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quantum dots (QDs), could be the new

building blocks for cheap and efficient
solar cells. Quantum confinement of charge
carriers in QDs results in a size-dependent
bandgap energy, allowing a flexible solar
cell design."~3 Furthermore, quantum dots
can be prepared in a relatively cheap, solu-
tion-based manner and have versatile sur-
face properties.* © The basic processes in a
solar device are light absorption, charge
separation, and charge transport. The large
absorption coefficient and the tunable
bandgap in QDs clearly allow optimization
of light absorption.”'® Charge transport in
films of QDs has been extensively studied,
and it has been shown that short interpar-
ticle distances provide charge carrier mobi-
lities sufficient for device applications.”' "2
Finally, operational solar devices require
spatial separation of electrons and holes,
which can be achieved by putting the QDs
into contact with a wide-bandgap semicon-
ductor material,’®?° conjugated organic
molecules,?’ or by means of a Schottky
contact.?? An “all-nanocrystal” option is to
create a charge separating interface be-
tween two types of QDs. Films composed
of CdSe and CdTe QDs could provide such
an interface: CdSe and CdTe are reported to
form a type Il junction, where the difference
in chemical potential drives the electrons
toward CdSe and the holes toward CdTe >
A solar cell with a 3% power conversion
efficiency consisting of sintered CdSe and
CdTe QDs has supported this scheme.? In
another study, charge separation between
layers of CdSe and CdTe QDs has been
evidenced by surface photovoltage spec-
troscopy.?® In a junction consisting of QDs
only, control over the energy levels of elec-
trons and holes allows optimization of the
offset between the levels of the different
QDs and electrode materials. The voltage
drops resulting from these level offsets

Semiconductor nanoparticles, also called
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ABSTRACT (Charge separation at the interface between (dSe and C(dTe quantum dots was
investigated by comparing the photoconductivity of films consisting of only CdSe or CdTe quantum
dots to that of films with alternating layers of CdSe and CdTe quantum dots. The photoconductivity
for alternating layers is three times higher than for the single component layers. Different possible
mechanisms are discussed, and it is concluded that the dissociation of photoexcited excitons into
spatially separated mobile charge carriers at the (dSe/CdTe QD interfaces is the most likely
explanation. Given that the yield of charge carrier photogeneration in the multilayer sample is at
most one, and under the assumption that the mobility of QD layers in unchanged, we conclude that
the yield of charge carrier photogeneration in the single component samples is at most one-third.
The thickness of the individual CdSe and CdTe layers was varied, resulting in different distances
between the CdSe/CdTe interfaces. The photoconductivity increased with respect to films of only
(dSe or CdTe when these interfaces were separated by only one or two quantum dot layers, which
implies that exciton diffusion is inefficient.
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could be minimized while keeping a flexible
cell design.

Efficient charge separation in films of QDs
still requires more understanding of the
nature and dynamics of the primary photo-
excitations. The extent to which photogen-
erated electron—hole pairs yield mobile
charges in films of QDs is uncertain. Parti-
cularly, in cadmium chalcogenides, the ex-
citon binding energy can be as high as ~100
meV.> Inefficient screening of the electron—
hole Coulomb interaction could result in a
low charge carrier photogeneration yield.

In this paper, we report on the photoge-
neration of mobile charge carriers at an
interface between CdSe and CdTe QDs in
films of coupled QDs. We measured the
photoconductivity of alternating layers of
CdSe and CdTe QDs (from here on called
multilayer films) separated by short linker
molecules (1,2-ethanediamine) and com-
pare it with that of single component CdSe
and CdTe QD films. The thickness of the
CdSe and CdTe QD sublayers within the
multilayer films, that is, the distance be-
tween the CdSe/CdTe interfaces, was varied.
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Figure 1. (a) Schematic of the automatic dip-coater and the solutions (numbered from 1 to 6) used for the LbL growth. One
LbL cycle consists of dipping the substrate in solutions 1, 2, and 3 for depositing CdSe QDs or solutions 4, 5, and 6 for
depositing CdTe QDs. (b) Schematic of the multilayer films with different number of LbL cycles per sublayer. All films consist of
32 LbL cycles in total. (c) Presumed energy band alignment for CdSe and CdTe QDs.

In the multilayer films where the sublayers are com-
posed of only 1—2 QD monolayers, excitons are gen-
erated in a QD which is in contact with a QD of another
type and can dissociate into free charges, resulting in
an increase of the photoconductivity by a factor of 3
compared with that of single component films. For
larger sublayer thicknesses no enhancement is ob-
served. We discuss several mechanisms that could
explain these observations and conclude that the most
likely explanation is that photoexcitation predomi-
nantly results in bound excitons, which separate into
mobile electrons and holes at the CdSe/CdTe inter-
faces. These excitons have a very short diffusion length
corresponding to the length of 1—2 QDs only. We
conclude that in the single component CdSe and CdTe
QD films the yield of charge carrier photogeneration is
at most one-third.

RESULTS AND DISCUSSION

Figure 1a schematically shows the investigated QD
films, which were prepared with a layer-by-layer (LbL)
technique.'®?® The LbL technique allows the growth of
smooth, glassy QD films,'>?® wherein the long ligands
that are originally present at the surface of the QDs are
replaced by shorter molecules. A LbL cycle consists of
the successive dipping of a substrate in a QD disper-
sion, a solution containing short linker molecules, and a
rinsing solution (see Figure 1a and Experimental Sec-
tion for details). This operation is repeated until the
desired film thickness is attained. Here we use 1,2-
ethanediamine (EDA, ~0.4 nm long®’?®) as the re-
placement molecule as it has been shown previously
to result in a significant electronic coupling between
QDs."” EDA is a bidendate molecule; however, it is
uncertain to which extent the deposition of the suc-
cessive QD layers during the LbL process is mediated
by binding of the QDs via the EDA molecules.®® A
detailed study on this LbL deposition approach can be
found in ref 26. Single component films of CdSe or
CdTe QDs and multilayer films consisting of alternating

TALGORN ET AL.

0.2
Q
e
8 cdTe
2 01f
<
0.0 | | e b
400 500 600 700

Wavelength (nm)

Figure 2. Absorption spectra of single component CdSe
(blue solid curve) and CdTe (yellow solid curve) QD films and
a multilayer film (black solid curve) composed of sublayers
of 1 LbL cycle each. All films consist of 32 LbL cycles. The
diamonds represent the average of the single component
film absorbances. The absorption spectra of the QDs dis-
persed in solution are also shown (blue dotted curve for
CdSe and yellow dotted curve for CdTe).

CdSe and CdTe QD sublayers have been grown with
approximately the same thickness. In the multilayer
films the number of LbL cycles per sublayer, that is, the
sublayer thickness, was varied (see Figure 1b).

In Figure 2 the absorption spectra of the single
component CdSe and CdTe films and a multilayer film
with sublayers composed of 1 LbL cycle each are
shown. The multilayer film exhibits the absorption
features of both CdSe and CdTe QDs. The diamonds
in Figure 2 represent the average of the absorbance of
the single component CdSe and CdTe QD films. It can
be seen that the multilayer absorbance is almost equal
to the average of the absorbance of the single compo-
nent films, which demonstrates that the LbL growth of
multilayer and single component films is equally effi-
cient. This is confirmed by film thickness measure-
ments that show that the thickness of the film
increases linearly with the number of dipping cycles
and that each cycle leads to the deposition of 1—2
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Figure 3. Typical TRMC transients of single component
CdSe (yellow solid curve) and CdTe (blue solid curve) QD
films and a multilayer film (black solid curve) composed of
sublayers of 1 LbL cycle each. The excitation density corre-
sponds to 0.1 absorbed photons/QD. The temporal shape of
the laser pulse used to photoexcite the samples is shown as
the black dotted curve.

monolayers of QDs. The absorption features of the
films are broader than those of the respective QDs
dispersed in solution, which is generally observed
when the interparticle distance is reduced and is often
attributed to enhanced electronic coupling or to dis-
order in the film."*'>?%3° The position of the first
excitonic peak is only slightly red-shifted, which ex-
cludes significant particle growth during the LbL
treatment.”

The photoconductivity of the films was measured
using the time-resolved microwave conductivity (TRMC
technique (see Experimental Section for details). Typical
photoconductivity transients of the single component QD
films and a multilayer film grown with 1 LbL cycle per
sublayer are shown in Figure 3. The samples were photo-
excited at 530 nm, where both the CdSe and CdTe QDs
absorb (see Figure 2). The photoconductivity increases
due to charge generation during the laser pulse and
reaches a maximum as a result of the balance of
charge generation and decay during the pulse. Sub-
sequently, the photoconductivity decays due to
charge recombination or trapping. The measured
decay curve is the result of the convolution of the
photoconductivity decay and the temporal shape of
the photoexcitation laser pulse (dotted curve on
Figure 2). We can fit the measured traces to the
convolution of the laser pulse shape and a single
exponential decay with a lifetime of 5—10 ns. Since
the charge carrier lifetime is close to the laser pulse
duration (3 ns) the uncertainty in determining the
lifetime is large and detailed insight into the decay
kinetics cannot be obtained. The maximum of the
photoconductivity signal is used to calculate the
product ®oZu, where @, is the yield for charge
carrier photogeneration per absorbed photon and
Zu is the sum of the electron and hole mobilities. The
photoconductivity is very similar for the single com-
ponent films of CdSe and CdTe QDs with a ®yZu
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Figure 4. Photoconductivity enhancement with respect to
the single component QD films for multilayer films with 1
LbL cycle per sublayer as a function of average excitation
density. Different data points at the same excitation density
are for different samples.

product of approximately 5 x 107> cm?/(V s)
(Figure 3, blue and yellow curves). As a result of
charge carrier decay during the laser pulse @y is
lower than 1, which implies that Zu is higher than 5 x
1072 cm?/(V s). From Figure 3 it can be seen that the
product of the charge carrier photogeneration yield
and the sum of the carrier mobility for the multilayer
film (Figure 3, black curve) is about three times
higher than for the single component films.

To compare the single component films and the
multilayer films, we define the photoconductivity
enhancement 1 as the ratio between the ®,Zu
product of the multilayer films (®oZumytitayer) and
that of the single component CdSe and CdTe QD
films (@oZucyse and PoZucqre) Weighted by their
relative absorptance at the excitation wavelength
(Facase and F,cgre):

@0 dp (Facdse + Facate)

n = multilayer
Do D 1 Facase + Po D 4 Facare
CdSe CdTe

Figure 4 shows the influence of excitation density,
expressed as the average number of absorbed
photons per QD, (N), on the photoconductivity en-
hancement for multilayer films with 1 LbL cycle per
sublayer. The dependence of i on (N} is very small,
but 7 is slightly lower at high excitation density. It
appears that higher-order charge carrier/exciton
recombination during the laser pulse reduces 7 at
high excitation densities. The photoconductivity en-
hancement is 3.2 at the lowest excitation density.

If the bulk band alignment is preserved for the QDs, a
type Il junction is formed at the interface between
CdSe and CdTe QDs, as illustrated in Figure 1c.2' CdSe
and CdTe have comparable charge carrier effective
masses>2 and the QDs used in this study have similar
bandgap energies, so it is likely that quantum confine-
ment shifts the energy of the electronic levels in a
similar fashion in the CdSe and CdTe QDs, retaining a
type Il junction at their interface. This band alignment
has been confirmed by the demonstration of electron
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transfer to CdSe QDs and hole transfer to CdTe QDs in
junctions consisting of CdSe and CdTe QDs with sizes
similar to those used for this study.?* The photocon-
ductivity enhancement in our multilayer films can
formally be due to a higher charge carrier mobility or
to a larger density of charges. That is, either Zu or @,
could be enhanced. However, it is unlikely that the
charge carrier mobility is larger in the multilayer films
than in the single component films: different types of
QDs in the multilayer films create disorder in site
energies that would rather decrease the mobility.*®
Disorder in site energy can be seen as the introduction
of potential barriers and shallow traps in the film that
hinder charge transport. Furthermore, some intermix-
ing of CdSe and CdTe QDs in the multilayer films
cannot be excluded and would further contribute to
a disordered energy landscape and a reduced charge
carrier mobility. If there were a significant difference in
mobility between the CdSe and the CdTe QD sublayers,
transfer of mobile charges from the low-mobility sub-
layer to the high-mobility sublayer could also result in
an increase of the photoconductivity. However, the
CdSe and CdTe QD layers have a very similar micro-
wave photoconductivity (see Figure 3), are prepared
with analogous experimental procedures, and consist
of QDs with similar sizes and charge carrier effective
masses. Therefore, we assume that the charge carrier
mobilities in our CdSe and CdTe QD layers are also very
close. This implies that transfer of mobile charge
carriers across the CdSe/CdTe interface does not result
in a significant change in photoconductivity. Conse-
quently, we attribute the photoconductivity enhance-
ment to a higher density of mobile charges in the
multilayer films.

It is an interesting question whether the primary
excitations in CdSe and CdTe QD films are mobile
charges or bound excitons. If photoexcitation results
in the direct generation of free charge carriers (i.e., the
quantum vyield for charge carrier photogeneration is
close to one, even in the single component films), the
higher density of charges at the maximum of the TRMC
transient in the multilayer films would be due to a
longer (subnanosecond) lifetime of the mobile charges
and a resulting higher maximum of the photoconduc-
tivity transient. Such an increase in the charge carrier
lifetime could result from, for instance, spatial separa-
tion of electrons and holes. Alternatively, the increase
in photoconductivity can result from photogenerated
excitons that do not contribute to the photoconduc-
tivity in the single component films but dissociate into
spatially separated mobile charges at the CdSe/CdTe
QD interface; this would imply that in the single
component CdSe and CdTe QD layers, the quantum
yield for photogeneration of charges is much lower
than one.

To investigate which of the above applies we have
investigated the photoconductivity enhancement at
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Figure 5. Photoconductivity enhancement with respect to
the single component QD films for the multilayer films as a
function of the number of LbL cycles per sublayer. The
excitation density corresponds to 0.1 absorbed photons/
QD. Different data points at the same number of LbL cycles
per sublayer are for different samples.

different distances between the CdSe/CdTe interfaces.
The number of LbL cycles per sublayer in the multilayer
films has been varied to change the sublayer thickness
(see Figure 1b). The distance that excitons/mobile
charges have to diffuse in order to reach a CdSe/CdTe
QD interface becomes shorter when the thickness of
the sublayers is reduced. The photoconductivity en-
hancement 7 is plotted in Figure 5 as a function of the
number of LbL cycles per sublayer. The photoconduc-
tivity of the multilayer films does not change signifi-
cantly with respect to the single component films
except for the thinnest sublayers (1 LbL cycle per
sublayer), for which it improves by a factor of 3.
Thickness measurements of the LbL films showed
that each cycle leads to the deposition of 1—2 mono-
layers of QDs. This suggests that in the multilayer films
with 1 LbL cycle per sublayer all QDs are in contact, at
least on one side, with a QD of another type. A very
short diffusion length of the mobile charges or excitons
that separate at the CdSe/CdTe QD interface could
explain that only the multilayer films where all exci-
tons/mobile charges are in direct contact with a dis-
sociating interface, that is, the multilayer films with 1
LbL cycle per sublayer, show a clear enhancement. We
can calculate a lower limit for the diffusion length d of
the mobile charges from their lifetime (z) of 5 ns and
the lower limit for their mobility (x) of 5 x 10~ cm?/(V
s), as inferred from Figure 3. We use d” = 6Dt, where the
diffusion coefficient D is equal to u(kT/e), where k is
Boltzmann's constant, T is the temperature, and e is the
electronic charge. This results in a diffusion length of at
least 20 nm. Such a diffusion length is reasonable, as it
has already been shown for similar CdSe and CdTe QDs
systems that the charges are able to diffuse through
several QD monolayers.*** This suggests that if
charges are the primary excitations in the QD films
they would be able to reach the interface for sublayer
thicknesses up to ~6 QDs. On the other hand, we find
that the photoluminescence of the single component
and the multilayer films is completely quenched (data
not shown), which indicates that the exciton lifetime is
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shorter than the 50 ps time resolution of our time-
resolved photoluminescence setup. Such a short ex-
citon lifetime implies a very short exciton diffusion
length. While the above cannot be considered hard
evidence, we tentatively conclude that the primary
excitations in these Cd chalcogenide QD films are
excitons and we attribute the photoconductivity en-
hancement in the multilayer films to exciton dissocia-
tion at the CdSe/CdTe interfaces.

Efficient exciton dissociation at the CdSe/CdTe QD
interface requires that the exciton dissociation rate is
higher than the exciton decay rate, which is at least (50
ps) ", based on the absence of detectable photolumi-
nescence. For CdSe and CdTe QDs separated by 1 nm, a
dissociation rate of at least (1 ns)~' was found,** and
for CdSe—CdTe nanorod heterostructures the dissocia-
tion rate was on the order of (1 ps)~'.3 Since the QDs
used in this study are separated by ligand molecules of
only 0.4 nm (1,2-ethanediamine), which is intermediate
between the two reported situations, a dissociation
time on the order of tens of picoseconds is realistic.
Since the yield for charge carrier photogeneration @,
in the multilayer films is, by definition, at most one, and
®oZu of the multilayer films is more than three times
higher than in the single component films, we con-
clude that the exciton dissociation yield in the single
component CdSe and CdTe QD films is lower than 30%.

The absence of photoconductivity enhancement for
the multilayer films with 2 LbL cycles per sublayers is
surprising, as a significant fraction of excitons is photo-
generated close to a CdSe/CdTe QD interface and should

EXPERIMENTAL SECTION

All experiments were carried under N, atmosphere and
anhydrous solvents were used.

Quantum Dot Synthesis. CdSe QDs were synthesized following
the “green” recipe of Talapin et al.>® Particle growth for 40 min
results in ~3 nm-diameter QDs, as inferred from optical absorp-
tion measurements.” The QDs are stabilized by a combination of
tri-n-octylphosphine oxide, hexadecylamine, and n-tetradecyl-
phosphonic acid ligand molecules. The CdSe QDs were pre-
cipitated with methanol, centrifuged, and dispersed in toluene.
After repeating the latter procedure three times to remove free
surfactant molecules from the solution, the QDs were dispersed
in chloroform.

Oleic acid (OA)-capped CdTe QDs were produced according
to the synthesis developed by Kloper et al.>” with small mod-
ifications. Squalane was preferred to octadecene because of its
higher boiling point. The Te precursor solution was prepared by
dissolving 0.128 g of Te in 2.5 mL of trioctylphosphine until the
solution attained a clear, yellowish color. The solution was
further diluted with squalane to a total volume of 5 mL. The
Cd precursor solution was prepared by mixing 0.256 g of CdO
with 2 mL of OA and 20 mL of squalane. The Cd solution was
heated to 100 °C for 30 min under vacuum. Next, the system was
flushed with N, gas and the temperature was raised to 300 °C,
leading to formation of a homogeneous transparent solution
and the generation of Cd(OA),. Further heating to 310 °C, for a
period of about 30 min, led to the formation of a greyish
precipitate attributed to the formation of Cd® nanoparticles.>’
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be able to dissociate. As discussed above, it is possible
that disorder in site energy due to the presence of both
CdSe and CdTe QDs in the multilayer films lowers the
charge mobility. Consequently, the photoconductivity
enhancement for the multilayer films that results from a
larger density of mobile charges could be outweighed
by a lower mobility due to disorder in the films.

In conclusion, films of coupled CdSe and CdTe QDs
have been grown via a LbL process with a short 1,2-
ethanediamine linker and show a comparable photo-
conductivity. The charge carriers have a lifetime on the
order of nanoseconds and a mobility of at least 5 x
1073 cm?/(V s). Contact between CdSe and CdTe QDs in
alternating layers leads to an increase of the photo-
conductivity by a factor of 3. Different scenarios for this
enhancement are considered, and we conclude that
exciton dissociation into mobile charges at the CdSe/
CdTe interfaces is the most likely. Following this rea-
soning a yield for charge carrier photogeneration in
single component CdSe or CdTe QD films of at most
30% is deduced. The photoconductivity was enhanced
only for interfaces separated by 1—2 QD monolayers.
This suggests that exciton diffusion in these CdSe and
CdTe QD arrays is inefficient. Excitons that do not
dissociate recombine nonradiatively to the ground
state, as is inferred from the total quenching of the
photoluminescence. Our results suggest that hetero-
junctions based on cadmium—chalcogenide QDs re-
quire an intimate contact between the different
components, and that this can be achieved in layer-
by-layer grown systems.

The TOP/Te precursor solution was injected between 1 and 2
min after the appearance of the gray precipitate. The reaction
mixture was cooled to room temperature 2 min after injection,
resulting in ~4 nm QDs, as inferred from optical absorption
measurements.” The reaction mixture was centrifuged in order
to precipitate the crystalline Cd° nanoparticles and to separate
them from the CdTe QD solution. The QDs were precipitated
with a 1:1 v ethanol/acetone mixture, centrifuged, dispersed in
toluene, and filtered with a 0.2 um syringe filter. The QDs were
precipitated again with ethanol, centrifuged, and finally dis-
persed in chloroform.

Film Preparation. QD films were prepared via a layer-by-layer
(LbL) growth procedure”'26 using a mechanical dip coater (DC
Multi-8, Nima Technology) mounted inside a nitrogen glove-
box. One LbL cycle consists in the successive dipping ofa 1 x 0.5
in. quartz substrate into a QD solution in chloroform, a solution
of 1,2-ethanediamine (EDA) in methanol, and a methanol
rinsing solution (see Figure 1a). The single component CdSe
or CdTe QD films as well as the multilayer films were grown by
32 dip cycles. All multilayer films consist of 16 cycles of CdSe
QDs and 16 cycles of CdTe QDs, that is, 32 cycles in total, but the
thickness of the CdSe and CdTe sublayers was varied by
changing the alternating sequence of CdSe and CdTe cycles
(see Figure 1b). The LbL growth conditions, such as dipping
times, EDA concentration, and stirring of the solutions, were
empirically optimized, and the conditions resulting in the high-
est film photoconductivity were selected. The EDA concentra-
tion was 10% v in methanol, the dipping time in the EDA and
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rinsing solutions was 30 s for CdSe QD layers and 60 s for CdTe
QD layers, and the rinsing solution was stirred for the CdSe QD
layers. To avoid mixing of solvents, a drying step of 30 s was
introduced between dipping into the QD solution and the EDA
solution, and between dipping into the rinsing solution and the
QD solution.

Characterization. The thickness of the films was measured
with a Veeco Dektak 8 step-profilometer. Optical absorption
spectra were recorded with a Perkin-Elmer Lambda 900 spec-
trometer equipped with an integrating sphere. The spectra
were corrected for scattering and reflection by first placing the
film at the entrance of the integrating sphere to obtain the
transmittance F,, and subsequently behind the integrating
sphere to obtain the reflectance F,. The absorptance was
obtained as F, = 1 — F, — F; and the absorbance as

A = —log(F/(1 — F)). A Lifespec-ps setup using a 405 nm
excitation source (Edinburgh instrument) was used for photo-
luminescence measurements.

The photoconductivity was investigated using the time-
resolved microwave conductivity (TRMC) technique.'*'>*8 The
samples were mounted in an open reflection cell. Photoexcita-
tion laser pulses of 3 ns duration with a wavelength of 530 nm
were obtained by pumping an optical parametric oscillator with
the third harmonic of a Q-switched Nd:YAG laser (Opotek
Vibrant 355 Il). The photon flux /, was varied between 10'*
and 3 x 10" photons/cm?/pulse, using neutral density filters.
The average number of photons absorbed per QD is obtained as
(N)=lyo where gis the absorption cross section taken from ref 7.
Upon photoexcitation the change in microwave power re-
flected from the cavity was measured. The change in reflected
microwave power can be due to a change in the real and/or the
imaginary component of the conductance of the sample. Here
the imaginary component of the photoconductance was neg-
ligible compared to the real component. For small photoin-
duced changes in the real conductance of the sample, AG(t),
and negligible change in imaginary conductance, the relative
change in microwave power is

AP(t
APO . aG
P
Kis a sensitivity factor which has been determined previously.>

The photoconductance AG(t) can be expressed as

AG(t) = eploFa®(t)Zu

where e is the elementary charge, 3 is the ratio between the
broad and narrow inner dimensions of the waveguide, F, is the
absorptance of the sample, ®(t) is the number of mobile charge
carriers at time t per absorbed photon, and Zu is the sum of the
electron and hole mobilities. For more details on the TRMC
technique the reader is referred to refs 14, 15, and 38.
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