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ABSTRACT: Space-charge-limited current (SCLC) measurements have pulsed-SCLC JV ® o P

been widely used to study the charge carrier mobility and trap density in @ ee ® <Pb*
semiconductors. However, their applicability to metal halide perovskites is n =n ® ke ¥* MA*
not straightforward, due to the mixed ionic and electronic nature of these jons™  traps LSO ,0 e ©Br

materials. Here, we discuss the pitfalls of SCLC for perovskite semi-
conductors, and especially the effect of mobile ions. We show, using drift-
diffusion (DD) simulations, that the ions strongly affect the measurement
and that the usual analysis and interpretation of SCLC need to be refined.
We highlight that the trap density and mobility cannot be directly quantified
using classical methods. We discuss the advantages of pulsed SCLC for
obtaining reliable data with minimal influence of the ionic motion. We then
show that fitting the pulsed SCLC with DD modeling is a reliable method
for extracting mobility, trap, and ion densities simultaneously. As a proof of concept, we obtain a trap density of 1.3 X 10"

cm 3, an ion density of 1.1 X 10" cm™, and a mobility of 13 cm® V™! s7! for a MAPbBTr; single crystal.
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ne of the most common techniques for investigating very influential publications have used this technique to
O the intrinsic transport properties as well as the trap quantify the transport and trapping properties in both single

density of a semiconductor is the so-called space- crystals and thin films.*”"* However, the analysis of SCLC
charge-limited current (SCLC) measurement. Due to the measurement data is sometimes oversimplified because the
apparent simplicity of the measurement, it has been used assumptions required to extract reliable values are often
extensively in the literature to study organic semiconductors overlooked and not fully met, which leads to an over- or
and inorganic and hybrid organic—inorganic metal halide underestimation of the extracted values.
perovskites.'”'* In fact, the measurement consists of In this paper, we investigate the applicability of SCLC
measuring “only” a dark current—voltage (JV) characteristic measurement for perovskites using drift-diffusion (DD)
of a single-carrier device, i.e., a device in which the contacts on modeling. We show that the classical SCLC measurement

both sides of a semiconductor are aligned with the conduction
(valence) band in such a way that only electrons (holes) are
injected. One of the main advantages of this technique versus
other techniques such as charge carrier extraction by linearly
increasing voltage, optical pump terahertz probe photo-
conductivity, and microwave conductivity, lies in the fact
that the electron and hole mobility and trap density can be
probed independently.'”"> In addition, the device config-
uration is similar to that used in solar cells and other “sandwich
structure” optoelectronic devices, where the vertical transport
is probed, as opposed to the lateral transport that can be
measured using field effect transistor measurements."

The widespread use of SCLC measurements in the field of
organic semiconductors likely contributed to its rapid adoption
by the perovskite community. As a result, a large number of

procedure and analysis is not suitable to extract accurate values
of the mobility and trap density of perovskites. Instead, pulsed
SCLC measurements, as introduced by Duijnstee et al,'®'”
need to be used. Using simulations, we show how we can
correctly interpret and extract important parameters from
pulsed SCLC. To the best of our knowledge, this is the first

report of extraction of both the ion and trap density from
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Figure 1. (a) Ideal device structure for SCLC measurement with symmetric ohmic contact and no injection barrier. (b) Simulated JV curve
of an electron-only device with a 100 gm thick perovskite between two perfect electrodes as in panel a with various trap densities. The
dashed lines correspond to the different tangents with slopes of 1, 2, and >2, and the red, blue, and magenta points correspond to
construction of V;, V;,, and V,, respectively. (c) Evolution of the slopes of the JV curves with voltage. (d) Evaluation of the accuracy of the
trap density estimation depending on the voltage point taken as V3. The parameters used in the simulations are listed in Table SI.

SCLC measurements, in addition to accurately determining
the charge carrier mobility.

Typical Pitfalls of SCLC Analysis. 1deally, SCLC measure-
ments consist of a dark JV curve measurement of a single-
carrier device with symmetric ohmic contacts on either side of
a semiconductor, as depicted in Figure la. When the JV curve
is plotted on a log—log scale, several regimes can be identified:

first a low-voltage regime with a slope [dd;:gg((\]/))] of 1, followed

by a regime with a high slope (>2) due to trap filling (if any),
and, finally, at high voltage, the so-called SCLC regime with a
slope of 2. These three regimes are shown in panels b and ¢ of
Figure 1. Note that the space-charge effect also influences the
trap-filled-limited (TFL) regime.

Several pitfalls of SCLC measurements have already arisen
from the simple characterization of these regimes, which have
been reported in the literature. (i) The use of non-ohmic and/
or asymmetric contacts can lead to regimes with slopes of >2
and needs to be accounted for while performing the SCLC
analysis; studies by Blakesley' and R6hr'® present methods on
how to account for asymmetric contact. (ii) The interpretation
of the low-voltage regime varies depending on several factors
such as diffusion and intrinsic, trap, or dopant densities.'”~**
(iii) The fitting and accuracy of the Mott—Gurney
equation””** were used for the quadratic regime at high
voltages. (iv) Fitting the Mark—Helfrich equation is used for
the interpretation of the TFL regime.'”**™*” In addition to
these issues, perovskite materials, good electronic and ionic
conductors, bring some new challenges of their own as the
contributions of electronic and ionic species influence the
current.

Before discussing the influence of ions on SCLC measure-
ments, we first discuss the ideal case in which no ions are
present as it is not always clear in the literature what values can
be extracted and how.
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SCLC measurements are some of the most common
approaches for extracting the mobility and trap density values
of semiconductors and have been widely used in the lperovskite
literature.”~""** As discussed in numerous papers, >>** the
mobility value is typically extracted from the quadratic regime
of the JV curve by fitting the Mott—Gurney equation:

V- V)
28/4( 1)

]_8 L3

(1)
where ] is the current density, V and Vy; are the applied and
built-in voltage, respectively, € is the dielectric constant, L is
the thickness, and p is the mobility. While some slightly
different formulas were proposed to account for the presence
of trapping,'’ eq 1 remains the most commonly used formula
in the literature.

As previously mentioned, the trap density can be extracted
from the plot of the JV curve on a log—log scale. The most
common approach is to calculate the trap density from the so-
called trap-filled-limit voltage:"’

v qnth

tﬂ 2¢ 2)
where q is the elementary charge and n, the trap density. Even
though this formula can be easily derived under the
assumption that the amount of traps is larger than the number
of free charges, which point of the JV curve that should be
chosen as Vg has not yet been clarified. Most reports choose
the voltage of the crossing point between the low-voltage
tangent with a slope of 1 and the trap-filled-limited regime
tangent with a slope of >2, as shown in Figure 1b, which we
call V. However, others use the crossing point between the
tangent space-charge-limited regime at high voltages and the
trap-filled-limited regime, which we call V,.”” Lastly, one may
consider the inflection point (V;,;) as a viable option for the Vg
value.

https://dx.doi.org/10.1021/acsenergylett.0c02599
ACS Energy Lett. 2021, 6, 1087—1094
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Figure 2. (a) Forward and backward JV scan of a MAPbBr; perovskite single crystal taken from ref 16 showing strong hysteresis. (b)
Simulated JV curves for forward, backward, and steady-state scans demonstrating the influence of ion migration on the JV curve. The vertical
line indicates the V,q as calculated from eq 2. (c) Cation density distribution calculated for steady-state conditions at different bias voltages
where it can be seen that the cations slowly migrate toward the electrode (the anion distribution can be found in Figures S1—S3). (d) Effect
of the injection barrier next to the injecting electrode that saturates the current at high voltages. The parameters used in the simulation are

listed in Table S1.

To assess which voltage (V}, V, or V() yields the most
accurate estimate of the trap density, we simulated JV curves
by varying the trap densities for a fixed thickness of 100 ym
and extracted the values of V;, V,, and V, and calculated the
corresponding trap densities using eq 2. Figure 1d shows that
using V| to calculate Vi gives the worst estimation of trap
density and can lead to errors of almost 1 order of magnitude
in the estimated trap density. The error is largest when the trap
density is low and the transition between the two regimes is
shallow, i.e., when the slope of the TFL regime is low. As
shown, V, gives the most accurate value for the trap density
and should be used instead. This is not so surprising as the
transition from the TFL to the SCLC regime happens when all
traps are filled and the free charge carrier density becomes
larger than the number of traps (see Figures S1—S3).

We also note that, for a given thickness, trap densities can be
resolved by SCLC measurements only if the density of traps
exceeds a certain threshold. In fact, the TFL regime appears
only if n, > n at a low voltage. Hence, the minimum trap
density leading to a TFL regime is given by the charge density
ngg at a low voltage (where the current is dominated by
diffusion) in the absence of traps and dopants.””** The
minimum density of traps that is noticeable is thus given by
n = Ngg = 47r2kT £

t,min diff qz Lz (3)

Assuming that the relative dielectric constant of perovskites
is typically 25 and that the experiment is performed at 295 K,
eq 3 implies that to resolve a trap density of 10" cm™ the
thickness of the perovskite layer needs to be at least 100 pm.
For a trap density of 10'¢ cm™3, 400 nm is sufficient to resolve
the TFL regime. Thus, to observe a TFL regime, high-quality
perovskites require a very thick film in the SCLC experiment.
However, because Vg is inversely proportional to L? it is
possible to encounter difficulties as we have to measure at high
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voltages to reach the quadratic SCLC regime if the perovskite
thickness is increased.

These important findings question the way SCLC measure-
ments are reported in the literature. In the absence of a TFL
regime, we should only note that the trap density is lower than
fyminy depending on the thickness of the measured sample,
rather than claiming the absence of traps.

Influence of Ions on SCLC Measurements: Classic SCLC
Measurement. One of the peculiar properties inherent to
perovskite materials is the fact that they are both electronic and
ionic conductors. Typically, the halide anions are identified as
being primarily responsible for the ionic motion in metal halide
perovskites with a higher diffusion coeflicient, a lower
activation energy, and higher densities compared to those of
other ionic species.’*™** However, recent studies also suggest
that the influence of A site cations such as Cs*, CH;NH;", and
(NH,),CH" or even H* should not be neglected.””** Overall,
it is difficult to find one responsible for the ionic motion in
perovskite as it largely depends on the system being studied.
Nevertheless, it is clear that mobile ions are present in a large
majority of metal halide perovskites and need to be accounted
for.

Like the issue of identifying the main source of mobile ions,
investigating the nature and origin of the traps is also a big
challenge, and while many reports use first-principles
calculation to calculate the trap depth regardless of whether
there are more acceptor or donor types, there is still a large
spread in the obtained values and no consensus as to the
nature of the traps.’"*® It has been widely reported in the
perovskite solar cell literature that the movement of ions can
have a dramatic impact on the JV curves of perovskite solar
cells and cause hysteresis.”*">" Surprisingly, the influence of
ions on the JV curves of SCLC measurements has been largely
overlooked, and there are, to the best of our knowledge, few
reports of the difference between forward (FW) and backward

https://dx.doi.org/10.1021/acsenergylett.0c02599
ACS Energy Lett. 2021, 6, 1087—1094
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Figure 3. (a) Schematic representation of the construction of the pulsed SCLC JV curve from the measurement of the current during a
voltage pulse. (b) Pulsed SCLC measurement JV curves with a small hysteresis for a 160 gm thick MAPbBr; perovskite single crystal and the
corresponding drift-diffusion fit. (c) Evolution of the pulsed SCLC JV curves depending on the ion density for a fixed trap density of 1 X
10" cm™. (d) Input vs calculated net-charge density using eq 4. The black solid line is a guide to the eye corresponding to the input net
charge, and the dashed line corresponds to the input trap density. The parameters used in the simulation are listed in Tables S1 and S2.

(BW) scans for SCLC measurements. The FW (BW) scan is a
measurement of a JV curve from low (high) to high (low)
voltages. Recent exceptions are the papers by Duijnstee et al.'®
and Sajedi Alvar et al** The JV curve from the SCLC
measurement of a MAPbBTr; single crystal, taken from ref 16, is
shown in Figure 2a and shows large hysteresis between the FW
and BW scans. This indicates that the movement of the ions
has a strong effect on the current and, hence, needs to be
considered in the SCLC analysis when studying perovskites.
To gain insight into how the ions affect the current, we
simulated a 100 um thick perovskite single crystal, including
trapping and mobile ions, as shown in Figure 2b and Table SI.
First, we simulated a steady-state (or stabilized) scan in which
ions have time to redistribute at every voltage step followed by
a simulation of the extreme cases of an infinitely fast FW and
BW scan prebiased at 0 and 200 V, respectively. For these
scans, the ion distributions throughout the device are
calculated at the prebias (here the first applied voltage) and
kept fixed for all of the other voltage steps. While there is no
significant difference between the FW and steady-state scans,
there is a dramatic hysteresis feature between the FW and BW
sweeps. The fact that the steady-state and FW scans are similar
is not so surprising as the cations mostly stay in the bulk at low
voltages because the perovskite layer is so thick (see Figure
2c). Therefore, the current at low voltages is hardly affected, as
depicted Figure 2b. Even though the cations will accumulate at
the electrode at high voltages, as shown in Figure 2c, it still has
a negligible effect as the electric field is high enough not to be
affected. During the BW scan, the current is mostly affected at
intermediate voltages as the ions are confined near the
electrode, effectively dedoping the bulk of the perovskite.
The vertical line in Figure 2b indicates the Viq as calculated
from eq 2. We can note that V, of the BW scan is much closer
to Vg than that from the FW or steady-state scan. This tends
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to indicate that using a BW scan leads to a better estimate of
the trap density. However, for this to be true the scan rate
should be sufficiently high to ensure than ions do not have
time to move throughout the JV measurement, which is
difficult when scanning over a large voltage range. Additionally,
we will later discuss other effects that may influence the BW
scan, and can cause experimental difficulties.

In summary, the ions have a strong influence on the SCLC
JV curves but more importantly the values of trap density
extracted from this measurement are largely dependent on the
ions, making it impossible to extract reliable trap density values
using Vig.

While there is a clear effect of the ionic distribution on the
simulated JV curves, we do not see such a drastic decrease and
saturation in the current density in the BW scan compared to
the FW scan as in the experiment depicted in Figure 2a. This
effect could potentially be explained by the creation of an
injection barrier next to the electrode when the applied bias is
too strong. This barrier could originate from the degradation of
the perovskite materials next to the electrode. Too many ions
at the interface can result in the formation of a thin layer with a
different bandgap. The simulation with a small injection
(~0.2—0.3 eV) barrier (see Figure 2d) in the layer next to the
injecting electrode indeed shows a saturation of the current at
high voltages and therefore makes this a probable scenario for
explaining the shape of the hysteresis in the experimental JV
curve. In addition, it has been shown in the literature that the
reaction of the perovskite with the electrode or ionic migration
could create different phases like Pbl, next to the electrode,’
which could create such a barrier. Unfortunately, such a
degradation complicates the use of the BW scan to gain a
better estimate of the trap density.

Pulsed SCLC Measurement. To tackle the problem of
hysteresis and fixing the position of the ions within the

https://dx.doi.org/10.1021/acsenergylett.0c02599
ACS Energy Lett. 2021, 6, 1087—1094
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perovskite, Duijnstee et al. proposed a pulsed SCLC method
for obtaining reliable JV curves with suppressed hysteresis.'®
This method consists of a short voltage pulse (20 ms) from 0
V to the wanted applied voltage (see Figure 3a) and measuring
the current after the displacement pic and before the ions have
the time to move significantly. In the Supporting Information,
we show by simulating the pulsed measurement using transient
drift diffusion that this approach is fully justified (for both
single crystals and thin films) and that ions indeed do not
move significantly and have little to no influence on the current
at a such time scale and at such an electric field.

Using this pulsed method presents several advantages; on
one hand, it allows the measurement of hysteresis free curves
where the ions are effectively fixed to their position at 0 V and
do not move throughout the JV sweep, and on the other hand,
it avoids unwanted degradation and phase changes next to the
electrodes that saturate the current at high voltages.

In the remainder of this paper, we will discuss the pulsed
SCLC as this measurement is more reliable.'® To simulate the
pulsed SCLC, we first calculate the ion distribution at 0 V and
then keep it fixed for the voltage sweep, making it equivalent to
the infinitely fast scan described previously. Similar to the fast
FW scan, the pulsed SCLC and the steady-state scan give
similar JV curves, as shown in Figure 2b. This similarity arises
from the fact that the injected electron density and the filling of
the traps are not as much affected by the movement ions, and
especially cations. Figures S1 and S2 show that the cations
mostly remain within the bulk of the perovskite and that the
electron injection is not different for the three methods, which
lead to completely filled traps at the same voltage. However,
the situation is different for a fast BW scan prebiased at 200 V.
Figure S3 shows that in this case, the cations accumulate at the
injecting electrode, which slows the injection of electrons, and
thereby the filling of the traps. Hence, Viq shifts to higher
voltages.

Figure 3b shows the measured pulsed SCLC JV curves for a
160 pum thick MAPbBr; single crystal. More details about the
measurement can be found in ref 16. Figure S4 shows the
measurement performed on three different crystals with
different thicknesses. The absence of hysteresis for all three
crystals implies that the ions are indeed fixed around their 0 V
positions. Additionally, there is no sign of degradation in the
BW scan, which confirms the hypothesis that the accumulation
of ions at high voltages creates a barrier for the injection that
limits the current.

On top of the hysteresis, the ions significantly influence the
actual shape of the JV curve. We show in Figure 3c that as the
ion density approaches the trap density, here at 1 X 108 em™3,
the TFL regime disappears. In addition, V), Vi, and V, are all
affected by the ion density. This is due to the fact that ions are
shielding the charge from the traps, and thereby reducing the
net charge. If the ion and trap densities are within the same
order of magnitude, eq 2 does not apply and needs to be
rewritten in terms of net charges in the bulk such as

— qnneth — q(nt B nion)L2
2e 2e

net ( 4)
The derivation of eq 4 is provided in the Supporting
Information. Similarly, eq 3 can be expressed in terms of the
net charge in the bulk. Equivalently, this equation still holds
when other types of charges, such as dopants, are added, as
shown in Figure SS. One should also note that in eq 4 n, refers
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only to charged traps that are sufficiently deep within the
bandgap; in our simulations for an electron-only device, only
negatively charged traps (i.e., acceptor type) can be probed as
shown in Figure S6. Realistically, if more than one type of trap
is considered with both some donor and some acceptor, for
example, n, would correspond to the net charge of all of the
traps.

This is a crucial point for the interpretation of SCLC
measurement for perovskites as it shows that we measure V,,
and the net charge in the bulk of the perovskite, rather than the
Viq and the trap density. This is well illustrated by Figure 3d, in
which we show that as the ion density increases, i.e., the net
charge decreases, the measured density deviates more from the
actual trap density. This figure also shows that V}, which is the
most commonly used point for Vig, not only can be 1 order of
magnitude off in predicting the net charge but also
underestimates the trap density by almost 2 orders of
magnitude. Hence, previously reported trap density values
from SCLC measurement showing a small slope for the TFL
regime, probably indicating an ion density close to the trap
density, cannot be trusted.

Given the potential pitfalls of SCLC measurements when
applying simplified equations such as the Mott—Gurney law or
the expression for Vi, it appears to be more reasonable to fit
drift-diffusion simulations to the measurement data. By doing
so, we can relax a few assumptions and obtain values for trap
and ion densities instead of only the net charge when using eq
4. If necessary, the built-in voltage can also be accounted for by
fitting both positive and negative voltage JV curves, when
different electrodes are used (which is not the case here). For
this purpose, we use SIMsalabim, an open-source drift-diffusion
simulation program, in the hope that it will enable researchers
to fit their SCLC measurement to obtain more reliable values.
More details about the simulation can be found in the
Supporting Information and refs 39, 42, and 43, and the code
is available on GitHub."*

If we extract values from the 160 um single-crystal JV curve
using the “classical” method, i.e., taking the Vg as V}, from the
FW scan in Figure 2a and from the pulsed measurement in
Figure 3b, we obtain trap densities of &2 X 10" and ~4.5 X
10" cm™3, respectively. However, when the pulsed JV curve is
fitted using the drift-diffusion simulation, as shown in Figure 3a
and Table S2, the simulation shows that trap and ion densities
are indeed very similar, approximately 1.3 X 10" and 1.1 X
10" cm™>, respectively, giving a net charge in the bulk of 2 X
10" cm™3. The trap density was underestimated by 1—2 orders
of magnitude when using the “classical” method.

Even the values extracted by using the crossing points of the
tangents from the pulsed measurement do not yield the correct
values of either the net charge or the trap density. V, Vi, and
V, give values of 4.5 X 10'%, 9.4 X 10'% and 1.2 X 10" cm™,
respectively. The TFL regime is not very pronounced, so the
net charge is overestimated, as in Figure 3d when V, is small.
Clearly, under such conditions, fitting a drift-diffusion
simulation becomes necessary to extract a value for the trap
density. It also allows for an estimation of the mobility value,
which would not have been accessible using the “classical”
method and fitting the Mott—Gurney law becaise the SCLC
regime is not reached even at 200 V. Here, we find a mobility
of approximately 13 cm* V™' 57\,

We show that SCLC measurements have to be treated
carefully when performed upon mixed ionic and electronic
conductors, such as metal halide perovskites. We present some
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of the common pitfalls for SCLC analysis and show that to
obtain a reasonable estimate of the Vi and trap density, one
needs to consider V, rather than V;.

We then present a detailed analysis of the effect of mobile
ions on the interpretation of SCLC measurement. Both
simulations and experiments suggest that performing pulsed
SCLC measurement is necessary to minimize ion migration
during the measurement. In this way, we obtain reliable and
reproducible JV curves and avoid any degradation of the
perovskite under large applied voltages. We show that even
though we can extract the net charge in the perovskite bulk
from the SCLC measurement, we cannot directly extract the
trap density. This calls into question previous reports in the
literature that may have underestimated the trap density by
several orders of magnitude.

Finally, we show how we can accurately reproduce pulsed
SCLC experiments using drift-difftusion modeling, which
enables us to quantify not only the net charge but also the
actual mobility and trap and ion densities. We propose a wider
use of drift-diffusion simulations to fit pulsed SCLC to extract
meaningful values for the trap and ion densities, and mobility
in the case of perovskites, and we provide an open-source
solution to fit these measurements. We strongly encourage
others to follow this approach and no longer perform analytical

fits to JV data.
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