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Perovskite-based solar cells have been rapidly developed, with record power conversion
efficiencies now exceeding 25%.17! In order to rationally improve the efficiency of these
devices, it is important to understand and quantify the dynamics of the excess charge carriers
generated on optical excitation of the metal halide perovskite (MHP) absorber layer.
Furthermore, knowledge regarding the charge extraction by charge selective transport layers
(CSTLs) is imperative to select proper and stable transport layers sandwiching the absorber
material. In this chapter we revisit some of our earlier papers in which we have studied the
charge dynamics using the Time-Resolved Microwave Conductivity (TRMC) technique. Here
we will focus on two archetype MHPs i.e. methylammonium lead iodide (MAPbI3) and
methylammonium lead bromide (MAPbBr3), which show, interestingly, rather different charge
carrier dynamics. We will argue how these differences can be connected to variations in
mobilities and trap densities. Although photoconductivity measurements do not provide
specific information regarding differences in electron and hole mobility nor the type of deep
trap states, by combining the MHP layer with CSTLs these matters can be disclosed.

This chapter is built up as follows: the first section comprises a short comprehensive overview

regarding the electrodeless TRMC technique. Section two introduces a kinetic model to obtain
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quantitative data from the TRMC results, including charge carrier mobilities and trap densities.
The third section presents the TRMC measurements on MAPbI; and MAPbBr3 including
analysis of the decay kinetics. The found mobilities will be discussed and compared to other
reported values determined by e.g. terahertz spectroscopy. In the last section TRMC
measurements on both MHPs supplied with different CSTLs are presented. The CSTLs
comprise Spiro-OMeTAD as a hole transport layer or C60 as electron transport layer. Possible
implications of the mobilities and trap densities, which determine the charge carrier diffusion

lengths, on the charge collection and performance of a corresponding cell will be discussed.

Section 1: Time-Resolved Microwave Conductivity

The TRMC technique can be used to study the dynamics of photo-induced charge carriers in
semiconductor materials with low background conductivities.[*!%! This technique is based on
the interaction between the electric field component of the microwaves (GHz regime) and
mobile carriers (see Figure 1). Hence, the photoconductivity can be determined without

contacting the semiconductor to electrodes, thereby avoiding interfacial effects or undesired

chemical reactions between the MHP and the metallic electrodes.!'1]
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Figure 1. Representation of photo-induced time-resolved microwave conductivity technique. In
essence the MHP is optically excited by a short laser pulse, yielding excess charge carriers.
These carriers interact with microwaves, resulting in a reduction of the microwave power which
is measured on nanosecond timescales. TRMC is used to measure the photo-conductance,

which scales with the time-dependent concentration #» and mobility x of free electrons and holes.
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The sinusoidal (dashed) line represents the magnitude of the microwave electric field as it

passes through the (excited) MHP.

In general, if photo-excitation of a material results in the generation of free, mobile charge
carriers, the conductivity of this material changes. The electrical conductivity, ¢ scales with the
concentration of free charge carriers, n and their mobility x according to:

0 =eX;ny ()

where e is the elementary charge. With the TRMC technique, the integrated change in o over
the complete film thickness, L, is measured, which yields a change in conductance, AG:

AG = B [} Ao (z) dz )

Here fis the ratio between the wide and small inner walls of the microwave guide. Hence, AG
is proportional to the product of the total number of photo-induced free charges and their

mobility. Absorption of microwaves by the free carriers reduces the microwave power on the

detector. The normalized reduction in microwave power (AP(t))/P is related to AG(t) by:

AP(t
2O = —KAG() 3)
where K is the sensitivity factor, which can be quantified as described previously.l!%!!
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Figure 2. Schematic representation of (left) the TRMC set-up and (right) the TRMC cell.

Adapted from Savenije et al.[®!
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Figure 2 shows a representation of the TRMC set up. Photo-excitation is realized by laser pulses
of 3-5 ns FWHM with a tunable wavelength at a repetition rate of 10 Hz. Metallic, neutral
density filters with different optical densities are applied to vary the photon fluence between
10° and 10'° photons/cm? per pulse. A voltage-controlled oscillator is utilised to generate the
microwaves with a frequency in the 10 GHz range. The sample of interest is placed in a
microwave cell that ends with a metal grating (see Figure 2b), which largely transmits the laser
power, but fully reflects the microwaves. A quartz window is glued on top of the grating to seal
the cell and avoid air exposure of the sample. In the presence of an iris (see Figure 2b) the
sensitivity factor, K is much higher (ca 40 times) than for an iris free microwave cell. However,
this sensitivity gain leads to an increase of the response time from ca 1 ns to 18 ns. A microwave
diode detector converts the microwave power into a transient voltage which is recorded using
a digital oscilloscope.

If the sensitivity factor K is known, AG can be quantitatively obtained from the measured AP(t)
/P using Eq. 3. Then, the TRMC signal can be expressed in the remaining two unknown
parameters: i.e. the mobility, x and the charge carrier generation yield, ¢. If every absorbed
photon creates a single positive and a negative charge carrier, Eq. 1 simplifies to:

o = en(ye + up) €

in which 7 is the concentration, s is the electron mobility and un is the hole mobility. The yield

can be defined as

Ln

¢ = Falg (5)

in which /j is the intensity of the laser in photons/pulse/unit area and Fj is the fraction of light
absorbed at the excitation wavelength. By combining Eqgs. 2, 4 and 5, the product of yield and

mobility can be obtained from AGmax

Ln Ao L AGmax AGmax

Oe +pp) =/ —= = (6)
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Expressing the TRMC signal in ¢ (u, + up) product enables us to directly compare TRMC
measurements of different samples.

In contrast to DC techniques, such as time-of-flight or field effect transistor measurements,
charges do not undergo a net displacement in the photo-active layer during a TRMC
measurement. In fact, due to the low electric field strength of the microwaves in the cell and
the rapid oscillating direction of the electric field, the drift distances are relatively small, i.e. in
the nanometer regime. This implies that transport over grain boundaries does not limit the
mobilities unless the grain size becomes <100 nm.["*! For techniques in which excess carriers
have to cross grain boundaries, reported mobilities are typically at least an order of magnitude
less.'>) An extensive discussion over the latter is reported for thin films of MAPbI; by Levine
et al.l!¢]

Note that both electrons and holes’ contributions to the photo-conductance depend on their
mobilities. This is in contrast with more frequently used time-resolved photoluminescence
(TRPL) measurements, which specifically detects radiative recombination events. Therefore,
the decays obtained with TRMC cannot a priori be compared to TRPL signals. Instead, TRMC
gives complementary insights to TRPL, since it displays the recombination of all free mobile
charge carriers: both radiative and non-radiative. Therefore, TRMC is especially useful for
studying the recombination kinetics in MHPs showing poor light-outcoupling and substantial
reabsorption of emitted photons, such as macroscopic MHP crystals, or MHPs supplied with a

transport material, where most recombination is non-radiative.

Section 2: Global modelling of TRMC Data
In order to extract quantitative data out of TRMC measurements, the generic kinetic model, as
detailed in Figure 3 can be used.!'”-!8] This model accounts for different recombination pathways

of photo-excited electrons and holes and assumes homogeneous generation and decay of
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charges, which can be experimentally realized by using an excitation wavelength close to the
absorption onset. In view of the relatively small exciton binding energy of most MHPs
compared to thermal energy,!'’! electron-hole pairs dissociate into free CB electrons and VB
holes.

Formation of charge carriers is represented by the generation term, G¢ and takes into account
the temporal profile and total light intensity of the laser pulse. In general, perovskite
semiconductors are often unintentionally doped due to impurities and defects states in the
crystal lattice. This leads to additional CB electrons (n-type) or VB holes (p-type) already
present before photo-excitation. In case of a p-type doped perovskite as shown in Figure 3, the
concentration of dark carriers is represented by py. Note that py does not contribute to the photo-
conductance since the TRMC technique is an AC technique, however py affects the

recombination rates.

B
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Figure 3. Kinetic model of processes occurring upon photo-excitation of a (unintentionally) p-
type semiconductor perovskite. Here, G¢ represents the photo-excitation of electrons (closed
circles) from the valence band (VB) to the conduction band (CB). The CB electrons can
recombine with holes (open circles) in the VB via k.. In competition with £, electrons can be
immobilized in intra-band gap trap states with total density Nr via kr. Finally, the trapped

electrons can recombine with holes from the VB via kp. In the case of an (unintentionally)
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doped MHP, there will be additional holes (po, p-type) on top of the photo-generated holes.
Note that this fully mathematical model also holds for an n-type MHP with trap states for holes.
The following set of coupled differential equations implements the processes shown in Figure
3 and describes n. (Eq. 7) nx (Eq. 8) and n; (Eq. 9) as function of time. The rate constants for
band-to-band electron-hole recombination, trap filling and trap emptying are represented by 42,

kr and kp respectively.

dne

Pk Ge — kane(ny + po) — krne(Ny — ng) (7
dnp,

ek Ge — kane(ny + po) — kpne(ny, + po) @®)
d

e — egne(Ny =) — kpne(ny + po) ©)

Solving the equations using numerical methods yields the time-dependent concentrations ne, 1,
and n,. The change in photo-conductance as function of time is calculated from the product of
charge carrier concentrations and mobilities according to:

AG(t) = e(ne()pe + np(Oun) BL (10)

Here, the trapped charge carriers, n, are assumed to be immobile and do not contribute to AG.
The mobilities are assumed to be constant within the time window of the measurement and
independent of the charge density. Finally, a convolution is applied to take into account the
instrumental response function of the set-up.'”! To obtain accurate values for all kinetic
parameters describing a specific MHP, a set of TRMC traces induced by widely varying laser
intensities (preferably more than two orders of magnitude) should be recorded. Fits to these
TRMC traces vary only by adapting the laser intensity, which is incorporated in the generation

term, Gc¢. By following this global approach accurate quantification of all parameters is feasible.
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Section 3. TRMC measurements on MAPbI3; and MAPbBr3
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Figure 4. Experimental TRMC traces for (a) MAPbI; and (b) MAPbB13 recorded at wavelengths
of 2 =650 nm and 500 nm, respectively. The full lines are calculated by numerically solving
differential equations (7-9) and converting the time-dependent concentration curves to the light
intensity normalized AG traces. Note the difference in time scale! Panels (c) and (d) show the
calculated charge carrier diffusion lengths on basis of charge carrier lifetime (#12) and mobility

for different laser intensities. Adapted from Zhao et al.*"!

Results from TRMC measurements on MHPs are provided in Figures 4a and 4b for MAPbI;3
and MAPDBr3, respectively. The photo conductance, normalized for the number of absorbed

photons is shown as function of time on photo-excitation using incident light intensities ranging
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over at least two orders of magnitude. The rise of the signal at t = 0 originates from the formation
of mobile excess charges; the maximum signal height reflects the product of charge carrier
generation yield and the mobility. For MAPDI; at higher intensities, the decay kinetics become
increasingly faster, which is typically observed in a regime where higher order recombination
dominates. Apart from this also the maximum signal somewhat reduces due to the fact that in
pulse recombination occurs. At very low excitation densities the number of generated excess
carriers is below the trap density. For these excitation intensities the band to band second order
recombination process is not the dominant decay process any more due to the rapid trapping of
the minority carriers. Note that at this intensities, the counter charges are responsible for the
observed TRMC signal as these are still mobile. Most notably for MAPbBr3; we observe very
different decay kinetics, featuring a very fast, sharp decrease followed by a long-lived almost
constant signal. In analogy with MAPbI; at higher intensities the normalised TRMC becomes
increasingly smaller.

Using the kinetic model as described in Section 2, the TRMC traces for both MHPs are fitted
using a single set of kinetic parameters and results are collected in Table 1. Note that for
obtaining the different TRMC traces, only the magnitude of the generation term, G. is altered
according to the incident intensity. Despite the very different decay kinetics for both MHPs we
see that the model describes the TRMC traces for both MHPs rather well. Using this approach
it is feasible to obtain accurate values for all kinetic parameters describing the charge carrier
dynamics. Some prominent dissimilarities between both MHPs can be observed including
mobilities, band-to-band recombination rate constants, and values for the trap - and back-
ground density. For MAPbI; layers mobilities between 50 and 100 cm?/Vs are close to
previously reported values measured using TRMC or optically pump terahertz probe
measurements (OPTP).!'6202!] From Table 1 there is a clear difference between the mobilities

of MAPbI3 and MAPbBr3. The mobility according to the classical Drude model is given by
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p=— (11)

in which ris the scattering time and m" the effective mass. From first principles calculations or
magneto-optical studies the effective masses of the charge carriers have been derived, which
show similar values for electrons and holes of 0.10mo to 0.2my for both materials.[*** With
respect to the scattering time, 7it has been argued that the interactions between the longitudinal
phonon modes are higher for bromide perovskites than iodide perovskites. The resulting shorter
scattering times for MAPbBr3 provides an explanation for the differences in the observed
mobilities.[>> The values for k> for MAPDI; are very close to previously reported numbers.2®]

The higher value for k> for MAPbBr3 might find its origin in surface enhanced second order

recombination as recently deduced.!*’!

Table 1. Kinetic parameters used for fits to the TRMC traces for bare MAPblz and MAPbBr3

layers.
MAPDI3 MAPDBr3

k2 [x 10 cm?® s71] 1.2 5.5

kr [x 10 cm?® s71] 8 2

kp [x 10719 cm?® s71] 0.5 0.45
Nt [x 10" cm™] 0.2 35
posno [x 105 cm™] 0.02 3.5

pe [cm? (Vs)!] 75 9.5

pe [cm? (Vs)!] 50 9.5

Next, we discuss the large difference in trap densities found in MAPbIz and MAPbBr3. The
density of the latter is more than 2 orders of magnitude larger. Same is true for the number of
dark carriers. The number of traps has of course major effects on the charge dynamics, which
is evident from the TRMC decay kinetics shown in Figures 4a and 4b. From the parameters we
can calculate the lifetime of a carrier in the conduction or valence band. Knowing the half
lifetime, 712 and the mobilities enables us to get an idea about the charge carrier diffusion length,

R using:
10
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R= |Dt (12)

N

The diffusion coefficient, D can be derived from the charge mobility obtained by fitting of the
TRMC traces and using the Einstein-Smoluchowski equation, D = kTu/e. As shown in Figure
4c, R for the minority carriers in MAPbI; is very small in comparison to that of the majority
carriers. At excitation intensities yielding a charge carrier concentration just below Nr we
observe that the values of R for both electrons and holes are similar and maximal. At higher
densities R becomes smaller for both types of carriers due to enhanced band-to-band
recombination. Thus, the electron and hole diffusion lengths are most balanced at charge
densities just above the trap density, which is desirable for optimum collection of both electrons
and holes in an operating solar cell.

In Figure 4d the R values are provided for MAPbBr3. In particular for the minority carriers we
see very short values, which can be explained by the fact that minority carriers get trapped on
very short time scales. Only at very high laser intensities both diffusion lengths become similar.
However, at these laser intensities also rapid band-to-band recombination is operative due to
the corresponding high concentrations. Hence, generally substantially shorter values of R are
found for MAPbBr3. In summary we conclude that due to smaller mobility values as well as the
substantially larger concentration of deep trap states, the charge carrier diffusion lengths in

particular for the minority carriers in MAPbBr3, are much smaller than those in MAPbI;.

4. TRMC measurements on MAPbI3 and MAPbBr3 with charge selective contacts

11
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Figure 5. Top panels illustrate the charge extraction process: For left panels the CSTL is C60
while for the right panels the CSTL is Spiro-OMeTAD. A and B show the TRMC traces
recorded at initial charge carrier densities of 5 - 10 x 10'* cm™/pulse for single and double layers

comprising MAPDI; with excitation at 4 = 650. C and D are the traces for MAPbBr; with
12
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excitation at A = 500 nm. The signal of the bare MHP layer is normalised to 1, while the bilayer

1s normalised with the same factor. Insets show TRMC traces on 10 microsecond timescale.

Adapted from Zhao et al.l*]

While in the previous part we focused on mobilities and trap states, in this part we want to
elucidate the type of carriers and traps responsible for the observed charge carrier dynamics.
Since TRMC does not differentiate between holes and electrons and both carriers contribute to
the photo conductance according to equation 1, other specific methods need to be invoked. To
reveal which type of carrier is the minority carrier for both layers, we deposited on top of the
MHP a CSTL. As electron accepting layer we used C60 while for hole transport layer Spiro-
OMeTAD was used (See diagrams at top of Figure 5). Figure 5 shows the effect of introducing
the CSTL on MAPbI; and MAPDbBr3, together with the bare MHP using identical laser
wavelengths and intensities. The signal of the bare MHP layer is normalised to 1, and the bilayer
is normalised with the same factor. As discussed previously, two important aspects can be
noticed;?”?°! First the signal for all bilayers drops quickly below the signal of the bare
perovskite layer. Obviously the CSTLs efficiently extract part of the carriers. Since the
mobilities for electrons in C60 and for holes in spiro-OMeTAD are both smaller than in the
perovskite, the overall TRMC signal lowers. Thus, it is important to realise that the predominant
part of the TRMC signal is due to counter charges remaining in the perovskite. Interestingly for
MAPDI; based bilayers both insets show that the charge carrier lifetimes extend over many
microseconds, implying that recombination of the extracted carrier by the CSTL with the
remaining counter charge is rather slow. If full extraction of either electrons or holes to a CSTL
would occur, it is feasible to asses the mobility of the counter charge. However, since apart
from charge extraction also charge trapping and band-to-band recombination occurs

simultaneously, extraction is most likely not complete. However we do see that similar long-

13
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lived signals appear for both CSTLs indicating that extraction for both transport layers takes
place and that the charge carrier mobilities are close to balanced.**! In conclusion we can state
that for MAPbI3 both charge carriers are both extracted efficiently and that charge carrier
mobilities are comparable. The latter is in line with the results from the fits to the bare layers.

Finally, we observe a very different behaviour for the bilayers with MAPbBr3. For
MAPDbBT13/C60 the signal drops down quickly to almost zero, while for the MAPbBr3/spiro-
OMeTAD the differences with the bare layer are limited. Combining this information with the
results from the fits from Section 3, which revealed large amounts of deep trap states, we can
conclude that these states form traps for holes and the majority mobile carriers are electrons.
This can be rationalized as follows: Optical excitation of MAPbBr; leads to generation of excess
carriers of which the holes are quickly trapped. These trapped holes are not able to get extracted
by the Spiro-OMeTAD, while the C60 rapidly extracts the electrons. In the latter bilayer we
conclude that no highly mobile carriers remain, since the mobility in C60 is <1 cm?/Vs and the
corresponding holes are rapidly trapped in MAPbBr3, explaining the fast decaying signal. These
observations can explain the typically poor performances observed for solar cells based on
MAPDBr;. Hence by combining the perovskite layer with transport layers specific information

can be obtained regarding the type of minority carriers and of deep traps.

In the first two sections of this chapter we presented the basics of the time-resolved microwave
technique and the analysis of decay kinetics. TRMC is a contactless technique and thus, it does
not require prolonged exposure to electric fields that can potentially lead to ion migration in
perovskites making it a very attractive method to study charge dynamics.*!) Additionally,
photogeneration can occur over a broad range of intensities in the 1-sun equivalent regime.!%!
In section 3 and 4 we applied this technique to MAPbI; and MAPbBr3 with and without CSTLs.

Analysis of the fits on the bare layers recorded using various light intensities yields the kinetic

14
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parameters describing the charge carrier dynamics. From the bilayers, specific information
regarding the electron and hole mobility can be obtained as well as the sign of the carriers.
While MAPbI; can be regarded as highly intrinsic with doping densities po < 10'* cm™,
MAPbBr; behaves as unintentional n-type doped with no > x 10" ¢cm™. Furthermore, the high
number of deep trap states makes the charge carrier diffusion length of the minority carriers in
MAPDBT13 small, < 0.5 um, which is typically not sufficient for optimal solar cell performance.
In this chapter we have shown that the TRMC technique is able to reveal the charge carrier
dynamics on timescales relevant for opto-electronic devices. The versatile and electrodeless
nature of the technique allows screening of perovskite layers with differences in material

composition or deposition method.
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