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ABSTRACT: To further understand the optoelectronic properties of metal halide perovskites, we
investigate sub-bandgap absorption in methylammonium lead iodide (MAPbIL;) films. Charge
carrier dynamics are studied using time-resolved microwave conductivity measurements using
sub-bandgap excitation. From changes in the decay dynamics as a function of excitation energy

and intensity, we have identified three regimes: (i) Band-like charge transport at photon energies .y

above 1.48 eV; (ii) a transitional regime between 1.48 and 1.40 eV; and (iii) below 1.40 eV %‘1'45_—(—"—)-——-----_./"\‘
localized optically active defects (8 X 10" cm™>) dominate the absorption at low intensities, while .3 — § an
two-photon absorption is observed at high intensities. We determined an Urbach energy of - —"I ,"
approximately 11.3 meV, indicative of a low structural and/or thermal disorder. Surprisingly, even IS LF :' /\,:\!:T—
excitation 120 meV below the bandgap leads to efficient charge transfer into electron (C60) or T N\l;»I
hole (spiro-OMeTAD) transport layers. Therefore, we conclude that for MAPbI;, the band tail 130.‘("') ." _\N_.

T
states do not lead to nonradiative losses. 10 10 10 101
Photon Fluence (photons/cm?)

ince the discovery that metal halide perovskites (MHPs) huge amount of theoretical *~'* work has been devoted to the
are excellent materials for optoelectronic applications, origin of these defects and their ability to act as trapping
such as photovoltaics, the interest in these materials has centers for excess charge carriers. Their impact on recombi-
grown rapidly. More recently, MHPs have been proven to be nation is to a large extent related to the energy difference
suitable candidates as active materials in photodetectors,” light between the band edges and the energetic position of the
emitting diodes,’ X-ray detectors,”* and even nonlinear defect state.">'*
photonics.6 Although these materials are typically produced In addition to trap states, tailing of the bands by the
via wet chemical techniques, semiconductors with a relatively formation of an exponential distribution of states close to the

valence band (VB) maximum and conduction band (CB)
minimum can occur. This leads to an exponential increase of
the absorption just below the bandgap in semiconductor
materials, which was described by Urbach in 1953." This
distribution of states has been attributed to various types of
lattice disorder. These can be structural, e.g,, due to intrinsic
defects or induced via doping or stoichiometric variations,
compositional, e.g., atomic substitution, or thermal, e.g., lattice
vibrations.”” If a material shows such Urbach tail, the spectral

low density of defects can be produced. However, to improve
the efficiency of, for example, solar cells, it is important to
identify states within the bandgap. Via those states, non-
radiative recombination can occur, leading to a reduced open
circuit voltage (Vo). The electronic quality of a photoactive
material for solar cell application is often assessed by
comparing its bandgap with the obtainable voltage, ie, by
the bandgap-voltage offset (Ezg/q) — 7 However, the
absorption onset of a material is not always sharp due to the
presence of defects. As such, an in depth study of its absorption
edge and sub-bandgap absorption would lead to valuable Received: ~ September 25, 2020
knowledge to assess its suitability and potential for photo- Accepted:  November 4, 2020
voltaic application.”

States in the bandgap are often classified as deep or shallow
states, depending on whether trapped charges can be released
by thermal energy or not. Experimental®~'’ and in particular a
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Figure 1. MAPDI, thin film photoconductance signals for excitations at different photon energies and laser intensities. Note that from (a)
above the bandgap to (b) below the bandgap, the photon fluence is more than 2 orders of magnitude higher.

and temperature dependence of its absorption coeflicient, «,
below the bandgap can be expressed as

hv — Egq
Ey(T)

alh, T) = aoexpl 0

where a is a constant, Egg is the bandgap energy, and Ey, is the
Urbach energy.”' Previously, the temperature dependence of
Ey has been described by a summation of a temperature-
independent, static part, E;;(0), and a temperature-dependent
part, defined as

2E,(0)

Ey(T) = Ey(0) + BT

)

in which @y is the Einstein phonon temperature.”* The Ey, has
been characterized for a variety of semiconductors, including
GaAs™ as well as crystalline and amorphous Si**** For
MAPbDI;, the Ey has been determined by Fourier transform
photocurrent spectroscogy (FTPS),”* photothermal deflection
spectroscopy (PDS),ZZ’ © photoluminescence spectroscopy
(PL),”**” and external quantum efficiency (EQE) measure-
ments.”” The values of Ey range between 14 and 25 meV,
which can be attributed to the MAPDbI; sample quality and
technique applied. Interestingly, Ledinsky et al. reported a very
small value of 3.8 meV for the static component and a total
value of 14.3 meV for Ey at room temperature.””

To investigate the behavior of carriers in MAPbI; upon sub-
bandgap excitation, we measured the photoconductance
transients using the time-resolved microwave conductivity
technique (TRMC). A central advantage of this technique is
that we can record the charge carrier dynamics for different
excitation wavelengths. Therefore, we can relate the energetic
position of the state within the bandgap and the nature of the
excited charge carrier. In contrast to FITPS and EQE, the
TRMC technique is contactless; thus, unwanted contributions
of the contacts or field interference to the photoconductivity
signal are avoided. Contrarily to PL, but complementary to
PDS, the TRMC technique allows us to investigate radiative
and nonradiative decay kinetics or even electron transfer
processes of the photoexcited charge carriers. The TRMC

3822

signal arises as a result of a change in microwave absorption
due to the interaction of its electric field with the mobile
charge carriers, ie., free electrons and holes.”® The photo-
conductance signal is given by

AG(t) = eLﬂnZi K, 3)
in which e is the elementary charge, § is a geometrical factor,
and L is the sample thickness. From the sum of the mobilities,
Y., of electrons and holes, the concentration, n, can be
derived. As both charge carriers contribute to the measured
photoconductance, from TRMC measurements, it is not
possible to directly distinguish electron and hole signals.
Additional information regarding the working principle of the
TRMC technique can be found in the Supporting Information
(S1).

From our study on the charge carrier dynamics induced by
sub-bandgap excitation (Ep, < Egg), we were able to identify
two distinct regions for MAPbI;. In the first, ranging between
1.48 eV < Ep, < Egg, the carrier dynamics are identical to
above-bandgap excitation. In this energy range, we observed an
exponential increase of the absorption coeflicient, @, which can
be related to the band tailing effect described by the Urbach
rule.”’ For energies between 1.40 < Ep, < 1.48 eV, a transition
from band tailing to defect-related absorption is observed. At
Ep, < 140 eV and using low laser intensities, the photo-
excitation and charge carrier dynamics are fully defect-related.
On increasing the laser intensity, i.e., photon fluences I, > 2 X
10'* photons/cm” per pulse, two-photon absorption (2PA)
occurs, as we have described recently.”” On deposition of an
electron (C60)- or hole (spiro-OMeTAD)-selective transport
layer on top of MAPDI;, we observe efficient charge transfer for
photon energies as low as 1.44 eV. These results imply that for
MAPDI;, excess carriers occupying the Urbach tail still
contribute to photocurrent generation.

To study the sub-bandgap absorption in MAPbI; thin films,
we first performed TRMC measurements at low intensities to
avoid 2PA.”” The results for selected excitation energies are
shown in Figure 1. On visible excitation at 1.90 eV, the
photoconductivity shows a fast rise due to the formation of
mobile carriers, followed by a decay due to charge

https://dx.doi.org/10.1021/acsenergylett.0c02067
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recombination or trapping as discussed and modeled before.*
The initial magnitude scales with the excitation intensity,
indicating that higher-order decay processes are not affecting
the initial signal. Interestingly, on excitation at 1.50 eV, 80
meV below the bandgap (Egg = 1.58 eV, as determined using a
Tauc plot accounting for a direct allowed transition, Figure S2
in the SI), we observe similar charge carrier dynamics, with
lifetimes in excess of multiple microseconds (compare Figure
la and 1b). This implies that even at 1.50 eV, mobile electrons
and holes can be generated. Note that the photon fluences as
well as the y-axes used in Figure la,b are different because of
the much higher absorption coeflicient at 1.90 eV compared to
at 1.50 eV. More specifically, the laser intensities used for
below-bandgap excitation (Figure 1b) are more than 2 orders
of magnitude higher than for above the bandgap (Figure 1a).
Nevertheless, the TRMC kinetics observed on excitation at
1.50 and 1.90 eV are comparable, implying the same decay
processes are operating on the excess charge carriers.

On excitation at 1.46 and 1.44 eV (Figure 1c,d), a gradual
transition can be observed. First of all, the TRMC signal size
reduces. The substantial difference compared to the 1.50 eV
excitation can be related to a much lower absorption.
Moreover, as the number of excess carriers is considerably
reduced, the impact of charge carrier trapping on the kinetics
becomes more pronounced. At low photon fluences, the charge
carrier decay is less than 200 ns, while with higher intensities,
we observe a gradual increase of the signal lifetime, which
indicates that the fraction of long-lived mobile carriers
increases.

For excitation energies far below the bandgap, the decay
becomes faster, and the long-lived component is no longer
present. Interestingly, for E,;, < 1.40 eV, both magnitude and
kinetics are the same at similar intensities (cf. Figure le,f).
Moreover, it can be noted that the maximum signal is only
linear at low intensities but reaches a plateau at approximately
2 X 10" photons/cm? per pulse. This indicates that there is a
maximum number of possible excitations for the sub-bandgap
linear absorption (SLA) process. These observations point to a
generation mechanism related to the absorption from/to a
finite number of localized defect states.

In previous work, we have performed an in-depth study of
the 2PA process. Commonly, the 2PA process has been
investigated by Z-scan measurements, both in single crystals
and thin films.>' 733 However, the accuracy of this technique in
the quantification of the 2PA absorption coeflicient, f, is
affected by the influence of free carrier absorption on the
measured transmitted light. By probing the carriers by
microwaves, this issue is avoided.”” For the sample shown in
Figure 2, we experimentally find that at I, > 2 X 10'* photons/
cm?, charge carriers can be generated by the simultaneous
absorption of two photons (Ep, = 1.30 €V). This process
results in a gradual increase of the intensity-normalized
photoconductance signal (AG/(fel,)) with intensity, as
shown in Figure 2 for E;, = 1.30 eV. At this energy, we have
previously determined a f§ coefficient of approximately 11 cm/
MW,” which implies that indeed above approximately 2 X
10" photons/cm?, the 2PA process will start to dominate the
photoconductance. Despite the low excitation energy, charges
are now generated by the absorption of two photons; hence,
the combined energy is sufficient for band-to-band excitation.
Most importantly, this 2PA process results in charge carrier
decay kinetics similar to those we observed in Figure 1a,b, i.e.,
for above and close to the bandgap excitation, respectively.
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Figure 2. TRMC-intensity-normalized photoconductance signals
of MAPDI; thin film upon 1.30 eV excitation at high laser
intensities.

In order to examine if an excitation close to the bandgap is
due to surface defects, samples have been analyzed before and
after a light soaking treatment (LST), performed as described
by Brenes et al.** Bzr this treatment, passivation of surface
defect states occurs.”* As shown in Figure 3, the treated
samples show an increase in lifetime to multiple microseconds,
independent of the excitation energy (1.90—1.45 eV). The
improved lifetime indicates a reduced recombination rate,
which can be related to the passivation of the surface states, as
reported before. In contrast, the signal magnitude is not
affected by the LST. From this observation, we conclude that
the TRMC signal at 1.45 eV is most likely due to sub-bandgap
absorption in the bulk of the film, on which LST has no effect.
If the absorption would originate from surface defects,
passivation is expected to lower the height of the TRMC
signal. The absence of any change in signal size hints again to a
charge generation process in the bulk of the film. Moreover,
this result confirms our previous conclusion that photo-
excitations at this wavelength lead to band-like transport.

In order to obtain more knowledge on the nature of the
excited carriers on sub-bandgap excitation, we extended our
investigations to TRMC measurements on MAPbI; samples
covered with a thin, thermally evaporated C60 layer or a thin
spin-coated 2,2’,7,7'-tetrakis[N,N-di(4-methoxyphenyl)-
amino]-9,9’-spirobifluorene (spiro-OMeTAD) layer, acting as
an electron- or hole-selective transport layer (ETL/HTL),
respectively. As reported before, on optical excitation of such a
bilayer system, CB electrons/VB holes can undergo electron/
hole transfer to the specific TL.*® Due to the relatively long
response time of the TRMC measurement of 18 ns, the charge
transfer process itself cannot be revealed but only the result of
the charge transfer. As detailed in the introduction, the
observed TRMC signal is proportional to the product of the
number of carriers and their mobility. Since the electron
mobility in the organic layers is more than 1 order of
magnitude lower than in the perovskite layer,>>*° the
contribution of the transferred charges into the TLs to the
total TRMC signal is small. Hence, the major part of the
observed signal is due to the mobile charge carriers remaining
in the perovskite layer. This implies that, provided charge
transfer occurs, the TRMC signal of the bilayer is lower in
magnitude as compared to the single perovskite layer.”**” A
TL also affects the decay kinetics: since the electrons and holes
are physically separated after transfer, recombination is slowed
down in the bilayer systems.

TRMC traces are shown in Figure 4 for both MAPbI;/C60
(Figure 4a,c,e) and MAPbI,/spiro-OMeTAD (Figure 4b,d,f),

https://dx.doi.org/10.1021/acsenergylett.0c02067
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Figure 4. At the top, schematic representations of the charge transfer processes are shown for MAPbI;/C60 (left) and MAPbI,/spiro-
OMeTAD (right). The process occurs within the instrumental response time (18 ns), leading to the respective MAPbI,/C60 and MAPbI,/
spiro-OMeTAD bilayers’ photoconductance signals upon front side excitation at (a,b) Ep, = 1.90 eV, (c,d) Epy, = 1.50 €V, and (e,f) Ep, = 1.40

eV.

and results are normalized for the maximum signal observed
for the bare MAPDI, layer. As shown in Figures 4a,b, excitation
at 1.90 eV leads to very similar decay of the photoconductance
signals upon changing from the neat MAPDI; layer to a bilayer
for both HTL and ETL, ie., a clear reduction of the signal
magnitude and elongation of the charge carrier lifetime. This

3824

indicates that both electron and hole transfer are efficient and
that interfacial recombination occurs on longer time scales
than the decay in the single layers. Most importantly, for E;, =
1.50 eV (Figure 4c,d) both electron and hole transfer are
almost as efficient as for above-bandgap excitation. If the sub-
bandgap excitation would involve optical excitation from or to

https://dx.doi.org/10.1021/acsenergylett.0c02067
ACS Energy Lett. 2020, 5, 3821-3827
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a localized defect state, the immobile charge carrier could not
contribute to the TRMC signal but also could not lead to
charge transfer. In fact, only photoexcitations close to interface
would lead to charge transfer. From our observation that
charge transfer occurs efficiently, we conclude that for E;, =
1.50 eV, photoexcited charges are thermally excited into the
transport bands from where charge transport and subsequent
transfer can occur efficiently. The efficient electron transfer to
an ETL is in contrast to previous studies using spin-coated
ETLs,>®*® in which either no transfer®® or fast interfacial
recombination®® was observed. Vacuum deposition of C60 as
used in this work seems to provide a more reliable method for
efficient electron collection.

For excitation at 1.40 eV, the TRMC signals show a
completely different behavior. For the bilayers (Figure 4ef),
we observe an almost complete disappearance of TRMC
signal. Moreover, the lack of long-lived signals even at higher
intensities indicates that no charge transfer has occurred. If
either electrons or holes would have been transferred, we
should have observed a marked difference in between the
results of the two bilayers. This is due to the fact that, in at
least one of the systems, one charge carrier would have
remained in the MAPDI, film, giving rise to a long-lived signal
as observed in Figure la—d. From the heavily reduced signal
magnitudes and enhanced decay on the introduction of the
TLs, we might conclude that the charge carriers undergo fast
interfacial trap-assisted recombination. However, this is far
from likely in view of the efficient charge transfer observed on
optical excitation at slightly higher energies. Therefore, we can
conclude that, due to the introduction of the TL, the defect
states are to some extent passivated and no longer optically
active. This conclusion is in line with previous observations of
surface passivation by C60 and analogues.’”*’

As introduced above, tailing of the bands can lead to an
exponential absorption profile in the region just below the Ejg.
Here, we calculated the photon energy dependence of the
absorption coeflicient from TRMC results in the following
way. From the measured AG and the known value for the
mobility, the number of excitations, n, can be derived.
Accounting for reflection losses, we can determine the effective
photon fluence, (Ig), which after normalization yields the
transmittance value, T'rpyc, defined by

€

Iff - nL
Trppe = ———

(4)

I eff

Taking the negative natural logarithm of Trpyc and dividing
by the thickness yields the absorption coeflicient, @. A more
detailed description is given in the SI. The natural logarithm of
a as a function of Epy, is shown in Figure S, together with the
results of the PDS measurements. The TRMS and PDS
measurements show excellent agreement for Ep, > 1.50 eV,
which substantiates our assumption that the charge carrier
generation yield and mobility for absorbed carriers in this
energy range is constant, independent of the excitation energy.

As mentioned, at Epy, < 1.48 eV, the long-lived contribution
to the TRMC signals becomes gradually smaller. By analysis of
these TRMC traces, we are able to differentiate between
charge carriers resulting from excitation into the band tail (red
squares in Figure S) and charge carriers excited to localized
defect states (red circles in Figure S). This differentiation has
been accomplished by comparing the TRMC traces, with those
recorded at 1.50 eV (band-like transport) and at 1.40 eV
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Figure S. Logarithm of the absorption coefficient, @, determined
by TRMC as a function of photon energy. The solid black line
corresponds to the bandgap energy, i.e., 1.58 eV for the MAPbI;
film. The green and red fit lines have been used to determine the
Urbach energy from PDS and TRMC measurements, respectively.

(excitation from/to defect state), as detailed in the SI. In this
way, the value of @ for 1.40 < Epj, < 1.48 €V can be determined
more accurately, since we can account for the mobility of two
(band-like transport) or one charge carrier. From the inverse of
the slope of the straight line in the log—linear plot, an Urbach
energy of approximately 16 meV for MAPbI; was found from
PDS measurements, in agreement with previously reported
values,zz’zs’27 while 11.3 meV was determined from the
corrected tail contribution of the TRMC signals. As it has
been observed, comparing FTPS and PL results,”” the
sensitivity of the technique applied and the evaluation
procedure are limiting factors in the determination of the
Urbach energy in MAPDI; thin films. Owning to the higher
sensitivity of our TRMC measurements, we have been able to
investigate the Urbach tail region down to its lowest limit,
disentangling the tail states and defects absorption contribu-
tions.

Our measurements show that MAPbI; has the following
below-bandgap excitation regimes: (i) photoexcitation into the
Urbach tail region (1.48 eV < Ep, < Egg) leads to charge
carriers with band-like transport properties obeying the same
decay processes as if they were the result of band-to-band
excitation, (ii) the region of 1.40 < Ep, < 1.48 eV marks a
transition from band tailing to trap-related absorption, (iii)
excitation below 1.40 eV is mainly due to absorption from/to a
localized defect state.

The absorption profile below 1.40 eV is characterized by a
small but constant absorption coeflicient, due to a relatively
small concentration of defect states, which can be optically
accessed. Previous photoconductance measurements exhibited
a ratio of more than S orders of magnitude between EQE
values obtained on excitation above the bandgap and at 1.3
eV.”” From Figure S, a much smaller ratio is found. This can be
explained by the fact that excitations at 1.3 eV are indeed
transitions to localized states. The involved charges have very
short diffusion lengths and hence contribute with only low
yields to the EQE. Since the detection in TRMC is based on
the interaction of charges with high-frequency microwaves,
collection of charges by electrodes is not required, and hence,
this issue is avoided. On the basis of the TRMC signals at
different intensities, we expect that the upper limit of the
concentration to be in the order of 8 X 10" cm™.
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Interestingly, this number is very close to the concentration of
deep trap states (Ny) we find on performing a global
mathematical analysis on the TRMC traces recorded on
above-bandgap excitation, as described previously by Hutter et
al.*" In this model (see SI, Figure S5), excess carriers decay by
band-to-band recombination and in addition by deep trapping.
By analyzing the traces at different intensities, an estimate for
Np can be derived (see SI, Figure S6). In view of the
similarities of this number and the number of carriers as
deduced from our sub-bandgap excitation measurements, we
tend to conclude that these are the same defects. In view of the
fast decay of these charges, these states are most likely
detrimental for solar cell performance. Above 1.46 eV, the
Urbach tail starts to dominate the absorption coefficient.
Excitation into this tail yields charge carriers with similar
dynamics as above-bandgap excitation, implying that charges
excited into the tail are pushed toward the bands by thermal
energy. These tail states are present within the bulk and cannot
be affected by surface treatments. From the fact that efficient
charge transfer toward both C60 and spiro-OMeTAD is
observed, we conclude that the Urbach tail does not negatively
affect the voltage or the photovoltaic performance of MAPbI;-
based solar cells. Furthermore, the similar efficiencies for
electron and hole transfer upon excitation in the Urbach tail
indicates that the tailing of the VB and CB is rather symmetric.

Owing to its high sensitivity, the TRMC technique is
demonstrated to be a valid alternative to commonly established
methods to investigate the sub-bandgap absorption properties
of thin films. On the basis of the changes in the charge carrier
dynamics and consecutive charge transfer studies into C60 or
spiro-OMeTAD, we were able to identify different sub-
bandgap absorption regimes. We demonstrated that excitation
into the Urbach tail leads to mobile carriers that can be
efficiently transferred into the TLs. These charge carriers are
thermally excited into the transport bands. Surface passivation
by a light soaking treatment did not affect the magnitude of the
signals, but it improved the carrier lifetime. As such, we believe
that band tail states cannot be considered as detrimental for
photovoltaic performance. In contrast, absorption from/to
states below the Urbach tail leads to immobile, quickly
decaying charge carriers. This observation hints toward a
defect-related absorption. On the basis of the TRMC results,
we can estimate the deep defect concentration to be in the
order of 8 X 10" cm™. This study provides a comprehensive
overview of the generation and recombination processes in
MAPDbI, thin films and opens the path to revealing the effective
role of lattice vibrations and defects on charge carrier
dynamics.
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