
rent.*! The severity of the problem can be usually quan-
tified by systematic studies of photocurrent depen-
dence on measurement conditions, such as
measurement integration time and delay time using de-
vices fabricated under the same conditions.*’ In the
present work, we observed that the measured values
of IPCE are strongly dependent on the specifics of the
photocurrent data collection process. Figure 3a shows
the results of the IPCE measurements for a PEC based
on the CdSe NQD(BA)/TiO, photoanode, using various
photocurrent integration times. The temporal diagram
of the experiment is shown in Figure 3b. As is apparent
from Figure 3a, short integration times lead to observa-
tion of unreasonably high values of IPCE, but they are
reduced as the integration time is increased.

To identify the cause of the variations in the IPCE val-
ues, we performed wavelength dependent transient
photocurrent measurements. The results summarized
in Figure 3c reveal that the highest value of photocur-
rent is observed immediately upon the start of current
data collection (60 ms time resolution) and gradually
decreases over time. They also show that the magni-
tude of the transient photocurrent is wavelength inde-
pendent. The photocurrent transient reaches plateau
approximately after ~3 s. Similar dynamics of transient
photocurrent were previously observed in PECs based
on dye-sensitized TiO,,*'~* where it was attributed to a
high capacitance at the TiO, film/electrolyte interface
resulting from the high surface area of the interface and
a slow recombination of the electrons in TiO, with the
electrolyte redox couple. Given the similarity in the
structure of the interface in the NQD/TiO, PECs and dye-
sensitized PECs (DSSC), it is reasonable to assume that
the high capacitance of the NQD-TiO; interface is also
the primary reason for the significant enhancement of
the transient photocurrent on the subsecond time
scales observed in our studies. In addition, since the
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Figure 3. (a) The dependence of incident photon to current conversion efficiency (IPCE) on integration time of the IPCE
measurement between 20 ms and 6 s. The IPCE measurement was carried out with a 1 s waiting time and 0 s delay
time (see panel b) using CdSe NQD(BA)/TiO, photoanode with 1 M aqueous Li,S electrolyte. The dashed line is the IPCE
result obtained with 60 ms integration time, corresponding to time resolution of the photocurrent measurements
shown in panel c. (b) A temporal diagram of the IPCE measurement. (c) Transient short circuit current as a function of
time under monochromatic light irradiation at several wavelengths using the same device as in panel a. The currents
were normalized at 10 s. The instrument time resolution was 60 ms. (d) A comparison of IPCE measurements for two in-
dependently fabricated devices using delay time of 3 s and the integration time of 1 s.

electrolyte in NQD PECs contains only the reducing
agent, S?~ (corresponding to I~ in DSSCs), but no corre-
sponding oxidizing agent (I3~ in DSSCs), the recombina-
tion of electrons in TiO, with the redox electrolyte
couple may be much slower in NQD PECs. This effect
may lead to additional enhancement of the transient
photocurrent. To avoid any potential distortions in all
our photocurrent measurements, we have introduced
a data collection time delay, as shown schematically in
Figure 3b. We found that upon introduction of a delay
time of ~3 s (to avoid overestimation of photocurrent),
and using an integration time of ~1 s (to avoid distor-
tions due to light intensity fluctuation), the IPCE meas-
urements were highly reproducible. Under these condi-
tions, typical variations in IPCE values were less than
5% between measurements, as well as between mul-
tiple devices fabricated using the same experimental
conditions (Figure 3d).

Effect of Surface Passivation on Short-Circuit Current and Mass
Transport in CdSe NQD/Ti0, PEC. In Figure 4 we show experi-
mentally observed short circuit current (/s.) versus irra-
diation light intensity for two CdSe NQD/TiO, PECs pre-
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pared under identical conditions, differing only in the
type of NQD capping layer. In one group of devices we
used NQDs capped with TOPO and in the second the
TOPO capping layer was substituted with BA prior to
the device fabrication (see Methods section for details).
In both groups of devices we observe a nearly linear in-
crease in Iy with increase in irradiation intensity, which
is expected according to®*

A(nm)

1240 eV/nmIPCE(M dn

Il mA) = [ Ip(mW)

IPCE(A) = 9%T (M) (substrate) X LHE(A) X ¢y X ¢
)

In eq 2, Iy is the incident light intensity at wavelength
N, %T (\) (substrate) is the transmittance of the sub-
strate at the incident wavelength, &,; is the electron in-
jection efficiency, and ¢ is the charge collection effi-
ciency including contributions from electron transport
in the TiO, film and the redox couple mediated hole
transport between the sensitizer and the counter
electrode.
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Figure 4. The dependence of short circuit current on the inten-
sity of light irradiation measured using 4-butylamine (BA)-
capped (square) and tri-n-octylphosphine oxide (TOPO)-capped
(triangle) quantum dot-sensitized solar cell with aqueous 1 M
Na,S electrolyte. The straight line (solid line, BA; dotted line,
TOPO) is a linear fit going from the origin to the first measure-
ment result at the lowest light irradiation intensity. The area of
the device was 0.2209 cm?.

Despite the similarities in the overall trend of the I
dependence on light intensity in the two devices, there
are some notable differences. The most apparent is
the disparity in the absolute values of I, at all irradia-
tion intensities, with significantly higher I values ob-
served for NQD(BA). Consistent with eq 2 and the re-
sults shown in Figure 2b part of the enhancement can
be attributed to the increase in LHEs of the NQD(BA)/
TiO, films compared to NQD(TOPO)/TiO; films. En-
hancement in /. due to better infiltration of NQDs into
TiO, films with larger pore sizes was previously reported
by Gimeénez et al.;*' however, while the TOPO-to-BA
substitution leads to ~40% enhancement in LHE at the
1s peak (Figure 2b), the enhancement in I is approxi-
mately 4-fold (Figure 4). This indicates that there is an
additional factor, besides LHE, that contributes to the /.
enhancement in NQD(BA)-based devices. We propose
that the /;c enhancement in NQD(BA) devices is associ-
ated with enhancement in charge collection efficiency,
whereby the use of shorter BA ligands allows better dif-
fusion of electrolyte through the pores of the NQD/
TiO, film as well as better access of S~ to the NQD sur-
face. This hypothesis is supported by the observed
deviation of the experimental values of I, indicated
by open squares and open triangles for NQD(BA) and
NQD(TOPO), respectively, from the line drawn between
the axes origin and the first experimental data point ob-
served at the lowest irradiation intensity. In the case of
the NQD(BA) the deviation between the experimental
points and the linear line is small, indicating that charge
collection efficiencies are not subject to mass transport
limitations even at high light intensities. However, for
the NQD(TOPO)-based devices the experimental short
circuit current values clearly deviate from the linear plot
at high light intensities, suggesting increasing mass
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transport limitations, which we attribute to restricted
electrolyte diffusion and NQD surface accessibility.

Effect of Electrolyte and Extent of NQD Adsorption on the IPCE.
In Figure 5a,b we show a summary of the IPCE studies
for a series of CdSe NQD/TiO, PECs prepared using dif-
ferent NQD ligand capping (TOPO, BA), concentration of
the NQD solution (3 X 107, 3 X 1076 M) used for TiO,
infiltration, and electrolyte (aqueous Na,S, Li,S). An ex-
ample of the experimentally measured /—V curves for
the devices based on TOPO-capped and BA-capped
NQDs is shown in the Supporting Information. Consis-
tent with the results of short circuit current measure-
ments discussed in the previous section, measured
IPCEs are significantly smaller for NQD(TOPO) than
NQD(BA), regardless of the type of electrolyte or the
concentration of the NQD solution used for TiO, infiltra-
tion. For the NQD(BA) we find that the IPCE increases
with the concentration of the NQD solution, which we
attribute to the enhancement in the LHE. Interestingly,
in the case of TOPO-capped NQDs the increase in the
concentration of the NQD solution does not lead to
IPCE enhancement. In fact, when Li,S electrolyte is used
(Figure 5b), an increased concentration of TOPO-
capped NQDs leads to IPCE reduction. Since the LHE in-
creases with the concentration of the NQD solution,
the observed reduction in IPCE suggests suppressed
charge injection or collection efficiencies. This could be
caused either by nonuniform infiltration of NQDs into
the TiO, film and/or by restricted diffusion of a redox
couple into the TiO; film loaded with large amount of
NQDs.

For the BA-capped NQDs we observe higher IPCE
values with Li,S electrolyte (Figure 5a) compared to
Na,S electrolyte (Figure 5b). In an independent meas-
urement (data not shown) we have also observed that
open circuit voltage (V,) of devices with Li,S electrolyte
was reduced compared to Na,S electrolyte. In the case
of DSSCs, it was shown that a decrease in V,. can be
closely correlated with a shift in the TiO, conduction
band to more positive values.*~* This effect was ex-
plained in terms of Li*-induced changes in the TiO,
electronic structure.*” Since the electronic structures of
the dyes are typically unaffected by the cation of the
electrolyte, the positive shift of the TiO, conduction
band leads to an increase in the driving force for the
dye — TiO; electron transfer, which in turn leads to en-
hanced electron injection efficiencies and consequently
higher IPCEs.*~% On the basis of our observation of re-
duced V. in NQD PCEs studied here we propose that
the enhancement in IPCEs observed in the presence of
Li,S electrolyte is due to a similar effect. The good over-
lap between the 1s peak feature observed in LHE and
IPCE measurements suggests that the electronic struc-
ture of the NQDs is not significantly affected by the
presence of electrolyte. Therefore, the positive shift of
the TiO, conduction band likely leads to an increase in
the energy offset between the NQD and TiO, conduc-
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Figure 5. Incident photon-to-current conversion efficiency (IPCE) for CdSe NQD/TiO, solar cells using NQDs with 4-butylamine
(BA) or tri-n-octylphosphine oxide (TOPO) as capping ligands and different concentrations of solutions used for TiO, infiltra-
tion. The electrolyte was in (a) 1 M Na,S and in (b) 1 M Li,S aqueous solution. (c) The dependence of IQE (internal quantum ef-
ficiency) calculated as: IQE = (IPCE/%T FTO)/% LHE. Inset: The experimental data used for calculation of IQE of the device
shown in solid circles in the main panel. (d) Dependence of IPCE on various device preparation conditions. The absorption
spectrum increases at all wavelengths due to the significant change in path length from a single-layer TiO, film to a double-

layer film.

tion bands, thus increasing the driving force for the
NQD-TiO, electron injection. Improvement in electron
injection efficiency is then reflected in the enhanced
IPCEs.

In the case of NQD(TOPO) devices prepared with
lower concentration of NQD solutions, the use of Li,S
led to a more significant enhancement in IPCE than for
NQD(BA) devices. With the application of the argu-
ments discussed in the previous section this result sug-
gests that the Li*-induced shift in the TiO, conduction
band offset has a much more pronounced effect on the
electron injection efficiency from TOPO-capped NQDs.
Although the exact reason for this is not known, we
speculate that in the case of TOPO ligands the activa-
tion barrier for the NQD—TiO, electron transfer is larger
and is more sensitive to small variations in the free en-
ergy change associated with the electron transfer
process.

Determination of Internal Quantum Efficiency (IQE) for the
CdSe NQD/Ti0, PEC. IQE is an important characteristic of a
PEC, indicating how efficiently the absorbed (rather
than incident) photons are converted to current in the
external circuit. For IQE = 1, every photon absorbed by
an active medium of the solar cell is converted to cur-

Www.acsnano.org

rent. The IQE of the PEC can be estimated from experi-
mentally determined IPCE and LHE, after accounting for
losses due to light absorption by the FTO substrate, ac-
cording to3

IQE = IPCE/(%T(FTO) X LHE) = ¢j X ¢ (3)

The results of the IQE analysis for the NQD(BA)/TiO, de-
vice prepared using 3 X 107 M NQD solution and 1 M
aqueous Li,S as an electrolyte are shown in Figure 5c.
The main panel shows the calculated IQE and the inset
shows the experimentally measured LHE and IPCE as
well as the transmittance of the FTO substrate used in
the calculation. We note that the measurement of the
IPCE was performed on a PEC device, and the measure-
ment of LHE was performed on TiO,/NQD film pre-
pared under identical conditions, but in the absence of
electrolyte. The results of our analysis show that the IQE
of the device is ~100% for the entire spectral range be-
tween ~450—600 nm. To our knowledge this is the
highest IQE reported for a NQD-based solar cell. As im-
plied by eq 3 the high IQE indicates that both electron
injection and charge collection efficiencies are nearly
100%. Near 100% electron injection efficiency was re-
ported previously for CdS/TiO, composite films pre-
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pared by chemical bath deposition.*® Our results indi-
cate that the interfacial electron transfer and charge
transport in the NQD-based PECs prepared here are
comparable with the most efficient DSSCs under short
circuit conditions. The experimentally measured [—V
curves for the device are shown in the Supporting Infor-
mation.

Effect of Ti0, Film Structure on the IPCE. To further im-
prove the IPCE of NQD PECs we have fabricated a se-
ries of devices using a double layer TiO; film structure
consisting of a bottom (in contact with FTO) light ab-
sorption layer (~5 pwm with 20 nm particles) and a top
scattering layer (~5 pum with 400 nm particles). This
type of structure is commonly used to enhance the
LHEs of DSSCs.? The results of the IPCE study of the
double layer structure compared with different configu-
rations of monolayer devices, using the same size of
NQDs (1 s at 590 nm; r ~ 2.3 nm) are shown in Figure
5d. The results clearly show enhancement in the IPCE of
the double layer device for all wavelengths above 450
nm, which is attributed to the scattering-induced in-
crease in the path length of the incident light. The short
circuit current density (Js) calculated using the meas-
ured IPCE and AM 1.5 solar radiation spectrum is 10.2
mA/cm?, which means that in this device ~65% of all
photons transmitted to FTO substrate between
400—700 nm are converted to measured external cur-
rent (100% corresponds to J;. = 15.8 mA/cm?).

We note that although the peak of the 1s band
edge absorption for the NQDs used in the studies of
double layer-based devices is at 590 nm, the IPCE value
at 650 nm is ~30% (i.e., ca. half of the IPCE at 590 nm),
and the edge of the detectable IPCE is at ~700 nm. We
estimate that by using the larger size CdSe NQDs (ra-

METHODS

Chemicals. CdMe, was purchased from Strem Chemicals; tri-n-
octylphosphine oxide (TOPO) (technical grade, 90%) and tri-n-
octylphosphine TOP (technical grade, 90%) were purchased from
Aldrich (batch no. 06820CH, 07596KJ, respectively); Se shot
(99.999%) was purchased from Alfa Aesar; extra dry hexane and
methanol were purchased from Acros Organics, 4-butylamine
(99%) was purchased from Aldrich.

Synthesis and Purification of CdSe NQDs. The TOPO-capped NQDs
were synthesized and purified following a standard literature
procedure.3? All the synthetic and purification steps were per-
formed under Ar atmosphere and the product was stored in an
Ar-filled glovebox until use.

NQD Ligand Exchange. All the operations were performed in a
glovebox under Ar. The NQD growth solution (1 g) was dis-
solved in 1.5 mL of hexane at 35 °C. To this solution, 8—10 mLof
MeOH was added to precipitate the NQDs. The solution was cen-
trifuged and decanted, and the decanted NQDs were dissolved
in 0.5 mL of 4-butylamine. This solution was heated for 40—60
min at 55 °C, poured into a centrifuge tube, and precipitated with
5 mL of MeOH. The solution was centrifuged and decanted,
and the precipitate redissolved in 0.5 mL of 4-butylamine. The
solution was again heated for 15—30 min at 55 °C and then pre-
cipitated with 4 mL of MeOH. The last step was repeated one
more time, and the resulting NQDs were dissolved in 0.2 mL of
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dius of ~5 nm, 1s peak at ~650), the edge of IPCE can
be extended to ~750 nm. The IPCE edge at this wave-
length is approaching the IPCE edge (~800 nm) of
DSSCs with N719 (cis-di(isothiocyanato)-bis(2,2'-
bipyridyl-4,4’-dicarboxylato)ruthenium(ll)-
bis(tetrabutylammonium)) dye, which was shown to
produce record power conversion efficiencies among
the DSSCs (>11%).> Provided that the charge injection
and transport efficiencies can be maintained, this sug-
gests that PECs with large CdSe NQDs have the poten-
tial to achieve short circuit currents competitive with
the best DSSCs. While the high IPCEs and IQEs observed
in this work are encouraging, the development of CdSe
NQD-based PECs with power conversion efficiencies
similar to the best DSSCs will require significant effort
in development and optimization of a regenerative
electrolyte system as well as identification of an opti-
mal counter electrode material, possibly different from
Pt3! used in devices studied in the present work.

CONCLUSIONS

We have investigated optical properties of CdSe
NQD/TiO, composite films and their applications in
PECs. We showed that the reduction in the size of the
NQD surface capping ligand can lead to a significant en-
hancement in the LHE of the composite films due to
more efficient coverage of the TiO, surface. In PECs the
use of shorter capping ligands also leads to a significant
enhancement in charge injection and charge collec-
tion efficiencies. We demonstrated that ~100% inter-
nal quantum efficiency can be achieved in devices uti-
lizing aqueous Li)S electrolyte, matching the electron
injection and charge collection efficiencies of DSSCs.

4-butylamine plus 2 mL of toluene and stored in this mixture
for future use.

Preparation of NQD/Ti0, Films. Nanocrystalline TiO, films were
prepared using a procedure described previously.*® For the opti-
cal measurements the films were deposited on 1 mm thick glass
slides (Marathon Glass), while for the devices the films were de-
posited onto 1 mm fluorine-doped tin oxide coated glass
(F—SnO0, glass). Following the deposition the films were sin-
tered at 500 °C to remove organic components.*® The thickness
of the films was determined by step-profilometry using Alpha
Step 500 Tencor Instruments) profilometer. The NQD/TiO, films
were prepared by exposing freshly sintered TiO, to a solution of
TOPO-capped CdSe NQDs in hexane, or 4-butylamine-capped
CdSe NQDs in toluene under Ar atmosphere. We note that the
deposition of TOPO-capped NQDs onto TiO, from toluene solu-
tion was significantly less efficient than deposition of NQD-
(TOPO) from hexane or NQD(BA) from toluene as evidenced by
absorption and LHE measurements. Unless, stated otherwise in
text the typical exposure time was 48 h. The NQD/TiO, films were
washed twice with the appropriate solvent and were allowed
to dry under Ar. Dry films were stored in dark in a glovebox un-
der Ar atmosphere until use.

Preparation of TEM Cross-Section. The TEM cross-section was pre-
pared by using an FEI focused ion beam (FIB) system. An ion
beam voltage of 30 KV with a current of 3000—5000 pA was used
to excavate the foil. Progressively smaller currents (1000 pA
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down to 100 pA) was used to thin the foil cross-section. A final
cleanup of the TEM cross-section surface was done using a 10 KV,
70 pA beam.

EDS Measurements. The energy dispersive spectroscopy (EDS)
was done using a Bruker XFlash detector on a JEOL 2010 TEM op-
erating at 200 KV. EDS spectra in Figure 1b for each element
were taken with respect to the SiO,/TiO, interface (zero point
on the abscissa). Thus, the absolute value of negative distance
is the distance measured from the interface into the SiO, layer.
To obtain enough counts, X-ray fluorescence was taken at each
spot for several minutes in spot mode.

LHE Measurements. The LHE measurements were performed fol-
lowing a literature procedure.*® The transmittance and reflec-
tance spectra of the NQD/TiO, and blank TiO, films were col-
lected on a Perkin-Elmer Lambda 950 spectrometer equipped
with an integrating sphere and a Si detector. The LHE was calcu-
lated using

LHE = [%Tr0, — %Tyqpl + [%Rrio, — %Ryqp] @

where %Tr, is the percent transmittance of the TiO, film alone,
%Tnap is the percent transmittance of the NQD/TiO, film, %Rrio, is
the percent reflectance of the TiO, film alone, and %Ryqp is the
percent reflectance of the NQD/TiO, film. This procedure ne-
glects scattering and wave guiding effects associated with the
FTO substrate, which leads to slight overestimation of LHEs.

Fabrication of PECs. The NQD-based solar cells were fabricated
using a two-electrode sandwich cell configuration similar to
standard DSSCs arrangement. A platinum-coated F—SnO, glass
was used as the counter electrode (CE). The two electrodes (a
NQD/TiO, film on a F—SnO, glass and CE) were separated by a
Surlyn spacer (40—50 pum thick, DuPont) and sealed by heating
the polymer frame. The cell was filled with electrolyte (aqueous
1 M Na,S or Li,S) using capillary action.

PEC Devices Characterization. The IPCE measurements were per-
formed using QE/IPCE Measurement Kit equipped with 150 W
Xe lamp (no. 6253, Newport) as a light source and Oriel Corner-
stone no. 260 '/, m monochromator. The light intensity was ad-
justed with series of neutral density filters and monitored with
Newport optical power meter 1830C power meter with cali-
brated Si power meter, Newport model 818 UV. The photocur-
rent generated by the device was measured using a Keithley
6517A electrometer. Current voltage (/—V) measurements were
performed using the same experimental arrangement. To irradi-
ate the sample with a broadband white light instead of mono-
chromatic light, the grating in the monochromator was substi-
tuted with a manufacturer supplied high reflectivity broadband
silver mirror. A black mask (0.2209 cm?) was attached to the so-
lar cells in order to prevent irradiation with a scattered light. For
both types of measurements the communication between the
instruments and the computer was facilitated via a GPIB inter-
face, and the instrument control and data processing were per-
formed using software written locally in Labview.
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