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ABSTRACT: Solar cells based on organometallic halide perovskite absorber layers are
emerging as a high-performance photovoltaic technology. Using highly sensitive photothermal
deflection and photocurrent spectroscopy, we measure the absorption spectrum of
CH;NH;PbI; perovskite thin films at room temperature. We find a high absorption coefficient
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with particularly sharp onset. Below the bandgap, the absorption is exponential over more than b ):;

- (3
four decades with an Urbach energy as small as 15 meV, which suggests a well-ordered 10 / :HF CH,NH,Pbl,
microstructure. No deep states are found down to the detection limit of ~1 cm™. These results 10'F [ GaAs

confirm the excellent electronic properties of perovskite thin films, enabling the very high open- 0°F oS
circuit voltages reported for perovskite solar cells. Following intentional moisture ingress, we 1.0 15 20 25 3.0
find that the absorption at photon energies below 2.4 eV is strongly reduced, pointing to a Photon energy (eV)
compositional change of the material.
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arge-scale deployment of terrestrial photovoltaics critically assess the electronic quality of the absorber in a solar cell,"*"”
depends on devices with high energy-conversion efficien- including perovskites.'® This offset directly scales with
cies at acceptable cost. Very recently, organometallic halide detrimental recombination losses in the device, such as those
perovskite (CH;NH,;PbX;, X = halogen)-based solar cells have via deep defects or interfaces. Further insight into the potential
attracted significant attention as promising candidates to fulfill of a material as a photovoltaic absorber can be gained from its
these requirements.1_4 Kojima et al. pioneered the field by optical band edges and sub-bandgap absorption spectrum.

replacing the dye in iodide/triiodide liquid electrolyte-based Photothermal deflection spectroscopy (PDS) and Fourier-
TiO, mesoscopic solar cells with CH;NH;PbBr; and

CH;NH,PbI; perovskites and demonstrated power conversion
efficiencies (PCEs) of 3.1 and 3.8%, respectively.” In 2012, a
strong efficiency improvement to 9% was achieved by replacing
the liquid electrolyte with a solid-state hole-transport material,
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobi-
fluorene (spiro-MeOTAD).® This development initiated rapid
progress in device performance, with current efficiencies well
above 15%, reported by various groups.””> Moreover, whereas
initial research focused on the implementation of organo-
metallic halide perovskite layers in mesoscopic solar cells by
replacing the organic dye as the light absorber material,>"
recently it was shown that highly efficient perovskite-based
solar cells without a mesoscopic scaffold can be realized. > ~'*

Particularly striking are the remarkably high open-circuit

transform photocurrent spectroscopy (FTPS) are appropriate
methods to determine these optical properties; they allow for
the measurement of absorbances over several orders of
magnitude with sensitivities down to 107* for PDS and 107
for FTPS and have extensively been used to analyze electronic

. g 1921
defects in amorphous silicon"
2

as well as organic semi-
conductors.

Here we present the optical absorption edge and sub-
bandgap absorption of thin films of solution-processed
organometallic halide perovskite CH;NH;Pbl;, demonstrating
that PDS and FTPS spectroscopy can reliably be applied to
perovskite layers. We find remarkably sharp absorption edges
with no apparent presence of deep states. Moreover, we report
on the effect of moisture ingress on the absorption spectrum.

voltages, Voc (up to 1.13 V to date),'! that are obtained for Finally, we point out consequences of our findings for future
iodide-based perovskite solar cells compared with their optical device development.

bandgap, Eg (~1.57 €V)." This is largely irrespective of their

deposition method, which can be either solution- or vacuum- Received: February 10, 2014

processed. Quite generally, the bandgap-voltage offset (Eg/q) Accepted: March S, 2014

— Ve, where q is the elementary charge, is a useful measure to Published: March S, 2014
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The absorptance spectrum of an as-prepared CH;NH;Pbl;
perovskite thin film on glass measured by PDS, is shown in
Figure 1. It exhibits a remarkably steep absorptance onset at a
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Figure 1. PDS, FTPS, and 1 — Ryeqier — Tipecular SPectra of

CH;NH;PbI; perovskite thin films as well as the PDS spectra of the
glass substrate, all measured at room temperature. Film thickness d ¢ =
220 nm.

photon energy of ~1.5 eV, with a rising absorptance until a
sharp shoulder appears at a photon energy near its reported
bandgap, following which it saturates for photon energies above
~2.45 eV. Near this absorptance onset, at 1.40 to 1.55 eV, the
absorptance spectrum features an exponential increase. Figure 1
also shows the spectrum of the bare glass substrate, which
clearly indicates that the sub-bandgap absorption sensitivity of
our PDS measurements of the as-prepared CH;NH;Pbl; layer
is fully limited by defects present in the glass substrate.

To gain more information about the sub-bandgap absorption
of the CH3;NH;PbI, layer at photon energies below 1.5 eV, we
performed FTPS measurements. In contrast with PDS, the
FTPS signal is free of any substrate contribution. This is
because absorption in the glass substrate at energies below the
glass bandgap does not induce free charge carriers and
therefore does not contribute to the photocurrent collected
during FTPS measurements. Several important points ensue
from the FTPS spectrum of the CH;NH,PbI, layer, shown in
Figure 1. First, because of the nature of the characterization
technique involved, this measurement proves that the perov-
skite material has a sufficiently high photosensitivity to generate
a photocurrent that is significant compared with its dark
current. Second, the FTPS spectrum features the same steep
onset and sharp bending of the CH;NH;Pbl; absorptance as
the PDS spectrum. Third, the FTPS curve does not saturate for
photon energies below 1.5 eV, but continues to decrease to
values as low as 10~°. Finally, for planar FTPS, recombination
of photoexited carriers close to the surface can diminish the
response in the visible-UV part of the spectrum. This is an
effect that does not seem to be pronounced here, thus implying
low surface recombination.

We obtain further insight into the relevance of the absorption
spectrum by plotting the absorption coeflicient of the
CH;NH;PbI; perovskite film, as shown in Figure 2. Because
we cannot fully exclude light scattering at the surface roughness,
we plot only the effective absorption coeflicient, o.g
corresponding to a layer thickness d.¢ = 220 nm, considering
the surrounding medium and surface roughness. This
coeflicient was calculated from the measured data given in
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Figure 2. Effective absorption coefficient of a CH;NH;Pbl; perovskite
thin film compared with other typical photovoltaic materials, including
amorphous silicon (a-Si), GaAs, CIGS, CdTe, and crystalline silicon
(¢c-Si), all measured at room temperature. For each material, we show
the slope of the Urbach tail. For clarity, the inset shows the data for c-
Si down to low absorption values.

Figure 1, using the formula a g = dog " In(1 + Appg/ Tspecular), for
the case of a negligible film-glass reflectance.”> (See the
Supporting Information for further details.) We also show in
this Figure the absorption coefficients of several other market-
relevant photovoltaic materials taken from literature, including
GaAs** CdTe,** CIGS,* crystalline silicon (c-Si),*® and
amorphous silicon (a-Si, own data). Previously, it was already
inferred from the so-called Tauc plot of the absorption curve
that iodide perovskites have a direct bandgap,”’ in agreement
with recent calculations.”® Analyzing now the data in Figure 2,
we find three new striking results.

First, the curve of the perovskite absorption coeflicient shows
an unusual sharp shoulder near its reported bandgap value
(~1.57 eV). It is particularly remarkable that this shoulder
occurs at higher absorption coefficients than most other
comparable semiconductors. This explains why very thin
absorber films suffice for perovskite solar cell fabrication.

Second, below this shoulder, the absorption coeflicient of the
perovskite follows a purely exponential trend without much
deviation toward lower photon energies. The slope of this
exponential part of the curve is the so-called Urbach energy,”
Ey, and equals 15 meV, which is a low value. This slope
represents the absorption tail states (also called Urbach tail) of
the CH3;NH;PbI; perovskite film. Compared with the other
semiconductors shown in Figure 2, we see that the Urbach
energy of the CH;NH;Pbl; perovskite is close to the values of
GaAs, a monocrystalline direct-bandgap semiconductor of very
high electrical quality. The absorption spectrum of ¢-Si shows a
similar slope as well below its bandgap, but because the
bandgap is indirect, it occurs at much lower values and shows
signatures related to phonon-assisted absorption. (See the inset
in Figure 2.) In general, when the temperature decreases, the
slope of the Urbach tail of a crystalline material diminishes with
the reduced degree of thermal disorder, which scales with kT
(with Boltzmann’s constant, k, and the absolute temperature,
T). The temperature dependence of the Urbach tail is also well
known for a-Si, with a temperature-independent offset of ~40
to 45 meV, explaining the large values associated with this
material, seen also in Figure 2. This broadening of the Urbach
energy is generally attributed to inherent structural disorder of
the material.*® The low value measured for the CH,NH,Pbl,
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perovskite film suggests a very low degree of structural disorder
and therefore crystalline nature of the film.

Third, the fact that the Urbach tail shows a purely
exponential trend over more than four decades, even for the
lowest measured values, strongly suggests that no optically
detectable deep states are present in the CH;NH,;Pbl; material
(clearly contrasting with a-Si). This observation is likely a key
factor in the understanding why perovskite solar cells can
teature such high V¢ values compared with their bandgap.

An equally important factor explaining the high Vi values
for perovskite solar cells can likely be found in the small value
measured for its Urbach energy. In Figure 3, we plot (Eq/q) —
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Figure 3. (Eg/q) — Vo versus Urbach energy for typical photovoltaic
absorber materials at room temperature. For each material, we also
indicate the value of Eg.

Voc as function of E, for a range of photovoltaic materials
taken from literature. We took for these materials the highest
reported V.. values (c-Si, 0.75 V;*' GaAs, 1.12 V;**
CH;NH,Pbl, perovskites, 1.05 V),” whereas for the Urbach
energy we took the smallest reported values at room
temperature (c-Si, 11 meV, fitted from literature data;*¢
GaAs, 7.5 meV;> and CH;NH;PbI; perovskites, 15 meV, this
work). Owing to the greater variability in a-Si, CIGS, and
CdTe, we quote only data where all parameters have been
measured consistently on the same set of samples.** It is
important to bear in mind that besides the nature (amorphous
vs crystalline) and purity of a material, the V. also depends on
the type of bandgap (direct vs indirect), the absorber thickness,
and the specific solar-cell architecture. As an example, the
carrier-selective contacts have been argued to play a key role in
explaining the high Voc in perovskite solar cell>**” Besides
this, an empirical trend emerges from Figure 3, where materials
with the smallest Urbach energy lead to the lowest (Eg/q) —
Voc values. The CH;NH;PbI; perovskite cells are approaching
the best ¢-Si and GaAs solar cells, the latter devices making use
of sophisticated processes combined with perfectly grown
crystalline absorbers. To show the full potential of iodide-based
perovskite devices, we also include data of mixed-halide
CH;NH,;PbI; ,Cl, perovskites in this Figure, assuming they
have the same Urbach energy as measured here for the
CH;NH,Pbl; perovskites. Mixed-halide devices have the
highest reported Vo to date (1.13 V),'" while their bandgap
is the same as that for CH;NH,PbI; perovskites.”” We also
remark that for wider-bandgap CH;NH;PbBr; perovskite-based
solar cells (Eg = 2.3 eV) even higher V¢ values were reported
(1.5 eV, with chloride inclusion in the absorber).*® The
bandgap—voltage offset (Eg/q) — Vo is higher for this
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material, which likely can be lowered by tailoring the device
interface energetics, however.*

For the application of organometallic halide perovskites in
solar cells, their stability against light-, humidity-, or oxygen-
induced degradation is an indispensable prerequisite. The
perovskite materials that have been developed so far are known
to degrade upon exposure to, for example, hurniclity.40 The
number of detailed degradation studies is limited, however. For
example, it is not well known to which extent the material
changes when measured at ambient atmosphere or when
exposed to liquids.

Here we verified the effect of Fluorinert FC-72 (C4Fy,), in
which the sample is immersed during PDS measurements, on
the CH;NH;PbI; layer and found that even after exposure to
the liquid for 24 h the PDS spectrum did not significantly
change. This implies not only that the CH;NH;Pbl; layer is
chemically stable in the FC-72 liquid but also that this liquid
efficiently protects the perovskite layer from the ambient
atmosphere and prevents degradation of its optical properties.
Because the perovskite layer exhibits excellent stability when
immersed in FC-72, PDS proves to be a highly suitable method
to investigate organometallic halide perovskites as-deposited as
well as in degraded states.

In Figure 4, we show PDS spectra of CH;NH;Pbl; layers
after exposure to ambient air with 30—40% relative humidity
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Figure 4. PDS spectra of CH;NH;Pbl; perovskite thin films during
prolonged immersion in the FC-72 solution and following moisture
exposure.

during 1 and 20 h, respectively. Following moisture exposure,
the material is bleached and has a pale yellow-whitish
appearance. The Figure shows that the absorptance between
photon energies of 1.5 and 2.5 eV drops by two orders of
magnitude. The spectral position of the absorption onset at 2.3
eV corresponds to the bandgap of PbL,"* which may indicate
that CH;NH,Pbl; can decompose into Pbl, in a humid
ambient due to the dissolution of disordered CH;NH,L** To
precisely understand the impact of moisture exposure on the
crystalline structure and chemical composition of CH;NH;PbI;
layers, further research by methods such as X-ray diffraction
spectroscopy, X-ray photoelectron spectroscopy or trans-
mission electron microscopy is required. It is noteworthy that
recently cells with a mixed halide (Br with I) were reported to
show improved stability, and material measured after exposure
to ambient air with 55% relative humidity for 1 day did not
show changes in X-ray diffraction patterns.*’

Regarding the stability under light exposure, native deep-
defect formation under visible-light soaking is of serious
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concern in a-Si solar cells. This phenomenon — commonly
referred to as the Staebler—Wronski effect’” — can be
convincingly explained by the disorder-induced broadening of
the Urbach tail in this material, where strained Si—Si bonds can
rupture into two Si dangling bonds, acting as recombination
sites.*> The low Urbach energy measured here for
CH;NH;PbI; perovskites, likely not featuring any disorder-
induced broadening, may be a strong indicator that this
material will not suffer from a similar phenomenon. Promising
long-term results were indeed reported for such a solar cell
when well-encapsulated, maintaining 80% of its initial
conversion efficiency, following 500 h of maximum power
operation at approximately sunlight intensity.”

Finally, the high voltage and ease of processing of perovskite
solar cells were already pointed out as two factors that may
motivate the integration of perovskite solar cells into tandem
configurations, featuring either ¢-Si or CIGS bottom cells.'®
The absence of detectable sub-bandgap absorption below
photon energies of 1.5 eV for perovskites (meaning the material
is highly transparent for optical wavelengths above ~825 nm)
may further advocate the development of such devices.

In summary, motivated by the excellent low-bandgap—open-
circuit voltage offsets reported for organometallic halide
perovskite solar cells, we presented the band-edge and sub-
bandgap absorption spectrum of CH;NH;PbI; perovskite thin
films. We showed that both PDS as well as FTPS are ideally
suited techniques for this purpose. We find that the
CH;NH;PbI; perovskite has a particularly steep absorption
onset, with an Urbach energy of 15 meV. The optical
absorption edges are purely exponential, over more than four
decades of absorption coefficient values, with the absence of
optically detected deep states. Upon moisture ingress, the
strong absorption onset of the material shifts from ~1.6 to
almost 2.4 eV, where the shape of the absorptance spectrum
suggests a compositional change of the deposited material.
Finally, the CH;NH,;Pbl; perovskite was found to be highly
transparent for optical wavelengths larger than 825 nm, further
underlining the appeal of integrating such solar cells into
stacked tandem devices.
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