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T
hin films of IV�VI (MX, where M = Pb,
Sn and X = S, Se, Te) quantum dots
(QDs) represent a novel class of gran-

ular electronicmaterials of great promise for
a variety of applications, including high-per-
formance field-effect transistors (FETs),1�7

ultrasensitive photodetectors,8�11 infrared
light-emitting diodes and lasers,12�16 meta-
materials,17�19 and solar cells,20�33 but these
QD solids are inherently metastable materials
prone to oxidative and photothermal degra-
dationdrivenby their large surface-to-volume
ratios and high surface energies, and poor
environmental stability limits their use inprac-
tical devices.22,23,34,35 To date, most investi-
gations of IV�VI QD stability have focused on
the spontaneous, thermally activated oxida-
tion of PbX QDs. These studies show that
exposing PbX QD solutions or solids to oxy-
gen rapidly decreases the physical and elec-
tronic size of the QDs and increases their
energy gap, resulting in excitonic blue shifts
in absorption and emission spectra.36�40

Brief oxygen exposures dramatically increase
the hole concentration and electrical conduc-
tivity of electronically coupled PbX QD
solids.22,41�44 Recent studies of 1,2-ethane-
dithiol (EDT)-capped PbSe QD films suggest
that oxidation is a two-stage process consist-
ing of (i) fast (within seconds) oxidative de-
sorption of EDT and adsorption ofO2 andH2O
species that dope theQD filmswith holes and
increase conductivity, followed by (ii) slow
(over months) formation of an oxide shell
around each QD that gradually decreases
film conductivity.44,45 Oxidation is usually det-
rimental to PbX QD devices because it de-
creases luminescence yields, scrambles dop-
ing profiles,4 introduces traps,34,39 alters the
properties of electronic junctions,22 and
causes other unwelcome changes.
Less well studied than oxidation is the

impact of thermal, photo, and electrical
stressors on the morphology and optical
and electronic properties of PbX QD sys-
tems in different environments. QDs in solu-
tions and solids are expected to ripen and

sinter at temperatures far below the thresh-
old temperatures for the correspondingbulk
materials, driven mainly by reduction of
surface energy. The temperature at which
a QD solid begins to sinter should depend
onQD size, packing, surface ligands, and the
mobility of both the QD surface atoms and
the QDs themselves. Removal of the cap-
ping ligands increases the QD surface en-
ergy and enables direct QD�QD contact,
both of which promote coalescence and
grain growth. Recently, van Huis et al. de-
monstrated that hexylamine-capped PbSe
QDs rotate, translate, and fuse (sinter) at
surprisingly low temperatures (∼100 �C)
during in situ TEM heating experiments.46,47

X-ray scattering studies show that 3D super-
lattices of 6�8 nm diameter, oleate-capped
PbS and PbSe QDs start to sinter at ∼230
and ∼150 �C, respectively.42,48,49 Whereas
heating QD films in oxygen accelerates
oxidation and causes blue shifts in optical
spectra (i.e., smaller QDs), heating in inert
atmosphere results in Ostwald ripening,
sintering, and red shifts in optical spectra
(larger QDs).42,50,51 The dense network of
surfaces and grain boundaries within a QD
solid is expected to promote the diffusion of
ligands, QD surface atoms, and even the
QDs themselves, particularly during long-
term continuous exposures to light, heat,
and electric fields (conditions typical for
solar cells, for example). Local heating dur-
ing photothermal (i.e., light plus heat) soak-
ing may result in the desorption of ligands
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ABSTRACT We combine optical absorption spectroscopy, ex situ transmission electron micro-

scopy (TEM) imaging, and variable-temperature measurements to study the effect of ultraviolet (UV)

light and heat treatments on ethanedithiol-treated PbS quantum dot (QD) films as a function of

ambient atmosphere, temperature, and QD size. Film aging occurs mainly by oxidation or ripening

and sintering depending on QD size and the presence of oxygen. We can stop QD oxidation and

greatly suppress ripening by infilling the films with amorphous Al2O3 using room-temperature

atomic layer deposition (ALD).
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and adatoms, interdiffusion of species across hetero-
junctions, and chemical reactions within a QD solid.
Motion by any of thesemechanisms, if unintended, can
destroy the functionality of a QD device. Basic studies
are needed to elucidate the most important mechan-
isms of degradation and to develop robust counter-
measures if IV�VI QD solids are to become techno-
logically significant materials.
Here we combine optical absorption spectroscopy,

ex situ transmission electron microscopy (TEM) ima-
ging, and variable-temperature methods to study the
effect of UV light and heat soaking on EDT-treated PbS
QD films as a function of QD size, ambient atmosphere
(aerobic or inert gas), and temperature. We focus on
PbS QDs rather than cadmium or zinc chalcogenides
because IV�VI QD solids have ideal band gaps for use
in multiple exciton generation (MEG) enhanced solar
cells. Furthermore, PbX QD solids show high carrier
mobilities and conductivities as well as good prospects
for exhibiting the long carrier diffusion lengths needed
for efficient solar cells. Facile charge transport via

hopping or mini-band conduction52 is favored in PbS
QDs by the synergy of a large exciton Bohr radius, high
densities of states, and high dielectric constant, which
together result in strong inter-QD electronic coupling
and the minimization of Coulomb blockade and An-
derson localization effects. Finally, we were inspired
to study PbS rather than PbSe QDs by recent reports
of exceptionally stable solar cells based on small
(2�3 nm) PbS QDs.30,35

RESULTS

Sample Preparation. Figure 1 shows basic structural
and optical characterization of the colloidal PbS QDs
and QD films used in this study. We employed a
modified literature procedure53 to synthesize three
large batches of PbS QDs having average diameters
of 2.9( 0.3, 5.0( 0.6, and 7.0( 0.7 nm as determined
by TEM. These diameters correspond to a first exciton
absorption energy of 1.31, 0.91, and 0.72 eV, respec-
tively, which agree well with published size�band gap
curves for oleate-capped PbS QDs in tetrachloroethy-
lene solution.54 Absorption peak widths (full width at
half-maximum, fwhm), which are directly proportional
to the size polydispersity of a QD sample, are 134, 88, and
74meV for the small, medium, and large QDs in solution.
Photoluminescence (PL) emission peaks occur at 1.19 eV
(fwhm=210meV) and 0.87 eV (fwhm= 120meV) for the
small- and medium-sized QDs (emission from the large
QDs was too red for our detector).

QD films were prepared using a layer-by-layer dip
coating process41 in which EDT removes the electri-
cally insulating oleate capping ligands that originally
solubilize the QDs to yield EDT-capped, electronically
coupled PbS QD films with a thickness of 90 ( 10 nm.
Similar EDT-treated QD films have been employed in

the more efficient QD solar cells reported to date.55

Plan view and cross-sectional scanning electronmicro-
scopy (SEM) images show that the films are uniform
over large areas but possess significant surface poros-
ity and roughness (Figure 1e). The first exciton peak of
freshly made EDT-treated QD films is red-shifted rela-
tive to QDs in solution because of the increased di-
electric constant and substantial electronic coupling in
EDT-treated films.41,42 Upon film formation, we ob-
served average red shifts of 85, 50, and 15 meV for
the 3, 5, and 7 nm QDs, respectively. The peak width
varies by 5�10 meV between films, but there is no
average difference in peak width for QDs in solution
and in the solid state.

PbS QD films ripen, sinter, and oxidize when ex-
posed to UV light and heat for extended periods of
time (vide infra). To improve film stability, we use room-
temperature atomic layer deposition (ALD) to infill the
internal pore network of these films with amorphous
alumina and then cap the films with a thin alumina
overcoating. ALD is a stepwise chemical vapor deposi-
tion method for making thin conformal films on non-
planar substrates with submonolayer thickness
control, and low-temperature ALD is uniquely suited
to growing high-quality films on delicate, topologically
complicated substrates.56�63 ALD has been used to fill
the pores of TiO2 NC films consisting of NCs with
diameters as small as 10 nm.64 More recently, ZnO
deposited by ALD at 100 �C was shown to penetrate
CdSe QD films and increase film conductivity and
carrier mobility.65

Figure 1e shows typical SEM images of a PbS QD
film after deposition of 18 nm of ALD alumina at 27 �C.
Elemental depth profiling with X-ray photoelectron
spectroscopy (XPS) confirms that the first few nano-
meters of alumina coat the accessible internal surface
of the film to make a three-dimensional PbS/Al2O3

inorganic nanocomposite (see Figure S1 in the Sup-
porting Information). Additional ALD deposition even-
tually seals off the pore network and yields a capping
layer of alumina on the external surface of the film. For
the purposes of this study, the ALD alumina coating is
intended to serve two functions: (i) the infilling inhibits
atomic and molecular diffusion that causes QD ripen-
ing and sintering, and (ii) the overcoating acts as a gas
diffusion barrier to prevent QD oxidation. The ALD
matrix can also exert electronic effects on a QD film
(e.g., surface state passivation, tunnel barrier lowering),
and this will be the subject of future reports.

Photothermal Aging. Films were placed on an up-
ended hand-held UV lamp and illuminated with
365 nm light continuously for 1 month (1.4 mW cm�2

at the sample position, with illumination through the
glass substrate). This UV power density is about one-
third of that of the full sun AM1.5 G spectrum (∼4.6
mW cm�2 integrated over 280�400 nm). The films
were warmed naturally to ∼50 �C by the hot lamp
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during the UV soaking treatments. We refer to the
combination of light and heat exposure as photother-
mal soaking.

Integrating sphere measurements and an optical
model were used to determine the UV absorption
lengths and absorption profiles of the films at λ =
365 nm (see Figure S2).24 The measured absorption
lengths, (R365)

�1, are 27, 29, and 36 nm for layers of the
small,medium, and largeQDs, respectively,which is short
compared to the 90 nm thickness of the films. Optical
modeling of 100 nm thick QD films on glass reveals
Beer�Lambert-type absorption profiles with a weak
interference structure causing a broad absorption mini-
mum about 75 nm into the films. The QDs at the top of
the films experience only 2�10% of the UV intensity
seen by QDs at the surface of the glass substrate. This
highly non-uniform illumination probably exacerbates
the excitonic peak broadeningweobserve during photo-
thermal soaking, as discussed below.

Figure 2a�c presents typical absorption spectra for
three different films of 5 nm QDs as a function of
photothermal soaking time in nitrogen and air (365 nm
light at 50 �C). Films soaked in nitrogen (glovebox with
<5 ppmO2 andH2O) exhibit a slow, steady red shift and
broadening of their first exciton peak, with a total red
shift of 46 meV and broadening of 39 meV after 1
month. Time traces of the peak energy and width
(Figure 2d) suggest that the spectral changes have
not stopped after 1month. In contrast, films in air show
a rapid and dramatic blue shift (135 meV) and broad-
ening (74 meV) of the excitonic peak within the first
week of soaking, followed by only minor changes

thereafter. The exciton is nearly washed out by photo-
thermal soaking in air. Control experiments were per-
formed to ascertain the effects of long-term exposure
to nitrogen or air (i) without UV light or heat and (ii)
with heat alone (Figure S3). Films stored in nitrogen in
the absence of light and heat showed only a slight red
shift (8 meV) and broadening (11 meV), while heat
alone caused a slight red shift (8 meV) and significant
broadening (28 meV). We therefore conclude that
∼85% of the red shift and 25% of the broadening
observed in films in nitrogen is caused by the UV flux
itself rather than the 50 �C thermal bath. Meanwhile,
films stored in air in the absence of light and heat
exhibited a 95 meV blue shift and 37 meV broadening,
consistent with the spontaneous oxidation of PbS QDs
at room temperature, while heating in air caused a slow
128meV blue shift and 41meV broadening. On the basis
of these results, we believe that none of the blue shift but
∼35% of the broadening observed for films in air can be
attributed to UV light rather than heating alone. UV
illumination certainly intensifies the morphological and
chemical changes that occur in the films.

The different aging behavior of films soaked in
nitrogen and air implies the action of distinct aging
processes. Films in nitrogen red shift because heating
promotes diffusion which, in the absence of oxygen,
causes the QDs to change shape, ripen, and fuse
(sinter), thereby increasing the average QD size (and
size distribution) and relaxing the overall quantum
confinement of the system. Such diffusion can occur
even at room temperature. Some of the red shift
may also result from relaxation of the EDT ligands

Figure 1. Characterization of the PbS QDs used in this study. TEM images of (a) 2.9( 0.3 nm, (b) 5.0( 0.6 nm, and (c) 7.0(
0.7 nm PbS QDs. Scale bars = 10 nm. (d) Optical absorption and PL emission spectra of the three QD samples in tetrachloro-
ethylene solution. The first exciton absorption energy is 1.31 eV (fwhm = 134 meV), 0.91 eV (fwhm = 88 meV), and 0.72 eV
(fwhm = 74 meV), respectively. The PL energy is 1.19 eV (fwhm = 210 meV) and 0.87 eV (fwhm = 120 meV) for the 2.9 and
5.0 nm QDs, respectively. (e) Top-down and cross-sectional SEM images (on ITO and Si substrates, respectively) of 7 nm QD
films before and after ALD treatment (18 nm alumina deposited at 27 �C). These films are similar in thickness andmorphology
to the films on glass used in this study (films on glass proved intractable to image).
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(solvatochromism), desorption of EDT molecules, or
subtle decreases in inter-QD spacing during soaking,
but these effects are expected to be minor compared
to ripening and sintering when films are heated or
exposed to UV light. Films in nitrogen show a steady
increase in broad-band absorbance as the average
band gap decreases with soaking time (Figure 2a).
Soaking a film in air activates diffusion too, but it also
enhances the rate of surface oxidation reactions that
produce oxidized QDs with smaller PbS cores and
greater electronic confinement. The competition be-
tween ripening/sintering and oxidation determines
whether a QD film exhibits a net red shift or blue shift
during photothermal soaking. The 5 nmQD films show
a steady and considerable blue shift in air, indicating
that oxidation is the dominant process in these films.
The considerable decrease in broad-band absorbance
for films soaked in air (Figure 2b) is a result of the
increased average bandgap of theQDs and conversion
of a fraction of the film volume to surface oxides (which
have larger band gaps).

Whereas the excitonic peak shifts one way or the
other depending on the ambient gas and other con-
ditions, the peak width;which is proportional to the
QD size distribution;consistently increases because
(i) ripening, sintering, and oxidation proceed unevenly
within the films, and (ii) the UV flux is non-uniform
across the thickness of the films (as mentioned above).
Both of these effects increase the QD polydispersity.

We can use the known size�band gap relationship
for PbS QDs (Figure S4) to picture the morphological
changes that result from photothermal soaking.54 This is
easy to do in nitrogen because ripening/sintering is the
main process causing large changes in peak energy and
width, so red shifts can be plausibly related to increased
QD size. We estimate that the 46 meV red shift observed
for 5nmQDfilmsUV-soaked innitrogencorresponds to a
0.4 nm increase in the averageQDsize. If this size increase
occurs by a combination of Ostwald ripening and sinter-
ing, these films should consist of relatively polydisperse,
mostly spheroidal QDs mixed with some fraction of
sintered (“necked”) QDs.

This approach is not as useful for films soaked in air
because red shifts from ripening/sintering are con-
volved with blue shifts from oxidation, making it
impossible to assign peak shifts to size changes of
the PbS QD cores alone; a small peak shift could
indicate that a film is either unchanged or sintered
and oxidized to equal degrees. If we assume that the
5 nm QD films UV soaked in air experience only
oxidation, then the 135 meV blue shift corresponds
to a 0.9 nm decrease in the average size of the PbS
cores. The neglect of both ripening/sintering and the
finite band gaps of the surface oxides (PbO, PbSO4, etc.)
makes this a lower estimate. Despite the limitations, we
can successfully use optical spectra to deduce the
general morphological changes of films soaked in air.
We picture these films as consisting of polydisperse,
irregularly shaped QDs that are heavily contaminated
by surface oxides and lightly sintered. Thismorphology
is indeed observed in TEM images of 7 nm QDs soaked
in UV in air (see below).

ALD infilling of the 5 nm QD films greatly sup-
presses photothermal degradation. ALD-infilled films
soaked in air showed only a 14meV red shift and 4meV
broadening after 1 month, similar to the shifts ob-
served with “no light, no heat” control samples in
nitrogen (Figure S3). The slight red shift suggests
that the ALD layer stops oxidation;the film behaves
like it is in nitrogen, not air;but does not completely
inhibit diffusion within the bulk of the film, either
because pockets of the interstitial network are poorly
infilled or some diffusion occurs in spite of the ALD
coating (for example, at QD�QD necking points that
are too narrow for ALD precursor molecules to access).
Regardless of this small red shift, it is clear that our ALD
infilling method can produce QD solids with greatly
enhanced photothermal stability.

Figure 2. UV photothermal soaking of films of 5 nm PbS
QDs in air and nitrogen. Typical optical absorption spectra
as a function of time exposed to UV light (1.4 mW cm�2 at
365 nm) and heat (50 �C) for an untreated QD film in (a)
nitrogen and (b) air, as well as (c) an ALD-infilled film in air
(18 nmaluminadeposited at 27 �C). The traces in eachgraph
are offset to overlay at λ = 2000 nm. (d) Time traces of the
first exciton peak energy and peak width for the three films.
The first exciton peak of films in air (nitrogen) blue shifts
(red shifts) and broadens considerably. The spectra of ALD-
infilled films exhibit only a slight red shift (∼12 meV) over
the first 30 days of photothermal soaking and almost zero
peak broadening (∼4 meV, compared to ∼70 meV for
uncoated films in air).
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We now summarize the behavior of the larger
(7 nm) and smaller (3 nm) QD films. The raw data are
presented in Figures S5�S8 and compiled in Table 1
along with the results from the 5 nm QDs. Table 1 also
lists the estimated average size and size distribution of
each sample after treatment, as determined from the
TEM sizing curve (Figure S4). Photothermal soaking of
7 nm QD films in nitrogen results in a 16 meV red shift
and 32meVbroadening. Control films in nitrogen showa
7meV red shift and 10meVbroadening in the absence of
light and heat and a 6 meV red shift and 15 meV
broadeningwith heat alone. In air, photothermal soaking
causes a very large blue shift (>156meV) andbroadening
(>105 meV) that completely washes out the excitonic
peak after just 4 days of testing. Control films in air showa
54 meV blue shift and 24 meV broadening without light
and heat, while heat alone results in a 77 meV blue shift
and 27 meV broadening. ALD-infilled 7 nm QD films are
extremely stable in air, showingonly a6meV red shift and
almost zero broadening (∼3 meV) after 1 month of UV
exposure.

Photothermal soaking of 3 nm QD films in nitrogen
results in a 100meV red shift and 185meV broadening.
Control films in nitrogen show a 22 meV red shift and

12 meV broadening in the absence of light and heat
and a 42 meV red shift and 50 meV broadening with
heat alone. Photothermal soaking in air causes a rapid
and pronounced blue shift (124 meV), followed by a
slow red shift of 86 meV. The change in peak width is
similarly nonmonotonic: an initial broadening of
41 meV is followed by noticeable narrowing (8 meV)
over the course of the month. Control films in air show
a monotonic 146 meV blue shift and 24 meV broad-
ening without light and heat, while heat alone results
in a 207 meV blue shift and 47 meV broadening. ALD-
infilled 3 nm QD films show a substantial red shift (90
meV) and some broadening (30 meV).

It is clear that ALD infilling is least effective at
preventing red shifting and broadening of the smallest
QDs. Figure 3 shows this explicitly by comparing the
photothermal aging behavior of bare and ALD-infilled
films of the three QD sizes. Whereas infilled 7 and 5 nm
QD films show minimal changes in peak energy and
peak width, the 3 nm QD films red shift and broaden
considerably. This is caused by incomplete infilling of
the exceedingly narrow interstitial spaces in the 3 nm
QD films. We can estimate the size of these interstitial
voids by modeling the films as a close-packed array
of spheres with a center-to-center distance of 3.5 nm
(2.9 þ 0.6 nm to accommodate the EDT ligands).
The largest interstitial sites in such a film are approxi-
mately 1.5 nm in diameter, not much larger than the
trimethylaluminum molecules used in the ALD process
(approximate TMA dimensions: 7.4 Å � 7.4 Å � 4.2 Å).66

Although our QD films are not close-packed and the
largest interstitial spaces are certainly bigger than esti-
mated here, it is reasonable to expect the diffusion of ALD
precursors to be inhibited by the particularly tortuous
pathways within films of the smallest QDs.

Figure 3 also shows that the aging behavior of the
bare films in air depends strongly on QD size. The large
QDs show the largest blue shift and broadening,

TABLE 1. Effect of Thermal and Photothermal Treatments

on Excitonic Peak Energy, PeakWidth, AverageDiameter,

and Diameter Distribution of PbS QD Filmsa

QD size

(nm) gas treatment

ΔE1Sh�1Se

(meV)

Δfwhm

(meV)

d ( Δd

(nm)d

2.9( 0.3 N2 no UV, �80 �C �2 1 2.9( 0.3
N2 no UV, no heat �22 12 2.9( 0.4
N2 heat only �42 50 3.0( 0.5
N2 UV �100 185 3.3( 1.2
air no UV, no heat 146 24 2.5( 0.3
air heat only 207 47 2.4( 0.3
air UV 124, �86b 41, �8b 2.7( 0.3
air ALD, UV �90 30 3.3 ( 0.5

5.0( 0.6 N2 no UV, no heat �8 11 5.0( 0.7
N2 heat only �8 28 5.0( 0.9
N2 UV �46 39 5.4( 1.2
air no UV, no heat 95 37 4.3( 0.7
air heat only 128 41 4.2( 0.7
air UV 135 74 4.1( 1.0
air ALD, UV �14 4 5.1 ( 0.6

7.0( 0.7 N2 no UV, no heat �7 10 7.1( 0.8
N2 heat only �6 15 7.1( 0.9
N2 UV �16 32 7.3( 1.2
air no UV, no heat 54 24 6.3( 0.8
air heat only 77 27 5.9( 0.8
air UV >156c >105c <5.2(>1.6
air ALD, UV �6 3 7.1 ( 0.7

a All data after 1 month of soaking. “UV” = 1.4 mW cm�2 of 365 nm light (this
warms the films to∼50 �C). “Heat” = 50 �C. “ALD” = 18 nm of alumina deposited
at 27 �C. b Spectral changes not monotonic. c Peak indistinct after 4 days. d Effective
size changes from PbS QD TEM sizing curve (Figure S4).54 These estimates attribute
all optical shifts to size changes, ignoring changes in dielectric constant, coupling
energy, and other factors, as well as the band gap of any oxide surface layer. See
text for details.

Figure 3. Comparative photothermal aging in air for the
three QD sizes. (a) First exciton energy versus time in air.
Open symbols are bare films, and closed symbols are ALD-
infilled films (18 nm alumina at 27 �C). All samples were
exposed to 365 nmUV light at 50 �C in air. The exciton peak
of unprotected films of the largest QDs (open circles) was
completely washed out after 4 days of photothermal soak-
ing. (b) Peak width versus time in air. The legends in (b)
apply to (a).
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resulting in complete washout of the excitonic peak,
while the medium-sized QDs exhibit a moderate blue
shift and broadening and the small QDs first blue shift
and then red shift. To separate the effects of UV
exposure and heat exposure, Figure 4 compares the
photothermal and thermal aging behavior at nomin-
ally the same average temperature (50 �C) for all three
QD sizes. We observe that, relative to heat alone, UV
illumination causes an increased blue shift for the large
QDs, little change for the medium QDs, and a reversal
of the initial blue shift for the small QDs.

To explain these results, it is useful to re-emphasize
that shifts in peak energy reflect the net, ensemble-
averaged outcome of processes that cause blue shifts
and red shifts in the QD films. In air, blue shifts result
mainly from oxidation (leading to decreased QD core
diameters, lower dielectric constants, and less elec-
tronic coupling), while red shifts arise from ripening
and sintering (resulting in increased QD diameters,
higher local dielectric constants, and greater coupling).
QD films in air undergo ripening/sintering and oxida-
tion simultaneously, so the overall peak shift depends
on the competition between these two relatively
complicated processes.

UV illumination can promote thermally activated
processes such as oxidation and ripening/sintering by
at least three distinct mechanisms: (i) generating elec-
trons and holes capable of participating in chemical
reactions at the surface of the QDs; (ii) creating loca-
lized, transient temperature spikes (“hotspots”) from
the cooling and recombination of hot carriers; and (iii)
raising the average steady-state film temperature
above 50 �C via photon absorption. The first effect
should promote surface redox reactions such as oxida-
tion, while the latter two should increase the rate of
both oxidation and ripening/sintering within the films.

To test the third mechanism (higher steady-state
film temperature), we soaked films at elevated tem-
peratures (65 and 80 �C) in the absence of UV light
(Figure 5). These higher-temperature thermal soaks
resulted only in larger blue shifts (greater oxidation)
for bare QD films. Because increasing the soak tem-
perature does not reproduce the qualitative or quanti-
tative effects of UV illumination seen in Figure 4, we
conclude that UV exposure must be doing more than
just uniformly heating the films. The likelihood that the
UV flux increases film temperature substantially above
80 �C seems low. Therefore, we rule out steady-state
film heating as an important effect of UV illumination.

The data in Figure 4 are best explained if UV illumina-
tion triggers photo-oxidation (mechanism 1) and hot-
spot-induced ripening/sintering (mechanism 2) in a
ratio that varies systematically with QD size. Our results
show that long-term UV exposure causes net oxidation
of large QDs but net sintering of small QDs. This size
dependence probably results from the larger thermo-
dynamic driving force for the ripening/sintering of

smaller, higher surface area spheres. If ripening/sintering
is favored for smaller QDs but oxidation is independent
of size (such that smaller QDs undergo more ripening/
sintering as they oxidize), then net peak shifts should be
redder for smaller QDs, as observed (Figure 4). In other
words, we believe that photo-oxidation occurs about
equally for all QD sizes but UV-generated temperature
spikes preferentially cause surface diffusion and ripen-
ing/sintering of small QDs because of the larger driving
force for surface area reduction in small QD films. Thus,
UV exposure of 3 nm QDs yields an initial blue shift
(oxidation) followed by a marked red shift (ripening/
sintering). UV exposure of 5 nmQDs enhances oxidation
and ripening/sintering about equally, so these effects
cancel and there is little net change compared to
thermal soaking alone. Finally, UV exposure of 7 nm
QDs enhances oxidation more than ripening/sintering,
causing the excitonic peak to blue shift strongly with
soaking time.

In contrast to recent reports of remarkable air
stability of small PbS QDs in solar cells,30,35 we ob-
serve considerable shifts in the peak energy and
width of small (3 nm) QD films for all aging conditions
explored in this study (no light or heat, heat only, and
UV soaking). Moreover, ALD infilling stops the oxida-
tion but not the ripening/sintering of these films
during UV soaking in air. Since the ALD overcoat acts
as a gas diffusion barrier in a manner similar to the top
metal electrode of a solar cell, it is remarkable that
Luther et al. found negligible peak shifts in the photo-
current spectra of unencapsulated PbS QD solar cells
even after 1000 h of light soaking in air.30 These
differing results may be attributed to important differ-
ences in testing conditions: their stability tests were
performed at 20 �C using a low-flux sulfur plasma lamp
that emits very little UV light, while our ALD-infilled
films were tested at 50 �C in relatively strong UV light.
Moving forward, it will be interesting to test the
stability of PbS QD solar cells at higher temperatures
and under intense AM1.5 G illumination.

Figure 4. Comparison of thermal and photothermal aging
behavior for the three QD sizes (no ALD). (a) First exciton
energy versus time in air. Open symbols arefilms exposed to
UV light and heat; closed symbols are films exposed to heat
alone. (b) Peak width versus time in air. The legends in (a)
apply to (b).
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Ex Situ TEM Imaging. We used TEM to directly image
QD monolayers before and after photothermal soak-
ing. Although monolayers cannot be expected to age
in precisely the same fashion as multilayer QD films,

they should provide a qualitatively accurate picture of
the morphological changes induced by the various
treatments. Samples were prepared on SiO2 window
TEM grids by drying a drop of QD solution followed by

Figure 5. Thermal aging behavior in air at different temperatures. Time traces for (a) 3 nm, (b) 5 nm, and (c) 7 nm QD films.
Both uncoated and ALD-infilled films are shown.

Figure 6. Ex situ TEM imaging of UV-soaked QD monolayers. Sample conditions are as follows: (left) nitrogen without ALD;
(middle) air without ALD; (right) air with ALD. The red arrows are reference markers for each pair of images. Electron beam
damage was negligible in these experiments. However, we observed substantial beam
damage of ALD-infilledmonolayers at higher magnification. Controls for samples aged in the dark in nitrogen at 193 and 298
K and in air at 298 K can be found in the Supporting Information (Figure S10).
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ligand exchange with EDT. We studied only the largest
of the three QD sizes (7 nm) because of the difficulty in
obtaining useful time series images of the smaller
QDs. Figure 6 compares representative images of QD
monolayers before and after a month of UV soaking in
nitrogen or air without ALD versus in air with ALD. The
QDs aged in nitrogen lose their faceting (becoming
more “diffuse” in shape and size) but do not show
obvious ripening or sintering, which is consistent with
the small red shift and minor broadening observed in
absorption spectra of the corresponding multilayer
films (Figure S5). In contrast, the QDs aged in air show
marked changes in size and shape and some changes
in connectivity (Figures 6 and S9). The average QD
diameter appears to shrink by ∼0.7 nm, the shapes
become more irregular, and the size distribution con-
siderably broadens after photothermal treatment, but
the positions of the QDs are nearly unchanged (to
within 1�2 nm). It is clear from these images that the
QDs both oxidize and ripen in air and, furthermore, that
ripening occurs mostly by atomic diffusion between
immobile QDs rather than by QD diffusion and aggre-
gation. These morphological changes are qualitatively
consistent with the large blue shift and broadening
observed in film spectra (Figure S5).

We also imaged QD monolayers immediately be-
fore and after the deposition of 18 nm of ALD alumina
and again after 1month of photothermal soaking in air.
The presence of the ALD coating leads to a consider-
able loss of image sharpness (Figure 6). Despite the
blurriness of the post-ALD images, we can conclude
that the QDs retain their positions and sizes after
photothermal soaking, as anticipated from the nearly
unchanged absorption spectra of the multilayer films.
The ALD coating effectively stops both oxidation and
ripening of the QDs (at least at this temperature).

High-Temperature Aging. Commercial photovoltaic
modules must pass demanding environmental sta-
bility tests, including 1000 h soaks at 85 �C and 85%
relative humidity (so-called 85/85 damp heat tests).
As a prelude to true device testing, we soaked 5 nm
QD films at 65, 80, and 90 �C in air in the dark to
determine how they respond to elevated tempera-
tures. Figure 7a presents stacked spectra of bare
and ALD-infilled films soaked at 80 �C for 11 days,
while Figure 7b compiles the time trends in peak energy
and width for all samples studied. It is evident from
these data that higher temperatures generally cause
larger peak shifts and greater broadening, as expected.
The small, temperature-dependent red shift and broad-
ening observedwith ALD-infilled films indicates that the
ALD coating remains an effective oxidation barrier but
allows progressively greater ripening and sintering of
the QDs at higher temperatures. It is not yet clear how
this internal diffusion will affect the electrical properties
of the films (conductivity, carrier type andmobility, etc.).
ALD-infilled films tested at 100 �C showed rapid blue
shifting and complete loss of the exciton peak within
1 day, which we interpret as complete structural failure
of the ALD matrix caused by chemical reactions
between it and the QDs. Better thermal stability may
be achievable by using denser ALD alumina coatings
deposited at higher temperatures (50�75 �C) or by
switching to another ALD material (MgO or SiO2, for
example). The thermal stability of QD field-effect
transistors and solar cells built from ALD-infilled films
is under evaluation in our laboratory.

Low-Temperature Aging. We also studied the effect of
low temperatures on the aging behavior of our QD
films in order to better understand the nature of the
aging process in different gases. Films soaked in inert
gas (nitrogen or helium) at low temperature show no
changes in absorption spectra, presumably because
the diffusive motion required for ripening and sinter-
ing is frozen out. For example, films of 3 nmQDs stored
in the dark in nitrogen at 193 K (�80 �C freezer) showed
no changes in absorption spectra after 1 month
(Table 1). Likewise, UV-induced red shifting and broad-
ening was completely absent after UV soaking in

Figure 7. Thermal soakingoffilms of 5 nmPbSQDs in air. (a)
Raw data for EDT-treated QD films soaked at 80 �C in the
dark, without and with ALD treatment. (b) Peak energy and
width versus time for films soaked at 50, 65, 80, or 90 �C for
11 days.

Figure 8. First exciton peak energy and width for films
soaked in UV and oxygen for 50 h at various temperatures.
(a) Peak energy. (b) Peak width. The values for a film before
UV soaking are indicated by the dotted lines. All absorption
measurements were performed at room temperature.
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flowing helium at 80 K (56 h soak at 3.5 mW cm�2),
whereas identical films soaked at 323 K showed typical
red shifts (23meV; Figure S11). The complete freeze out
of optical changes at these relatively mild tempera-
tures suggests that QD ripening and sintering are
strongly activated processes (i.e., large activation
energies).

We also soaked films in dry oxygen to test whether
QD oxidation could be suppressed at low temperature.
Figure 8 shows a plot of peak energy and peak width
for films of 7 nm QDs soaked for 50 h in UV light (3.5
mW cm�2) and flowing oxygen at various tempera-
tures (110�321 K). There are three salient features of
the data. First, we cannot completely stop oxidation
even at the lowest temperature (films soaked at 110 K
still blue shift by∼25meV). Filmswere found to oxidize
at 110 K even in the dark (no UV). Second, the tem-
perature dependence does not follow simple Arrhe-
nius behavior. Instead, we observe a temperature-
independent ∼25 meV blue shift of the peak position
at “low” temperatures (110�250 K) and a rapidly
increasing blue shift at temperatures above 250 K.
Time series show that the low-temperature blue shift
occurs gradually during the UV soak. This behavior
suggests the existence of two distinct stages of oxida-
tion, with one stage dominant at low temperature and
the second activated only at high temperature. We
speculate that, at low temperature, oxidation is limited
to the outermostmonolayer of QD surface atoms. Once
these atoms are oxidized (probably by chemisorption
of oxygen), oxidation self-terminates and the blue
shifting stops. At higher temperatures, however, there
is sufficient thermal energy to activate solid-state
diffusion and enable the oxidation of atoms deeper
inside the QDs, resulting in a strong enhancement of
the blue shift with temperature.

The third remarkable feature of the data in Figure 8
is the anomalously small and temperature-indepen-
dent peak broadening, which averages only 7 meV
across the temperature range (Figure 8b). In compar-
ison, films that were UV-soaked at 323 K in air exhibited
∼70 meV of broadening over the same period. We
attribute the difference in peak broadening to the
presence of moisture in air. This conclusion is based
on the comparison of films UV-soaked at room tem-
perature in dry oxygen versus humidified oxygen in a
purpose-built environmental chamber. We observed
five timesmore peak broadening inwet oxygen than in
dry oxygen (22meV versus 4meV after 10 h of soaking),
yet the blue shifts were very similar in the two envir-
onments (Figure S12). Enhanced peak broadening in
the presence of moisture implies that water increases
the QD size distribution without affecting the average
QD size relative to UV soaking in dry oxygen. The
explanation for this behavior is not clear, but it is
possible that adsorbed water speeds oxidation of
certain QD surface facets, resulting in greater size

polydispersity for QD films oxidized in humid
conditions.

To summarize, these low-temperature studies show
that (i) UV-induced ripening and sintering of PbS QD
films can be frozen out at low temperature but oxida-
tion is only partially suppressed even at 110 K; (ii)
oxidation follows a non-Arrhenius temperature depen-
dence, with weakly activated, self-terminating surface
oxidation at low temperature and strongly activated
subsurface (“bulk”) oxidation at high temperature; and
(iii) moisture somehow increases the QD size distribu-
tion in photo-oxidized films without affecting the
average QD diameter.

CONCLUSIONS

We have described the aging behavior of PbS QD
films as a function of ambient atmosphere, tempera-
ture, UV illumination, and QD size. Aging in air causes
oxidation and blue shifts of the first exciton peak in
optical spectra, while aging in nitrogen results in
ripening/sintering and red shifts in optical spectra.
Both oxidation and ripening/sintering coarsen the
QD size distribution and broaden the first exciton peak.
Infilling and overcoating QD films with ALD alumina at
room temperature produces inorganic nanocompo-
sites in which external and internal diffusion are in-
hibited. The ALD coating serves both as a gas diffusion
barrier that prevents oxidation and a 3D inorganic
matrix that inhibits internal atomic and molecular
motion. A 18 nm alumina overcoat completely pre-
vents oxidation regardless of QD size, whereas the
alumina matrix is most effective at stopping ripening/
sintering of the larger QDs, which are easier to infill.
TEM imaging of 7 nm QD monolayers revealed mor-
phological changes consistent with the shifts observed
in optical spectra. The ALD layers remain effective up to
temperatures of ∼100 �C, at which point they fail,
apparently by reacting with the QDs.
We find that UV illumination causes preferential

oxidation of large QDs but preferential ripening/sinter-
ing of small QDs. This difference is due to the greater
driving force for ripening/sintering of smaller QDs. The
main mechanism of UV action is not simple film
heating; instead, it seems that UV-generated electro-
n�hole pairs (i) cause photo-oxidation and (ii) create
hotspots that trigger diffusion and ripening/sintering
(particularly in small QDs). We can completely freeze out
UV-induced ripening/sintering in inert gas by cooling films
to80K,which suggests that ripening/sinteringare strongly
activatedprocesses.However,UV-inducedoxidationcould
not be eliminated even at temperatures as low as 110 K.
From the temperature dependence, we identify two
stages of oxidation, with self-terminating oxidation of
the outermost monolayer of surface atoms occurring at
low temperature and strongly activated subsurface oxida-
tion important at higher temperature. We also find that
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moisture is somehow responsible for most of the increase
in size distribution of PbS QD films aged in air. Our results

will beuseful in ongoingefforts to fabricate truly stableQD
films for next-generation solar cells.

METHODS
Chemicals. Lead oxide (PbO, 99.999%), oleic acid (OA, tech.

grade, 90%), 1-octadecene (ODE, 90%), 1,2-ethanedithiol (EDT,
>98%), trimethylaluminum (97%), and anhydrous solvents were
purchased from Aldrich and used as received. Hexamethyldisi-
lathiane (bis(trimethylsilyl) sulfide, TMS) was acquired from
Gelest.

QD Synthesis. PbS QDs were synthesized using an air-free
method modified from Hines and Scholes.53 Briefly, PbO (2
mmol) was dissolved and degassed in OA (5mmol) at 150 �C for
∼1 h to form a lead oleate precursor solution. Next, a sulfur
precursor solution containing 0.1 M TMS in ODE was rapidly
injected into the flask at a specific injection temperature ran-
ging from 120 to 150 �C to yield a dark-brown solution of PbS
QDs. Isolation and purification were achieved by precipitating
the QDs with ethanol and redispersing in hexane a total of four
times, typically resulting in ∼250 mg of QDs. Size control
(2�7 nm diameter) was achieved by varying precursor concen-
tration, injection temperature, and reaction time, yielding QDs
with a relatively narrow size distribution of∼10%. Average size
and size distribution were determined by analyzing 70�100
QDs in TEM images.

QD Film Deposition. QD films were prepared by dip coating
onto glass substrates using amechanical dip coater (DCMulti-4,
Nima Technology) in a glovebox. Briefly, 1.2 � 1.2 cm2 glass
substrates were cleaned by acetone sonication and an ethanol
rinse and dipped alternately into a 2mgmL�1 solution of QDs in
hexane and then a 2.5 mM solution of EDT in acetonitrile to
make ∼100 nm thick films. Film thickness was measured using
tapping-mode atomic force microscopy (MFP-3D, Asylum
Research) and SEM (FEI Quanta 3D FEG). Dip coating results in
QD films on both sides of the glass. The QD film on the rear
surface of each substrate was removed with a razor blade prior
to stability testing.

Atomic Layer Deposition Infilling. QD films were coated with
15�20 nm of amorphous Al2O3 in a home-built cold-wall
traveling wave ALD system built in a glovebox. Deposition
was performed at 27 �C using alternating pulses of trimethyla-
luminum and water (40 ms pulse times, 60�120 s purge times,
∼0.1 Torr base pressure). We have shown elsewhere45 that this
procedure fills the interstitial space of a PbX QD film with
alumina (the first 1�4 nm) and subsequently overcoats the film
with an alumina shell (see also Figure S1).

Characterization. Transmission electron microscopy was per-
formed on a Philips CM 20 operating at 200 kV. Photolumines-
cence emission spectra of QD samples in TCE were acquired
with a Shamrock 500 spectrometer equipped with an iDus
InGaAs PDA detector (Andor Technologies) using 514 nm laser
excitation. UV�vis absorption spectroscopy utilized a PerkinEl-
mer Lambda 950 spectrophotometer and QD films mounted in
air-tight optical cells consisting of two mated 1.33 in. UHV
ConFlat sapphire viewports. Films mounted in these cells in
the glovebox show no signs of oxidation even after months of
storage in air.

For heat and UV soaking studies, QD films on glass sub-
strates were placed directly on a hot plate or a hand-held UV
lamp (1.4 mW cm�2 @ 365 nm; EL series lamps from UVP) either
in air or in a glovebox (<5 ppmO2 and H2O). The temperature of
samples sitting on the lampwasmeasuredwith a thermocouple
to be∼50 �C. Periodically, each samplewas sealed in an air-tight
ConFlat cell for optical absorption measurements. A curve
fitting program implemented in Origin 8.0 was used to extract
the first exciton peak position and width.

Variable-temperature UV light soakingwas performed onQD
films mounted in an optical cryostat (ST-100 cryostat, Janis
Research) inside of a glovebox and then transferred to the bench-
top, evacuated, cooled, and backfilled with flowing helium or
oxygen (5 N purity). A high-flux UV lamp (model B-100AP, UVP)

was used to illuminate the filmswith 3.5mWcm�2 of 365 nm light
through a quartz window.

A homemade environmental testing chamber was used to
deconvolute the effects of oxygen and moisture on QD films.
Films were loaded into the air-tight chamber (constructed from
a 4.5 in. CF flange, glass viewport, and valved gas lines) inside of
a glovebox. Humidified gas was made by passing dry oxygen or
nitrogen through a water bubbler prior to entering the test
chamber. Films were illuminated with a hand-held UV lamp in
the same geometry as described above. The gas flow rate was
controlledwith plug valves bymonitoring the bubble rate of the
exhaust flow.

For ex situ TEM studies, QD submonolayers were deposited
on SiO2 membrane window grids (25 nm thick windows,
NanoBasic grids, Dune Sciences) using a single dip coating step
and EDT treatment. Samples were imaged in the TEM immedi-
ately after fabrication, and fiduciary markers were used to
relocate andmonitor selected regions of each sample over time.
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