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S
olution-processed photovoltaics offer
solar energy harvesting characterized
by low cost, ease of processing, physi-

cal flexibility, and large area coverage.1,2

Conjugated polymers,3 inorganic nanocrys-
tals (NCs),4 and hybrid materials5 have been
widely investigated and optimized to this
purpose. Organic solar cells have already
achieved 6.5% solar conversion efficien-
cies.6 However, these devices fail to har-
vest most of the infrared (IR) spectral re-
gion. High efficiency multijunction solar
cells offer the prospect of exceeding 40%
efficiency7 through the inclusion of
infrared-bandgap materials. In this context,
infrared single-junction solar cells should be
optimized for infrared power conversion ef-
ficiency rather than solar power conversion
efficiency. For double- and triple-junction
solar cells, the smallest-bandgap junction
optimally lies at 1320 and 1750 nm, respec-
tively. Attempts to extend organic solar cell
efficiency into the near-infrared have so far
pushed the absorption onset only to
1000 nm.8

By virtue of their size-tunable optical
properties, lead salt colloidal quantum dots
(CQDs) can be engineered to access the vis-
ible and the short-wavelength infrared
spectral regions.9 Recently, organic poly-
mers sensitized using infrared lead salt
nanocrystals have been investigated; how-
ever, these devices did not exceed mono-
chromatic power conversion efficiencies of
0.1%.10–14 In 2007, Klem et al. reported 1.3%
monochromatic infrared power conversion
efficiencies through the use of thiols and
high-temperature processes to achieve
smooth films on rough nanoporous trans-
parent metal oxides.15 More recently, the
highest infrared monochromatic external
quantum efficiency (EQE) yet achieved with
nanocrystals was reported: 37% under 12

mW cm�2 illumination at 975 nm.16 These
PbS CQD based devices registered an infra-
red power conversion efficiency of 4.2%.

Herein we report a PbSe CQD based
photovoltaic device that achieves 3.6% in-
frared power conversion efficiency (PCE).
This is the first PbSe colloidal quantum pho-
tovoltaic to exceed 1% infrared PCE.13,14 It
also represents the first solution-processed
infrared photovoltaic device to be stable
over weeks without requiring fresh deposi-
tion of its top electrical contact.

To achieve this record combination of ef-
ficiency and stability, we developed and
pursued a materials processing strategy as
follows:

• We believed that nanocrystal-capping
ligands such as butylamine, although
short in length and thus consistent with
reasonable carrier transport, are suffi-
ciently labile as to imperil the stable
passivation of thin solid films over days
and weeks. We therefore selected a
more strongly binding end functional
group
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ABSTRACT Half of the sun’s power lies in the infrared. As a result, the optimal bandgaps for solar cells in

both the single-junction and even the tandem architectures lie beyond 850 nm. However, progress in low-cost,

large-area, physically flexible solar cells has instead been made in organic and polymer materials possessing

absorption onsets in the visible. Recent advances have been achieved in solution-cast infrared photovoltaics

through the use of colloidal quantum dots. Here we report stable solution-processed photovoltaic devices having

3.6% power conversion efficiency in the infrared. The use of a strongly bound bidentate linker, benzenedithiol,

ensures device stability over weeks. The devices reach external quantum efficiencies of 46% in the infrared and

70% across the visible. We investigate in detail the physical mechanisms underlying the operation of this class of

device. In contrast with drift-dominated behavior in recent reports of PbS quantum dot photovoltaics, we find that

diffusion of electrons and holes over hundreds of nanometers through our PbSe colloidal quantum dot solid is

chiefly responsible for the high external quantum efficiencies obtained in this new class of devices.

KEYWORDS: infrared photovoltaics · PbSe nanocrystals · benzenedithiol
linker · rectifying junction · carrier transport
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to passivate our nanoparticle surfaces robustly in

the solid state.

• We believed that further increase in proximity

among the nanoparticles could be achieved and

could result in improved electron and hole trans-

port, without sacrificing the highly desired quan-

tum size effect tuning offered by the use of colloi-

dal quantum dots. We therefore pursued a short

bidentate linker having a conjugated, instead of en-

tirely insulating, moiety lying between the end

groups.17

• Finally, we were concerned that too large a change

in film volume resulting from the exchange of

longer oleic-acid-capped ligands to short cross-

linkers would lead to poor film morphology and

electrical shorts. We pursued therefore solution-

exchange to a shorter linker prior to film formation

and film cross-linking.

These considerations, taken together, led us to first

use a solution-phase exchange to an intermediate

ligand, octylamine, followed by solution-casting of

films and finished with a treatment using the biden-

tate linker, benzenedithiol.

We synthesized PbSe NCs using a modified version

of the organometallic route previously reported for

PbS NCs.18 The as-synthesized NCs (Figure 1a) were

capped with �2 nm oleate ligands, previously reported

to impede efficient charge transport in films.12,19 We

preceded the benzenedithiol cross-linking (Figure 1c)

with a solution-phase ligand exchange (Figure 1b). As

a result, the oleate ligands were replaced with shorter

octylamine ligands (�1 nm). In this work, we used PbSe

NCs having an absorption peak ranging between 1200

and 1300 nm as shown in Figure 1d. We spin-coated

thin NC films (�110 nm) on ITO substrates and im-

mersed the samples in a dilute solution of benzene-

dithiol in acetonitrile (3.5 mM) for a duration ranging

from 10 to 30 min. This rendered the layer insoluble in

the nonpolar solvents that were used for spin-coating

the NCs. We deposited a second thin layer on top to en-

sure the formation of a smooth, densely packed film.

The second layer was also subjected to a linking treat-

ment. The total thickness of the NCs active layer ranged

between 210 and 250 nm.

RESULTS
Photovoltaic Device Performance. Figure 2a shows our

best recorded infrared power conversion efficiency of

3.6%. The EQE reached 46% under 12 mW cm�2 illumi-

nation at 975 nm. The devices exhibited a power con-

version efficiency of 1.1% under simulated solar illumi-

nation at 100 mW cm�2 as shown in Figure 2b. The

cross-linking process performed on these CQD films

was optimized by varying the treatment durations (see

Supporting Information S1).

We present the spectrally resolved EQE between

400 and 1600 nm in Figure 2c. The EQE follows closely

the features of the absorption spectrum shown in Fig-

ure 1d; a well-defined first excitonic peak is observable

at 1250 nm. In the visible wavelengths, a peak EQE of

70% is recorded. From measurements of total film ab-

sorbance, we estimated the internal quantum efficiency

Figure 1. Transmission electron microscopy of PbSe NCs: (a)
as-synthesized oleic-acid-capped PbSe NCs used in this in-
vestigation (�5 nm in diameter), (b) reduced internanopar-
ticle distance after octylamine ligand exchange, (c) networks
of PbSe NCs after benzenedithiol treatment due to the
strong affinity of the thiol-end groups for the Pb atoms. (d)
Absorption of single treated (red) and double treated (blue)
layers.
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at 975 nm to approach 90% in the best devices, which

implies highly efficient charge separation and

extraction.

Our materials processing led to reproducibly high

performance: throughout the course of this study, ap-

proximately 40 devices were made that exhibited infra-

red monochromatic power conversion efficiencies in

excess of 3%.

Device Stability. Our stability study for devices stored

both in air and in nitrogen is summarized in Figure 3.

When stored in a nitrogen-filled glovebox for over 2

weeks, devices retained more than 75% of their initial

high EQEs. We compared the stability of the devices

fabricated in the present work with previously reported

high-efficiency devices,16 fabricated as described by

spin-coating butylamine-capped PbS NCs on ITO sub-

strates and evaporating Al contacts on top.16 The

benzenedithiol-cross-linked PbSe NC devices retained

their high EQEs over 10 days when stored under nitro-

gen, whereas the amine-capped devices lost half of

Figure 2. Photovoltaic device performance.
Current�voltage characteristics of a benzenedithiol-
treated two-layered device exhibiting (a) 3.6% mono-
chromatic power conversion efficiency at 975 nm under
12 mW cm�2 illumination, and (b) simulated solar power
conversion efficiency of more than 1.1% (i.e., AM1.5 at
100 mW cm�2). (c) Spectral external quantum efficiency
of a device reaching 37% in the infrared and about 70%
in the visible range. From total absorbance measure-
ments at 975 nm, the IQE was found to approach 90%.
(d) Spatial band diagram showing the device model. A
Schottky barrier is formed at the Mg/p-type semiconduct-
ing NCs interface. The majority of the photogenerated
carriers diffuse through the quasi-neutral region (LQN, �145
nm) and are separated in the depletion region (W, �65 nm).
A fraction of the carriers is lost to recombination.

Figure 3. EQE (a) and PCE (b) stability comparison of
benzenedithiol-treated PbSe devices with previously re-
ported amine-capped devices stored in air and in inert atmo-
sphere.16 The benzenedithiol-treated devices retained their
high EQE values for over 1 week stored in a nitrogen-filled
glovebox (solid red line), and their PCE maintains 90% of its
initial value for more than 2 days. The amine-capped devices
(dashed red line) severely deteriorated within the first 24 h.
In air, the benzenedithiol-treated devices (solid blue lines)
registered greater stability than the amine-capped devices
(dashed blue lines). Note that all testing was done in air and
all devices in this study were exposed to a minimum of 15 h
of oxygen and moisture. Several high efficiency
benzenedithiol-treated devices retained over 75% of their
EQE for more than 2 weeks. The reported EQE and PCE val-
ues were taken under 12 mW cm�2 at 975 nm.
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their EQE and more than 75% of their power conver-

sion efficiency within 24 h.

We also compared performance of devices stored

in air. The dithiol-capped PbSe NC based devices re-

tained their high EQE and �80% of their PCE over 48 h,

whereas the amine-capped devices lost all performance

within the same period of time.

Model of Physical Mechanisms and Origins of High Efficiency.

We sought to investigate in greater detail the physical

mechanisms responsible for the performance of our

best devices and to understand further the process

steps that were most critical to the performance im-

provements reported herein.

We began with an exploration of which of the

metal�semiconductor junctions is responsible for pro-

viding rectification and charge separation. We then es-

timated from capacitance�voltage measurements the

spatial extent of the resultant depletion region. From

this we were able to propose a spatial band diagram.

We then quantified the absorbance of photons in

each of the key regions, the depletion and quasi-neutral

portions, of the colloidal quantum dot active region.

Combining this with knowledge of the depth of the

depletion region, the thickness of the device, and the

measured EQE, we were able to estimate the minority

carrier diffusion length that is required to explain our

high overall efficiency.

We then proceeded to investigate whether the elec-

tronic properties of our materials are indeed capable

of supporting such a long minority carrier diffusion

length. We measured electron mobility using the time-

of-flight (TOF) method20 and estimated the carrier life-

time using the open-circuit-voltage decay method.21

We estimated in this way an electron diffusion length

in the range 200�300 nm and found this to be suffi-

cient to account for our high observed efficiencies. We

also concluded that further improvement in perfor-

mance could be achieved by increases in electron mo-

bility leading to even more efficient diffusion from the

quasi-neutral region to the edge of the depletion

region.

Rectifying Junction and Location of Depletion Region. We

turned first to our investigations of the location of the

rectifying metal�semiconductor junction, and thus the

depletion region, in our devices. We studied this by

varying the choice of metal both as bottom and top

contact. First, while maintaining ITO as the bottom con-

tact, we deposited Al (�4.2 eV), Ag (�4.3 eV), or Mg

(�3.6 eV) atop the NC films. In all cases we obtained

similar I�V characteristics, though the open circuit volt-

ages (Voc_Mg � Voc_Al � Voc_Ag) were smaller when Ag

and Al were used. On the other hand, when we em-

ployed Au as top contact, the device exhibits a linear

I�V (Supporting Information S2). From this we con-

cluded that the Mg�NC junction is responsible for rec-

tification in our devices.

We also varied the bottom contact, replacing ITO
(�4.8 eV) with Pt (�6.3 eV) or Au (�5 eV). All devices
continued to provide good rectification when a Mg top
contact was employed, and the current�voltage char-
acteristics did not appreciably change. From this we
concluded that the bottom contact (transparent ITO in
our best devices) serves mainly for ohmic hole collec-
tion in our solar cells. On the basis of these conclusions,
we propose the spatial band diagram of Figure 2d.

We sought then to determine the depth of the
depletion region associated with the Mg�NC junction.
We measured the capacitance at zero bias (under short-
circuit conditions). We found the static relative permit-
tivity via the charge extraction by the linearly increasing
voltage (CELIV) method22 to be 15 � 1 (see Support-
ing Information S6). This allowed us to estimate the
depletion width to be 65 � 5 nm (see Supporting Infor-
mation S8).

We note as well that, in our experience, all attempts
to fabricate CQD devices using PbSe nanocrystals with-
out any thiol-based cross-linker16 failed to produce a
photovoltaic effect (see Supporting Information S3).
This is in contrast with recent findings with record-
setting PbS CQD devices.16 We tentatively conclude
that PbSe NCs are particularly sensitive to the require-
ment of effective surface passivation.

Photons Absorbed. Having elucidated a simple spatial
band diagram, we sought to determine where
electron�hole pairs were generated and in which
quantities within the two regions of interest, the deple-
tion region, with its charge-separating field, and the
quasi-neutral region, in which minority carrier diffusion
would serve as the dominant transport mechanism.

We first looked at whether absorption within the
depletion region could, on its own, account for our
high observed EQEs. From our knowledge of the ab-
sorption per unit length of 975 nm light, we summa-
rize in Table 1 the fraction of incident power absorbed
in each region. We conclude from this that less than
half of the observed short-circuit current is attributable
to electron�hole pair generation from absorption
within the depletion region (see Supporting Informa-
tion S4).

To account for the EQE observed, we estimate that
two-thirds of the electron�hole pairs photogenerated
within the quasi-neutral portion of the device must
have diffused to the depletion region to be efficiently

TABLE 1. Summarizing the Contribution of the Depletion
and Quasi-neutral Regions to EQE under 12 mW cm�2

Intensity at 975 nm

region
relevant
thickness

(nm)

absorption
(%)

IQE
(%)

% contributed to
overall EQE

depletion 65 13 �90 �12
quasi-neutral 145 30 65 20

total measured EQE (%): 32

A
RT

IC
LE

VOL. 2 ▪ NO. 5 ▪ KOLEILAT ET AL. www.acsnano.org836



separated therein and extracted therefrom. Such a re-

sult would be possible only if the minority carrier diffu-

sion length for electrons in the quasi-neutral region

were to exceed a few hundred nanometers.

Hole and Electron Mobilities and Lifetimes. To evaluate the

feasibility of the electron and hole drift over the deple-

tion region depth (�65 nm) and the electron minority

carrier diffusion over the quasi-neutral region depth

(�145 nm), we next turned to measuring electron and

hole mobilities. When combined with carrier lifetimes,

these enable the drift and diffusion lengths to be

estimated.

We studied minority electron carrier mobility using

the TOF method20 and the majority carrier mobility via

charge extraction by CELIV.22

TOF experiments employed a sample with a geom-

etry identical to that of the photovoltaic device, i.e., a

layer of NCs sandwiched between the ITO and magne-

sium contacts, with the exception that the total NC layer

in this case was thicker (�500 nm). We found the elec-

tron mobility to be 1.4 � 10�3 cm2 V�1 s�1 for a

benzenedithiol-treated device (see Supporting Informa-

tion S5). CELIV experiments conducted on the photo-

voltaic devices allowed us to estimate the hole mobil-

ity to be 2.4 � 10�3 cm2 V�1 s�1 in the dithiol treated

NC based devices (see Supporting Information S6).

Thus, the electron and the hole mobilities in our de-

vices are within the same order of magnitude, in con-

trast with recent findings in PbS colloidal quantum dots

devices,16 where the minority electrons were �8 times

less mobile.

We then sought to estimate the recombination life-

time � at relevant solar intensities through the tech-

nique of transient open circuit voltage decay (OCVD).21

We illuminated the device using a digitally modulated

975 nm diode laser at different intensities (Figure 4). At

12 mW cm�2 we found the lifetime to be on the order

of 10�20 �s (see Supporting Information S7).

We fabricated thin-film field-effect transistors (FET)

on highly conductive silicon wafers with 100 nm of ther-

mally grown oxide as the gate dielectric. The source

and drain electrodes were separated by a 10 �m gap.

In order to spin-coat films 50 nm thick, we diluted the

octylamine-capped PbSe NCs to a concentration of 10

mg mL�1 and the benzenedithiol solution to 1 mM. For

constant drain source voltage, we applied a range of
gate voltages and recorded the current modulation
through the NC film.

Figure 5 shows the FET transfer characteristics of
NC films directly deposited from solution and after ex-
posure to benzenedithiol treatment. In both cases, the
drain current (Id) increases in magnitude as the applied
gate voltage (Vgs) becomes more negative. This sug-
gests the formation of a p-channel in the FET devices in-
dicative of the p-type behavior23 of the PbSe NCs (see
Supporting Information S9).

Drift and Diffusion Lengths. Carriers in the depletion re-
gion are separated via the action of the built-in field re-
sultant from the metal-semiconductor, or Schottky,
junction. The drift length is given by (��Vbi)/W, where
� is the carrier mobility, Vbi is the built-in potential, and
W is the depletion width. Under short-circuit condi-
tions at 12 mW cm�2 and assuming a built-in voltage
of 0.3 V,24,25 we estimated drift lengths of 8.5 �m for
electrons and 14.5 �m for holes. In sum, we expect no
difficulty in removing each carrier type from the 65 nm
thick depletion region.

In the quasi-neutral region, charge transport occurs
mainly through diffusion and the carrier diffusion
length may be obtained from �[��((kT)/q)]. The calcu-
lated electron minority diffusion length is in excess of
220 nm, which allows a substantial fraction of the mi-
nority carriers to diffuse out of the neutral region, and
allows us to account for the high observed EQE (see
Supporting Information S10). Table 2 summarizes the
calculated charge transport characteristics.

Carrier extraction in these photovoltaic devices, as
a result of the narrow depletion region, is critically de-
pendent on diffusion enabled by high minority carrier
mobility and long lifetime. This contrasts with recent

Figure 4. Carrier recombination lifetime (blue, left axis) and
external quantum efficiency (red, right axis) versus illumina-
tion intensity at 975 nm. The decrease in the EQE (>10 mW
cm�2) corresponds to the limit where the minority carrier
transit time exceeds the recombination lifetime.

Figure 5. Transfer characteristics of PbSe NC thin-film field-
effect transistors. The PbSe NC films exhibit p-type behavior
before (red) and after benzenedithiol treatment (blue).
Id�Vd characteristics for both films are shown in the inset.
The conductivity, which can be induced from the slope of
the Id�Vd curves, increased after treatment.
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findings in drift-dominated PbS Schottky-barrier de-
vices.24

We further corroborated our proposed physical pic-
ture by investigating the dependence of EQE and re-
combination as a function of illumination intensity, as
seen in Figure 4. The EQE began to diminish at intensi-
ties greater than 10 mW cm�2. From OCVD measure-
ments, the recombination lifetime drops below about
10 �s at such intensities. In view of the electron mobil-
ity, the electron diffusion length begins to contract well
below the quasi-neutral region thickness under such
conditions, accounting for the onset of EQE roll-off.

DISCUSSION
With this performance and physical picture ex-

plained, we now discuss the role of our chosen biden-
tate linker. The first expected impact of linking nanopar-
ticles in the solid state is to bring the particles closer
together (Figure 1a�c). Figure 1c shows that benzen-
dithiol molecules are most likely cross-linking the PbSe
nanoparticles. Specifically, both electron and hole mo-
bilities increased by more than 1 order of magnitude as
a result of cross-linking (see Supporting Information
S5). Even with the mobility-increasing treatments, the
films retained their quantum size effect, as seen in ab-
sorption spectra and external quantum efficiency
spectra.

We noted above that diffusion plays a much larger
role in our devices than in the best reported PbS solar

cells. The electron mobility of our devices is seven times

greater than in the PbS CQD report,24 a fact that ac-

counts for a doubling of the electron minority diffu-

sion length in our materials system. Benzenedithiol is

in fact a molecular conductor in view of its delocaliza-

tion of electron molecular orbitals.17 In addition, conju-

gated dithiol molecules used to bridge quantum dot

systems have previously been reported not only to link

nanocrystals but also to provide a pathway for electron

transfer.26

The devices reported herein exhibited a photovol-

taic response only after being subjected to the ben-

zenedithiol cross-linking process. We propose that the

as-exchanged NCs were dominated by a large density

of unpassivated surface states. As with previously re-

ported chemical processes on PbSe and CdSe NCs,27–33

benzenedithiol offers passivation of dangling bonds.

Additionally, as seen in our stability study, benzene-

dithiol appears to offer a longer-lived NC�metal inter-

face than amine ligands. The latter are believed to react

with the top metal contact.

Another feature of the device processing architec-

ture employed herein is the use of two superimposed

layers of colloidal quantum dot solids. Our purpose was

to increase absorbing thickness and minimize pin-

holes. Preceding the solid-state treatment with a

solution-phase exchange to a somewhat shorter ligand

helped to reduce volume contraction upon cross-

linking of the film. This contributed to the realization

of densely packed, high-mobility films in situ on a

substrate.

In sum, the present work demonstrates a stable,

high-efficiency infrared solution-processed photovol-

taic device. Remarkably, the work shows that minority

carrier diffusion can occur efficiently over hundreds of

nanometers in such films. Strongly passivating, short,

electron-transport-assisting bidentate linkers appear to

play a key role in achieving these properties.

MATERIALS AND METHODS
Chemicals. Lead(II) oxide powder (PbO, 99%), oleic acid (OA,

technical grade 90%), 1-octadecene (ODE, technical grade 90%),
anhydrous toluene, octane, methanol, isopropanol, acetonitrile,
and ethyl acetate were purchased from Sigma-Aldrich. Bis(trime-
thylsilyl)selenide (TMSe, �97% purity) was purchased from
Gelest, Inc. 1,4-Benzenedithiol (97%) was purchased from Alpha
Aesar.

PbSe Synthesis and Ligand-Exchange Procedure. ODE was degassed
by prepumping at 80 °C for 16 h, and the TMSe source was pre-
filtered with 0.1 and 0.02 �m Whatman syringe filters before use.
The synthesis was performed in a single, three-neck, round-
bottom flask. The Pb precursor was prepared by pumping the
mixture of PbO and OA at 80 °C for 16 h. The resulting transpar-
ent solution of lead oleate precursor was stirred vigorously while
being heated under Ar for about 30 min. The stock solution of se-
lenium precursor was prepared by mixing TMSe with ODE in a
glovebox and the portion corresponding to a 2:1 (Pb/Se) molar
ratio was rapidly injected into the reaction flask. The injection
temperature ranged between 125 °C for smaller nanocrystals

and 140 °C for the largest NCs. Upon injection, nucleation oc-
curs instantly; thus, rapid injection is critical to achieve a narrow
size distribution. After injection, the temperature of the reaction
was dropped, and the reaction was quenched by subjecting it
to a water�ice bath for 1 min and 40 s. A typical synthesis for
NCs having their excitonic peak ranging from 1200 to 1300 nm
involved injecting of 7 mL of selenium stock solution (1 mmol of
TMSe) into the reaction flask containing 2 mmol of PbO (0.45 g)
and 63 mmol of OA. PbSe NCs, particularly in their solution
phase, were observed to be extremely sensitive to both air and
moisture, and as a result all postsynthetic treatments were per-
formed in a glovebox with anhydrous reagents. The oleate-
capped PbSe NCs were isolated from any remaining starting ma-
terials and side products by precipitating the solution with a
mixture of equal volumes of methanol (5 mL) and ethylacetate
(5 mL). The precipitate was then redispersed in toluene and re-
precipitated with methanol. After the second precipitation, the
NCs were vacuum-dried for 10 min and redispersed in toluene.

The solution exchange procedure was carried out inside a
nitrogen-filled glovebox. The as-synthesized NCs were precipi-

TABLE 2. Summary of Charge Transport Parameters for
Photovoltaic Devices Based on Benzenedithiol-Treated
PbSe NCs at the Operating Intensity of 12 mW cm�2 at
975 nm and under Low Injection Regime

carriers
mobility
(cm2/Vs)

recombination
lifetime

(�s)

drift
length
(�m)

diffusion
length

(nm)

electrons 1.4 � 10�3 �13 8.5 220
holes 2.4 � 10�3 �13 14.5 285
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tated with methanol, vacuum-dried for 10 min, and redispersed
in octylamine. After 3 days, we precipitated the NCs with anhy-
drous isopropanol, vacuum-dried them for 10 min, and redis-
persed them in octane solution to achieve a typical concentra-
tion of 80 mg mL�1.

Device Fabrication, Testing, and Characterization. The octylamine-
exchanged PbSe NCs were spin-coated on ITO-coated glass sub-
strate inside the glovebox. The devices had a typical thickness
of 210�250 nm as measured with a surface profiler (Veeco Dek-
tak3). The benzenedithiol treatment was done in a fumehood
in air. We deposited 100 nm Mg/190 nm Ag by thermal evapora-
tion through a shadow mask, leading to a contact area of 3.1
mm2. We stored the devices in a nitrogen-filled glovebox for 24 h
before initial testing. All device characterizations were carried
out in dark shielded enclosures in air.

All current�voltage measurements including FET character-
izations were taken with an Agilent 4155C semiconductor pa-
rameter analyzer. For the IR characterizations, the devices were il-
luminated through the ITO-coated glass using a continuous-
wave diode laser operating at 975 nm. An Oriel solar simulator
operating at 100 mW cm�2 was used to simulate the solar spec-
trum under AM1.5 conditions. The illumination intensity was
measured with a Melles-Griot broadband power meter.

For the TOF measurements, thick samples (�600 nm) were
excited using a yttrium-aluminum-garnet (YAG) laser operating
at 532 nm with 10 ns pulses at a 10 Hz repetition rate. The light
was incident on the sample from the transparent ITO side. The
devices were biased using a Keithley 2400 Source Meter, and a
digital oscilloscope was used to measure the current transient
output across a 50 	 load. The CELIV measurements were car-
ried out using an Agilent 33120A function generator that pro-
vided the linearly increasing voltage signals, and the current out-
put was measured across a 50 	 load with a Tektronix TDS 220
digital oscilloscope.

The OCVD transients were recorded using a digital oscillo-
scope with a 1 M	 input impedance. The illumination source
(975 nm diode laser) was modulated using a Stanford Research
Systems DG535 digital pulse generator. An Agilent 4284A LCR
meter was used to measure the capacitance at zero bias in or-
der to determine the device depletion width.

For the external quantum efficiency spectrum measure-
ments, the incident light was chopped at 100 Hz and the short-
circuit current was measured with a Stanford Research SR830
lock-in amplifier. Illumination was provided by a white light
source dispersed by a Jobin-Yvon Triax 320 monochromator.
The light intensity was kept constant for all wavelengths. The
measured spectrum was then scaled to match the value of the
monochromatic EQE obtained at 975 nm.

We obtained the total film absorbance by measuring the re-
flectivity of the substrate and correcting for the ITO and Mg con-
tact absorption in an integrating sphere. A Cary 500 UV�vis�IR
Scan photospectrometer in the reflective mode was used to
measure the reflectivity spectra. TEM images were taken using
a Hitachi HD-2000.
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