
GAO ET AL. VOL. 8 ’ NO. 4 ’ 3213–3221 ’ 2014

www.acsnano.org

3213

March 07, 2014

C 2014 American Chemical Society

Trap-Induced Losses in Hybrid
Photovoltaics
Feng Gao,† Zhe Li, Jianpu Wang, Akshay Rao, Ian A. Howard, Agnese Abrusci, Sylvain Massip,

Christopher R. McNeill,‡ and Neil C. Greenham*

Cavendish Laboratory, University of Cambridge, J J Thomson Avenue, Cambridge CB3 0HE, United Kingdom. †Present address: Biomolecular and Organic Electronics,
IFM, and Center of Organic Electronics, Linköping University, SE-581 83 Linköping, Sweden. ‡Present address: Department of Materials Engineering,
Monash University, Wellington Road, Clayton, Victoria, 3800 Australia.

S
emiconducting nanocrystals (NCs) are
an attractive candidate as the acceptor
material in bulk heterojunction (BHJ)

organic photovoltaics (OPVs) due to their
high dielectric constant, tunable energy
levels, and ability to form controlled nano-
structures. Although the efficiency of the
first hybrid OPV device was very low,1 shape
engineering for NCs in the past decade has
provided breakthroughs in hybrid OPV
research.2�4 In addition to shape engineer-
ing, another focus for hybrid OPV research
lies in the interface between the polymeric
donor and the nanocrystalline acceptor.5

By treating the polymer:nanocrystal hybrid
film in an ethanedithiol-containing acetoni-
trile solution, Ren et al. achieved an effi-
ciency of more than 4%, demonstrating
further promise for hybrid OPVs.6

However, considering the potential ad-
vantages of NCs, the efficiency achieved so
far is still far from what might be expected,
and the reason for this discrepancy remains
poorly understood. In order to further im-
prove device performance, the loss pro-
cesses limiting device performance need
to be discerned. Dayal et al. performed
electrodeless flash photolysis time-resolved
microwave conductivity measurements on

poly(3-hexylthiophene) (P3HT):CdSe devices
with different CdSe nanoparticle shapes.7

They found that the charge lifetime in-
creased as the shape becamemore complex.
Accordingly, they suggested that nanorods
and tetrapods provide an easier pathway
for electrons to move away from the dis-
sociation site, hence enhancing the free
carrier generation. However, with the
change in shape, various other parameters
might have been significantly changed,
which complicates the analysis of this type
of data.
In this paper, we present investigations

of P3HT:CdSe devices with different sized
CdSe nanodots. By varying the nanoparticle
size but keeping nanoparticle shape con-
stant, we are able to focus on the influence
of interfacial area and electron confine-
ment. On the basis of the results of steady-
state and transient measurements, we pro-
pose that the traps associated with CdSe NC
surfaces play a key role in controlling device
performance.

RESULTS AND DISCUSSION

The synthesis of different sized NCs and
the fabrication of PV devices are described
in the Methods section. The three different
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ABSTRACT We investigate the loss mechanisms in hybrid photovoltaics based on blends of

poly(3-hexylthiophene) with CdSe nanocrystals of various sizes. By combining the spectroscopic and

electrical measurements on working devices as well as films, we identify that high trap-mediated

recombination is responsible for the loss of photogenerated charge carriers in devices with small

nanocrystals. In addition, we demonstrate that the reduced open-circuit voltage for devices with

small nanocrystals is also caused by the traps.
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sized NCs have average diameters of 3.3, 4.4, and
5.3 nm, as revealed by both TEM images and empirical
calculations based on the first absorption peak.8 In
the following text, the P3HT:CdSe devices blended
with these three sized nanodots are denoted as “small”,
“medium”, and “large” devices, respectively.
Figure 1 presents the steady-state photovoltaic

characteristics of the P3HT:CdSe devices with three
different NC sizes. As shown in Figure 1a, with increas-
ing size, the external quantum efficiency (EQE) value
demonstrates a significant increase. Consistent with
the striking increase in the EQE, JSC under the solar
simulator (100 mW/cm2 AM1.5G) also shows pro-
nounced improvement with increasing size. As shown
in Figure 1b, JSC increases by almost a factor of 6 from
the small device (0.97 mA/cm2) to the large device
(6.97 mA/cm2). Another parameter, VOC, also increases
as the size increases. VOC is usually believed to be
determined by the difference between the donor
highest occupied molecular orbital (HOMO) and the
acceptor lowest unoccupiedmolecular orbital (LUMO).
With increasing size, the CdSe LUMO moves closer to
the P3HT HOMO. Therefore, VOC is expected to de-
crease as the size increases, which is in contrast to our
experimental results. We consider the possibility that
the dark current affects VOC, due to different shunt
pathways in devices with different sized NCs. Subtract-
ing the dark current (Figure 1c) from the current under
simulated solar illumination, the resulting voltage,
V0, at which photocurrent is zero can be determined.

V0 also increases with increasing size, which excludes
the effect of the dark current.
We also performed light-intensity-dependent mea-

surements of JSC and VOC. As shown in Figure 2a, JSC for
all three devices increases sublinearly with the light
intensity (I). The value of R, the fitting coefficient to the
power law fit JSC � IR, increases from 0.89 for the small
device to 0.95 for the large device. This means that
light-intensity-dependent processes, that is, bimole-
cular recombination and/or space-charge effects, are
not significant at short-circuit conditions, especially for
the large device. In addition, the fact that the difference
in R between different devices is not striking indicates
that the light-intensity-dependent loss processes are
unlikely to be the primary reasons for the 600%
increase in short-circuit currentwith increasingNC size.
The open-circuit voltages of the devices scale loga-

rithmically with the light intensity, resulting in straight
lines in the semilog plot of Figure 2b. It has been
demonstrated that VOC can be written as9,10

VOC ¼ Egap
q

� kT

q
ln

Nc
2

np

 !
(1)

where Egap is the effective energy band gap of the
blend, q is the elementary charge, k is Boltzmann's
constant, T is the temperature, n (p) is the electron
(hole) density, and Nc is the effective density of states.
Since all the charges recombine at VOC, the generation
rate of polaron pairs G is equal to the recombination
rate R. Depending on whether the recombination is

Figure 1. Steady-state characteristics of P3HT:CdSe devices with different NC sizes. (a) EQE; (b) J�V curves under the solar
simulator (illumination intensity equivalent to 100 mW/cm2 AM1.5G conditions after spectral mismatch correction); (c) dark
J�V curves.

Figure 2. Light-intensity dependence of (a) short-circuit current and (b) open-circuit voltage. The points are the raw data. The
solid lines in (a) are fits to the expression of JSC� IR, while those in (b) are fits to the expression of VOC = s(kT/q)ln(I)þ constant.
I is the incident light intensity, and kT/q at room temperature is 0.025 V. (c) VOC versus JSC at different intensities for the large
and small devices.
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first-order (geminate recombination or trap-assisted
recombination) or second-order (bimolecular recom-
bination), R is proportional to (np)1/2 or np. This means
that G is proportional to (np)1/2 in the first-order
recombination case and np in the second-order re-
combination case. Since G scales linearly with the light
intensity, eq 1 predicts the slope of skT/q of VOC scaling
with ln(I), with s = 1when second-order recombination
dominates and s = 2 when first-order recombination
dominates. All the s values in our fitting lie between
1 and 2, which indicates that the first- and second-
order recombination coexist in the devices at VOC. We
suggest that the first-order recombination is due to
trap-mediated recombination, which is consistent with
subsequent transient measurements.
We have mentioned that the increase of VOC with

increasingNC size is in contrast towhatwe expect from
the difference between the donor HOMO and acceptor
LUMO. Based on the diode equation, the VOC increase
could potentially be explained from the rise in JSC. We
therefore plot VOC versus JSC for the small and large
devices at different light intensities in Figure 2c. How-
ever, as we can see in Figure 2c, VOC of the large device
is always larger than that of the small device at the
same JSC. This means that the increase of VOC with NC
increasing could not be explained by the diode equa-
tion, particularly since the diode saturation current
(Figure 1c) is greater in the large device, which would
lead to a decrease in VOC within the diode model. Thus
the VOC clearly increases with nanoparticle size (by a
large amount at constant intensity and a smaller
amount at constant current), in contrast to the de-
crease that would be expected from a simple consid-
eration of the LUMO energy level. The reasons for this
are discussed further below.
In order to further understand the origin of the

significant difference in device performance, we pro-
ceed to investigate the processes from light absorption
to charge extraction. Based on absorption measure-
ments, from the small device to the large device, the
increase in photon absorption is less than 15%,which is
negligible compared with 600% increase in photocur-
rent generation. Thus the differences in device perfor-
mance are the result of subsequent processes which
are investigated below.
Transient absorption (TA) measurements, especially

photoinduced absorption decay kinetics, provide di-
rect information on the evolution of excited-state
populations after excitation.11�13 TA measurements
have been widely used to study the dynamics of
charge generation and recombination in bulk hetero-
junction systems.14�17 Recently, it has become possi-
ble to perform these measurements on working
devices, allowing the effect of the internal electric field
to be investigated.18�20 In general, pump�probe TA
measurements can study processes occurring on time
scales from femtoseconds tomicroseconds, although it

is important towork at excitation densities comparable
to those in working devices in order for the physics not
to be dominated by bimolecular processes. The early
time TA of polymer:nanoparticle blends is complex,
due to the overlap of features from bleaching, stimu-
lated emission, and induced absorption in the poly-
mers and the nanoparticles. Here, we concentrate
on times >1 ns, probing around 900 nm where an
induced absorption is seen that can straightforwardly
be attributed to the presence of holes (polarons) on the
polymer.20�22

Figure 3 compares the TA kinetics between the large
and small devices under short-circuit conditions. The
TA signal is almost flat for the first 100 ns for the small
device, while the flat region extends to 1 μs for the
large device. Geminate recombination in BHJ systems
is usually believed to play its role within 100 ns, beyond
which the decay is due to recombination of separated
charges as well as charge extraction.23 The faster signal
decay after 100 ns for the small device is unlikely to
result from more rapid charge extraction, considering
its much smaller photocurrent compared with the
large device. Instead, it results from some long-time
scale recombination, such as bimolecular recombina-
tion or trap-mediated recombination. Since the signifi-
cant difference in short-circuit current appears even at
low intensity (as revealed by the EQE and light-inten-
sity-dependent JSC measurements), the difference is
unlikely to result from light-intensity-dependent pro-
cesses such as pure bimolecular recombination or from
electric field redistribution due to space-charge effects.
Therefore, we propose that the faster decay for the
small device is due to stronger trap-mediated recom-
bination, which will be further confirmed by transient
photocurrent measurements. For the large device, if
we assume that the signal decay is attributed to charge
extraction, the first 10% of charges are collected
within 1.1 μs, corresponding to a mobility of 4 � 10�9

m2 V�1 s�1. This value is almost 2 orders of magnitude
smaller than that in annealed P3HT:PCBM devices.20

This indicates that it is likely that there are trapping

Figure 3. Normalized TA kinetics for large and small P3HT:
CdSe devices measured under short-circuit conditions.
Charge kinetics were integrated over 875�975 nm. The
intensity of the 532 nm excitation pulse was 2 μJ/cm2. The
solid lines are guides for the eye.

A
RTIC

LE



GAO ET AL. VOL. 8 ’ NO. 4 ’ 3213–3221 ’ 2014

www.acsnano.org

3216

effects even in the large device, resulting in slow
charge extraction.
Further information on the long-time scale recom-

bination is revealed by photoinduced absorption (PIA)
measurements. PIA is a quasi-steady-state pump�
probe technique, which is useful to detect long-lived
(>10 μs) excited states, such as polarons or triplet
excitons. In addition, if the lifetimes of the excited
species exceed the inverse of excitation frequency,
their absorption will be suppressed in the PIA signal.
Therefore, we can obtain the information on lifetime
distribution and recombination dynamics of these
charge carriers by varying the excitation frequency.
The PIA spectra of the blend films with different

sized NCs are shown in Figure 4a. For pure P3HT, no PIA
signal is observed (not shown) at room temperature.
However, for all three blend films, a broad photoin-
duced absorption centered at 950 nm is present,
indicating the generation of long-lived excited states.
Figure 4b shows the frequency dependence of the PIA
signals at 950 nm for the three films. For monomole-
cular or bimolecular recombination dynamics, the PIA
signal is expected to saturate at low frequency.24

However, the PIA signals for the P3HT:CdSe blend films
decrease steadily with increasing frequency in the
investigated range and cannot be fitted using mono-
molecular or bimolecular recombination dynamics.
To account for trapping effects, a model for dispersive
recombination was proposed25

�ΔT

T
¼ (ΔT=T)0

1þ (ωτ)γ
(2)

where (ΔT/T)0 is the PIA signal at ω = 0, ω is the
excitationmodulation frequency, τ is themean lifetime
of the excited species, and γ (<1) is the dispersion

constant. As shown in Figure 4b, this equation fits the
frequency dependence of PIA signals very well, with
the fitted values summarized in Table 1.
The fact that dispersive recombination taking into

account trapping effects can fit the experimental
data well means that there is a significant amount
of traps in all three blends. With decreasing NC size,
the dispersion constant decreases, suggesting
that the relaxation dynamics become increasingly
dispersive and that trapping effects become increas-
ingly significant. The lifetime extending to the milli-
second regime is quite long. Indeed, similar lifetime
values have been reported in other polymer:CdSe
blends.26,27 When trapping effects in the films
are considered, the excited species being probed
here are likely to be the trapped carriers, consistent
with long lifetimes. The films with smaller NCs show
longer lifetimes, which might suggest more severe
trapping effects in blend films with smaller NCs. This
is consistent with the increasing dispersion with
decreasing NC size, as revealed by the decreasing
dispersion constant.
In order to further examine the role of traps, we have

performed transient photocurrent measurements on
the three devices. By investigating how the photo-
current responds to pulsed illumination, transient

Figure 4. (a) PIA spectra of the blend films with different sized NCs at room temperature. The excitation modulation
frequency is 225 Hz. (b) Frequency dependence of the PIA signal at 950 nm for the three films. The points are the raw data,
while the solid lines are the fitted curves (see text for the fitting equation). For all the measurements, the excitation laser
wavelength is 515 nm, with the intensity of 25 mW/cm2.

TABLE 1. Fitting Parameters for Frequency-Dependent

PIA Signals of the Blend Films with Different Sized NCs

parameters small film medium film large film

τ (ms) 21 10 1.8
γ 0.64 0.69 0.71

Figure 5. Normalized transient short-circuit photocurrent
for three P3HT:CdSe devices in response to 200 μs square-
pulse illumination (pulsewavelength 525 nm) at 23mW/cm2.
The inset highlights the decay dynamics.
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photocurrent measurements provide direct informa-
tiononcharge transport, recombination, and trapping.28,29

Figure 5 shows the normalized transient short-circuit
photocurrent of the three P3HT:CdSe devices, in re-
sponse to 200 μs square-pulse illumination (525 nm) at
23 mW/cm2. There is an obvious difference between
the rise dynamics of different devices. For the large
device, a very fast rise in the first 3 μs is followed by a
slow rise to the steady-state current. For the small
device, the fast initial rise leads to an overshoot of
more than 150% of the steady-state current. Such
behavior has been observed in polymer/polymer
devices30 and attributed with the aid of numerical
modeling31 to trapping and detrapping effects. Speci-
fically, the overshoot results from the time taken for
the trap population to reach equilibrium, which is
significantly slower than the time taken for free
charges to exit the device. The recombination rate of
trap-mediated recombination increases as the trap
population increases before settling to a steady-state
value when the trap population equilibrates. Based on
this modeling work, the large overshoot in the rise
dynamics indicates significant trap-mediated recombi-
nation in the small device. The medium device shows
behavior between that of the large and small devices.
After the initial quick rise, a small overshoot is ob-
served, especially for low pulse intensities (not shown).
This is again an indication of trap-mediated recombi-
nation, although much less pronounced compared
with the small device. Therefore, by comparing the
rise dynamics of different devices, we can conclude
that trap-mediated recombination is becoming stron-
ger with decreasing NC size, which is consistent with
the fact that photocurrent generation decreases with
decreasing NC size.
The photocurrent decay time at turn-off also shows

differences between different devices, with “smaller”
devices demonstrating shorter decay time. For the
large device, after the initial quick extraction of free
carriers within tens of microseconds, there is a long
photocurrent tail, with charges continuing to be ex-
tracted more than 400 μs after turning off the illumina-
tion. As a comparison, in P3HT:PCBMdevices, almost all
of the carriers are extracted within 50 μs.28 The long

extraction time suggests that a slow detrapping pro-
cess is involved, which is consistent with our sugges-
tion based on transient absorption measurements
that there are also trapping effects in the large device.
For the small device, considering its significant trap-
mediated recombination, it is unlikely that the very
short decay time is due to efficient carrier extraction.
Instead, it is caused by the significant number of deep
traps, fromwhich carriers do not escape, instead finally
recombining with holes.
Further insight into this argument is provided by

quantifying the amount of charge extracted after turn-
ing off the light. The extracted charge is calculated by
integrating the photocurrent with respect to time. In
the presence of recombination, this integrated ex-
tracted photocurrent sets a lower limit on the number
of charges present in the device prior to turn-off. There
is almost 2 orders of magnitude difference in extracted
charge between the large and small devices at an
intensity of 47 mW/cm2 (short-circuit conditions), with
3.6� 10�9 C extracted for the former and 4.7� 10�11 C
for the latter. This striking difference agrees with our
assertion that in the small device there is a significant
number of deeply trapped electrons that cannot be
extracted, which finally recombine. Therefore, the fact
that both the decay time and the amount of extracted
charge increase with increasing size suggests that the
detrapping is easier for the large device.
Based on the above analysis, there are traps in all

three devices, with charge trapping affecting the de-
vice performance even for the large device. The de-
trapping is less efficient for smaller devices, which
contributes to more recombination loss in the smaller
devices, consistent with steady-state photocurrent
measurements. In order to investigate whether the
density as well as the depth of trap states increases
with decreasing size, we have also performed transient
photocurrent measurements with a constant back-
ground light superimposed on the pulsed illumination.
Figure 6 shows the normalized short-circuit photo-

current response to 200 μs square-pulse illumination
(525 nm, 27 mW/cm2) as a function of background
light intensity (white light) for the three P3HT:CdSe
devices. For the large device (Figure 6a), the rise/decay

Figure 6. Normalized background-dependent transient photocurrent dynamics for (a) large, (b) medium, and (c) small P3HT:
CdSedevices. Themeasurementwasperformedunder short-circuit conditions. Thebackground lightwasprovidedby awhite
high-brightness LED, and the square-pulse illumination (27 mW/cm2) was provided by a high-brightness 525 nm green LED.
The insets highlight the rise and decay dynamics. The arrow indicates the direction of increasing background intensity.
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dynamics quicken with the background light imposed.
This is attributed to the filling of trap sites by the
charges generated by the background light, which
makes the charge transport easier. When the back-
ground light increases above about 50 mW/cm2, the
quickening in the rise/decay dynamics becomes less
prominent. This indicates that the traps are almost fully
filled with about 50 mW/cm2 background light. The
minor quickening above this intensity may be attrib-
uted to carrier-density-dependent mobility.32 Indeed,
if we fix the background light intensity at 52 mW/cm2

and change the pulse intensity, the normalized traces
lie almost on top of each other (not shown). This further
confirms that the traps are almost fully filled at this
background intensity.
For themediumdevice (Figure 6b), the imposition of

background light eliminates the overshoot after the
turn-onwith the rise dynamics becoming independent
of the background light intensity over 50mW/cm2. The
disappearance of the overshoot with increasing back-
ground illumination intensity similarly results from a
filling of the trap states and the pulse of illumination
no longer representing a significant perturbation to
charge the density in the device. For the small device
(Figure 6c), in contrast, the overshoot after the turn-on
is still observable for the highest background intensity
investigated. This observation indicates that even at
high background illumination there is still a significant
number of unoccupied trap sites.
The above experiments indicate that it becomes

increasingly difficult for the traps to be fully filled for
smaller NC sizes. We suggest that the difficulty in filling
up the traps in the smaller devices is a consequence of
an increasing density of trap states with decreasing NC
size, along with an increased recombination rate of
trapped charges. This argument is qualitatively reason-
able if we assume that the traps are energetic in nature
and associated with the NC surface,33�35 with increas-
ing surface-to-volume ratio as the size decreases. In
addition, this argument is further backed up by the
possibility of CdSe NCs serving as morphological traps.
For the small NCs, there can be poor interconnectivity
between dots, meaning that individual NCs can serve
as traps.
Further information on recombination dynamics is

provided by transient photovoltage (TPV) measure-
ments. We have found that the photovoltage decay
kinetics in P3HT:CdSe blends are not well-described by
a single-exponential decay.28 Instead, they could only
be fitted with triexponential fits. Following the paper
by O'Regan et al.,36 we performed VOC-dependent TPV
measurements on large and small devices. As shown in
Figure 7, although there are three recombination rate
constants for each device, all of the recombination
constants are exponentially dependent on VOC, with the
same slope in the semilog plot of 10.4( 0.2 decades/V.
This indicates that the underlying recombination

mechanisms are the same for the three decay channels
in each device as well as for these two different de-
vices.36 We attribute this underlying recombination
mechanism to trap-assisted recombination. This is
consistent with other spectroscopic and electrical evi-
dence in the paper as well as our core concept; that is,
trap states limit the performance in hybrid OPVs.
Ideally, we would also calculate the capacitance and
density of trap states at each VOC using the transient
photovoltage data. However, it turned out to be
difficult in our case, limited by the difficulty in integrat-
ing the total charge in the device at VOC.
According to all of the above transient measure-

ments, we have shown that the performance of the
P3HT:CdSe devices is limited by trapping. There is a
higher density of deep traps with decreasing NC size.
These deep trap states result in more severe trap-
mediated recombination in smaller devices, which is
consistent with the decreasing steady-state photocur-
rent as the NC size decreases. The increasing density of
trap states contributes to the increasing difficulty to fill
up the traps in the smaller devices.
With the above knowledge in mind, we propose a

diagram in Figure 8 describing the density of trap
states of CdSe NCs with different sizes. The trap energy
is assumed to be constant, and the NC band edge
moves toward the vacuum level due to quantum
confinement with decreasing size. As a result, the trap
depth relative to the band edge increases with de-
creasing NC size. The density of trap states distribution
is shown as exponential, although other shapes are
possible.
With this diagram, it becomes clear why the small

device has smaller VOC, in spite of its higher LUMO level.
In operation, VOC is determined by the quasi-Fermi level
splitting between the donor and acceptor, rather than
the difference between donor HOMO and acceptor
LUMO. The deeper trap states in the small device are
detrimental to its VOC, as the quasi-Fermi level is kept in
the tail of the trap states and is difficult to raise up to

Figure 7. Recombination rate constant versus VOC for the
large and small devices. The photovoltage decay kinetics in
P3HT:CdSe blends can only be fitted with triexponential
fits, which result in three recombination constants at each
VOC. The solid lines are guides for the eye with a slope of
10.4 ( 0.2 decades/V.
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the LUMO level. Although the HOMO and LUMO levels
provide a first approximation for VOC, the distribution
of traps is also a determining factor. Recent publica-
tions have noted the effect of the energetic disorder on
VOC.

37�42 For example, Garcia-Belmonte et al.38 inves-
tigated P3HT blended with two different fullerenes,
which share the same LUMO. By performing impe-
dance spectroscopy measurements, the VOC difference
between the two blends was attributed to different
electron density of states of the two fullerenes. More
recently, Blakesley et al. also demonstrated that ener-
getic disorder canbe responsible for a loss of VOC in BHJ
OPVs using numerical device simulations.42

CONCLUSIONS

In conclusion, we employed a range of steady-state,
quasi-steady-state, and transient measurements to
investigate the loss mechanisms in hybrid solar cells.
We performed TA measurements on working devices

and suggest that the faster decay in the TA kinetics for
the small device is due to stronger trap-mediated
recombination. Further information on traps is un-
covered by photoinduced absorption and transient
photocurrent measurements, which confirm that the
performance improvement is related to decreasing
trapping effects in devices with larger NCs. We con-
clude that the trap-mediated recombination is respon-
sible for the loss of photogenerated charge carriers in
hybrid solar cells.With the information uncovered from
the transient photocurrent and absorption measure-
ments, we propose a diagramdescribing the density of
trap states of CdSe NCs with different sizes. With this
diagram,we can successfully explainwhy VOC increases
as the NC size increases. Therefore, decreasing the trap
density in polymer/nanocrystal blends such as by sur-
face engineering is likely to be an effective approach to
improve the efficiency of this class of photovoltaic
devices.

METHODS

Nanocrystal Synthesis. CdSe NCs with three different sizes
were synthesized using the method by Yu and Peng.43 Cd
precursor was prepared by dissolving CdO powder in oleic acid
and 1-octadecene in a flask. Se precursor was prepared sepa-
rately by dissolving Se powder in trioctylphosphine at 80 �C.
When the Cd precursor was heated to 230 �C, Se precursor was
quickly injected into the flask. A small aliquot of the reaction
solution was frequently taken out to monitor the NC growth
using a UV�vis spectrometer. The NC growth slowed around
20min after Se injection. In order to synthesize even larger NCs,
a second injection of Se precursorwas required.44 As soon as the
optical absorption spectrum indicated that the target nano-
cystal size was reached, the reaction was halted. Methanol was
added to precipitate the NCs, which were then dissolved in
butylamine and stirred overnight in an inert atmosphere for
ligand exchange. The butylamine-capped nanodots were re-
covered by precipitation with methanol. Finally, the nanodots
were dissolved in chloroform for device fabrication.

Device Fabrication. PEDOT:PSS layer (40 nm) was spin-coated
onto cleaned and plasma-treated ITO substrates, which were
then annealed at 150 �C for 30 min under nitrogen atmosphere
before being transferred into a glovebox for further fabrication
steps. P3HT was dissolved in 1,2,4-trichlorobenzene with a
concentration of 30 mg/mL, which was then mixed with CdSe
(30 mg/mL in chloroform) to get the blend solution (weight
ratio, P3HT:CdSe = 1:9). P3HT:CdSe solution was spin-coated
onto the substrates to get 80 ( 5 nm thick films, which were
annealed at 150 �C for 30 min in an inert atmosphere. The
evaporation of aluminum (100 nm) onto the active layer

concludes the fabrication processes and defines the area of
the active layer as 4.5 mm2.

Transient Absorption Measurements. The reflection mode was
used to measure the TA signal in a working device, as detailed
elsewhere.20 In short, the pump and probe pulses enter the
device through the ITO anode, and the probe signal is collected
after being reflected off the Al cathode. The pump beam was
adjusted to ensure that the EQE at low pump intensity ap-
proached that measured under CW condition. The probe was
then aligned to maximize the TA signal, which guarantees
maximum overlap of the pump and probe beams.

Transient Photocurrent Measurements. A high-brightness 525 nm
green LED was used as the light source for transient photocurrent
measurements. The pulse width was 200 μs, with a rise and fall
time less than 50 ns. A neutral density filter wheel was used to vary
the pulse intensity. The device was connected in series with
an Agilent DSO6052A digitizing oscilloscope (input impedance
50 Ω). For background-dependent transient photocurrent mea-
surements, the background light was provided by a white high-
brightness LED.

It is important to ensure that the dynamics in transient
photocurrent measurements are not limited by the RC time
constant of the circuit. From the 50Ω external resistance, R, and
the geometrical capacitance of ∼4 nF (assuming an average
dielectric constant of ∼7), we find that RC is less than 200 ns,
much shorter than the time constants we observe.

Transient Photovoltage Measurements. Transient photovoltage
measurements were performed using a similar setup as for
the photocurrent measurements with the device connected to
the oscilloscope (1 MΩ input impedance). The light intensity of

Figure 8. Schematic illustration of the density of trap states changingwith CdSe NC size. The effect of the trap distribution on
VOC is also illustrated.
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the pulsed light was kept sufficiently low such that the voltage
perturbation was always less than 5% of the open-circuit voltage
for the given background illumination intensity. Background
illumination was provided by a white high-brightness LED.
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