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Ambient Layer-by-Layer ZnO Assembly for Highly Efficient

Polymer Bulk Heterojunction Solar Cells

Mohamed Eita, Abdulrahman El Labban, Federico Cruciani, Anwar Usman,

Pierre M. Beaujuge, and Omar F. Mohammed*

The use of metal oxide interlayers in polymer solar cells has great potential
because metal oxides are abundant, thermally stable, and can be used in
flexible devices. Here, a layer-by-layer (LbL) protocol is reported as a facile,
room-temperature, solution-processed method to prepare electron transport
layers from commercial ZnO nanoparticles and polyacrylic acid (PAA) with

a controlled and tunable porous structure, which provides large interfacial
contacts with the active layer. Applying the LbL approach to bulk heterojunc-
tion polymer solar cells with an optimized ZnO layer thickness of =25 nm
yields solar cell power-conversion efficiencies (PCEs) of ~6%, exceeding the
efficiency of amorphous ZnO interlayers formed by conventional sputtering
methods. Interestingly, annealing the ZnO/PAA interlayers in nitrogen and air
environments in the range of 60-300 °C reduces the device PCEs by almost
20% to 50%, indicating the importance of conformational changes inherent
to the PAA polymer in the LbL-deposited films to solar cell performance. This

To produce printable, portable, and
flexible bulk heterojunction (BHJ) solar
cells, the development of efficient, inex-
pensive, and high-throughput fabrica-
tion methods is critically important. A
number of methods to fabricate BH]J
solar cells already exist, including high-
vacuum deposition systems, solution
processing, and direct chemical deposi-
tion on device substrates.>'*1 Because
solution processing is amenable to the
formation of an interpenetrating donor—
acceptor network, while also being a cost-
effective approach, it is one of the most
promising approaches to large-scale BH]
solar cell modules.>° Among various
solution processable donor—acceptor sys-

1558  wileyonlinelibrary.com

protocol suggests a new fabrication method for solution-processed polymer
solar cell devices that does not require postprocessing thermal annealing
treatments and that is applicable to flexible devices printed on plastic

substrates.

1. Introduction

Thin-film solar cell technologies are being developed for effi-
cient, renewable, and economically attractive large-scale energy
production and to reduce greenhouse gas emissions.'™ The
development of thin-film solar cells has been based on elec-
tron-donor and electron-acceptor materials made from metal
oxides,! small-molecule chromophores,®’l macromolecules,®!
polymers,[>1% and quantum dots.''""13 In donor-acceptor sys-
tems, the energy conversion efficiency is strongly dependent on
the interfacial contact between the donor and the acceptor com-
ponents. The architecture of a solar cell can thus provide an
efficient thermodynamic driving force to dissociate a strongly
bound exciton and to drive electron-transfer processes.
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tems, polymer BHJ solar cells based on
interpenetrating networks of conjugated
polymer and fullerene derivatives as
donor and acceptor materials have exhib-
ited a power conversion efficiency (PCE)
up to =10%.17-20 This dramatic increase
in photovoltaic performance is caused
by the optimization of the morphology of the active layer,
the device architecture, and the interface control of the elec-
tron donors and acceptors. The other important approach to
optimizing the interpenetrating networks and interfacial con-
tacts between the donor and acceptor components is the use
of hybrid polymer-metal oxides, in which the polymer acts as
the light-absorbing component.’>21-24 One of the key issues
associated with the polymer-metal oxide BHJ solar cells is the
high electron mobilities in the inorganic component com-
pared with the modest hole mobilities in the polymer. Efficient
polymer-metal oxide BH]J solar cells have been demonstrated
using ZnO nanoparticles and a conducting polymer, such as
a poly-1,4-phenylenevinylene derivative.'>??l For instance,
under AM1.5 conditions, polymer/ZnO solar cells with short
circuit current densities (Jsc) of 3.3 mA c¢cm™, open circuit
voltages (Voc) of 0.81 V, fill factors (FF) of =60%, and overall
PCE of 1.6% have been reported.” This finding indicates that
ZnO, an n-type metal oxide, possessing a wide direct bandgap
(3.37 eV), an appropriate conduction band, and high electron-
transporting properties, is an effective electron transport layer
(ETL) for inverted polymer solar cells.?>=?] The strong absorp-
tion of ZnO in the UV region with a band edge cut-off at
370 nm is also important to blocking UV light and protecting
the photoactive layer.?®]
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Though ZnO ETL for solar cells generally can be prepared
by various methods, such as atomic layer deposition,!?! electro
deposition,’! spin-coating,>”! spray-coating,*"! and the sol-gel
technique,2%32 it is well known that low-temperature solution-
processed amorphous ZnO layers usually yield poor device
performance with a reported maximum PCE of =3.2%.031 This
indicates that low-temperature processing of ZnO may intro-
duce substantial microstructural and/or morphological imper-
fections into the donor-acceptor network, which could be det-
rimental to many applications. Thus, ordered ZnO nanorods
or crystalline ZnO films with optimized morphological and
microstructural features and high carrier mobilities have been
proposed to improve the performance of conducting polymer-
ZnO nanoparticles (NP) BHJ solar cells.?22>31-33] Recently,
solution-processed amorphous ZnO interlayers prepared at low
temperatures (100 °C) in inverted BHJ solar cells have been
demonstrated to have a power conversion efficiency of =4.1%,
as efficient as solar cells based on polycrystalline ZnO films
prepared at substantially higher temperatures (150-400 °C).34
On the other hand, room-temperature fabrication of ZnO ETL
by spin-coating perovskite solar cells has also been reported,
indicating that even annealing was not required.?® The
marked efficiency of ZnO ETL fabricated at room temperature
is due most probably to its crystal structure, which differs from
the crystal structures fabricated by annealing.?!! These find-
ings suggest that low-temperature, facile solution processing
approaches are possible in the fabrication of BHJ solar cells on
flexible plastic substrates. Under such processing conditions,
however, the interfacial contacts between the donor and the
acceptor units, which are needed to optimize the conversion
efficiency, cannot be controlled. An alternative technique that
can be used to control the interfacial contacts is the room-tem-
perature layer-by-layer (LbL) method. Using this method, we
created porous structures within the ZnO NP layers on which
quantum dots, for example, could be incorporated as the light
absorber layer.!

Here, we describe the assembly and performance of a
ZnO NPs/poly(benzo[1,2-b:4,5-b"|dithiophene-thieno[3,4-c]
pyrrole-4,6-dione) (PBDTTPD)/[6,6]-phenyl Cq; butyric acid
methyl ester (PCBM) BH] solar cell with the device architec-
ture shown in Figure 1. We prepared the ZnO-based ETL by
using a LbL approach based on a ZnO/polyacrylic acid (PAA)
multilayered structure deposited from aqueous solutions. This
approach allowed the ZnO/PAA thickness and the porous
structure to be tuneable.’%] We examined the film build-up
and surface morphology of the ZnO ETL by ellipsometry
and atomic force microscopy (AFM). We made the polymer-
fullerene BH]J device by simply spin-coating an active layer of
PBDTTPD and PCBM onto the LbL-deposited ZnO/PAA thin
film. We note that PBDTTPDs are among the best-performing
polymer donors for BHJ solar cells with PCBM acceptors,
yielding high Vo >0.9 V, high FFs of =70%, and PCEs >6% in
direct device configurations.’’~*3] We used PBDTTPD-based
BH]J solar cells as a model system to show that the perfor-
mance of inverted BH]J devices with ZnO-based interlayers
depends on the thickness of the ZnO layer deposited by the
LbL approach. We show that as-prepared LbL-deposited ZnO/
PAA solar cells yield comparably high figures of merit: Jsc as
high as 12.4 mA cm™2, V¢ of 0.87 V, FF of 55%, and PCE of
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Figure 1. a) The device architecture of a layer-by-layer ZnO NP/
poly(benzo[1,2-b:4,5-b’|dithiophene-thieno[3,4-c]pyrrole-4,6-dione)
(PBDTTPD)/[6,6]-phenyl Cg; butyric acid methyl ester (PCBM) ordered
bulk hetero-junction solar cell. b) The layer-by-layer structure consisting
of multilayers of polyacrylic acid (PAA) and ZnO nanoparticles.

6.0% at an optimized ZnO layer thickness of 25 nm. Interest-
ingly, the performance of our as-prepared BHJ solar cells at
room temperature was better than that of thermally annealed
devices, indicating the importance of conformational changes
of the PAA polymer in the LbL-deposited films to solar cell
performance.

2. Results and Discussion

2.1. Preparation of the ZnO ETL

We prepared thin films of ZnO/PAA ETL under optimized
conditions according to a previously described LbL method for
implementation in polymer BHJ devices.[3** Figure 2a shows
the film thickness as a function of the number of ZnO/PAA
bilayers as measured by ellipsometry, demonstrating a progres-
sive thickness variation starting at 13 nm for one bilayer and
reaching 29 nm for five bilayers. AFM height images for one
and five bilayer(s) are shown in Figure 2b,c, respectively. In
the one-bilayer thin film, the ZnO NPs cover the substrate in
a densely packed manner. In addition, we also measured the
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Figure 2. a) Changes in the thickness and root mean square (RMS)
roughness of the surface with increasing number of bilayers, b,c) AFM
height images of one bilayer and five bilayers of ZnO/PAA thin films,
respectively, on silica substrates.

film thickness by AFM step analysis for comparison, and we
found that the thicknesses of the one and five bilayer samples
is approximated =12 and =30 nm, respectively, (Figure S1, Sup-
porting Information) which are comparable to those measured
by ellipsometry.

The ZnO NPs are irregular in shapes with sizes of
~20 nm as apparent in transmission electron microscopy
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(TEM) image (Figure S2, Supporting Information). whereas
the hydrodynamic radius is 99 nm as measured by dynamic
light scattering (DLS) in solution.** These results suggest
that ZnO NPs are always associated with water and surfactant
molecules, and hence several associated ZnO NPs co-adsorb
together onto the surface as seen in the AFM image. By
increasing the number of bilayers, the nanoparticles tend to
assemble to form a nanoporous structure as seen in the AFM
image in Figure 2c. The surface roughness as measured by
AFM increases as the number of bilayers increases as shown
in Figure 2a. Apparently, the surface roughness is high at a
given film thickness, e.g., the five-bilayer film is 29 nm thick
while its surface roughness is 14.2 nm. The overall thickness
of the film is lower compared to the average particle size of
ZnO NPs. This observation was reported previously and is
due to imperfections in the multilayer structure.**! Adsorp-
tion happens at the beginning of the process in separate
domains. The porous structure is hence formed from the
beginning. By increasing the number of bilayers, the porous
structure grows and thus the overall film thickness is low.
Given that ZnO nanoparticles are granular and not spherical
(Figure S2, Supporting Information), the film build-up is not
a consequence of the particle size in the Z-direction. There
is a three-dimensional build-up of granules that could fit eve-
rywhere in the porous structure rather than growing only in
the Z-direction giving rise to the low thickness reported by
ellipsometry (Figure 2a) and by AFM (Figure S1, Supporting
Information). On the other hand, in such colloidal domain,
smaller charged particles reach the surface easier and faster
than bigger particles. It is obvious then that the overall film
thickness is not necessarily correlated with the ZnO particle
size.

2.2. Fabrication of the Polymer BH] Solar Cells

Thin-film BHJ solar cells with an inverted configuration of
ITO/ZnO/PBDTTPD: PC,;BM/Mo0O;/Ag were fabricated
with ZnO/PAA ETLs prepared by the LbL technique. Cells
with optimized active layers of PBDTTPD:PCBM in a blend
ratio of 1:1.5 (wt/wt) were cast from chlorobenzene (CB)
with 5% (v/v) of the processing additive 1-chloronaphthalene
(CN).

Figure 3a shows the UV-vis absorption spectrum of the BHJ
device. The spectrum shows the absorption peak of ZnO NPs at
=365 nm while the whole absorption range up to 700 nm indi-
cates the absorption of the polymer-fullerene active layer. The
AFM height image (Figure 3b) shows the polymer BH] after
casting the active layer. As is apparent, the active layer filled the
porous structure of the ZnO film. This resulted in a decrease in
RMS roughness of the surface from 14.2 to 8.2 nm of the ZnO/
PAA film before and after coating with the active layer, respec-
tively. Although the pores are mostly filled with the active layer,
the decrease in surface roughness is as not dramatic as in our
previous work with PbS quantum dots (QDs) in which the sur-
face roughness of a 61-nm thick ZnO layer decreased from 18.8 to
1.5 nm upon coating with PbS QDs.? This smaller decrease is
likely due to the fact that the polymer chains are soft and will
follow the surface architecture of the rough ZnO underneath.

Adv. Funct. Mater. 2015, 25, 1558-1564
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Figure 3. a) The UV-vis absorption spectrum of a polymer BH) on top of
a five-bilayer ZnO/PAA thin film. b) The corresponding AFM height image
of the same device showing the active polymer layer covering the surface
of the ZnO nanoparticles and filling the pores in between.

2.3. Solar Cell Performance

Figure 4a shows the efficiency of the as-prepared and annealed
films as a function of the number of bilayers (n). The effi-
ciency results show a strong dependence on the number of
bilayers, until a plateau is reached at four bilayers. A further
increase in the number of bilayers does not induce further
efficiency improvements. Interestingly, as-prepared ETLs yield
PCE values that are approximately a factor of 2 greater than
those of thermally annealed films treated under atmospheric
conditions. As shown in Table 1, as-prepared ETL solar cells
achieved high PCEs of =5.6% (Max.: 6%) with four bilayers
of ZnO/PAA deposited by LbL with a thickness of 25 nm.
These devices combined a FF of 55% and comparably high
Jsc of more than 12 mA cm™. Meanwhile, solar cell devices
with thermally annealed ETLs at 60, 80, 100, 200, and 300 °C
(in a nitrogen atmosphere inside a glovebox) with the same
number of bilayers achieved lower Vo, Jsc, and FF than those

Adv. Funct. Mater. 2015, 25, 1558-1564
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of the as-prepared ETLs. This result indicates that annealing
is not required for ETLs prepared by LbL and that in this case
annealing does not help to improve device efficiency.

Figure 4b shows the efficiencies of devices using as-prepared
LbL and sputtered ETLs as a function of film thickness. Sput-
tered ETLs have a slightly higher efficiency than LbL films at
lower thicknesses, whereas LbL ETLs yield higher efficiencies at
higher thicknesses. Table 2 summarizes the device results with
ZnO-sputtered interlayers. In fact, the maximum performance
achieved with an optimized sputtered thickness of 10 nm is
PCE of =4.6% (Max.: 5.1%). This lower performance compared
with the LbL deposition mainly comes from a lower FF, which
could arise from the difference in the interfacial contact with the
active layer, considering that the surface roughness of a sput-
tered ZnO film is about 2 nm. The current density—voltage (/-V)
curves and the external quantum efficiency (EQE) spectra of
optimized LbL and sputtered ETL-deposited devices are shown
in Figure 4c,d, respectively. The EQE response is the highest in
the range of 350-650 nm, consistent with the distinct onsets of
absorption of the polymers, which are within 65%-70%; this
observation is in agreement with the device Jsc values obtained
(>12 mA cm). Furthermore, the EQE integration of the best
device using sputtered ZnO and solution-processed LBL ZnO/
PAA have values of 12.0 vs 11.8 mA cm™2, respectively, which
are close to the average Jsc obtained on the J-V curve (11.9 £
0.3 and 12.1 £ 0.4 mA cm™2, respectively). The higher PCE of
the solution-processed ZnO/PAA comes essentially from the
higher fill factor with respect to the sputtered ZnO (54 + 1 vs
46 * 3) and the slightly higher V¢ (0.86 £ 0.1 vs 0.84 £ 0.1 V).
This indicates that the estimated PCE of the devices are reli-
able. In Figure 4d, a small difference in the absorption feature
between the ZnO/PAA ETLs prepared by the LbL technique and
that prepared by the sputtering technique was observed in the
UV region. We considered that the spectral mismatch is due to
the absorption of different amounts of ZnO nanoparticles in the
ZnO ETL prepared by the two techniques.>®!

Thermal annealing of ZnO ETL in air or in a glovebox
resulted in lowering the solar cell efficiency as seen in
Figure 4a. To understand the underlying reasons, we con-
ducted X-ray photoelectron spectroscopy (XPS) and attenuated
total reflection Fourier-transform infrared (ATR-FTIR) experi-
ments on the ZnO/PAA thin films before and after annealing
in air. As can be seen in Figure S3 (Supporting Information),
no change in the bandgap of the ZnO NP is observed upon
annealing. In addition, AFM height images do not exhibit a
pronounced morphology or surface roughness change before
and after annealing (see Figure S4, Supporting Information).

XPS Cls spectra (Figure 5a) show that the ZnO/PAA film
has about 10% less overall carbon content after annealing.
It should be noted that the degradation of PAA has been
reported to start partially (=7%) at 300 °C.*I Tt is well known
that steady-state infrared experiments can give insights into
the local interactions between donor and acceptor moieties.*®!
Figure 5b shows clearly that the carboxylate group is broad-
ened (due to charge delocalization) and downshifted by about
11 cm™! after annealing, providing a clear signature for the elec-
trostatic binding of the free carboxylate to the surface of ZnO
NPs. Here, we infer that before annealing, these free carboxy-
lates with their negative charges drive the electrons to the ZnO
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Figure 4. Inverted BH) solar cells fabricated from the PBDTTPD derivatives, under AM1.5G illumination; cast from CB, with 5% (v/v) CN additive
showing a) solar cell PCEs of the as-prepared and annealed ETLs as a function of the number of layers, b) PCE as a function of ETL thickness, c) char-
acteristic J~V curves and d) external quantum efficiency (EQE) spectra of sputtered and LbL ZnO/PAA ETL-containing devices.

surface by means of repulsion forces. After annealing, confor-
mational changes take place in the polyelectrolyte chain, and
some of the free carboxylates bind electrostatically to the ZnO
surface as indicated in the IR data, thus decreasing the effec-
tive repulsion force to drive the electrons to the surface of the
ZnO layer. In addition, because of the binding mode and the
conformational changes in the polyelectrolyte chain, it can be
assumed that some of the active sites on the surface of the ZnO
NP are no longer available as a pathway for the electrons to per-
colate. Electrostatic binding of free carboxylate together with the
increased oxygen defects after annealing in air could contribute
to the decreased device efficiency of the corresponding devices.
It is worth pointing out that the device efficiency is also lower

Table 1. PV performance of the PBDTTPD in inverted BH) devices with
PC;;BM and LbL ZnO/PAA ETL after light soaking.

Annealing Jsc Voc FF Avg. PCE Max PCE
[mA cm™?] | [%] [%] %]
None 121+£0.4 0.86+0.1 54+1 5.6 6.0
60°C/1h 11.2+£0.3 0.83£0.1 46+3 43 4.7
80°C/Th 12.0+£0.2 0.74+0.1 39£3 3.4 3.6
100°C/1h 11.6+0.3 0.64+0.1 40+ 4 3 3.4
200°C/1h 11.3£05 0.77+0.1 49+ 4 43 4.7
300°C/1h 11.1+04 0.81+0.1 53+3 4.8 5.3

after annealing in a nitrogen environment compared to that of
the as-prepared film, but higher than that of the air-annealed
film, indicating that oxygen defects created after annealing in
air can be considered as a major source of trap states, resulting
in the low conversion efficiency after annealing.

3. Conclusion

In conclusion, we have shown that the layer-by-layer assembly
of ZnO NPs and PAA under ambient conditions is a simple and
effective approach to efficient inverted BHJ polymer solar cells.
Following this approach, we demonstrated devices with =~6.0%
PCE, exceeding the PCE values of devices with ZnO interlayers
deposited via conventional sputtering methods. Depositing
ZnO interlayers by the LbL approach is advantageous over

Table 2. PV performance of the PBDTTPD in inverted BH| devices with
PC;;BM and sputtered ZnO after light soaking.

ZnO sputtered Jsc Voc FF Avg. PCE Max PCE
thickness [nm] [mA cm™ I\ [%] (%] (%]
5 11.9+04 0.78+0.1 44%£5 4.1 4.8
10 11.9+03 0.84+0.1 46=+3 4.6 5.1
15 11.7£03 082+0.1 42+4 4.0 4.6
20 11.3£05 082+0.1 46+4 4.2 4.9

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Cl1s XPS spectra of a four-bilayer ZnO/PAA as-prepared and
annealed thin film at 300 °C in air for 1 h; b) ATR-FTIR spectra of the
as-prepared and annealed ZnO/PAA films showing the band of the free
carboxylate group.

other methods because it does not require any postprocessing
thermal annealing step and, in turn, it is applicable to flexible
devices. In addition, the use of aqueous solvents minimizes the
environmental footprint of the deposition process. The LbL-
deposited ZnO/PAA platform is expected to be applicable to
any inverted polymer-fullerene BH]J device as well as to other
solar-cell architectures.

4. Experimental Section

Preparation of ZnO ETL: The solar cells were prepared on glass
substrates with tin-doped indium oxide (ITO, 15 Q sq™') patterned on
the surface. The substrates were first immersed in an ultrasonic bath of
diluted Extran 300 for 15 min, then rinsed in flowing deionized water for
5 min before being sonicated for 15 min in 0.1 m NaOH solution and
rinsed with ultrapure water. This was followed by sonication in successive
baths of isopropanol and acetone for 15 min each. Finally, the substrates
were dried with pressurized nitrogen. Next, 0.5 g L' solutions of
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polyallylamine hydrochloride (PAH) (15 000 g mol™") and polyacrylic acid
(PAA) (15 000 g mol™, 35% as sodium salt in water) were prepared in
ultrapure water with the addition of 0.1 m NaCl. The ZnO NP dispersion
(stabilized by cationic surfactant 3-aminopropyl triethoxysilane, 50 wt%
in water, size < 100 nm) was diluted at a concentration of 0.1 wt% in
ultrapure water. All chemicals were purchased from Sigma-Aldrich. For
the LbL coating, substrates were first immersed for 20 min in PAH
solution in order to coat one PAH layer to facilitate adsorption of the
negatively charged PAA. The LbL coating was followed by immersion of
substrates for 10 min in PAA and ZnO dispersions and consequently
with three rinsing steps in ultrapure water for 2 min each. Finally, the
films were dried with nitrogen after completion of the immersion cycles.

Characterization: The size of ZnO NPs was determined from TEM
imaging. Thicknesses and refractive indices of thin films were measured
by a spectroscopic ellipsometer (M2000, J. A. Wollam Co. Inc.) at variable
incidence angles of 55°—65° with increments of 5°. The thicknesses and
refractive indices were calculated by fitting the data to a Cauchy model.1”}
AFM images were recorded (Dimension lcon microscope, Veeco) in the
tapping mode under ambient conditions. Additionally, the thicknesses of
the thin films were measured by AFM step analysis. Absorption spectra
were recorded by a Cary5000 spectrometer (Agilent Technologies).
XPS studies were carried out in a Kratos Axis Ultra DLD spectrometer
equipped with a monochromatic Al Ko X-ray source (1486.6 eV)
operating at 150 W, a multichannel plate and delay line detector under
a 1.0 x 107 Torr vacuum. Binding energies were referenced to the Cls
binding energy of adventitious carbon contamination, which was taken
to be 284.8 eV. ATR-FTIR spectra were recorded on an FTIR spectrometer
(Thermo iS10), reflectance cell from (HARRICK VariGATR).

Device Fabrication: All active layer solutions were prepared in a glovebox
using PBDTTPD and PC;BM purchased from SOLENNE. PBDTTPD
and PC;;BM were dissolved in chlorobenzene (containing 5% (v/v) of
1-chloronaphthalene (CN) additive) and the solutions were stirred overnight
at 110 °C. Optimized devices were prepared using a PBDTTPD:PC;,BM in
a ratio of 1:1.5 (by weight), with a concentration of 20 mg mL™". The effects
of various solvents, solution concentrations, additive concentrations, and
blend ratios on device performance were examined. The active layers were
spin-cast from the solutions at 90 °C at an optimized speed for 45 s, using a
programmable spin coater from Specialty Coating Systems (Model G3P-8),
resulting in a film thickness of 100-120 nm. The samples were then dried
at room temperature for 1 h. Next, the samples were placed in a thermal
evaporator to evaporate the 4 nm thick molybdenum oxide at 0.5 A s~ and the
80 nm thick silver electrodes at 3 A s7', at a pressure less than 1 x 1077 Torr.
Following electrode deposition, the samples underwent J-V testing. J-V
measurements of solar cells were performed in a glovebox with a Keithley
2400 source meter and an Oriel Sol3A Class AAA solar simulator calibrated
to 1 sun, AM1.5 G, with a KG-5 silicon reference cell certified by Newport.
The external quantum efficiency (EQE) measurements were performed at
zero bias by illuminating the device with monochromatic light supplied
from a Xenon arc lamp in combination with a dual-grating monochromator.
The number of photons incident on the sample was calculated for each
wavelength by using a silicon photodiode calibrated by NIST.
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