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he performances of solar cells incor-

porating semiconductor nanocrystals

(NCs) have dramatically improved in
recent years with power conversion efficien-
cies exceeding 5% and absorbed photon-
to-current-conversion efficiencies above
100% as new ways to utilize these quantum
confined structures have been developed.'?
Improvements in efficiency combined with
versatile solution processability (easy thin
film formation at ambient conditions, incor-
poration into light-scattering and guiding
media, etc.) make integration of NCs into
next generation PVs very attractive.® Type I
band offset nanocrystal heterostructures
(NCHs) with epitaxial junctions between
two different semiconductors exhibit addi-
tional advantages such as ultrafast photo-
induced charge separation® and increased
carrier lifetimes.>® Type II NCHs can be
synthesized in a variety of sizes and shapes
with only minor modifications to the synth-
esis of single-component NCs. Anisotropic
(noncore/shell) type Il NCHs, nanorod het-
erostructures (NRHs) for example, are of
particular interest because each component
has exposed surface necessary for carrier
extraction.” Anisotropic shape also provides
directionality in guiding carriers. With strong
absorption in the spectral range relevant to
solar applications and well-established
synthesis, CdSe/CdTe NRHs are especially
promising PV materials.®~'° The type Il het-
erointerface leads to charge transfer or
charge-separated state (CSS) absorption
with a smaller binding energy penalty for
dissociation and allows lower energy photons
to be captured without sacrificing open
circuit voltage (Vo). Interfacial lattice strain
can lead to further benefits."" For example,
deposition of CdTe onto CdSe NR seeds
could be easily varied from tip only growth
of “linear” NRHs to partial side growth of
highly strained “curved” NRHSs,'? providing
additional means of tuning the band struc-
ture to manipulate photogenerated charges.
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ABSTRACT High-quality epitaxial interfaces and delicate control over shape anisotropy make
nanorod heterostructures (NRHs) with staggered band offsets efficient in separating and directing
photogenerated carriers. Combined with versatile and scalable wet chemical means of synthesis,
these salient features of NRHs are useful for improving both the performance and the cost-
effectiveness of photovoltaics (PVs). However, inefficient carrier transport and extraction have
imposed severe limitations, outweighing the benefits of enhanced charge separation. Hence
integration of type Il NRHs into PVs has thus far been unfruitful. Here, we demonstrate PVs that
utilize NRHs as an extremely thin absorber between electron and hole transporting layers. In the
limit approaching monolayer thickness, PVs incorporating NRHs have up to three times the short
circuit current and conversion efficiency over devices made from their single-component counter-
parts. Comparisons between linear and curved NRHs are also made, revealing the importance of
internal geometry and heterointerfacial area for enhanced contribution of charge-separated state

absorption to photocurrent and in contacting charge transport layers.
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The built-in band offset, directionality in
charge separation, and size/strain-tunable
spectral response are salient features of
CdSe/CdTe NRHs that could lead to signifi-
cant performance advances in PVs. How-
ever, the ability of NRHs to improve PV
performance has yet to be demonstrated
because undesirable aspects such as surface
charge traps and inefficient carrier trans-
port, rather than advantages brought forth
by the type Il interface, can limit perfor-
mance."®> '® Hence, it is critical to identify
the optimal role(s) of NRHs when integrat-
ing them into PVs. With the exception of
quantum dot sensitized electrochemical so-
lar cells, where incompatibility of most NCs
with the corrosive electrolyte is a major
roadblock,'” previous applications of NCs
in PVs used NCs as both a light absorber and
a charge transport medium."'*'® Charge
transport through a NC film is quite ineffi-
cient due to the existence of surface traps
and NC-NC hopping barriers'®~?" in addi-
tion to large charging energies.?? Single-
phase NCs may act as an effective absorber
in polymer—NC (donor—acceptor) bulk het-
erojunction solar cells,”® but once free
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carriers are created, electrons must find a pathway
through interconnecting NCs to be extracted at the
contact. Schottky junction solar cells incorporating NCs
between conductors of differing work functions have
been demonstrated as well** but again rely on ineffi-
cient transport of carriers through the NC film. Signifi-
cant carrier mobilities and improved electrical con-
ductivity have been observed in chemically treated
(via ligand exchange)?®**~2® and doped NC solids.'®%°
Therefore, substantial photocurrents can be observed
in some of these NC solar cells where transport of only
one type of carrier is required. However, the necessity
of transport of both electrons and holes and the
expected discontinuities in the conduction and va-
lence bands that lead to carrier trapping®® make
transport inherently more difficult through a film of
type Il NRHs. Geyer et al. recently found that transport
through films of CdSe/CdTe nanobarbells was domi-
nated by hole transport and was nearly identical to
transport through p-type films of CdTe NCs because it
was dominated by interconnecting pathways of CdTe
domains.'® If CdSe/CdTe NRH films are to be used as
absorbers in solar cells, both electrons and holes need
to be transported (in opposite directions) through the
film.

Hence the key question we seek to address here is
how to exploit the advantages of a type Il band offset in
NRHs while circumventing problems of carrier trans-
port. Through proof-of-concept PVs incorporating nano-
crystal heterostructures (PINCHs), we demonstrate a
3-fold improvement in the overall conversion efficiency
with CdSe/CdTe NRHs when compared to non-hetero-
structured single-component nanorod devices. The
improvement arises from increases in both photovoltage
and photocurrent. Enhanced CSS absorption in curved
NRHs leads to further improvement in photocurrent. The
active layer thickness dependence observed provides
insights into improving PINCH device design.

PINCH: Type 1l NRHs As an Extremely Thin Absorbing Layer.
In order to exploit efficient charge separation in type Il
NRHs without being limited by carrier transport and
extraction, our solar cell design relies on a strategy
similar to the extremely thin absorber (ETA) concept
proposed by Kaiser et al>° In an ETA solar cell, two
wide-gap semiconductors, forming a rectifying junc-
tion and having appropriate band energies, sandwich
an “extremely” thin film of typically intrinsic absorbing
material. Here, our PINCH devices are similar to ETA
solar cells with type Il NRHs, as the absorber. The key
difference is that the NRHs with high-quality epitaxial
heterointerfaces, also act as the charge separator, un-
like ETA solar cells, where charge separation occurs at
the often less well-defined absorber/wide gap semi-
conductor interface. In PINCHs, photogenerated elec-
trons in NRHs are transferred to a wide-gap electron
transport layer (ETL), while holes are transferred to a
wide-gap hole transport layer (HTL). Both ETL and HTL
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Figure 1. (a) Schematic of PINCH device structure. (b) SEM
cross section of an actual device that contains four deposi-
tion cycles of linear NRHs for the absorbing layer. The scale
bar is 2 um. (c) Device band diagram for an ideally aligned
NRH. Band edge positions are approximated based on
reported band energies relative to vacuum level in addition
to the optical band gaps experimentally measured via
absorption spectra. (d) Band diagram for a NRH with a
nonideal alignment.

should be chosen for high conductivity, photostability,
and appropriate band energies to block minority car-
riers. This approach avoids exciton diffusion as the
working principle, is expected to greatly improve ex-
citon dissociation efficiencies, and does not require
carrier transport through multiple NRHs.

As a proof-of-concept, we have fabricated devices
with the layered structure depicted in Figure 1a. A
scanning electron microscopy (SEM) image of the
cross-section of a device is shown in Figure 1b. Four
types of absorber layers, CdSe NRs, CdTe NRs, linear
CdSe/CdTe NRHs, and curved CdSe/CdTe NRHs, have
been compared. As seen in the approximate band
diagram of a NRH device in Figure 1¢, there is a clear
driving force for electrons to migrate toward the
fluorinated tin oxide (FTO) contact and for holes to
head toward the Au contact. The ideal alignment is
then for CdSe to contact TiO, (the ETL) and CdTe to
contact poly(3-octylthiophene-2,5-diyl) (P30T, the
HTL). If a NRH is not appropriately aligned with the
transport layers as shown in Figure 1d, the transport/
blocking layers still prevent the NRH from acting like a
shunt, but carriers may become trapped. We anticipate
a combination of both types of band arrangements in
our devices, where we expect the NRHs to be randomly
oriented.

With the exception of devices fabricated to exam-
ine the layer thickness dependence discussed later, all
devices consist of an absorber NR or NRH layer formed
by a single deposition step from a solution (see Methods),
resulting in approximately 40 nm in thickness (based
on SEM imaging and estimated from optical density
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Figure 2. Absorption, photoluminescence, TEM image (inset), and structural schematic (inset) for the CdSe NRs (a), CdTe NRs
(b), linear NRHs (c), and curved NRHs (d) used in this study. The scale bars of TEM images are 5 nm. Left inset in (c) shows optical
transitions within the type Il CdSe/CdTe band structure, which correspond to CdSe (1), CdTe (ll), and CSS (lll) absorption

features.

using reported extinction coefficients®'). Transmission
electron microscopy (TEM) images of NRs and NRHs
used in this study are shown in Figure 2a—d along with
their absorption and photoluminescence (PL) spectra
in solution. The syntheses are based on previous
reports® in which CdSe or CdTe is grown epitaxially
on seed CdSe NRs (or CdTe NRs for the CdTe only case)
in a single pot (see Methods). The NRs and NRHs are
recapped with pyridine and dissolved in a solution of
methanol and pyridine for deposition onto device
substrates.

The photocurrent action spectra (photocurrent re-
lative to incident photons), also known as external
quantum efficiency (EQE), of all four types of devices
are plotted in Figure 3a—d. Features corresponding to
exciton transitions are visible in the photocurrent,
indicating that, through all device processing steps,
quantum confinement is maintained. Absorption spec-
tra of films of NRs and NRHs even after drying in a
vacuum oven further confirm quantum confinement
effects to be maintained (Supporting Figure S1). CdSe
and CdTe NR control devices exhibit expected beha-
vior in their photocurrent action spectra. The zero-bias
photocurrent peak at the photon energy corresponding
to the first exciton transition peak of CdTe is missing in
both the CdTe NR control device and linear NRH device.
These results are consistent with what has been ob-
served in layered CdSe/CdTe NC PV cells previously
reported.'® This reduced contribution of direct CdTe

MCDANIEL ET AL.

excitation is likely caused by electron traps arising from
CdTe surface oxidation which competes with the elec-
tron transfer across the heterointerface. Although the
broad absorption feature near the CdTe first exciton
transition makes it difficult to distinguish, we suspect
the same effect is occurring in the curved NRH devices.
These results indicate that photoexcitations that lead to
both electrons and holes being generated in the CdTe
region of NRHs are not very beneficial to PV perfor-
mance. However, the key result is that devices incorpor-
ating curved NRHs exhibit significant photocurrent
responses in the red tail of the spectrum which arises
from CSS excitation at the heterointerface. Unlike the
previous report of a layered device geometry consisting
of CdSe NCs, linear CdSe/CdTe NRHs, and CdTe NCs,'®
photon energy absorbed directly into spatially sepa-
rated excitons in our NRH devices do contribute sig-
nificantly to the photocurrent, particularly in the case of
the curved NRHs. The greater interfacial area leads to a
larger CSS absorption cross section in the curved NRHs
(Figure 2d) than in the linear NRHs (Figure 2c). The
weakly bound electrons and holes in the CSS are more
likely to be efficiently converted to free carriers
that contribute to photocurrent. Further, large CSS
absorption allows for low-energy photons (sub band
gap of each component) to significantly contribute to
photocurrent with minimal reduction in open circuit
voltage, which is, in principle, determined by the band
energies.
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Figure 3. External quantum efficiency (EQE) of devices
formed from single deposition cycle (~40 nm film) coating
of recapped CdSe NRs (a), CdTe NRs (b), linear NRHs (c), and
curved NRHs (d) and the corresponding as-synthesized
solution absorption spectra.

JV Characteristics. Having established that CSS transi-
tions in NRHs can meaningfully contribute to PV per-
formance in our PINCH devices, we compare current
density versus voltage (JV) characteristics of the four
devices under AM 1.5G simulated sunlight (100 mW/cm?)
in Figure 4. The devices exhibit good diode-like beha-
vior in the dark, and all NR and NRH devices out-
performed the control device consisting of a direct
TiO,/P30T interface (Supporting Figure S2). The high-
est V. is observed in devices with linear NRHs (~0.60 V)
followed by curved NRHs (~0.50 V), CdTe NRs (~0.40 V),
and then CdSe NRs (~0.10 V). The maximum V. for
these devices is set by the difference in the quasi-Fermi
levels between the ETL and HTL. An upper limit for the
quasi-Fermi level difference can be determined by the
ETL (TiO,) conduction band to HTL (P3OT) valence
band offset, which is approximately 1.1 V. Less than
the maximum possible V,. reflects recombination
processes present in the cell. The lowest V. observed
in the CdSe NR control device may be explained by
inefficient charge separation occurring at the CdSe NR/
transport layer interfaces, which leads to greater re-
combination. Low short circuit current density (Jo) in
the CdTe NR device may be due to oxidation-induced
electron traps. The higher V. in the CdTe NR device
than the larger band gap CdSe NR device may be
attributed to a larger driving force (conduction band
offset) for electron transfer from CdTe to TiO,,*? thus
reducing recombination. Devices incorporating NRHs,
which are inherently good at charge separation, ex-
hibit significantly better performance than the single-
component NR control devices (higher V. and Jsc). The
conversion efficiencies in the linear and the curved
NRH devices are similar and roughly triple the CdTe
devices. The improvement is even greater when com-
pared with devices using CdSe NRs (7 times or better).

While the thinness of NRH films (only slightly thicker
than the average length of individual NRHs) removes
the necessity of inefficient transport through multiple
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NRHs, carrier extraction, especially electron extraction,
may be expected to be problematic due to CdTe
surface oxidation leading to electron traps.'® Increased
Jsc and V¢ in PINCH devices incorporating NRHs indicate
that direct contact with transport layers can effectively
compete with potential carrier trapping at the NRH
surface. In particular, electron transfer to TiO, from
NRHs should be more efficient than in single-compo-
nent NR cases. In devices consisting of only CdSe NRs
as the absorbing layer, surface oxidation induced elec-
tron traps are not as problematic, but charge separa-
tion, which should occur at the NR—transport layer
interface, is expected to be less efficient due to inter-
facial recombination sites. Furthermore, charge trans-
fer into the transport layer needs to overcome large
exciton binding energies in CdSe NRs, whereas elec-
trons are already separated from holes in type Il NRHs.
In CdTe NR only control devices, a similar exciton
dissociation problem is also present. While surface
oxide electron traps may enhance local charge separa-
tion, they would compete with electron transfer into
TiO,. In photoexcited NRHs, which have relaxed to the
CSS, electrons are already separated from the holes
and localized in CdSe (away from CdTe surface electron
traps). Therefore, electron extraction into TiO, can
compete effectively with trapping at the CdTe surface.
Significantly higher J;. in devices incorporating curved
NRHs than in those with linear NRHs may be explained
by the fact that curved structures absorb more
strongly, especially in the red tail of the spectrum
corresponding to the CSS transition.

While Js. and V. both improve, NRH devices exhibit
a somewhat unusual inflection point in their JV char-
acteristics, which then leads to a lower fill factor. One
explanation for the inflection point at ~0.3 Vs that this
is where the misaligned NRHs (i.e., when CdSe and
CdTe contact the wrong transport layers as shown
schematically in Figure 1d) contribute to the PV re-
sponse. At low biases (<0.3 V), misaligned NRHs do not
contribute or contribute weakly to photocurrent due to
charges being trapped within the NRHs (Figure 1d):
CdSe-HTL and CdTe-ETL band offsets prevent carrier
injection from transport layers into NRHs and therefore
the subsequent recombination. When there is a large
enough forward bias, charges in the transport layers
can now overcome the barriers imposed by NRH-
transport layer band offset and be injected into the
misaligned NRHs, where they recombine and counter
the photocurrent. Given that the conduction band
offset between TiO, and CdTe is about 0.4 V, the
inflection point appearing at ~0.3 V is consistent with
a “threshold” external bias needed for electron injec-
tion from ETL into the misaligned NRHs, leading to
recombination with photogenerated holes. Assuming
random orientation, the chance for contact formation
with the wrong transport layer should be about the
same as the favorable contact formation in curved
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Figure 4. Current density (J) versus voltage (V) character-
istics for devices fabricated from one deposition cycle
(~40 nm film) of recapped CdSe NRs, CdTe NRs, linear NRHs
(I-NRHs), and curved NRHs (c-NRHs) under 100 mW/cm? AM
1.5G filtered light. The values of the open circuit voltage
(Voo), short circuit current (Js.), and fill factor (FF) from each
curve are shown in the inset.

NRHs, where a significant amount of CdTe deposits on
the sides of the seed CdSe NRs. On the other hand,
different orientations of linear NRHs with CdTe only at
the tips (i.e., more anisotropic shape) may lead to a
larger number of distinct but less effective configura-
tions in contacting the carrier transport layers, which in
turn may make the inflection point in the JV character-
istics less prominent at the expense of reduced photo-
current. Hence methods to properly align NRHs should
lead to significant improvement in PV performance for
both types of NRHs.

Divergent Effects of Increasing Film Thickness. In addition
to improving NRH alignment, the amount of absorbing
material can be optimized to enhance PV performance.
Our current device design with a ~40 nm thick NR or
NRH absorbing layer is only absorbing <10% of the
incident light near the band edge transitions, which is
far from optimal. The simplest approach to achieving
more absorption is to increase the thickness of the
absorbing layer. Additional NR/NRH deposition cycles
lead to increasing absorbance (Supporting Figure S3),
consistent with thickness increase observed by SEM
(Supporting Figure S4) and a reduction in the dark
current. For the devices incorporating single-compo-
nent NRs, this additional thickness leads to more
photons being absorbed, and the photocurrent in-
creases as does the photovoltage (Figure 5a and b).
These enhancements are more pronounced in CdSe
NRs since surface oxidation of CdTe is expected to
leave additional electron traps that counteract in-
creased photon absorption.'® Conversely, for both
the curved and linear NRH PINCHs, additional deposi-
tion cycles lead to significantly reduced photocurrent,
while the V. remains unchanged (Figure 5cand d). The
decrease in photocurrent is consistent with the ex-
pectation that a thicker film of NRHs would lead to
energy barriers for carrier transport, which reduces the
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Figure 5. Absorber film thickness dependence of JV char-
acteristics for devices fabricated with one, two, and four
deposition cycles of CdSe NRs (a), CdTe NRs (b), linear NRHs
(c), and curved NRHs (d), contrasting the effect of increasing
absorbing layer thickness on performance of NR- vs NRH-
based devices. The corresponding absorption spectra of
these devices following each deposition cycle are shown in
Supporting Figure S2.

number of carriers that can be extracted prior to
recombination. Note that the thickness of ~40 nm
arising from a single deposition cycle is only slightly
larger than the average length of the NRHs (~33 nm).
The reduction in photocurrent with NRH film thickness
emphasizes the importance of having both the ETL and
HTL in close proximity to (in contact with) an absorbing
NRH for extracting photocurrent, i.e., to avoid transport
through multiple NRHs where type Il band offset related
traps (in addition to surface traps) can make transport
highly inefficient.

CONCLUSIONS

Many studies of type Il NRHs have been motivated
by solar energy applications, yet few have actually
incorporated these structures into devices'>'>'¢ and
none have demonstrated an improvement over single-
component NR-based devices. With our relatively sim-
ple device design, we have shown that CSS transitions
arising from type Il band offset in NRHs can contribute
substantially to PV performance improvement. Our
results also point to areas for improvement in device
design. The thickness effects indicate that in order to
exploit type Il NRHs in solar cells, they need to serve as
absorbers but not as charge transport media. Lower
FFs, most likely arising from NRHs being misaligned
with transport layers, suggest the need for improve-
ment in the NRH deposition process to maximize
contact between the CdSe (CdTe) component and
ETL (HTL). Interestingly, curved NRHs with a significant
amount of CdTe grown on the sides of CdSe seed NRs
exhibit better performance than the linear NRHs when
deposited randomly. Since our current device design
does not fully utilize incident photons, increasing the
number of NRHs in the absorption layer is necessary.
This increase should be achieved by conformally

VOL.5 = NO.9 = 7677-7683 =

ACKR AN TS

WWwWW.acsnano.org

7681



coating a high surface area ETL (or HTL) and infilling
with the HTL (or ETL) to avoid problems of carrier
transport through multiple NRHs. Given that NRHs
do not substantially penetrate a mesoporous TiO,
ETL of ~25 nm average diameter, simply increas-
ing the TiO, pore size may lead to a significant
improvement.

Optimizing the internal structure of individual NRHs
to promote CSS absorption can also greatly enhance
PV performance. Nearly a factor 2 larger J;. observed in
curved NRH devices (over the linear NRH devices)
is indicative of this importance. In addition to the

METHODS

Synthesis of NRs and NRHs. The single-pot syntheses are based
on previous reports,®'? and the details can be found in the
Supporting Information. Briefly, CdSe seeds (for CdSe NRs, linear
NRHs, and curved NRHs) and CdTe seeds (for CdTe NRs) were
formed by swiftly injecting TOP-(Se or Te) into a degassed
solution of TOPO and ODPA-Cd at 320 °C (TOP = trioctylpho-
sphine, TOPO = trioctylphosphine oxide, and ODPA = octadecyl
phosphonic acid). Upon injection, the temperature was rapidly
quenched to 260 °C, where the seeds were grown. After
growing the seed NRs for 20 min, TOP-(Se,Te) was slowly
injected via a syringe pump over 15 min to extend the growth
of NRs further or to form the second component of the linear
NRHSs. For curved NRHs, TOP-Se was injected at 300 °C. The NRs
and NRHs were then cleaned twice by dissolution in chloroform
and precipitation with a butanol/methanol solvent mixture to
remove any excess OPDA, ODPA-Cd, and TOPO. Finally, the NRs
and NRHs were recapped with pyridine.

Device Fabrication. FTO-coated glass substrates were cut into
2 cm x 1.1 cm pieces, then cleaned by sonication in acetone
and rinsed with DI water and 2-propanol. Dense TiO, (200 nm)
was deposited onto the substrates at 400 °C by spray pyrolysis
(8.58 mL of ethanol, 0.82 mL of acetylacetone, and 0.59 mL of
titanium(IV) isopropoxide per substrate). The dense TiO, was
removed from one edge of the FTO/glass substrate with a razor
blade to expose the back contact. A ~1.5 um thick layer of
mesoporous TiO, (Dyesol paste) was screen printed with a 90T
mesh and sintered at 500 °C in air with the following heat
treatment: room temperature to 500 °C at a rate of 3 °C/min,
held at 500 °C for 1 h, then 500 °C to room temperature at a rate
of —5 °C/min. The heat-treated substrates were dipped into
pyridine recapped NR or NRH solutions (see Supporting
Information) and dried with N, flow after excess solution was
wicked away with a paper wipe to produce a film that was
optically homogeneous. We define this procedure to deposit NR
or NRH film from solution as one deposition cycle. For thicker
films, additional deposition cycles were carried out as indicated.
After NR or NRH film deposition, a ~30 nm film of P30T was
then spin coated at 2000 rpm in air from a prepared solution of
34 mg of P30T in 0.29 g of chloroform and 12.6 g of xylenes. The
devices were then baked in a vacuum oven (~100 Torr) at 100
°C for 24 h. A 100 nm Au top contact was deposited by electron
beam evaporation at 0.5 A/s at 5 x 10~ ° Torr using a shadow
mask. The active area of each device was 0.283 cm?.

Characterization. Transmission electron microscopy samples
were prepared on Cu grids with a thin carbon film from a dilute
solution of NCs in chloroform. TEM analysis was carried out with
aJEOL 2100 TEM operating at 200 kV. HRTEM and STEM analyses
were carried out with a JEOL 2200 aberration-corrected STEM/
TEM operating at 200 kV. SEM images were taken with a Hitachi
S-4800 at 10 kV. Cross sections were prepared from samples
using a glass cutter; then Pd/Au was sputtered onto the cross
section to reduce charging. UV—vis absorption spectra were
obtained with an Agilent 8453 photodiode array spectrometer.
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increasing heterointerface area and improving NRH
morphology to optimize proper contact with ETL and
HTL, lattice strain within NRHs may also be an impor-
tant factor. For example, highly strained curved NRHs
exhibit much lower PL efficiency than linear NRHs
(Figure 2), which may arise from enhanced and long-
lived charge separation (and thereby reduced radiative
recombination) due to band offset/band structure
modification by interfacial strain. Further work is
needed to understand carrier dynamics in such
strained NRHs to determine what role(s) strain might
play in charge separation and extraction.

Photoluminescence spectra were collected with a Horiba Jobin
Yvon FluoroMax-3 fluorometer. Dark and light JV curves were
measured immediately after device fabrication using a Keithly
2400 source meter. The measurements were taken at 0.01 V/
step, 1 s/step. Simulated sunlight at 100 mW/cm? was gener-
ated by a Newport solar simulator with an AM 1.5G filter.
External quantum efficiency was measured with an OL 750
spectroradiometer under a light bias. Measurements were
taken in steps of 10 nm with a 1—2 s delay between steps.
The chopper frequency was set to 41 Hz.
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