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ABSTRACT

We describe here a simple, all-inorganic metal/NC/metal sandwich photovoltaic (PV) cell that produces an exceptionally large short-circuit
photocurrent (>21 mA cm~2) by way of a Schottky junction at the negative electrode. The PV cell consists of a PbSe NC film, deposited via
layer-by-layer (LbL) dip coating that yields an EQE of 55—65% in the visible and up to 25% in the infrared region of the solar spectrum, with
a spectrally corrected AM1.5G power conversion efficiency of 2.1%. This NC device produces one of the largest short-circuit currents of any
nanostructured solar cell, without the need for sintering, superlattice order or separate phases for electron and hole transport.

Figure 1 shows the structure, current—voltage performance,
EQE spectrum, and proposed band diagram of our device.
Device fabrication consists of depositing a 60—300 nm-thick
film of monodisperse, spheroidal PbSe NCs onto patterned
indium tin oxide (ITO) coated glass using a layer-by-layer
dip coating method, followed by evaporation of a top metal
contact. In this LbL method,' a layer of NCs is deposited
onto the ITO surface by dip coating from a hexane solution
and then washed in 0.01 M 1,2-ethanedithiol (EDT) in
acetonitrile to remove the electrically insulating oleate ligands
that originally solubilize the NCs (see Supporting Informa-
tion). Large-area, crack-free and mildly conductive (o = 5
x 1073 S em™") NC films result. The NCs pack randomly in
the films, are partially coated in adsorbed ethanedithiolate,
and show p-type conductivity under illumination.! X-ray
diffraction and optical absorption spectroscopy established
that the NCs neither ripen nor sinter in response to EDT
exposure. We have found that using methylamine instead
of EDT yields similar device performance (Supporting
Information, Figure 1).> We have also fabricated working
devices from PbS and CdSe NCs (Supporting Information,
Figures 2 and 3), which indicates that the approach adopted
here is not restricted to EDT-treated PbSe NCs and that it
should be possible to improve cell efficiency by engineering
the surface of the NCs to attain longer carrier diffusion
lengths and higher photovoltages through surface state
passivation and prevention of Fermi level pinning.
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When tested in nitrogen ambient under simulated 1-sun
test conditions (100 + 5 mW cm 2 ELH white light
illumination), EDT-treated PbSe devices exhibit large short-
circuit photocurrent densities (Jsc) and modest open-circuit
voltages (Voc) and fill factors (FF), with one of the most
efficient devices yielding Jsc = 24.5 mA cm™2, Voc = 239
mV, FF = 0.41 and a mismatch-corrected® AM1.5G ef-
ficiency of 2.1% (Figure la; see Supporting Information
regarding spectral mismatch). The mismatch-corrected Jsc
values of these devices are reproducibly larger than those
of other nanostructured solar cells, including the best organic*
and dye-sensitized devices,’ which is remarkable considering
the unsintered, glassy microstructure of our NC films and
the fact that the NCs retain quantum confinement effects
despite strong inter-NC carrier transport. The EQEs of the
devices resemble the NC absorption spectra in the visible
and near-infrared spectral regions and typically peak at
55—65% below 800 nm (Figure lc). Taking into account
the losses due to reflection and absorption by the electrodes,
we estimate that the internal quantum efficiency (IQE) is
about 80% in this part of the spectrum.

Multiple lines of evidence suggest that the photogener-
ated carriers in the device are separated by a Schottky
barrier at the evaporated metal contact, as proposed in
Figure 1d and recently observed in films of PbS NCs.b First,
a linear fit to the data in Figure 2a shows that the open-
circuit voltage (Voc) of the cell increases with the NC
bandgap, E,, as Voc ~ 0.49(E /q) — 0.253 V, where g is the
charge of an electron. The Voc of a Schottky cell should
scale linearly with the barrier height, g¢g, and for an ideal
contact between a metal and a p-type semiconductor, g¢g
= E, — g(¢m — y), where ¢y, is the work function of the
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Figure 1. Structure, performance and schematic diagram of the device. (a) Current—voltage characteristics of a representative device in the
dark and under 100 £ 5 mW cm™? simulated sunlight from an ELH tungsten halogen bulb (E, of NCs = 0.9 eV). Correcting for the
mismatch between the ELH and AM1.5G spectra yields Jsc = 21.4 mA cm™? and an overall efficiency of 2.1% for this cell under 100 mW
cm~2 AM1.5G illumination. The Jsc and Voc show the usual linear and logarithmic dependence on light intensity (Supporting Information,
Figure 4). (b) Scanning electron microscopy (SEM) cross-section of the ITO/NC film/metal device stack. The metal is 20 nm Ca/100 nm
Al The scale bar represents 100 nm. (c) External quantum efficiency (EQE) of a different device with a 140 nm-thick film (E, = 0.95 eV).
The first exciton transition of the NC film is seen at 1424 nm. Integrating the product of the EQE and the AM1.5G spectrum from 350—1700

nm yields Jsc = 18.4 mA cm™2. (d) Proposed equilibrium band diagram. Light is incident through the ITO and band bending occurs at the
interface between the NCs and evaporated negative electrode.

first exciton wavelength (nm)
2000 1800 1600 1400 1200

300

T T T T T T
b.

Calcium
2501 Magnesium

Silver
200 —

Aluminum

150

Gold
100 -

open circut voltage (mV)

50 - =1 I Best - &

¢ Avg

ol | | | 1 | | | | | | |
0.6 0.7 0.8 0.9 1.0 T 25 3.0 3.5 4.0 4.5 5.0 55

bandgap energy (eV)

work function (eV)

Figure 2. Trends in Vpc with NC size and metal work function. (a) Dependence on NC size. Each point is the average of six devices from
a single substrate. The line is a least-squares fit to the data. (b) Dependence on metal work function (E, = 0.82 eV). The best and average
Voc for each metal are shown, along with the standard deviation of six devices.

metal and y the electron affinity of the semiconductor.” In
view of the similar electron and hole effective masses in
PbSe,? we expect equal displacement of the conduction and

junction with a p-type semiconductor (Figure 2b). However,
changing the contact metal from gold to calcium (IA¢,l =
2.3 eV) results in only a 0.15 V increase in Voc, which

valence bands with increasing E, and predict AVyc U
0.5(AE,/q) for a metal/PbSe junction, close to the experi-
mental result. This dependence should hold even if the Fermi
level is pinned at the interface by surface states, provided
that the surface states do not shift appreciably in energy with
changes in E,.

The second observation in support of the Schottky model
is that the Voc of the cell decreases with increasing work
function of the top metal contact, as expected for a metal
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suggests that the surface Fermi level is pinned and the barrier
height is relatively independent of the metal. Schottky barrier
formation is often caused by defects formed at an interface
by deposition of a metal,’ and this could easily be the case
here. We note also that devices with gold top contacts do
not switch polarity (that is, gold does not become the positive
electrode) despite the fact that the work function of gold is
substantially larger than that of ITO. Such a polarity reversal
would be expected if our device were a metal—insulator—metal
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Figure 3. Analysis of the Schottky barrier. (a) Mott—Schottky plots at 1 kHz for devices with a thin (65 nm, red) and thick (400 nm, blue)
NC layer. The capacitance of the thin device is larger and changes little with reverse bias. A linear fit shows that the built-in potential of
the thick device is 0.2 V. Note that smaller NCs yield larger built-in potentials (not shown), as expected from Figure 2a. The inset shows
the carrier concentration at the edge of the depletion layer for both devices. The thick device has an equilibrium depletion width of ~150
nm, while the thin device is fully depleted. (b) J—V characteristics of the thick device. The photocurrent (Jyighe — Jpark) €quals zero at a

compensation voltage of 0.2 V.

(MIM) type structure with a photovoltage driven by the
difference in electrode work functions.

Direct evidence for the Schottky junction is obtained by
capacitance—voltage (C—V) measurements of complete cells.
The simple structure of our device permits a determination
of the built-in potential, depletion width, and carrier con-
centration of the NC film by Mott—Schottky analysis. The
analysis assumes no free carriers in the depletion region and
a carrier concentration outside the depletion region equal to
the total acceptor density. The depletion width, W, of an
abrupt Schottky junction is equal to

_ [2eg(@yi — V)
W= (1)

where ¢ is the static dielectric constant of the NC film, &, is
the permittivity of free space, ¢y, is the built-in potential, V
is the applied bias, and N is the free carrier density at the
edge of the depletion layer, given by

N= %; )
A e i(L)
0av\ 2

where A is the device area and C the capacitance. We used
& = 12 for the NC films discussed here, as calculated with
Bruggeman effective media theory (Supporting Information,
Figure 5).

Mott—Schottky results for devices with a thin (65 £ 5
nm) and thick (400 £+ 40 nm) NC layer are presented in
Figure 3a. The thick device acts as a well-behaved p-type
diode with a built-in potential of 0.2 V. The inset of Figure
3a shows N as W increases with applied reverse bias. The
depletion width of the thick film is 150 nm at equilibrium
and increases to ~375 nm when the device nears full
depletion at ~1.7 V in reverse bias. Its equilibrium carrier
density is determined to be 10' cm™3. Since W = 150 nm
at equilibrium for the thick device, the thin device (made
from an identical NC film, only thinner) is fully depleted.
The capacitance (and thus W) therefore does not change
appreciably with reverse bias, and the carrier density cannot
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Figure 4. EQE dependence on NC film thickness. EQE spectra
for devices with NC film thicknesses of 65 & 5, 250 £ 40, and
400 £ 40 nm (E, = 0.72 eV). The inset shows the corresponding
J—V traces at 100 mW cm~2 illumination.

be accurately determined from the slope of the Mott—Schottky
plot. However, the data demonstrate that the measured
capacitance corresponds to a width equivalent to the thickness
of the thinner film and less than the zero-bias depletion width
of the thick device.

The built-in potential found by C—V measurements is in
agreement with the estimate from J—V plots. In a typical
Schottky cell, the built-in potential is equivalent to the voltage
at which the photocurrent (Jiighe — Jpak) becomes zero.!?
Figure 3b shows that this occurs at 0.2 V, in accord with
the Mott—Schottky results of Figure 3a.

We deduced the location of the Schottky junction by
comparing the EQE spectra from cells of different thickness.
It is seen in Figure 4 that the EQE decreases markedly in
the blue region of the spectrum as the thickness of the NC
film is increased from 65 to 400 nm. This falloff in the blue
indicates that the charge-separating junction occurs at the
back contact, at the interface between the NC film and the
evaporated metal electrode. Because thicker devices have a
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wider field-free region near the ITO, blue photons, which
are absorbed nearer the front of the cell (1/a0 = 75—100 nm
at 1 = 450 nm), contribute progressively less to the
photocurrent than do red photons, which penetrate closer to
the depletion layer near the back contact. A back-contact
Schottky geometry is consistent also with the polarity of the
photocurrent and the C-V analysis presented above.
Several additional observations can be made about the
device based on the EQE and J—V data of Figure 4. First,
the diffusion length of excitons or carriers in the field-free
region of the NC film must be fairly short, probably on the
order of 100 nm; if it were much longer, the blue EQE would
decrease less sharply with increasing film thickness. Second,
the Voc is smaller for thicker devices because more carrier
recombination occurs in the thicker films. The slope of the
J—V plots in forward bias indicates a higher series resistance
for thicker devices, caused by the longer transport distance
and rougher surface of the thicker NC films. The device shunt
resistance (dV/dJy=o) increases modestly with film thickness.

Demonstrating an EQE above 100% at hv = 3E, to 4E,
in a PbSe NC PV cell would provide unequivocal proof that
multiple exciton generation!! (MEG), observed in many
colloidal semiconductor NCs'?71? and in NC films,2 can be
observed and exploited in devices. However, because our
cells show a maximum EQE of only ~65%, we must rely
on a determination of the IQE or a comparison of the shape
of the EQE and optical absorption spectra to identify any
anomalously large photocurrents that may be attributable to
MEG. A proper analysis is complicated by strong optical
interference effects in these thin cells as well as absorption
by ITO at short wavelengths. A detailed optical and electrical
model of the device parametrized by ellipsometry measure-
ments has been developed to help answer this question.?!
However, we have also recently found that the EDT treatment
of our PbSe NC films, while enhancing their PV perfor-
mance, suppresses MEG.?? Quenching of the MEG quantum
yield by the EDT treatment potentially explains why the
estimated IQE values reported here do not exceed 100%.

There are a few drawbacks to the present PV device that
deserve mention and future work. First, the Schottky junction
is at the back rather than the front contact. This forces us to
build relatively thin cells, which makes it difficult to achieve
enough light absorption to yield higher EQEs and compli-
cates our search for MEG photocurrent. Applying a small
reverse bias during EQE measurements significantly en-
hances the photocurrent in the blue, but proper analysis of
the photoconductive gain is required in order to determine
whether the additional current originates from gain or MEG.
Second, the device transforms from a diode to a 50 Q resistor
when it is exposed to air for several minutes (Supporting
Information, Figure 6). This degradation occurs in the dark,
in the light, and with Ca or Au electrodes, and seems to
result from surface oxidation of the nanocrystal film, which
has been shown to dramatically increase film conductivity,'
combined with oxygen-induced loss of rectification at the
NC-metal junction. We are now studying the mechanism of
device degradation and developing the means to prevent
oxidation of the NC film. Finally, as a Schottky cell our
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device can produce only a relatively small Voc, in theory
little more than 0.5E,/q.>* A NC p-n or p-i-n structure would
be superior in this respect.

We have introduced an all-inorganic PbSe NC solar cell
that produces a large short-circuit photocurrent by field-
assisted separation of excitons and free carriers within a
depletion region created near the interface of a NC film and
a metal contact. This simple ITO/NC/metal device features a
higher NC loading and fewer heterojunctions than either NC-
sensitized Gratzel or NC/polymer blend designs, and outper-
forms existing lead salt NC solar cells.?*~3* Our work dem-
onstrates that large EQEs are obtainable from NC cells
without the need for sintering, superlattice order or separate
phases for electron and hole transport. An improved under-
standing of electronic coupling, surface passivation, doping,
and junction formation in NC films will lead to much more
efficient and stable NC solar cells in the future.
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