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ABSTRACT: Despite the unprecedented interest in organic—inorganic metal halide PCBM-C60 Perovskite Spiro-OMeTAD
perovskite solar cells, quantitative information on the charge transfer dynamics into selective
electrodes is still lacking. In this paper, we report the time scales and mechanisms of electron o «—e——
and hole injection and recombination dynamics at organic PCBM and Spiro-OMeTAD
electrode interfaces. On the one hand, hole transfer is complete on the subpicosecond time
scale in MAPDI;/Spiro-OMeTAD, and its recombination rate is similar to that in neat
MAPbI;. This was found to be due to a high concentration of dark charges, i.e., holes
brought about by unintentional p-type doping of MAPbI;. Hence, the total concentration of sub-ps

holes in the perovskite is hardly affected by optical excitation, which manifested as similar

decay kinetics. On the other hand, the decay of the photoinduced conductivity in MAPbI;/PCBM is on the time scale of
hundreds of picoseconds to several nanoseconds, due to electron injection into PCBM and electron—hole recombination at the
interface occurring at similar rates. These results highlight the importance of understanding the role of dark carriers in
deconvoluting the complex photophysical processes in these materials. Moreover, optimizing the preparation processes wherein
undesired doping is minimized could prompt the use of organic molecules as a more viable electrode substitute for perovskite

solar cell devices.

B INTRODUCTION

The need for understanding the fundamental photophysical
processes in organo metal halide perovskite (OMHP) solar
cells has become more evident in view of the swift rise in
efficiency of these devices.'® However, literature provides
limited details of the charge carrier dynamics, i.e., from charge
generation to transport and finally their extraction to the
electrodes. We and others have reported 1n]ect10n of electrons
from OMHPs to TiO, just only very recently.””® Other time-
resolved studies have started to reveal several other unique
propertles of this material, e.g., high mobilities of electrons and
holes,” slow recombmatlon of charges,2610 and diffusion
lengths of micrometers.”'" Although theoretical calculations
indicate balanced electron and hole mobilities,">™'* different
groups report widely varying values for electron and hole
mobilities in the perovskite.”'> Additionally, it is unclear to
what extent OMHPs can be regarded as genuine intrinsic
semiconductors. Recent research has pointed out that under
spec1ﬁc preparation conditions OMHPs may behave as n-
type'®™'® or p-type semiconductor.®™*' It is therefore
necessary to determine the role of dark carriers in under-
standing its photophysical properties.

In this study, we report on the electron and hole injection
and recombination dynamics of two frequently used charge-
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specific organic electrodes: the electron acceptor [6,6]-phenyl-
Cé61-butyric acid methyl ester, PCBM, and the hole acceptor
Spiro-OMeTAD.*""**~** Thin polycrystalline films of MAPbI,
were prepared by spin-coating CH;NH;I and Pbl, in a
stoichiometric ratio from a p-butyrolactone solution in a
nitrogen-filled glovebox. Results of XRD measurements
showing tetragonal structure of the perovskite can be found
in Figure S1. PCBM or Spiro-OMeTAD was spin-coated the on
top of the MAPDIL;. All samples have not been exposed to
ambient conditions at any time before and during the electrical
measurements. By time-resolved, electrodeless conductivity
measurements, using terahertz (THz) or microwave (MW)
radiation as probe, we are able to monitor the photoinduced
charge carrier formation and decay from subpicosecond time
scales up to one microsecond. We note that the instrument
response function (IRF) of our THz setup is about 0.2 ps,
whereas for MW it is 18 ns. Moreover, because of the superior
signal-to-noise of the MW setup, the excitation densities that
can be used are at least an order of magnitude lower than those
for time-resolved THz spectroscopy (TRTS). Other details of
the growth method, cross-sectional SEM images of the samples,
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and the description of the time-resolved techniques can be
found in the Supporting Information.

We found that on optical excitation of the perovskite, charge
transfer from MAPDI; into Spiro-OMeTAD occurs on the
subpicosecond time scale but is much slower, from few
hundreds of picoseconds to several nanoseconds, with PCBM
as electron-accepting electrode. The difference in the injection
rate was assigned to differences in energy band alignment at the
interface. Furthermore, by using the photoinduced time-
resolved microwave conductivity (TRMC) technique, the
charge carrier recombination back to the ground state was
found to be at least 1 order of magnitude faster in the MAPbI,;/
PCBM (few nanoseconds to few tens of nanoseconds) than in
the MAPbL,/Spiro-OMeTAD (hundreds of nanoseconds to
several microseconds). We surmise that this faster decay in
MAPBI;/PCBM is due to interfacial recombination between
electrons injected into PCBM with both photoinduced and
dark holes in MAPbI;. For the MAPbI,/Spiro-OMeTAD, the
photoexcited electrons undergo a decay route similar to that in
the neat MAPDI;. This suggests that the total concentration of
holes in MAPbI; does not appreciably change upon injection of
photogenerated holes into Spiro-OMeTAD. Altogether, our
results suggest that the MAPDI; studied here is an uninten-
tionally p-type doped semiconductor, which controls the charge
carrier dynamics into organic electrodes.

B RESULTS AND DISCUSSION

Plotted in Figure la are the TRTS kinetics of neat MAPDI;,
MAPDBI;/PCBM, and MAPbDI,/Spiro-OMeTAD. The samples
are excited at 590 nm through the organic layer, which at this
wavelength does not substantially absorb the incident laser
light. Although the MAPbI; layer consists of large, micrometer-
sized granular structures according to surface profilometry, the
light penetration depth at this wavelength into MAPbI, is only
about 200 nm.”® The TRTS signal is expressed as the product
of the quantum yield, ¢, and the sum of electron and hole
mobility (4, + u). This product is calculated according to

eloFy (1)

where Ao is the measured change in conductivity, L is the
thickness, e is the elementary charge, I, is the number of
photons per unit area per pulse, and F, is the fraction of
absorbed light. The value of ¢ is assumed to be close to unity at
short time scales. Analogous to our previous work,”> the
maximum initial signal size for the neat MAPbI, is ~15 cm?/(V
s) because of (u. + py). After 1 ns, the signal has slightly
decayed because of second-order recombination as reported
previously.” Interestingly, the samples with acceptor layers
show a very different behavior. For MAPbI,/PCBM, the initial
signal size is similar to that of the neat MAPbDI; but decays
much faster. This rapid decay is clearly seen on a 7 ns time
window (Figure 1b). For MAPbL;/Spiro-OMeTAD, the TRTS
signal is about three times smaller than that for neat MAPDI;,
close to S cm?/(V s) and approximately constant over the first
nanoseconds.

Figure 2a shows the TRMC kinetics of the three samples.
The maximum signal heights are normalized to 1 to allow
comparison of the decay kinetics. Most prominent is that the
MAPDIL;/PCBM shows rapid decay kinetics, whereas the two
other samples show a nearly identical, much slower decay
comparable to previously reported decays.” In Figure 2b, the
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Figure 1. TRTS photoconductivity kinetics of (a) neat MAPbL,
MAPbDIL;/PCBM, and MAPDI;/Spiro-OMeTAD for 1 ns and (b)
MAPDbI; and MAPbI;/PCBM for 7 ns, normalized to the excitation
intensity of 2.1 X 10'? and 8.0 X 10" ph/cm? per pulse, respectively

(Apump = 590 nm).

maximum signal amplitudes, expressed as ¢@(u. + ), are
plotted versus the incident photon flux. For the neat MAPbI,
layer, (. + pty,) decreases on increasing fluences (for I, > 4 X
10" ph/cm?) that was assigned to second-order electron—hole
recombination similar to previous reports.”'*** However, there
may be other processes that could also influence the decay in
TRMC kinetics. Using the model in our previous work,”’both
background doping (10"° cm™) and photodoping were
considered; the latter is a result of electron trapping and, as a
consequence, is highly dependent on the concentration of
electron traps. From the results of the model, it can be deduced
that trapping is important up to excitation intensity of about
101 ph/ cm?, whereas second-order recombination is the
dominant decay pathway at higher excitation intensities as
shown in Figure S2. Hence, below this intensity threshold, ¢ (y,
+ py,) values remain constant. This also explains the overlapping
of traces observed at low light fluences (Figure S1). Figure 2b
also shows that the TRMC signals are substantially smaller for
the samples with acceptor layers than those of the neat MAPDI,
and that they decrease with increasing fluences. For MAPbL;/
PCBM the threshold for this process is shifted to higher fluence
(>10" ph/cm?).

Spiro-OMeTAD has been extensively used as a hole-
transporting material (HTM) and has an offset in the valence
band of approximately 0.57 eV with respect to MAPbL,.****%*°
However, additives like lithium bis(trifluoromethanesulfonyl)
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Figure 2. (a) TRMC traces for the three samples recorded at an
excitation intensity of 1.0 X 10" photons/cm” per pulse (4, = 600
nm), normalized to unity. (b) Product of ¢ times (u, + py,) versus

incident intensity of the three samples.

imide (LiTFSI) are required to substantially increase the very
low intrinsic conductivity in this HTM, i.e., 1078 S/cm.** The
use of additives then leads to decent overall power conversion
efficiency (PCE).””*"** The mobility measured in the
MAPbI,/Spiro-OMeTAD sample using TRTS is 5 cm?/(V s),
which is three times lower than that in neat MAPbI, (15 cm?/
(V s)). Similarly, the mobility obtained from TRMC decreased
from 9 cm?/(V s) in neat MAPbI, to 3.5 cm?/(V s) in
MAPbL,/Spiro-OMeTAD (Figure 2b). The reduction of the
signal can be interpreted as disappearance of one of the two
photogenerated species from the neat MAPbI; as a result of
charge injection. Because Spiro-OMeTAD is an HTM, it should
be the holes that disappeared and therefore were injected. The
hole transfer is confirmed by both techniques, and the time
scale of injection is subpicoseconds as seen by TRTS. Recent
transient absorption spectroscopy results also agree with this
time scale of hole injection (0.7 ps).*® This ultrafast injection
shows that the energy offset at the interface alone is enough to
allow efficient subpicosecond hole injection despite the fact that
in our experiments no additive was used. Moreover, this means
that the mobilities measured by the two techniques in the
MAPbI,/Spiro-OMeTAD, 5 cm*/(V s) in TRTS and 3.5 cm?/
(V's) in TRMC originate from the electrons left in the MAPbI,
as shown in Scheme 1. This leads to a THz hole mobility of 10
cm?/(V s) (and MW hole mobility of 5.5 cm?/(V s)) in the
neat MAPDI; perovskite. Diffusion-controlled motion of the
light-induced carriers generated within the perovskite layer also

Scheme 1. Schematic of Energy Levels of Perovskite, Spiro-
OMeTAD, and PCBM Showing Photo-Physical Processes”

PCBM-C60 Perovskite Spiro-OMeTAD
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“1: (Non-geminate) electron hole recombination, 2: electron
injection, 3: interfacial electron hole recombination, 4: hole injection,
and S: interfacial electron hole recombination.

points to a subnanosecond time scale for hole collection at the
MAPbDI,/Spiro-OMeTAD interface. Furthermore, selectively
exciting the perovskite through the organic accepting layer
results in most of the carriers being generated close to the
granular perovskite interface. These facts together with large
driving force lead to an expected picosecond time scale for the
hole injection from the perovskite into the Spiro-OMeTAD
layer. We note that the ratio of electron and hole mobilities
obtained here do not differ by more than a factor of two, in line
with previous conclusions on the balanced transport of charges
in these materials.”®

The above picture, however, is not sufficient to rationalize
the similarity in the TRMC decay kinetics of neat MAPbI; and
MAPbDI,/Spiro-OMeTAD. It should be stressed that not only at
low fluence the decays of kinetics are identical, but also at other
higher incident intensities (Figure S2). In the past, we have
seen that charge transfer over an interface typically leads to
different decay kinetics as compared to the dynamics of carriers
generated in a single semiconductor.’”® The identical TRMC
kinetics shown in Figure 2a, suggest that the decay pathways for
the photoinduced mobile charges in the neat MAPDI; and in
the MAPDI;/Spiro-OMeTAD must be very similar if not
identical. To explain this behavior, we postulate that the
perovskite has a concentration of holes already in the dark (p,),
i.e, that MAPDI; is an unintentionally doped, p-type semi-
conductor. On optical excitation, excess charge carriers are
formed instantaneously, and holes are transferred to Spiro-
OMeTAD. Electrons left in the conduction band of MAPbI;
then recombine with both the dark holes in the valence band of
MAPDI; and the photogenerated holes injected into Spiro-
OMeTAD. However, as long as the concentration of
photogenerated electrons is smaller than the total concen-
tration of holes (dark and light-induced carriers), the electron
hole recombination kinetics in MAPDbI; are barely dependent
on whether holes are transferred to the Spiro-OMeTAD or not.
Hence, the resulting conductivity decay of the MAPbI;/Spiro-
OMeTAD follows the same kinetics as that in neat MAPDL;, i.e.,
a few hundreds of nanoseconds. The fact that we see a slight
change in the decay kinetics at only the highest excitation
densities of 1.5 X 10'* ph/cm? yielding an initial charge carrier
concentration of about 7.5 X 10" cm™ within the MAPbI,
suggests that p, should be at least 10'® cm™. This is in
agreement with previous estimates for p, in MAPbI,.”” One
should note that both TRTS and TRMC probe only the change
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in conductivity due to optical excitation but not the dark
conductivity.

PCBM used as an electron-specific electrode in MAPbI; solar
cells, despite its small driving energies for electron injection, has
been reported to have PCEs of over 10%.”>*” This indicates
that electrons are transferred from the perovskite to PCBM
(process 2, Scheme 1) as part of the charge extraction process.
The TRTS and TRMC kinetics contain information about this,
but as illustrated in Scheme 1, there are several processes that
could contribute to a decay of conductivity. The electron
mobility in PCBM is quite small, i.e., 1073 em?/(V s),37_41 and
therefore contributes insignificantly to the photoconductivity
signal of both techniques. In other words, the measured signals
only represent the mobile photogenerated electrons and holes
in the perovskite. This implies that electron injection from
MAPbI, to PCBM (process 2, Scheme 1), recombination at the
MAPbIL,/PCBM interface (process 3, Scheme 1), and
recombination within the MAPbI; (process 1, Scheme 1) will
lead to a decay in the measured photoconductivity. As a starting
point to disentangle the contributions of processes 1—3 to the
observed kinetics, the following qualitative consideration can be
made. One possible scenario is that the electron injection
(process 2, Scheme 1) is much faster than interfacial
recombination between electrons in PCBM and holes in the
perovskite (process 3, Scheme 1). In this case, a clear
nonexponential, slower decay with reduced signal amplitude
is expected because mobile electrons in MAPbI; become
immobile in PCBM. Because we do not observe such a plateau,
more clearly shown in Figure 1b, we can conclude that the rate
constant for the interfacial electron hole recombination
(process 3, Scheme 1) is similar to or exceeds the electron
injection rate. This is consistent with the fact that the driving
force for electron injection is small.

We now examine in more detail the measured TRTS and
TRMC kinetics. At the earliest time scale, the THz conductivity
signal of the MAPbI;/PCBM and neat MAPDI; is the same
(~15 em*/(V s), Figure la), showing that mobile charges are
formed rapidly (<1 ps) and that the photogenerated charges
stay in the perovskite for at least a few picoseconds. At a 1 ns
delay, the TRTS signal is reduced by approximately a third,
suggesting that charges are disappearing on this time scale.
Within the framework of Scheme 1, three different processes,
either consecutively or simultaneously occurring, may be
responsible for this decay. First, unlike in MAPbI;/Spiro-
OMeTAD where there is a 0.57 eV driving force favoring
subpicosecond hole injection, here there is a smaller energy
offset at the interface between MAPbI, and PCBM (0.3 eV).**
This could retard electron injection from few hundreds of
picoseconds to nanoseconds time domain. Electron injection
from perovskite to PCBM as reported by Xing et al. using
transient absorption spectroscopy falls within this time scale
(04 ps).* The THz decay can therefore be assigned to
disappearance of electrons in MAPDI;, ie., injection into
PCBM. Second, because the perovskite used in MAPbDI;/
PCBM was prepared under the same conditions as those of
MAPbDI;/Spiro-OMeTAD, we expect a similar concentration of
dark holes in both samples. After injection into PCBM,
electrons stay close to the MAPbI;/PCBM interface because of
the low mobility in PCBM. This will inevitably lead to
recombination with dark and photogenerated holes in the
MAPbI; and, as mentioned above, could manifest as decay in
the TRTS kinetics as well. The third process that could
potentially be causing decay of the conductivity signal is

second-order recombination within the perovskite. The THz
kinetics of neat MAPbI;, Figure lab, shows that at the
excitation intensity used this process occurs significantly more
slowly than does the decay of the MAPbIL,/PCBM conductivity.
Thus, second-order recombination only weakly contributes.
The TRTS conductivity decay is therefore a convolution of
electron injection to PCBM and electron hole recombination at
the perovskite/PCBM interface, with both processes occurring
on a similar time scale.

The TRMC measurements extend the time window of the
conductivity measurements to hundreds of nanoseconds and
can be performed at lower excitation intensity than the TRTS,
Figure 2a. In this case, second-order recombination occurs on
the microsecond time scale” and will contribute marginally to
the observed decay. Hence, the observed TRMC decay is only a
result of electron injection and interfacial recombination. The
decay on the several tens of nanoseconds scale seen in Figures
2a and S4 is however significantly influenced by the 18 ns IRF
of the TRMC measurement. This is apparent from the
comparison of MW conductivity decay measured with an
open- and closed-cell configuration (Figure SS), the former
having a shorter IRF, i.e., ~3 ns. The TRMC signal in the open-
cell measurement decays to ~50% of the peak amplitude within
~20 ns, showing that the TRTS and TRMC measurements are
converging toward a decay of photoconductivity on the
hundreds of picoseconds and nanoseconds time scale. Any
remaining discrepancy between the two techniques can be
traced to the IRF of the open-cell TRMC measurement, which
cannot catch the fastest 100 ps time scale of the decay, and
lower excitation intensity in the TRMC measurements,
decreasing the contribution to the decay of second-order
recombination within the perovskite. Details explaining the
difference between the open- and closed-cell measurements can
be found in the Supporting Information.

Wojciechowski et al. reported TRMC kinetics similar to that
observed here but assigned the decay only to electron injection
from perovskite to PCBM. However, their model required that
the hole mobility is an order of magnitude lower than the
electron mobility.” This is in contrast with (1) several
theoretical papers on the effective masses of electrons and
holes stating that they do not differ more than a factor of
two,">~'* (2) experimental works showing balanced electron—
hole diffusion lengths,”'" and (3) previous THz and TRMC
conductivity measurements.””* Our results, however, show that
it is possible to explain the TRMC kinetics as slow (hundreds
of picoseconds to nanoseconds) electron injection into PCBM,
in convolution with interfacial recombination between
immobile electrons in PCBM and photogenerated and dark
holes in the perovskite. The resulting picture of this
interpretation is an oppositely charged bilayer sample whose
recombination dynamics is not influenced by the excitation
density. Indeed, as shown in Figure SS, the decay kinetics of
MAPDI;/PCBM has a strong pseudo-first-order character due
to the high concentration of p, (10'® cm™). Finally, our
interpretation of the time-resolved decay kinetics in MAPbIL;/
PCBM is consistent with the balanced electron and hole
mobilities in MAPbI; reported in the literature.” It should be
stressed though that the concentration of dark charges (either
electrons or holes) is contingent upon the conditions under
which the samples are prepared, e.g, thermal annealing. Wang
et al. showed that annealing (time and temperature) can
convert a perovskite from p- to n-type, and the carrier (dopant)
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concentration can be varied as much as 6 orders of
magnitude.*’

By using transient photoluminescence (PL), Xing et al.* and
Stranks et al.'’ reported the time scale of PL decay in neat
MAPDI; as well as electron and hole injection to PCBM and
Spiro-OMeTAD, respectively. The decay rate in neat MAPDI, is
about 50 ns, and the injection rates for electrons and holes are
substantially faster. PL from perovskites originates from the
radiative band-to-band recombination of opposite carriers as
extensively described by Stranks et al.*> As shown in that paper,
there are many higher order, nonradiative processes occurring,
including trapping and recombination with photodoped
background carriers, demonstrating the difficulty of revealing
the complex photophysics of these materials from PL decay
alone. In this work and in our previous reports,6’2° we show
that charges remain highly mobile up to at least 5 ys, which is at
least 2 orders longer than the lifetimes measured by PL (refs 4
and S). This is a strong indication that there is a population of
charge carriers that does not recombine radiatively and that
TRTS and TRMC are the appropriate tools to probe carrier
dynamics from the picosecond to microsecond time scale.
Admittedly, the exact time scale of carrier dynamics are highly
excitation and sample dependent, and for direct comparison,
one should measure under exactly identical conditions and
from the same sample.

These results have far reaching implications both in
understanding the fundamental photophysical processes of
these materials as well as the operation of perovskite solar cells.
Utmost care should be taken in interpreting photophysical data
because it is strongly influenced by the nature and population
of defects that controls its doping. This is exemplified by our
recent work wherein we showed that different preparation
procedures can lead to very different hole concentrations.”” For
solar cell operation, the relatively fast recombination at the
MAPDBL;/PCBM interface represents a loss mechanism and
could lead to a lower photocurrent. In efficient perovskite
devices, rapid collection of holes by Spiro-OMeTAD helps
avoid this loss mechanism. Furthermore, fast removal of
electrons from the MAPbI;/PCBM interface by, for example,
increasing the conductivity in PCBM could help in reducing
interfacial recombination. Most probably, the best method to
avoid interfacial recombination is reduction of the unintentional
high concentration of dark holes in the perovskite. The p-type
doping might find its origin in defects in the MAPDI; crystal
lattice such as vacancies."*>** Additionally, extrinsic dopants
might be present because of impurities in the Pbl, precursor.
For the development of high-efficiency solar cells, it is
imperative to reveal the relationship between preparation
route and the electronic properties.

B CONCLUSIONS

We found that upon optical excitation of MAPbI; hole transfer
from MAPDI, into Spiro-OMeTAD occurs on a subpicosecond
time scale as observed using TRTS. Recombination dynamics
in this material with an organic acceptor is identical to that of
neat MAPbI; and was shown to be controlled by a high
concentration of dark holes. Injection of electrons from
perovskite to PCBM occurs on the hundreds of picoseconds
to few nanoseconds time scale, convoluted with the fast
interfacial recombination between the electrons in PCBM and
the photogenerated and dark holes in MAPDI;. Reduction of
the hole concentration in the perovskite could help to retard

recombination, yielding a higher overall power conversion
efficiency.
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