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ABSTRACT: Transparent photovoltaic (TPV) devices have
a number of unique advantages compared with opaque
photovoltaic devices. However, balancing efficiency and
transparency has been difficult. To date, few TPV devices
with PCE over 1% have been demonstrated when the average
visible transmission (AVT) is over 70%. Here, we report a
series of lead halide based TPVs with both increased efficiency
and transparency. The effects of lead halide layer thickness
and composition were systematically studied. Subsequently,
the efficiency, transparency, and stability of lead halide TPVs
were evaluated. Results show that lead halide TPVs with
ultraviolet (UV) wavelength-selective absorption can achieve
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efficiencies over 1% while the AVT is above 70%. This study provides a simple approach to prepare UV-harvesting TPVs with
high efficiency and high visible transparency that are potentially viable as single-junction cells or as a component of

multijunction transparent and opaque cells.

KEYWORDS: lead halide, solar cells, solution-processing, transparent photovoltaic, ultraviolet

avelength-selective transparent photovoltaics (TPVs)

focus on converting invisible light to electric power
while allowing the majority of visible light (VIS) to pass
through. This new functionality provides great potential for
deployment in nontraditional applications."”” There are several
primary parameters of interest in TPVs: power conversion
efficiency (PCE), average visible transmission (AVT), and
color rendering index (CRI)." AVT is actually just as
important as PCE since it often defines the minimum
threshold for deploying TPVs in new applications. In addition,
the CRI is another important parameter for the adoptability of
TPVs. Although the PCE of TPVs has been significantly
improved to over 5% (with AVTs between 50%—55%) in just
the past several years,’ much work has been focusing on
semitransparent PVs even though many of the emerging
applications are only enabled at the highest AVTs above 70%
(Figure S1)."” Notably, the efficiencies of TPVs drop sharply
when the AVT exceeds 60%, which highlights the challenge of
improving the efficiency of TPVs with high transparency.

To improve the AVT and CRI of TPVs, decreasing the
absorption of visible light is key. Here we focus on approaching
the highest level of AVT. A few reports have looked to
selectively utilize the ultraviolet (UV) light or near-infrared
(NIR) light absorption materials to produce the highest
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transparency devices." ® A series of organic salts with NIR-
harvesting properties and efficiency up to 0.9% with AVT of
60.4% were demonstrated by our group.” Geiger and
colleagues similarly reported organic based NIR absorbing
TPVs with PCEs between 0.9% and 2.2% and AVT values
(450—670 nm) of 62—66%.° Loo et al. reported a UV-
harvesting organic TPV which achieved an AVT of 60% with a
PCE of 1.5%.” In our previous work, we developed a halide
perovskite based UV-selective photovoltaic device with a PCE
of 0.52% and an AVT up to 73% by exploiting the sharp
wavelength cutoff enabled by tuning the perovskite bandgap
right around the UV—vis cutoff.® However, these previous
efforts to develop highly transparent TPVs have shown that it
is difficult to improve the TPV efficiency over 1% while the
AVT simultaneously exceeds 70% due to the complex film
fabrication process, optical losses, and the large photovoltage
loss in devices, even though the theoretical limits for UV- and
UV—NIR-harvesting TPVs are above 7% and 21%, respec-
tively. Perovskite solar cells with thin and segmented absorbing
layers are viable candidates for semitransparent PVs and TPVs
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Figure 1. Structure and solar cell parameters for Pbl,: (a) Pbl, crystal structure, (b) architecture of lead halide solar cells, (c) short-circuit current,
and (d) power conversion efficiency of opaque Pbl, solar cells prepared by Pbl, precursor solutions with various concentrations. The error bars
show the standard deviation for opaque devices where two batches of devices (7—8 devices for each condition) are used for the standard deviation

calculation.

(Figure S1). However, due to the strong visible absorption of
many perovskite solar cell materials, the ability to achieve good
performance has been constrained at the highest levels of
transparency.9

There are several types of metal halide semiconductors that
exist including bulk semiconductors and metal halide nano-
clusters.'~"* The latter have been introduced to luminescent
solar concentrators (LSCs) and light-emitting diodes (LEDs)
as a phosphorescent material, while the former have emerged
as a byproduct from research on metal halide perovskite solar
cells."' =" Several metal halide semiconductors have already
been used as the light absorber in opaque solar cells, indicating
the potential of metal halide materials in photovoltaic
applications."* ™' Recently, an InI based solar cell (bandgap
of 2.0 €V) was reported by the Mitzi group.'> Although the
device efficiency is only 0.4%, the study still suggests that Inl is
a viable photovoltaic material. Bismuth iodide (bandgap of
1.72 eV) has also been used in solar cells as the light harvest
material, and the efficiency of the photovoltaic devices has
been shown up to 1.2%.'° However, since the bandgaps are in
the visible range, these two metal halide materials are less
suitable as a wavelength-selective light absorber in TPVs.
Stemming from research on lead halide perovskite solar cells,
Pbl, (a common perovskite precursor) was found to function
as a photovoltaic material.'"” While the bandgap of Pbl, (2.4
eV) makes it less suitable for single-junction opaque cells
(Figure $2),"" it has the potential for selectively harvesting UV
light for TPVs, particularly if the bandgap can be increased
closer to 2.7—2.8 eV. Earlier this year, Chu et al. demonstrated
Pbl, as the light absorber for the TPVs with an efficiency up to
O.75%i7with a corresponding AVT of 49%, but with a low CRI
of 77.
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In this work, we demonstrate lead halide based TPVs with
an efficiency over 1%. The thickness and processing of the Pbl,
active layer were first optimized. Chlorine (Cl) and bromine
(Br) doping was also systematically investigated to understand
the ability to modulate the bandgap. While it is anticipated that
such modulation would be possible on the basis of work from
the perovskite field, we demonstrate that such an approach will
work with bulk metal halides (nonperovskite structures) and
show the impact on physical and optoelectronic properties. We
find that although the optical properties vary smoothly with
doping there is a sharp drop in electronic properties with Br
and ClI doping past 10—30%. On the basis of this optimization,
the resulting lead halide TPVs show device PCEs up to 1.22%
with an AVT of 70.7%. Initial device stability was studied to
further understand the impact of compositional doping, where
bromine doping is found to increase lifetime. This work
demonstrates that simple lead halide semiconductors do
indeed have good potential as light-harvesting materials for
TPVs, and can be used to fabricate TPVs with high efficiency
at the highest transparencies. The low cost and simple
processing technique of lead halides provide a potential
approach for TPVs in a variety of applications.

B RESULTS

Pbl, is a well-known precursor material for lead halide
perovskite films that has a hexagonal crystal structure (Figure
1a)."® Pbl, films can be easily deposited on substrates by spin-
coating or thermal evagoration as it is often a precursor layer
for perovskite films,'*™*° and the film thickness can be
controlled by changing the concentration of precursor
solutions or spin-coating speed.'”'® The influence of Pbl,
film thickness on device performance is first investigated in
opaque device structures. Pbl, precursor solutions are prepared
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Figure 2. Optical characterization of lead halide films. (a) Photographs and (b) transmission spectra of lead halide films with various bromine or

chlorine doping ratios (the concentration of lead is 0.3 M).

with concentrations ranging from 1 to 0.1 M. The thickness of
the Pbl, film increases from 9 + 1 to 93 + 2 nm as the solution
concentration increases from 0.1 to 1.0 M (Figure S3). Since
the processing atmosphere can significantly affect the
morphology of Pbl, films,'”*" we adopt the vacuum-assistant
method to prepare highly reproducible and smooth Pbl, films
in this study.22 As seen in Figure S4, scanning electron
microscopy (SEM) images show that Pbl, films are uniform
and smooth with few pinholes. A similar device architecture
from our previous perovskite solar cell research is utilized in
this work (Figure 1b),”* where a thin poly(3,4-ethylenediox-
ythiophene) polystyrenesulfonate (PEDOT) layer acts as the
hole extraction layer and a 20 nm fullerene layer is deposited
on the Pbl, to act as electron extraction layer. A thin 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) layer is
deposited on the fullerene to make ohmic contact with an
80 nm Ag electrode that is thermally evaporated. For the
transparent devices, the Ag electrode is replaced with 5 nm
Ag/60 nm tris(8-hydroxy-quinolinato) aluminum (Alqs) as the
transparent electrode.

Photovoltaic parameters of opaque devices are summarized
in Figure 1 and Figure SS. The device photocurrent density
drops as the Pbl, film thickness increases. We infer that charge
recombination increases with the Pbl, film thickness due to
modest charge collection lengths (or depletion widths) <40
nm. The charge recombination also reduces the open-circuit
voltage (V) of the device where the V¢ of the thickest Pbl,
film is lower than 1.0 V (Figure SS5b). In comparison, the Vi
of the devices with a film thickness around 30 nm is around 1.1
V, and the highest V¢ recorded is 1.17 V. With only a modest
drop in the voltage at the largest thicknesses, it is unlikely that
there are underlying carrier interface barriers at the electrodes
or the depletion width is larger than 90 nm.”> The average
PCE then shows a maximum value of 1.68% at 0.4 M. This
result is utilized as a guide for TPV fabrication. While we aim
to exploit the sharp bandgap cutoff to more selectively harvest
ultraviolet light, thicker Pbl, films can still decrease the
transparency of TPV device and color rendering due a bandgap
less than 2.75 eV. Thus, the concentration of Pbl, precursor
solutions are constrained below 0.3 M resulting in a thickness
of PbL, film less than 30 nm for TPV devices.

We further demonstrate that the absorption range of lead
halide materials can be modified by doping with various halide
elements, analogous to perovskite films despite the vastly
different crystal structure (hexagonal versus perovskite) and a
more complex doping mechanism.””*~*° This is advantageous
because it can enable precise bandgap modification around the
UV—vis cutoff that we have shown to be critical for the
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optimization of both PCE and AVT in our previous work for
halide perovskites.® Figure 2a shows photographs of Pbl, films
with various bromine or chlorine doping ratios. As Br or Cl
doping increases, the light-yellow color becomes clearer and
lighter. Accordingly, the transparency of the films increases
concomitantly (Figure 2b). Notably, the bandgap of the Pbl,
film changes only slightly (<0.05 eV) when the Br doping ratio
is less than 50%. The same doping effect is observed with Cl
doping when the Cl ratio is less than 30%. However, when the
Cl doping ratio reaches 50%, the bandgap abruptly changes by
0.5 eV (Figure S6 and Table S1). The conductivity and
mobility of both pure Pbl, and doped films are also evaluated.
Figure S7 shows that Br/Cl doping decreases film conductivity
and carrier mobility. The results indicate that the doping
cannot improve the carrier mobility as it does for lead halide
perovskite films.”” Therefore, a low Br/Cl doping level is
needed to maintain good semiconductor performance of the
Pbl, films.

Similar to the morphology of a pure Pbl, film, the doped
lead halide films are also uniform and smooth (Figure S8). X-
ray diffraction (XRD) patterns of Br doped lead halide films
show that the diffraction intensities are enhanced with a molar
doping ratio of 10—50% (Figure S9), which indicates that Br
doping contributes to improved film crystallization. Diffraction
peaks shift to higher 26 angles with increasing Br content
leading to a smaller lattice constant due to the smaller ionic
radius compared to the pure Pbl, lattice. In contrast, the
diffraction intensity of the Cl doped films does not change and
the diffraction peaks do not shift. The differing doping eftects
of Br and Cl indicate a more complex doping behavior of lead
halide materials compared to perovskites, likely due to a lack of
isostructural similarity among Pbl, PbBr,, and PbCl, (the
crystal structures of Pbl, PbBr,, and PbCl, are hexagonal,
polymeric, and orthorhombic, respectively).”**” Owing to the
complex doping effect of the lead halide films, the device
photovoltaic parameters including Voc do not show the
expected change, and the doping mechanism on lead halide
semiconductors warrants further studies. However, the
performance of the corresponding device shows a sharp
reduction when the doping ratio increases above 10% for Cl
doping and 30% for Br doping (Figure S10). The elementary
doping ratio is confirmed by X-ray photoelectron spectroscopy
(XPS) as tabulated in Table S2. Subsequent TPV doping
optimization was then performed around a 10% doping limit
for both Cl and Br doping.

Lead halide TPVs are prepared with bromine or chlorine
doped Pbl, precursor solutions (10%) with the various
solution concentrations of 0.1, 0.2, and 0.3 M. Photographs

DOI: 10.1021/acsaem.9b00270
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Figure 3. Optical characterization of lead halide TPV devices. (a) Photographs of the TPVs. Transmission spectra of (b) Pbl, films and (c) TPVs

prepared by Pbl, precursor solutions with various concentrations.

Table 1. Summary of Photovoltaic and Transparency Parameters for Lead Halide TPVs®

device [Pb] [M] Jse [mA em™2] Voe [V] FF [%] PCE [%] AVT (%) CRI
Pbl, 0.1 1.94 + 0.14 0.998 + 0.03 519 + 1.7 1.00 + 0.06 65.9 87.5
0.2 2.02 + 0.08 1.07 + 0.02 55.0 £ 1.0 1.19 + 0.06 69.2 89.3
0.3 1.88 + 0.05 1.02 + 0.04 532+ 23 1.02 + 0.06 70.7 91.3
PbI, (Bry, 0.1 2.01 + 0.06 1.02 + 0.02 559 + 1.6 1.15 + 0.07 65.8 88.8
0.2 2.00 + 0.0 1.0S + 0.02 551+ 1.5 1.16 + 0.05 69.1 90.2
0.3 1.82 + 0.04 0.966 + 0.01 S1.0 + 3.6 0.929 + 0.08 68.8 91.4
Pbl, «Cly, 0.1 1.92 + 0.09 1.03 + 0.01 547 + 0.9 1.09 + 0.06 64.0 88.7
0.2 1.85 + 0.09 1.07 = 0.02 54.6 + 1.5 1.08 + 0.08 68.8 90.6
0.3 1.72 + 0.02 0.889 + 0.04 552+ 18 0.846 + 0.03 70.5 92.1
“Two batches of devices (7—8 devices for each condition) are used for the standard deviation calculation.
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Figure 4. Characterization of lead halide TPV devices. (a) Photograph of fully assembled (unpatterned) device and (b) transmission (T), reflection
(R), and external quantum efficiency (EQE) spectra of the PbI, jBry, TPV device.

of the fully assembled (unpatterned) TPV devices are shown in
Figure 3a. Quantitative transparency parameters (AVT and
CRI) for the TPVs are summarized in Table 1 including AVT
and CRI. Figure 3b,c shows the transmission spectra of Pbl,
films and TPVs prepared from various concentrations of lead
halide precursor solutions. Figure 3b shows that the trans-
mission of 0.1 M Pbl, film exceeds 80% from 510 to 900 nm.
Accordingly, the 0.3 M Pbl, film shows a peak transmission
around 70%, and as a result, the AVT of TPVs decreases from
68.4% to 63.5%, respectively (Figure 3c). The AVT of devices
increases as the thickness of the Pbl, film decreases. However,
the transparent films obtained from the vacuum assistant
method still ensure that all the AVT values of the TPVs are
greater than 60% (Table 1) with no measurable haze. The high
transparency properties of undoped lead halide TPVs are also
partially attributed to the ultrathin lead halide films, whereas
the doped lead halides can maintain higher transparency for
larger thickness ranges due to bandgaps closer to the 2.7—-2.8
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eV cutoff. For the various lead halide films with the same
precursor concentration, the transmission spectra are close to
each other, especially for the transmission spectra of TPV
devices (Figure S11). For example, all of the transmission
spectra of 0.2 M films are higher than 70% in the range from
515 to 900 nm, and the transmission spectra of TPV devices
exhibit a peak at 520 nm where the transmission exceeds 70%,
resulting in AVTs around 68% for 0.2 M.

To investigate the optical properties, the reflection spectra of
lead halide TPVs are further measured. The Pbl, ¢Br,, TPV
device is used as a representative device to illustrate the optical
properties of doped lead halide TPVs. Figure 4a shows the
photograph of a complete Pbl, sBr,, TPV device taken under
outdoor conditions. The lack of strong coloring is reflected by
the high CRI value (>90). Generally, a CRI value of 90 is the
lower limit for acceptable color alteration to maintain a
“natural color”." Figure $12b shows the transmission spectra of
Pbl, ¢Br,, TPVs, where the drop in transmission between 510

DOI: 10.1021/acsaem.9b00270
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Figure S. Parameters of various lead halide TPV devices: (a) Jsc, (b) Vo, and (c) PCE. Parameters of Pbl, TPVs, Pbl, ¢Br,, TPVs, and Pbl, 4Cl,,
TPVs are shown by black, red, and blue columns with various transparencies for the different concentrations, respectively. The error bars show the
standard deviation for TPV devices, where two batches of devices (7—8 devices for each condition) are used for the standard deviation calculation.

(d) Initial device stability measurement of lead halide TPVs.

and 900 nm compared to that of neat films is mainly caused by
reflection of the top electrode (Figure 4b). With the addition
of one AR coating applied on the glass side, the AVT of
PbI, ¢Bry, TPV increases from 67.5% to 69.1%. The AVTs of
0.1 M-Pbl, and 0.1 M-PbI, ;Cl,, TPVs then exceed 70%.

The EQE of Pbl, ¢Br,, TPV device is also shown in Figure
4b to analyze the necessary consistency checks." The devices
show a maximum EQE up to 35% at 410 nm, so that the
integrated photocurrent from the EQE spectrum is 1.78 mA
cm™2 Combined with a calculated spectral mismatch factor of
1.09, this integrated photocurrent agrees well with the short-
circuit current density (Jgc) extracted from the J—V curve.
Using the photon balance to estimate the internal quantum
efficiency (IQE), the maximum IQE is calculated to be 70.1%
at 465 nm by estimating the total absorption using the photon
balance (A = 1 — T — R). Using the photon balance as a
consistency check, the sum of (T + R + EQE) is lower than 1.0
at every wavelength so that each of these independent
measurements is unlikely to be overestimated."

The photovoltaic performance of lead halide TPVs as a
function of doping and thickness (concentration) is also
systematically studied. The photovoltaic parameters of TPVs
are summarized in Table 1 and plotted in Figure S. The results
indicate that the TPV devices have good reproducibility, and a
majority of devices have PCE over 1%. Figure S5 shows the
comparisons of parameters for both opaque devices and
transparent devices. The opaque Ag electrode can reflect
incident light and results in higher total absorption due to the
“double-pass effect”. With such an effect, the opaque PV can
harvest a larger amount of incident photons compared to the
TPVs with same Pbl, active layer thickness. Therefore, the
photocurrent densities (Jsc's) of opaque PVs are all higher
than those of the TPV devices, which also leads to a modestly
higher PCE of the opaque PVs over TPVs. Overall, lead halide

TPVs are improved in both device efficiency and transparency
with PCE up to 1.22% and an AVT above 70%. To the best of
our knowledge, this result is the first report for a TPV with
both an AVT over 70% and a PCE over 1%. Moreover, by
managing both absorption and reflection, the resulting CRI of
the device is higher than the CRI of the film alone so that the
device also has a more neutral, albeit slightly greenish, color.

AVT is a critically important metric, but CRI (aesthetics) is
often just as important in determining whether a TPV will be
viable in an application. Thus, blue-shifting the absorption
edge outside of the visible spectrum is still a practical strategy
to maximize PCE and CRI at the highest AVT levels, even
though we have only shown modest increases in these
materials. However, another important benefit of this doping
is its impact on lifetime where we demonstrate the potential for
increasing device stability with Br/Cl doping. The performance
stability of unencapsulated TPVs is also evaluated (Figure 5d).
All the devices tested can maintain efficiencies over 80% of the
initial efficiency after 150 h and over 60% after 500 h. Among
the TPVs studied, the Pbl, ¢Bry,, device shows enhanced
stability. This is similar to the results seen with halide
perovskites where Br doping and analogues typically tend to be
more stable (particularly in air) over purely iodide based
compositions.”” We presume that the improvement of film
crystallization also contributes to the stability of the Br doped
TPV device (Figure S9c). Looking ahead, it is likely that good
encapsulation methods will further enhance device lifetimes
well beyond these initial unencapsulated measurements.

In summary, we have developed a series of lead halide TPV
devices with both high efficiency and transparency. The
thickness of the lead halide layer is systematically optimized,
and the bandgap and absorption of lead halide films are also
tuned by doping chlorine and bromine into the pure Pbl,.
While the doping range is limited by sharp device performance

DOI: 10.1021/acsaem.9b00270
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reduction beyond 10% for Cl doping and 30% for Br doping,
this work demonstrates that bandgap tunability is achievable,
albeit with a more complex mechanism, in these materials.
After device optimization the lead halide TPVs are shown to
achieve a PCE over 1.0% while the AVT exceeds 70% and the
CRI exceeds 90. This work reports one of the highest device
efficiencies reported with the highest transparency, which
provides an encouraging path to higher performance TPVs and
multijunction TPVs.

B EXPERIMENTAL SECTION

Materials and Precursor Preparation. Dimethylformamide
(DMF, anhydrous, 99.8%, Aldrich), Pbl, (99%, Aldrich), PbBr,
(99%, Aldrich), PbCl, (98%, Aldrich), Cq (99.9%, MER Corpo-
ration), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, Lum-
tech), and tris(8-hydroxy-quinolinato)aluminum (Alq;, 99.5%,
Lumtech) were used as received. Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT, Clevios PVP Al 4083, 1.3 wt %,
Heraeus) was diluted to 10 vol % with deionized water before use.

To prepare the 1.0 M Pbl, precursor solution, a 461 mg portion of
Pbl, was added to 1.0 mL DMF. The solutions were then stirred for 1
h and filtered with 0.45 pm PTFE filters. The various concentrations
of Pbl, solutions were prepared by diluting the 1 M Pbl, solutions
with DMF.

Device Fabrication. PEDOT solutions were spin-coated onto
precleaned ITO substrates at 6000 rpm for 10 s and then annealed at
110 °C for 2 min. The lead halide precursor solution was spin-coated
on top of the PEDOT film at 6000 rpm for 7 s; it was then moved
quickly into a homemade vacuum chamber, which was evacuated to
the mtorr range, and left in the chamber for 3 min. The substrates
were then transferred to the hot plate and annealed at 80 °C for 2
min. The substrates were then moved into the evaporation chamber
for deposition of Cg (20 nm) and BCP (7.5 nm). Finally, a S nm
thick silver electrode and 60 nm of Alq; were deposited by thermally
evaporated at a base pressure of 3 X 107 Torr through a shadow
mask with a final measured device area of 4.85 mm”. For the opaque
device, an 80 nm silver layer was thermally deposited on the BCP
layer as the electrode.

Measurement and Characterization. The thickness of the Pbl,
film was measured by spectroscopic ellipsometry (Wollam Vase).
UV—vis—NIR transmission and reflection spectra were collected using
a dual beam PerkinElmer Lambda 800 spectrometer. The trans-
mission spectra are measured from the whole device including the
substrate and the PV device, and no reference sample/substrate was
utilized in the reference beam. Generally, the optical baseline between
the test/reference sides of the dual beam spectrometer is first
calibrated to determine the total beam intensity on each side. For the
actual transmission measurement of the TPV device, no blank glass
sample is used on the reference side (just air). The reference channel
of a dual beam spectrometer is generally used to offset the reflections
from a sample container (such as the quartz cuvette). However, this
subtraction cannot be done so easily for thin films due to optical
interference differences. The current density—voltage characteristics
(J—V curves) were obtained using a Keithley 2420 source measure-
ment unit under both dark and AM1.5G solar simulation where the
light intensity was measured using an NREL-calibrated Si reference
cell with KGS filter (xenon arc lamp with the spectral-mismatch factor
of 1.08 + 0.02 for the devices studied). Devices were scanned at a rate
of 50 mV/s. EQE measurements were performed using a QTH lamp
with a calibrated Si detector, monochromator, chopper, and lock-in
amplifier. The IQE was estimated as IQE = EQE/(1 — R — T). The
J—V and EQE were measured on unencapsulated devices/samples in
ambient air. The stability test was conducted on devices without
encapsulation. The devices were stored in the dark in ambient air and
tested under the AM 1.5G 100 mW cm™ irradiation at room
temperature with a relative humidity of 16—40%.
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