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Abstract

Through a systematic approach we show that the insertion of a thin alumina layer in
between a PbS QD layer and an Au substrate can eliminate Fermi level pinning. In this study
band edge energies of different sized PbS QD monolayers with different cross-linkers were
measured by using ultraviolet photoelectron spectroscopy and electrochemistry. When PbS QDs
were immobilized directly on the Au, the measured valence band maximum was found to be
insensitive to changes in the QD size or cross-linker indicating Fermi level pinning of the QD
valence band to the Au Fermi level. After insertion of a thin film of alumina in between the PbS
quantum dot monolayer film and the Au substrate, the measured valence band position revealed
a shift that depended on ligand and QD size. These results identify a general method for
eliminating Fermi level pinning in QDs and an approach for predictably controlling the
energetics at the QD - metal interfaces which is beneficial for improving the performance of QD

based solar cells.

Introduction

Third generation solar cells are aimed at overcoming the thermodynamic limit set for the
power conversion efficiency calculated by Shockley and Queisser in 1961 for a single junction
and to do so at low-cost.'” Several approaches have been proposed to exceed this limit and one
of the most promising schemes is the multi exciton generation by semiconductor quantum dots
(QDs). Compared to organic bulk heterojunction solar cells that suffer from lower carrier
diffusion lengths and large offsets in the donor and acceptor levels, QD based solar cells have

important advantages that mitigate these constraints. The optical band gap in the QDs can be
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adjusted by changing their size, shape, surface passivation, and composition. Moreover, QDs
allow for easy inexpensive solution based synthesis and processing, making them cost effective
for large scale fabrication. In addition to these attributes, the organic ligand shell on a QD can be

used to fine tune the electronic properties and the solvation characteristics.

In photovoltaic devices, QD films are commonly sandwiched between a cathode and an
anode, which may be a metal (Schottky junction cells) or another semiconductor (p-n
heterojunction solar cells), to form a complete functional device. Upon illumination by photons
with sufficient energy, an electron-hole pair is formed in the QDs and they must be separated and
extracted to opposing electrodes to produce a current. In a conventional p-n junction solar cell
the charge carriers are driven by an electric field at the interface of the two semiconductors. One
common strategy for enhancing charge separation is to alter the band positions within the QD
films so that they form a staggered type-II alignment, creating a favorable energy cascade for
both electron and hole transport.”™ Using arrays of different sized CdSe QDs, Weiss et al. have
demonstrated that the photocurrent produced by each sized QD is largely dependent on the
relative spatial arrangement and the band offset between them.® Similarly, El-Ballouli et al. have
shown that favorable charge transfer from PbS QDs to PCBM’ and cationic porphyrins® is
determined by the size of the nanoparticle. In a previous study by Wang et al, donor- acceptor
assemblies of CdSe-CdTe QD layers were shown to facilitate unidirectional charge transfer as
long as proper energy band alignment is maintained in the photovoltaic device.” In a recent
implementation of this strategy Chuang et al., used ligand induced band energy shifts to create a
QD energy gradient that led to a photovoltaic efficiency over 8%. Furthermore, an efficiency as
high as 10.7% has been achieved by tuning the energy alignment at the rectifying interface, a

new record for QD based solar cells.’

Surface ligands have been shown to shift the absolute energy positions of the valence
band maximum (VBM) and conduction minimum (CBM) of QDs, and a growing body of
evidence suggests that the magnitude of the energy shift can be characterized as a function of the
dipole moment between the surface and linking group and the intrinsic dipole moment of the
ligand itself. '>'? By changing the capping ligand one can shift band energies of CdSe'*"*",
Cds'®, Pbs*''7!¥  as well as other nanocrystals'®. Most recently, researchers have been using

ligands to shift the absolute energy levels of QDs and to form an energy level gradient for
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efficient charge separation. However, the magnitudes of the ligand’s influence on the band
energies can be affected by the electronic and chemical properties of a QD photovoltaic device at
interfaces. When QDs are adsorbed onto a metal, charge equilibrium between the metal and the
QD occurs; and it can ‘pin’ the electronic states of the QD to the Fermi level of the metal
substrate. Often times the electronic energies of QDs determined in solution or under flat band
conditions are used in determining a photovoltaic device architecture. When Fermi level pinning
occurs in QD based solar cell devices, the QD size and ligand properties control over the energy
position may no longer persist. In a study on CdSe QDs immobilized onto Au substrates by a
decanedithiol linker, Markus et al. have shown that the absolute energy position of the VBM of
the QDs larger than 2.8 nm does not change.”’ Depending upon the relationship of the QDs
electronic states to that of the substrate, the CBM can also be pinned.?' Previous electrochemical
and UPS measurements on CdTe QD monolayers attached to an Au substrate through dithiol
linkers showed no shift in VBM over the size range of 3.7 to 6.0 nm.** In Schottky junction solar
cells, Fermi level pinning reduces the interfacial barrier height for charge injection and can
reduce overall device efficiency. In some cases the pinning between the QDs and the electrode
can persist for significant distances, e.g. 25 nm thick MO; layers.”> Because the photoinduced
free carriers must transfer through interfaces to be collected, control over the electronic
properties of the QD-metal junction are important for improving the photoconversion efficiency

of QD based solar cells.
Background: Ligand effects on PbS QD Energetics

In photovoltaic devices, QDs are usually coated with short ligands to achieve better
electronic coupling by changing the inter-QD tunneling distance and the effective dielectric
constant. In a study by Liu et al, the dependence of ligand length and QD size on carrier mobility
were reported for PbSe QDs field effect transistors.”* The degree of QD surface passivation is
also important for minimizing trap induced charge recombination. Wanger et al. showed that the
effective density of trapped carriers has a strong dependence on ligand treatment in PbS QD
films.” Zhitomirsky et al. measured the effect that QD films treated with organic
(mercaptoproponoic acid) or a mixture of hybrid organic-inorganic (tetrabutylammonium iodide)
ligand types have on charge mobility, trap density, and exciton diffusion length in QD films.?

They have found that films with such organic-inorganic passivation exhibit the largest charge
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diffusion lengths. These findings have led to the use of organic-inorganic hybrid passivation of
PbS QDs to make a photovoltaic device with 7% power conversion efficiency.”” Control of
energetics at the rectifying interface of the PbS QD solar cells has allowed further improvement

in photoconversion efficiency up to 10.7 %.

Axnanda et al. used photoelectron spectroscopy to measure the work function of 30 nm
thick PbS QD films as a function of the capping ligand and observed a ligand effect on the
energetics.!” This work showed that methoxide, mercaptopropionic acid, and ethanedithiol
(EDT) ligands could shift the VBM over a range of 0.3 eV. The resulting deeper VBM energy
position has been explained by incomplete surface passivation and the presence of hole trap
states. In a more comprehensive study, Brown et al. examined the band energies of PbS QD
films (~100 nm) modified with 12 different ligands and reported that the VBM shifts over a
range of 0.9 eV with ligand."' The same group has used the VBM energy offset between
tetrabutylammonium iodide (TBAI) and 1, 2-ethanedithiol (EDT) capping ligands to alter the
band energy positions and produce favorable charge transport in a photovoltaic device, achieving
a power conversion efficiency of 8.5 %.> In another study by Crisp et al. it was shown that
inorganic metal halide ligands in thick films of PbS (~ 300 -750 nm) leads to high efficiency
photovoltaic devices.'® They have used four different metal halides and attributed the improved
device efficiency to better carrier transport in the film with halide passivation. Their XPS studies
performed on the films of PbS treated with iodide ligands suggest a deeper work function, as
compared to sulfur containing ligands. Santra et al. used three different para-substituted
thiophenols with different dipole moments as capping ligands for PbS QD films (350 nm) to
fabricate type-II heterojunction solar cells and reported a systematic shift in the VBM in PbS
QDs.* Again type-II VBM alignment was shown to facilitate favorable unidirectional charge
transport, however, when the bands edges are aligned in a way that the electron and hole

encounter a potential barrier to reach the respective electrodes, a lower efficiency results.

Taken together, all the above studies affirm the role of capping ligand in manipulating the
electronic band energies of PbS QDs and subsequently, the band alignment in solar cells. Control
over the carrier mobility, trap state density, and charge diffusion has been achieved by tuning the
cross-linker. Major advances in photoconversion efficiency have been obtained using this

strategy in QD solar cell devices. Moreover, photovoltaic devices of PbS QD-polymer blends
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(oly((4,8-bis(octyloxy)benzo(1,2-b:4,5-b")-dithiophene-

2,6diyl)(2((dodecyloxy)carbonyl)thieno(3,4-b)-thiophenediyl)) have reported a dependence of
the open circuit voltage and overall device performance on the PbS QD ligand treatment which
has been credited to the ligands influence over the carrier lifetime.”® Despite these advances, the
overall power conversion efficiencies of the QD based solar cells still remain below their
expected performance largely because of low open circuit voltage.””* Generally this limitation
has been understood to originate from the presence of sub-bandgap states or midgap states that
are formed by a large number of surface states associated with the defects on the QD surface.
Such midgap states drive Fermi level pinning at the QD/metal interface in Schottky junction
solar cells; as a result, the open circuit voltage is controlled by the pinning rather than the metal’s
work function or the QD’s band edge.”’ This work is substantiated by the work of Yoon et al.
who showed that insertion of an LiF layer between the top Al contact and PbS QDs improved the
open circuit voltage in PbS QD solar cells.”> Furthermore, oxidized interfacial layers on PbS
QDs,* as well as insertion of a CdS shell on PbS QDs,*> have been shown to increase the open
circuit voltage in Schottky junction solar cell. A general approach to passivate these gap states

and eliminate Fermi pinning at the QD — metal interfaces is not available.

PbS quantum dots (QDs) are promising candidates for third generation photovoltaics
because the elements are earth abundant™, the bandgap is tunable over a wavelength range that
can best exploit the solar spectrum’’, and they offer the potential for multiple exciton
generation’®. This work examines the band edge energetics in PbS QD films and demonstrates
the conditions for Fermi level pinning versus ligand control over the energetics. More
specifically, this work shows that a thin alumina film (circa 1 to 3 nm) can be used to eliminate
Fermi level pinning effects. The energy band positions of PbS QD monolayers on Au substrates,
with and without an alumina layer, were measured using electrochemistry and ultraviolet
photoelectron spectroscopy. When a monolayer of PbS QDs was deposited on top of an Au
substrate, valence band positions were independent of known trends with QD size and surface
ligand type, indicating strong Fermi level pinning. Introduction of a thin alumina interfacial layer
between the Au and PbS inhibits Fermi level pinning so that the QD size and ligand can be used
to manipulate the band edge positions. These findings highlight the importance of interfacial

states in photovoltaic devices and enable precise control over QD properties for charge injection.
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Experimental

Substrate Preparation

Substrates (12.5 mm x 25.0 mm) for these experiments were prepared by e-beam
evaporation (AJA Deposition System) of 100 nm thick films of Au on glass substrates supported
by a 5.0 nm Ti adhesion layer. For bare Au experiments the samples were plasma cleaned and
used immediately. For experiments with an alumina layer, half of the substrate was covered with
a wafer tape and poly-methyl-methacrylate (950k A11 PMMA, Micro Chem) was spun on it at a
speed of 1500 rpm for 1 min using a spin processor (Laurell WS-400-6NPP-LITE). The wafer
tape was removed, and the substrates were baked on a hot plate at 180 °C for 5 min. Thin films
of Al,O3; were then deposited using atomic layer deposition (Cambridge Nanotech Fiji). The
samples were then kept overnight in acetone to remove the PMMA and to expose the underlying

Au substrate on half of the electrode.
PbS QD synthesis and characterization

The synthesis of PbS QDs followed a general procedure described elsewhere.*” All of
the materials, such as; PbCl, (Stern Chemicals), oleylamine (OLA, Sigma Aldrich), oleic acid
(OA, Sigma Aldrich), and bis(trimethylsilyl) sulfide (TMS, Sigma Aldrich) were purchased in
the highest purity grade available and used without further purification. In a typical synthesis, 3.0
mmol PbCl, (0.834 g) was mixed with 10 ml of OLA and degassed at 80.0 C, followed by
heating to 140.0 C under argon. The suspension was maintained at this temperature for 30 min
and then cooled to 30.0 C. Then 210.0 pul of TMS mixed in 2.0 ml of OLA was injected into the
reaction mixture. The mixture was then rapidly elevated to a high temperature while stirring and
subsequently quenched in a water bath once the desired QD size was obtained. The PbS QDs
were precipitated from solution through the addition of acetone and centrifugation. The purified
QDs were then dissolved in octane with 500 pl of OA, for ligand exchange, for 12 hours. The
subsequent solution was then filtered using a 0.2 um syringe filter, purified again, and then

dissolved in 4.0 ml of octane.
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Absorption spectra of the PbS QDs were recorded in octane using a spectrometer (Model 8453
Agilent Spectrometer). PbS QD emission spectra were obtained after exciting at 500 nm

wavelength using a spectrofluorometer (Nanolog, Hobira).
PbS Thin Film Preparation and Ligand Exchange

All of the QD films were prepared by spin-casting. For each QD size, the PbS QD
concentration was determined by evaluating the absorption spectrum. 10 ul of the PbS QD
solution was spun onto Au substrates at a speed of 2500 rpm for 15 s. The resulting QD film was
then cross-linked (vide infra) and the thickness was determined using AFM (Agilent
Technologies) under tapping mode. This thickness was then used to determine a dilution factor
of the QD solution to obtain a submonolayer thickness. The sample was prepared again and

AFM was used to confirm submonolayer formation.

Ligands used for solid state ligand exchange, 1,4-benzedithiol (BDT, Alpha Aesar), 1,2-
ethanedithiol (EDT, Sigma Aldrich), and ethylenediamine (EDA, Sigma Aldrich) were used as
purchased. All ligands were dissolved in acetonitrile at varying concentrations; 1.7 mM BDT and
one volume percent for both EDT and EDA. In a typical ligand exchange procedure, ~ 0.3 ml of
ligand solution was dispersed onto the PbS monolayer film and allowed to sit for 1 min. The film
was flushed with acetonitrile and spun dry two times to remove any unbound ligand. The
samples were immediately transferred to a glove bag and stored under argon until

electrochemical or UPS analysis.

Atomic Force Microscopy Characterization

AFM measurements were performed with an Agilent 5500 atomic force microscopy
system using silicon cantilevers with resonance frequency of 96-175 kHz and spring constant of
5-37 N/m (PPP-SEIHR, Nanosensors). Precise values of the spring constants were determined
using a thermal oscillation technique.*' The film thickness was determined from the difference in
the average height of the substrate covered with the PbS nanoparticle film and the bare gold
substrate. The gold surface was exposed by scraping off the film in a 500 nm by 500 nm square
area with a single AFM scan in contact mode with an applied load force of ca. 500 nN.
Following this procedure, a larger 4 micrometer by 4 micrometer square area was imaged in

acoustic AFM mode to capture the original nanoparticle film together with the exposed gold
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substrate area. Switching between AFM operating modes was performed with a fully contracted

z-axis piezoelement (the tip and the substrate were out of contact).

Electrochemical Characterization

Cyclic voltammetry on PbS films was performed in deoxygenated acetonitrile (99.9%,
Sigma Aldrich) in a three electrode configuration on a CH Instruments 618B potentiostat. A Pt
wire was used for the counter electrode, and Ag/AgNO; was used as the reference electrode. A
0.1 M solution of tetrabutylammonium hexafluorophosphate (Sigma Aldrich) was used as the
supporting electrolyte. Voltammograms were obtained by scanning from 0 V to -1.2 V at a scan
rate of 200 mV/s. The onset of the reduction peak for the QD was determined after subtraction of
the background charging current, through an exponential fit. The formal potential of ferrocene /
ferrocenium was used to calibrate the Ag/AgNO; reference electrode and convert the CBM of
the PbS QDs to the vacuum energy scale.”” The VBM was determined through addition of the
optical band gap and exciton binding energy to the CBM.

Photoemission Spectroscopy Characterization

UPS measurements were performed using an ESCALAB 250XI XPS at a base pressure
of ~107'% millibar. Electrical contact to the stage was made using copper tape on the edge of the
Au substrate. Experiments were performed to ensure that no Cu photoemission signal
contributed to the spectra. A bias of -5.0 eV was applied to the stage so that 1) the secondary
electron cut off of the sample is distinguishable from that of the detector and 2) to ensure that the
local vacuum level of the sample is more negative than that of the detector. A pass energy of 1.0
eV and a dwell time of >50 s were used to increase resolution and eliminate charging. A He (I)
discharge lamp, 21.22 eV, was used as the ultraviolet source. The onset region and subsequent
determination of the valence states were fit using previously published protocols.”® In all
experiments the Fermi edge of the underlying Au substrate is monitored to accurately reference

the data.
Results

Absorbance and emission spectra of the three different sized PbS quantum dots (QDs)
used in this study are shown in Figure 1 (A). The sizes of these QDs were estimated from the

empirical model developed by Moreels et al.*> Note that the Stokes shift observed for the PbS
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QDs changes with size in a manner consistent with previous literature.”** The PbS QDs were
then spin-coated onto an Au substrate and AFM measurements were performed. Figure 1 (B) and
(C) show an example AFM image and measured thickness used to characterize each QD film for

the determination of average thickness.
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Figure 1. A) Normalized absorbance (solid line) and emission (dashed line) spectra of 2.5, 3.0,
and 3.4 nm QDs in octane; B) AFM image of 3.0 nm PbS QDs that are cross-linked with EDT on
Au; and C) height profile of the scratched QD film.

Figure 2 shows representative data from UPS (A) and electrochemistry (B) for 3.0 nm
PbS with an EDA cross-linker. For UPS measurements, the VBM is determined by measuring
the onset of the photoelectron spectra relative to the Fermi edge of Au (Ef). The work function of
a bare Au substrate (4.8 eV) was then used to reference these data to the absolute electrode
potential found in the electrochemical measurements. Cyclic voltammetry measurements on the
CBM of PbS were performed in a manner similar to that reported previously.” Briefly, the PbS
QDs exhibited a cathodic peak in the potential range of -0.9 to -0.5 volts versus AglAgNOs,
similar to those reported by Hyun et al.*’ Because the range overlaps with the limit of the
solvent’s potential window it was necessary to perform background subtraction. The
voltammogram, excluding the peak region, was fit to an exponential (green) and then subtracted

from the data to give a background subtracted (blue) curve, Figure 2B. This procedure minimizes
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the effect of the capacitive current and allows for more accurate determination of the onset
potential. Using the known absolute electrode potential for ferrocene, the onset potential can then

be related to the vacuum energy scale by referencing to the ferrocene / ferrocenium redox couple.
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Figure 2. UPS spectra (A) and cyclic voltammogram (B) of 3.0 nm PbS QDs that are cross-linked by
EDA to determine the VBM and CBM respectively. UPS of the onset region (A, left) and the full spectra
(A, right) are shown. The red dashed line in both the UPS spectra and voltammogram show the onset

potential associated with the corresponding electronic states.

Figure 3 summarizes the VBM and the CBM positions that were determined for thin
films of the three different sized QDs that are capped with three different ligands: EDT, BDT,
and EDA. The VBM was experimentally determined by UPS (Figure 3B, stars) and the CBM
was experimentally determined using cyclic voltammetry (Figure 3A, stars). The optical bandgap
and exciton binding energy were then used to determine the other bandedge. The measurements
were performed on the same sample which was divided into two separate pieces using a glass
cutter following the thin film fabrication. Each symbol represents the average of three
independent measurements (an example of each is included in the supporting information). The
standard deviation of the measurement is used for the error bars in the electrochemistry
measurements and the resolution of the instrument, 0.1 eV, is used for the error bars in the UPS
measurements. Slight differences in the electronic state positions obtained through the UPS and
voltammetry methods exist and are attributed to environmental differences during measurement.
Note that each of the experimental methods has limitations that affect the accuracy. The
voltammetry is performed in an electrolyte solution where dielectric and double layer, as well as
solvation, effects can influence the measured reduction potential. The UPS measurements are

performed in vacuum and can be affected by local vacuum level shifts.*® Despite the differences
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in energy found for the VBM from the two different techniques the experimental data are in
reasonable agreement. Moreover, the two methods independently demonstrate that the VBM of
the PbS QD monolayer films does not change significantly over the size range and cross-linker
types studied. In both experiments the CBM shifts systematically to higher energies with a
decrease in QD size. For UPS measurements on medium and large sized QDs the CBM is
reported below the bulk band energy of PbS (4.35 eV)," providing further evidence that Fermi-

level realignment occurs at the metal-NP interface.
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Figure 3. Electronic states of PbS monolayers determined by cyclic voltammetry (A) and photoelectron
spectroscopy (B) are plotted versus the three different ligands used for cross-linking: EDA (black), EDT
(red), and BDT (blue). Stars are representative of the experimentally determined values and a
combination of the optical band gap and exciton binding energy was used to calculate the other bandedge.
The S, M, and L represent the three different QD diameters 2.5 nm, 3.0 nm, and 3.4 nm, respectively. The
dashed black line corresponds to the bulk CBM of PbS and the gray bar illustrates that all of the
experimental UPS data fall within the error associated with the UPS measurement 5.6 +/- 0.1 eV. The
error bars in the UPS measurement are a result of instrument resolution and the error bars in the

electrochemistry data are representative of the standard deviation of multiple measurements.

When a thin interfacial layer of alumina is placed between the PbS monolayer film and
the Au substrate, a trend different from that shown in Figure 3 was observed. The Au substrate
used for these studies contained Al,Os on one half of the substrate while the other half was bare
Au (see Figure 4(A)). This procedure enabled a direct comparison of the two systems under
identical conditions. UPS was employed to deduce the VBM for EDT cross-linked monolayer

films of 2.5 nm and 3.0 nm diameter PbS QDs with 1 and 3 nm alumina layers (supporting
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information Figure S4). Figure 4(B) shows the bandedge values obtained, as relative shifts from
the Fermi level of Au (E¢), from these measurements. The plot shows that when no alumina is
present (0 nm), no relative shift in VBM from the Fermi level of Au is found as a function of QD
size. When alumina is present, however, the two different sized QDs have distinctly different
electronic energy positions. Furthermore this shift depends on the thickness of the interfacial
alumina, indicating that the PbS VBM is being decoupled from the Au Fermi level and the
expected size dependent VBM shift is becoming manifest. Namely, the larger nanoparticles (in
the 1 and 3 nm alumina thickness) have the VBM slightly higher, closer to that of bulk PbS. Note
that a different cleaning procedure (see experimental section) was used here than in the previous
measurements (Figure 3) in order to maintain the integrity of the film. As a result the work

function of Au can shift slightly, however, both are internally consistent.

A)

B) | | | |
0 nm Al, O, 1 nm Al,O; 3 nm Al,0,

Energy vs Au E

3.0nm 2.5nm 3.0nm 2.5nm 3.0nm 2.5nm

Figure 4. Diagram (A) shows a schematic of the substrate configuration used in this part of the study and
diagram (B) shows the UPS determined energy band positions of the PbS monolayers. In B) the VBM
and CBM are presented as relative shifts from the Au Fermi level (E¢= 0 eV) for two different size QDs
and three different thicknesses of alumina. The black boxes correspond to the band edge positions and

their shift from E; is provided next to the double headed arrow.
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Figure 5 shows the VBM and CBM of PbS QD monolayers on 100 nm Au substrates and
their energies obtained by UPS for 2.5 nm QDs (open symbol) and 3.0 nm QDs (closed symbol)
without (A) and with (B) a 3 nm alumina interfacial layer. The NPs are cross-linked in the same
manner that was used in the Fermi level pinning study: BDT, EDT, and EDA. The energy of the
VBM (black symbols) and CBM (red symbols) are reported with respect to the Au Fermi edge in
the UPS spectra (supporting information Figure S5). On the Au substrate without alumina, it is
clear that there is no variation in the VBM with QD diameter and cross-linker type. When
alumina is present the VBM changes in a manner consistent with earlier reports: 1) the shift in
VBM is correlated with the ligand identity for QDs of the same size and 2) the VBM shifts more

strongly for QDs with a larger surface-to-volume ratio.
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Figure 5. VBM (black symbols) and CBM (red symbols) of PbS monolayers with 2.5 nm (open symbols)
and 3 nm (closed symbols) size QDs, as determined by UPS. Diagram A) is on the bare Au part of the
substrate and diagram B) is for the part of the substrate covered with 3.0 nm of alumina. Three different
cross-linkers were studied: BDT, EDT and EDA. Energy level positions are reported with respect to the
Au Fermi edge in the UPS spectra.

Discussion

When a semiconductor QD is in physical and electrical contact with a metal, charge
equilibration occurs and the semiconductor’s electronic states couple to those of the metal. If
these interactions are caused by localized interfacial states,”’ then the charge exchange creates an

electric field that ‘pins’ the semiconductor bandedge to the metal Fermi level. Which bandedge
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is pinned depends on the details of the orbitals that contribute to the electronic coupling and the
surface state energy, with respect to the bandedge. Fermi level pinning results in different sizes
of QDs exhibiting similar barrier heights for charge injection upon photoexcitation. This
phenomenon has been demonstrated for quantum dots at the interface with either a metal, or

20229830 and Kelvin probe techniques.”’

metal oxide, through ele:ctroche:mical,zo’22 photoemission,
The data in Figure 2 show that this pinning behavior is observed for monolayers of three
differently sized PbS QDs on Au. Interestingly, the pinning effect persists for different cross-
linkers (EDT, EDA, and BDT) despite recent studies which indicate that a change in the surface

passivation changes bandedge positions of the QDs.

It is important to appreciate the difference between the monolayer films studied herein
and the thicker films reported on by a number of other workers.*'""!” As the film thickness
increases, the outer layers which are no longer directly coupled to the substrate, should have their
energetics affected by the coupling between QDs, rather than by the asymmetric QD to metal
coupling. In this limit, strong ligand dipolar effects are expected to determine the VBM and
CBM of the PbS NPs. Thus one expects that the profile of bandedge energy with thickness will
change through a thick film, from the Fermi level pinning value at the metal electrode surface to

the QD-QD coupling value for thick films.

This study shows how the Fermi level pinning, caused by electronic interaction and/or
charge exchange between the QDs surface states and the underlying metal electrode, can be
eliminated by inserting a thin Al,Os layer. The presence of this layer acts to reduce the metal-QD
coupling and charge exchange; thereby inhibiting Fermi level pinning. As Figure 3 illustrates, an
increase in the thickness of Al,O3; from 0 nm to 3 nm between Au and an EDT cross-linked PbS
monolayer causes a shift in the VBM energy from a size independent pinned value to a size
dependent value. These data provide direct evidence that strong coupling and charge
displacement between the NPs and the Au electrode cause the Fermi level pinning, and ligand
control is returned when this coupling is weakened enough. A different type of oxide film could
be used to modulate the magnitude of the effect observed here; for example Beard et al. have
examined how the open circuit voltage of a PbS QD film changes with thickness of a MoOjs layer
(up to 25 nm) between it and a metal electrode.” As such, it is expected that the barrier height

for charge injection would be weakly dependent or even independent of cross-linker type or NP
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size when the thickness of MoOj is less than this amount. The large thicknesses needed to reduce
the pinning effect in their study likely arises because the electronic states of the MoO; are

energetically close to the electronic states of PbS; ie. enhancing their mixing.

The system under investigation in Figure 4 is in agreement with the explanation given by
Choi et al. in which a PbS film was annealed in air to passivate the NPs with a thin oxide layer
prior to deposition of the top contact (LiF/Al/Ag).** The PbO passivates the surface state defects
on the QDs that are assumed to participate in charge equilibration and therefore inhibits Fermi
level pinning. In this situation, the Schottky barrier height for hole injection is expected to
increase and the surface recombination is minimized, thus leading to an improvement in device
photoconversion efficiency. Using a core-shell QD consisting of a CdS shell and PbS core has
also been shown as a way to increase the open circuit voltage compared to core only devices of
the same size, presumably for the same reason.” Deposition of a thin alumina film accomplishes
the same goal as oxidation of the PbS and passivation with a CdS shell; namely, it inhibits charge
equilibration at the interface, but unlike the other methods it also preserves the QD’s chemical

composition.

Shifts in the electronic state energies of the PbS QDs as a function of cross linker are also
expected to return in the presence of an alumina tunneling barrier. Figure 5 shows how the VBM
of 2.5 and 3.0 nm PbS QDs transition from ligand independent behavior on Au (a) to ligand
dependent characteristic shifts, similar to those reported by Brown et al.'', when alumina is
present (b). Previous studies on CdSe have shown that small QDs exhibit larger ligand effects
than large QDs because of their larger surface-to-volume ratio.'” Figure 5(b) shows that BDT,
EDT, and EDA cross-linkers shift the VBM much more for 2.5 nm PbS QDs than for 3.0 nm
PbS QDs, in agreement with this claim. These ligand dependent shifts in electronic energies
further corroborate the conclusion that the thin alumina layer acts to decouple the electronic
states of QDs from Au. Operating under these conditions it should now be possible to tune the
PbS QD properties at the interface and overcome charge injection and separation issues that have

plagued previous architectures.
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Conclusion

This work demonstrates that Fermi level pinning persists in monolayer PbS QD films on
Au substrates with different cross-linkers. Introduction of a thin alumina layer between the PbS
QDs and the Au substrate was shown to weaken Fermi level pinning enough that size- and
ligand-dependent properties are manifest. These findings point to a procedure for using ligand
tuning of QD energetics to enhance charge injection and separation to overcome the open circuit

voltage deficit reported for PbS.
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