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A B S T R A C T

Lead chalcogenide quantum dots (QDs) are promising candidates for the use as sunlight absorbers in
sensitized solar cells. While conversion efficiencies of QD solar cells have reached potentially
commercially interesting values in the order of 10%, the devices are prone to fast oxidative degradation
whose mechanism is not understood in detail yet. Furthermore, O2 and/or H2O present during fabrication
has been observed to strongly influence device performance. Analytical tools to monitor the chemical
state of QDs in situ and on-line, e.g. during fabrication and operation, are sought for. In this work, we
demonstrate that surface-enhanced Raman spectroscopy (SERS) provides the chemical selectivity and
high sensitivity required to investigate the oxidation behavior of QDs. We investigate the SER signature of
PbS QDs that is commonly employed as sensitizer material in solar cells because of their tunable
absorption range and simple and cheap fabrication. We observe SERS fingerprints for a set of three model
PbS QD samples with different oxidation degrees. Intact PbS QDs exhibit a strong phonon mode around
196 cm�1. With increasing PbS oxidation, a relative band intensity increase can be observed in the 250–
380 cm�1 region. At strong oxidation levels, additional Pb-(sulf)oxide marker bands appear at 614 and
980 cm�1. Based on our results, we suggest to employ PbS-oxidation SER spectral markers as monitoring
tools during photovoltaic device fabrication.
ã 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lead chalcogenide quantum dots (QDs) are prime candidates
for use as sunlight absorbers in sensitized solar cells because of
their size-dependent band gap, and thus widely tunable absorp-
tion properties, combined with simple, low-cost fabrication
procedures [1,2]. While photon conversion efficiencies of QD-
sensitized solar cells have increased to about 10% during the past
five years, the long-term device degradation is a serious issue that
still hinders QD-based solar cell commercialization [1]. The device
instability has been mainly ascribed to oxidative degeneration of
the QDs by O2 and/or H2O. In addition, it has been observed that the
degree of air exposure during fabrication strongly influences the
optical and electronic properties of QD-based photovoltaic devices
[3–5]. Clearly, a better understanding of the oxidative degradation
of QDs during fabrication and operation would facilitate the
rational design of improved devices. However, benchtop analytical
techniques that allow to monitor the chemical state of QDs in situ
and enable direct correlation between the QD oxidation and
macroscopic device behavior are scarce.
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Raman spectroscopy is a promising sensing tool for QD
oxidation because the low-wavenumber region between 50 and
500 cm�1, where solid-state optical phonons are typically located,
is easily accessible. The generally low Raman scattering cross
sections, however, require long integration times and high laser
power for the detection of deposited QDs. One way to overcome
weak Raman scattering is to make use of plasmon enhancement at
nanostructured metal substrates. In surface-enhanced Raman
spectroscopy (SERS), the presence of nanometer-sized ‘hot spots’
where the field strength can be locally increased by a factor of 30–
40 [6,7], leads to enhanced Raman scattering of molecules
adsorbed at these hot spots that enable even single-molecule
Raman detection [8–12]. While SERS is a routine analysis tool for
the trace detection of organic molecules, to the best of our
knowledge its application to sense solid-state nanomaterials has
been rather limited till date. Fazio et al. found the Raman scattering
of SnO2 nanoparticles to be strongly enhanced in the presence of
Ag nanoparticles [13]. Furthermore, they observed the appearance
of a new, classically Raman forbidden mode, a finding recently
confirmed by tip-enhanced Raman experiments [14].

One of the most commonly employed lead chalcogenide
materials for QD photovoltaic applications is PbS. PbS exhibits a
widely tunable bandgap, varying from 0.41 eV in the bulk to ca.
1.5 eV in quantum-confined structures of a few nanometers in size
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[15]. In literature, numerous reports on the conventional Raman
signature of PbS QDs are found. Krauss et al. first reported the
Raman signature of individual PbS QDs of radii around 2 nm
embedded in a polyvinyl alcohol matrix, measured over a wide
temperature range between 4.2 and 300 K at different near-
resonance excitation wavelengths close to the E1 1s-1s exciton
transition of PbS (located at approx. 1.9 eV) [16–18]. They assigned
the observed modes to PbS phonons (190 sh, 215 s, 277 w, 415 m
and 630 vw cm�1) with help of band structure calculations. Nanda
et al. investigated the behavior of the near-resonant Raman
response in the 196 cm�1 -region as a function of PbS crystal size in
air at room temperature (RT) [19]. The observed modes (205 sh,
210, 271 and 415 cm�1) were in good agreement with the ones
reported previously. Baranov et al. investigated a broader size
range of PbS crystals from the few-nm region to micron size
deposited as thin film on a Cu substrate in air at RT with near-
resonant excitation [20]. They found a slight blueshift from 206 to
210 cm�1 with decreasing crystal size as expected due to quantum
confinement effects. The mode at ca. 435 cm�1 was fitted with two
Gaussians with maxima at ca. 415 and 460 cm�1. An increase of the
band intensity of the 462 cm�1 -band relative to the 206 and
415 cm�1 modes was observed with increasing crystal size.
Blackburn et al. used conventional Raman scattering to determine
the degree of photo-oxidation of PbS QDs at off-resonance
conditions [21]. Comparing Raman data from air-exposed and
air-free samples, they concluded that all observed modes were due
to Pb-oxide species. Mathews et al. electro-deposited thin film of
polycrystalline PbS on a conducting glass substrate in air and found
a near-resonance Raman spectrum similar to the ones previously
reported for un-oxidized PbS QDs with peaks at 203, 263, 405 and
457 cm�1 [22]. Neither Raman nor XRD showed any traces of Pb-
(sulf)oxides.

While the reported PbS QD Raman signatures are comparable in
their peak positions and relative intensities, they are not identical
in their frequency. Particularly, the variation in the reported Raman
spectra seems to depend on the precise experimental conditions,
ranging from vacuum to air-exposed experiments under off- or
near-resonance conditions, and on diverse preparation methods
like electrodeposition or wet chemistry approaches. Furthermore,
it is known that the size of the QDs in combination with the chosen
laser line strongly influences the relative peak intensities (though
not their absolute position) [23]. To facilitate comparison and
spectral analysis, it would be desirable to systematically study the
Raman responses from differently prepared samples measured on
the same setup.

In this work, we employ SERS to investigate the (photo-
thermal) oxidative degradation behavior of a submonolayer of PbS
QDs deposited on Au (PbS/Au). We study three types of samples in
different degradation states which can be viewed as showcases for
PbS sample conditions in standard fabrication protocols of QD-
based photovoltaic devices. We find that trace amounts of oxygen
present in the glove box during PbS QD preparation can drastically
alter the chemical state of the PbS QD sample and its degradation
behavior over time in the presence of strong electromagnetic
fields. Our findings offer a quick and reliable control experiment to
determine the chemical state of PbS quantum dots with SERS that
could accompany conventional device fabrication routines and
underline the importance of controlled QD preparation conditions
for reliable photovoltaic device fabrication.

2. Materials and methods

2.1. SILAR PbS quantum dot fabrication

All glassware was cleaned by overnight-immersion in piranha
solution (H2SO4 (95%, Fisher Chemicals): H2O2 (35%, Roth), 3:1) and
Please cite this article in press as: K. Stadelmann, et al., The SERS signatur
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subsequent extensive rinsing with and boiling in ultrapure
Millipore-Q water four times. Methanol (MeOH, HPLC-isocratic
grade, 0.01% water, VWR chemicals) was degassed with Ar (5N,
Westfalen) for one hour before preparing methanolic solutions
from Pb(NO3)2 (Sigma-Aldrich, 99.99%, CAS Number: 10099-74-8)
and anhydrous Na2S (Sigma Aldrich, CAS Number: 1313-82- 2) in a
glove box with N2 atmosphere at an O2-level between 0.5–4 ppm.
Sample preparation, including QD deposition and subsequent
sealing, occurred inside the same glovebox.

PbS QDs were grown on commercially available Au SERS
substrates (SERStrates, Silmeco) by successive ionic layer adsorp-
tion and reaction (SILAR) according to a recipe developed in the
group of Canovas [24]. The SERStrates were used as received. For
PbS SILAR deposition, they were dipped sequentially in five
different degassed solutions prepared in five different beakers: 1)
0.02 M methanolic Pb(NO3)2 for 20 s, 2) MeOH for 30 s, 3) 0.02 M
methanolic Na2S for 20 s, 4) MeOH for 30 s. These four immersion
steps were repeated a second time. After finishing the two PbS QD
growth cycles, the samples were dipped in 5) MeOH for 50 s, and
then excess MeOH evaporated.

Sealed samples were prepared directly after PbS QD deposition
in the glove box. For the sealing, a stack of six layers of parafilm
(Bemis) was placed on a microscope slide (Thermo Scientific,
Menzel Gläser, 76 � 26 mm2). A 7 � 7 mm2 square was cut in the
middle of the stack to accommodate the sample. The parafilm on
the slide was heated to ca. 55 �C. When the parafilm began to melt,
the slide was removed from the hot plate. The sample was put in
the square cut of the parafilm, and a coverslip (diameter of 12 mm,
thickness 0.170 � 0.005 mm, Carl Roth) was placed on top of the
parafilm stack. The stack was heated again to ca. 50 �C until the
coverslip stuck to the parafilm. Finally, another single layer of
parafilm with a square central cut of 6 � 6 mm2 was placed around
the edges of the coverslip to close prevailing invisible air leakages
between the cover slip and the stack of parafilm. All samples (both
sealed and unsealed) were stored overnight in the glove box and
measured the following day.

2.2. SERS experiments

Our Raman system consists of a red HeNe laser (632.8 nm; REO
LSRP-3501, 35 mW maximum output power, linearly polarized) in
back-scattering configuration, mounted on an optical table with
active vibration isolation. A Horiba iHR 550 spectrograph (600 gr/
mm grating, 1.65 cm�1 spectral resolution) with a CCD camera
(Syncerity CCD, Horiba) is used as a detector. An Olympus 50X long
working-distance objective (WD = 10.6 mm, NA = 0.5) is used to
focus the laser beam onto the sample and to collect the back-
scattered light. A laser-line filter at the beginning of the optical
path guarantees homogeneous energy of the Rayleigh photons. A
long-pass filter (Semrock RazorEdge ultra steep long-pass edge
filter LP02-633RE-25) and a dichroic long-pass beam splitter
(Semrock RazorEdge Dichroic LPD02-633RU-25) with cut-off
values of 79 and 156 cm�1, respectively, in the detection path
filter out the Rayleigh elastic scattering and address the inelastic
Raman signal to the entrance of the spectrograph. The laser power
is controlled with a motorized gray filter wheel (FW212C,
Thorlabs) equipped with nine different neutral-density filters
with optical densities ranging between 0 and 1.3.

The samples were fixed with a double-sided tape onto a sample
holder. The spectrometer is calibrated every day prior to use with a
Si wafer reference. For the power series, powers of ca. 0.15, 0.6,
0.95, 1.5, 1.7 and 2 mW were used. For one sample type, all powers
were measured subsequently at the same spot with 5 accumu-
lations of 10 s integration time at each power. The displayed power
spectra are averages over 3–4 spots on one sample type A, 3
samples type B and 4 samples type C. Samples type A and B were
e of PbS quantum dot oxidation, Vib. Spectrosc. (2016), http://dx.doi.
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classified according to their SER signature. All other measurements
conditions were as described in the main text. For all spectra
presented in this work, the spectral background was manually
subtracted from the spectra with Horiba LabSpec software unless
otherwise stated, and the data were analyzed and displayed with
Igor Pro 6.34A wavemetrics.

3. Results and discussion

We have investigated the SER spectral responses of three
different types of PbS/Au samples: two types of samples sealed in
the glove box at oxygen levels ranging between 0.5 and 4 ppm
(samples of type A and B), and one unsealed sample exposed to
ambient atmosphere during the measurement (sample type C).
These showcases represent typical sample fabrication conditions
for photovoltaic QD devices. In total, we fabricated four sealed
samples, of which one showed A-type behavior and three showed
B-type behavior, and four unsealed samples of C-type behavior.
Note that in general, we observe an excellent signal-to-noise level
in the SER response because the 632.8 nm (HeNe) excitation
wavelength is in resonance with the plasmonic modes of the
substrate and also near-resonant with the E1 mode of PbS.

Fig. 1 shows background-corrected SER spectra of PbS/Au of
samples A (a, light gray), B (b, dark gray) and C (c, black) recorded at
0.15 mW excitation power. The spectra were arbitrarily normalized
to the intensity at 196 cm�1, for better comparison of relative peak
heights. In addition, the background-corrected reference spectrum
Fig. 1. SER spectra of PbS/Au samples of types A (a, light gray), B (b, dark gray) and C
(c, black) recorded at 0.15 mW laser power at the sample normalized to the intensity
at 196 cm�1 after background subtraction. The reference spectrum of the SERStrate
(d, black) is y-offset for clarity. The Raman band of the SERStrate Si needle support is
marked with an asterix (*). The thick dotted line indicates the dichroic filter cut-off
at 156 cm�1. Scanning electron microscopy (SEM) images of SERStrate before (e) and
after (f) PbS QDs deposition.

Please cite this article in press as: K. Stadelmann, et al., The SERS signatur
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of the blank SERStrate is shown for comparison (d, black) with a y-
offset for sake of clarity. The small, sharp peak at 518 cm�1 is
present in all spectra including the SERStrate reference spectrum
and stems from the Si-needle support of the substrate. The dotted
line indicates the dichroic-filter cut-off at 156 cm�1.

Sample A (Fig. 1a, light gray) shows a strong, sharp peak at
196 cm�1, with a shoulder at 235 cm�1, a shoulder-like peak at
312 cm�1, and a broad band around 450 cm�1. The Raman bands at
196, 235 and 450 cm�1 are the phonon modes of PbS. They have
been assigned previously to the longitudinal optical (LO) mode
(196, 235 sh cm�1) and its first overtone (2LO, 450 cm�1) [17,18,22].
Two-phonon scattering may also contribute to the band at
450 cm�1 [17]. The band at 312 cm�1 does not originate from
PbS phonon modes, but is assigned to Pb-oxide species Pb3O4 [25–
27], which in addition show a characteristic doublet in the
450 cm�1 region that may overlap with the 2LO PbS mode [28]. To
validate band assignment for our experimental conditions (room
temperature, 632.8 nm excitation), we have recorded reference
(conventional) Raman spectra of PbO2 and PbSO4 powder
(Supplementary information, SI, Fig. SI1) that exhibit bands at
287 and 384 cm�1, and at 238, 443, 614 and 980 cm�1, respectively.
The PbS powder reference gave weak signals at 234 and 460 cm�1.
We conclude that for sample A, the PbS QDs are largely intact, i.e.
only little oxidative degradation has occurred during sample
preparation in the glove box.

Sample B (Fig. 1b, dark gray) exhibits the same bands as sample
A, albeit with different relative intensities. Particularly, the
shoulder at 235 cm�1 is of much higher relative intensity, namely
similar height as the (normalized) peak at 196 cm�1, in obvious
contrast to sample A. The relative Pb-(sulf)oxide spectral
contributions at 312 and 430–460 cm�1 have increased compared
to sample A. Furthermore, a new band is present at 614 cm�1 (not
to be confused with the small substrate background variation at
600 cm�1, present also for sample A and the SERStrate reference),
which can be assigned to PbSO4 species according to our powder
reference data and literature on bulk PbS oxidation [28,29]. We
wish to remark that the absolute intensity of the 196 cm�1 band in
sample B is less than half the one of sample A (raw data not shown),
which can be attributed to an increased degree of PbS degradation
where the LO phonon mode is much less prominent, indicating
lower sample crystallinity. However, the surface coverage of
isolated PbS QDs on the moderately inhomogeneous SERStrates is
very low as can be seen from the SEM images of the substrates
before and after QD sensitization (Fig. 1e, f). Hence, the SERS
enhancement is likely to vary from sample to sample and we
refrain from discussing absolute intensity differences between the
samples for the other modes. Note that all our samples show high
spot-to-spot reproducibility of relative peak intensities. The
relative band intensities analyzed for the most prominent
196 cm�1 and 312 cm�1 bands show only 3.7%, 8.9% and 1.1%
variation between 3 different spots each in samples A (Fig. SI2a), B
(Fig. SI2b) and C(Fig. SI2c) respectively.

For sample C, measured in air, (Fig. 1c, black), the low-
wavenumber PbS LO peak appears slightly blue-shifted to
210 cm�1, closer to the shoulder at 235 cm�1. This behavior can
be explained by an in-growth of Pb-(sulf)oxide bands at 234 and
287 cm�1 (Fig. SI1b). The bands at 312, between 430–460 and at
614 cm�1, are relatively more intense here than in the spectra of
samples A and B, which indicates further PbS oxidation.
Particularly, the 312 cm�1 peak gained intensity and is approxi-
mately the same height as the 196 cm�1peak.

To understand the influence of the Raman excitation beam on
the chemical state of the PbS QD samples, we recorded time series
at low laser power of 0.15 mW. The laser beam was focused to a
spot size of approximately 500 nm in diameter that amounts to a
power density of 1.8 � 109W/m2. Fig. 2 shows representative time
e of PbS quantum dot oxidation, Vib. Spectrosc. (2016), http://dx.doi.
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Fig. 2. Representative SERS time series of PbS/Au samples A (a, light gray), B (b, dark
gray) and C (c, black) with 30 raw spectra recorded at the same focus spot with
0.15 mW power and 10 s integration time per spectrum. One individual spectrum is
highlighted in each series to better visualize the respective fluctuations. The thick
dotted line indicates the dichroic-filter cut-off at 156 cm�1.
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Fig. 3. Power-dependent SER spectral signatures of PbS/Au samples A (a), B (b) and
C (c) recorded at the same sample spots, respectively. The laser power was increased
stepwise from 0.15 mW (light gray) to 2 mW (black) with 10 s spectral integration
time. The arrows are a guide to the eye for spectral changes occurring with
increasing laser power. All spectra are presented after background subtraction and
normalized to the signal intensity at 196 cm�1. The Raman band of the SERStrate Si
needle support is marked with an asterix (*). The thick dotted line indicates the
dichroic-filter cut-off at 156 cm�1.
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series for the three different samples recorded at the same sample
spots, respectively, over a time of 300 s (10 s integration time per
spectrum, 30 spectra in total per sample). The relative band
intensities do not change with time. Thus, we conclude that the
low-power illumination does not induce further degradation
artifacts and that the recorded SER spectra are fingerprints of the
samples as produced. The overall signal fluctuations are �9%
(sample A), �13% (sample B) and �10% (sample C) of the respective
maximum background-corrected SER signal intensity. The signal-
to-noise ratio for individual spectra is comparable for the three
types of samples (15, 7 and 11 for samples A, B and C, respectively).

Furthermore, we studied the spectral behavior of samples A, B
and C as a function of laser power between 0.15 (light gray) and
2 mW (black) to investigate their photothermal stability (Fig. 3).
Spectra were recorded subsequently at the same sample spots on
each sample. The raw data (Fig. SI3) shows the expected increase in
total SER signal with increasing incident power. Note that the
signal increase does not scale linearly with laser power, but that we
observe a relative signal decrease with increasing laser power for
all sample types (Fig. SI4). Since the employed SERStrate needle
structure is highly sensitive to heating effects, the relative signal
decrease is attributed to a loss in SERS activity of the substrate at
high power densities.

Fig. 3 shows the power series of the three sample types after
background subtraction and (arbitrarily) normalized to the signal
intensity at 196 cm�1 for better comparison. The general spectral
fingerprints of the three different types of samples are preserved
when increasing the laser power from 0.15 to 2 mW. Particularly
sample A (Fig. 3a) shows excellent spectral reproducibility at all
chosen laser powers in the spectral region between 150 and
1000 cm�1. This is an interesting finding because it demonstrates
that preparation at low O2 levels in the 0.5–4 ppm range and ideal
sealing conditions allow fabrication of samples that are chemically
stable, i.e. do not show signs of photo-thermal degradation even
under high-power near-resonant illumination.
Please cite this article in press as: K. Stadelmann, et al., The SERS signatur
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Samples B (Fig. 3b) and C (Fig. 3c) exhibit obvious band
intensity variations in the low-wavenumber region. We observe an
increase of Raman scattering intensity below 196 cm�1. As this
region is close to the dichroic-filter cut-off at 156 cm�1, the actual
band position of this new low-wavenumber band cannot be
determined unambiguously. The intensity increase might be due to
the evolution of a strong phonon mode at 144 cm�1 due to Pb-(sulf)
oxide products as observed by other groups during bulk PbS
oxidation [28,29]. Also, the PbO2 reference spectrum (Fig. SI1a)
shows a sharp increase that is reaching into the filter cut-off,
consistent with previous reports on PbO and PbO2 Raman spectra
with an intense band at 140 cm�1 [26].

In addition, in the spectra of B and C, a new band evolves at
980 cm�1 with increasing power above 0.15 mW. Such a peak is
absent in sample A spectra. This band is also prominent in the
reference PbSO4 Raman spectrum (Fig. SI1b) and consistent with
literature results of PbS oxidation to Pb-sulfate species [21,28,29].
Therefore, it can be employed as an additional marker band for the
degree of PbS QD oxidative degradation.

For sample B, the 235 cm�1 shoulder and 312 cm�1 band exhibit
a slight decrease in relative intensities. The intensity variation lies
within the measurement noise as estimated from the time series
fluctuations (Fig. 2). For sample C, we observe a clear signal
increase at around 235 cm�1, which is accompanied by a blueshift
to ca. 255 cm�1, by ca. 20 cm�1 with increasing laser power.
Analogously, the peak at 312 cm�1 increases and exhibits an
apparent redshift to ca. 295 cm�1. Recall that PbO2 exhibits a strong
Raman band at 287 cm�1, (Fig. SI1a). Therefore, the apparent shifts
and signal increase are attributed to PbO2 formation. A similar
e of PbS quantum dot oxidation, Vib. Spectrosc. (2016), http://dx.doi.
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band was observed by Burgio et al. at 274 cm�1 [26], and by
Blackburn et al. at 270 cm�1, who assigned it to a Pb-O-Pb overtone.

To obtain the signature of a fully oxidized PbS/Au sample, we
recorded SERS from sample C under extreme excitation conditions
at 8 mW power and 10 s integration time. The resulting spectrum is
plotted in Fig. SI3c as a thin dotted line. The observed spectral
changes are consistent with the ones discussed above for laser
powers up to 2 mW. Upon increasing photothermal degradation,
the PbO/PbO2 band at ca. 140 cm�1 grows in and causes strong
signal just above the dichroic-filter cut-off. The Pb-oxide 312 and
287 cm�1 bands are more prominent, as are the 614 and 980 cm�1

PbSO4 peaks.
The differences in the spectral signatures of the three different

types of samples investigated here are consistent and can be
explained by an increased level of oxidative degradation of PbS QDs
in the following order: sample A < sample B < sample C. All
samples were prepared from the same degassed (but not water-
free) chemicals in a glove box under N2 atmosphere. Trace amounts
of O2 ranging from 0.5 to 4 ppm were always present. For the two
sealed samples, the relative increase of Pb-(sulf)oxide bands
compared to the PbS phonon modes indicates that less O2 was
present during preparation of sample A than for sample B.
Although a direct quantitative comparison between the O2-level in
the glove box and the Raman band intensities is not possible
because signal enhancement may vary from SERS substrate to SERS
substrate, or even from focus spot to focus spot on the same
substrate, our results still allow us to exploit the trend in relative
band intensity changes as observed from the different samples to
formulate a qualitative rule for recognizing the state of oxidative
degradation of the PbS QDs with SERS.

The most obvious indications for PbS (photo-thermal) oxidation
are the spectrally well isolated Pb-(sulf)oxide marker bands at 614
and 980 cm�1. With ongoing oxidation, these bands similarly
increase relative to the PbS mode at 196 cm�1. In the absence of
these two bands, as is the case for the presented SER spectra
acquired at 0.15 mW, the 196–400 cm�1-region can serve as a very
good indicator for the degradation state of the PbS QDs. The
stronger the 196 cm�1 mode of PbS relative to the region between
250 and 380 cm�1, the less oxidized the PbS QDs are. A valuable
cross-check for the sealing conditions, i.e. the O2-level in the
sealing atmosphere, is the excitation power series. With increasing
power, the photo-thermal degradation markers will become
increasingly visible in the spectra if a sufficient oxidizing agent
is present in the sealed sample. Note that SER spectra recorded
with 785 nm excitation (Fig. SI5) for samples A and C exhibit the
exact same trends as the 632.8 nm excitation spectra discussed in
detail in the main text.

Based on our results, we suggest that SERS measurements can
be used as an in situ control during PbS QD deposition in device
fabrication. If prepared in parallel under the same conditions, i.e.
with the same production history as the photovoltaic device, the
PbS-SERS sample could serve as control for different preparation
stages and allow one to monitor the chemical state of the QDs at
specific sampling points during device fabrication to check on-line
the reagent quality, O2 level in the glove box, sealing quality etc.
SERS substrates of reproducible quality can be commercially
obtained, and experiments are easily performed on a conventional
Raman setup. The results on the SERS signature of PbS QD
oxidation presented in this paper could serve as valuable guide-
lines for the interpretation of such SERS controls.

4. Conclusion

To summarize, we systematically studied PbS quantum dots in
different oxidation states with SERS under near-resonance
conditions. For a sample prepared in the quasi-absence of O2,
Please cite this article in press as: K. Stadelmann, et al., The SERS signatur
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the LO phonon mode of PbS appears very strong at 196 cm�1. With
increasing oxidation, the relative intensity of this peak decreases
while marker bands of Pb-(sulf)oxide species at 290, 312 and 430–
460 cm�1 contribute increasingly to the low-wavenumber region.
Upon ongoing oxidation, spectrally isolated bands at 614 and
980 cm�1 appear that can be assigned to PbSO4. The spectral trends
observed between intact PbS and Pb-(sulf)oxide formation can
serve as a SERS marker signature for the degradation level of PbS
QDs. We suggest our approach could be employed as a simple, fast
method for in situ monitoring PbS QD oxidation levels during
device fabrication.
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