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on-radiative recombination via defects is a major loss

mechanism for nearly all photovoltaic technologies."

Despite their frequently quoted “defect tolerance”,”’
halide perovskites are no exception to this rule, given that it
remains difficult to exceed luminescence quantum efficiencies
of a few percent at photovoltaic working conditions in
devices."® Given the importance of non-radiative recombina-
tion, the experimental detection of the culprits, i.e., the most
recombination-active defects, is of substantial importance for
controlled optimization of devices but also for long-term
strategic decisions. One such strategic decision is the
assessment of possible performance benefits associated with
going from polycrystalline thin films to single crystals”® as
active elements in perovskite solar cells. A substantial amount
of experimental data’”'” indicates that polycrystalline thin
films of lead halide perovskites typically have defect densities
on the order of 10"°—10'"® cm™, while single crystals are
typically reported”'*'*~*° to have bulk defect densities of 10!
cm™ or lower. These findings support an intuitive rationale,
namely that single crystals have orders of magnitude lower
defect densities than thin films that should contain a certain
density of defects at their grain boundaries. This narrative has
even inspired paper titles such as the one from Brenes et al,”!
who write about “Metal Halide Perovskite Polycrystalline
Films Exhibiting Properties of Single Crystals” while reporting
exceptionally long charge-carrier lifetimes in perovskite thin
films.

When we inspect the available evidence for these substantial
differences between single-crystal and thin-film defect densities
further, we note that the defect densities are typically measured
with two dominant techni(}ues, namely (i) a range of
capacitance-based methods”** and (ii) observations of the
trap-filled limit in single-carrier devices.””> These two methods
are complemented with a range of other techniques where
insufficient data exists to make systematic meta-analyses
comparing thin films with single crystals. Other techniques
to measure defect densities include (iii) transient spectroscopic
methods such as transient photoluminescence (tr-PL)** or
transient photoconductivity,'” (iv) surface physics techniques
such as ultraviolet photoelectron spectroscopy”® (UPS) or
more advanced techniques such as constant final state yield
spectroscopy,”® (v) thermally stimulated current measure-
ments,”” and (vi) optical techniques based on subgap
absorption28’29 or emission.”

Differences between thin films and single crystals are mostly
based on observations derived from the first two types of
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methods that share the hugely important feature that they
detect defects via the amount of charge stored on these defects.
For this charge to affect either the solar cell capacitance or the
current of a single-carrier device, it has to affect the
electrostatic potential distribution of the measured sample to
a degree that the charge becomes detectable.”” For a certain
charge density per volume to affect the electrostatic potential
of a device with two electrodes, this charge density has to
substantially exceed the surface charge densities o on the two
electrodes separated by the sample thickness d. If this was not
the case, the electrostatic potential ¢ would just drop linearly
from one electrode to the other. Free carriers might affect the
potential as in the space-charge-limited current regime in a
single-carrier device, or in case of the diffusion or chemical
capacitance of a diode under forward bias, but the net ionized
defect density Ny will remain invisible. From this very simple
rationale, we would expect that Ny« > o should hold to
ensure that the ionized defect density will actually be visible in
any charge-based measurement. Let us now assume that the
surface charge density of the electrodes is given by the
equation for a plate capacitor, i.e., 6 = £,¢,A@/d, where Ag is
the electrostatic potential difference between the two electro-
des. For the case of a diode, where Ap = V;; — V, this
immediately results in the condition

SOEr(‘/bi B V)

Ny >

def q d2 (1)
where g is the elementary charge, V}, is the built-in voltage, Vis
the applied voltage, and €, and &, are the vacuum and relative
permittivity. The most noteworthy feature of eq 1 is that the
ionized defect density has to exceed a value that depends
inversely on the layer thickness (d) squared. Thus, the
argument that a volume density has to compete with a surface
density automatically leads to the situation where higher
volume charge densities are needed in thinner films to have a
notable effect on the electrostatic potential. One might think
that this implies that the measured defect densities in thin films

Received: July 12, 2021
Accepted: August 12, 2021

https://doi.org/10.1021/acsenergylett.1c01449
ACS Energy Lett. 2021, 6, 3244—3251

'
-
Tl

S
<
~

O
=z
|



https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.1c01449&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01449?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01449?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01449?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01449?goto=supporting-info&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf

ACS Energy Letters http://pubs.acs.org/journal/aelccp

—

1016 [thin g

10"} apparent Ny
based on

trap-filled limit
2L

Nyer=8%e, kTI(q?c?)
see Eq. (2) P
Nyo=27me g, kTI(4q%d?) .~
see Eq. (3)
100 (a) Single Carrier Devices . (b) Capacitance-Voltage .
10" 10° 10" 102 10° 107 10° 10' 102 10°
thickness d (um) thickness d (um)

1010 -

defect density N,,; (cm™
3

Figure 1. (a) Apparent defect densities derived from the trap-filled regime of JV curves taken from single-carrier devices based on lead halide
perovskites (symbols).'!~'#'8729377%9 [ addition, two data points are added for lead-free perovskites (*-shaped symbols).’”*' We also
show the region that should show a trap-filled current according to drift—diffusion simulations. (b) Apparent defect density from
capacitance—voltage (black) and drive-level capacitance profiling (DLCP) measurements (blue) as a function of absorber
thickness.”'”'***7>” The lines show the minimum volume defect density that should be measurable according to eq 3. With very few
exceptions (e.g., the light blue data point in (b)), the experimental data points for both methods are close to the threshold of detectability
over orders of magnitude in thickness. Some of the data points in panel (b) as well as the analytical detection limit have previously been
presented in refs 36 and S8.
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Figure 2. (a) Simulated JV curve for electron-only device with a defect density of 8 X 10'* cm™ and no built-in voltage (red) compared to a
defect-free device with a built-in voltage of 200 mV (blue). Note that the current density J has been multiplied by the thickness cubed (d°).
(b, ¢) Corresponding band diagram at V = 1 V for the two cases from (a). (d) Apparent defect density for different thicknesses for devices
with V; > 0. The simulated lines are all parallel to the minimal detectable defect density. When a line ends, the corresponding JV curves will
not have a slope d In J/d In V > 2 at any voltage, and it is therefore unlikely that the effects of non-zero V}; could be mistaken for a trap-
limited current regime.

are always higher than in thicker films or crystals because one for samples of various thicknesses, focusing on single-carrier
would never be able to detect lower defect densities in thin devices (see Figure la) and capacitance-based methods (see
films in the first place. If this was the case, there would be a Figure 1b). Both data sets show a clear trend that roughly
bias toward reporting the seemingly obvious finding that single follows eq 1. Furthermore, we highlighted in color the regions
crystals have lower defect densities than thin films. Let us for which we should be able to reliably determine defect
therefore have a quick look at literature data on defect densities densities. Below the blue line (white region), the trap density is
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too low to observe a trap-limited current in our simulations.
We find that the experimental data lies fairly close to the
threshold of detectability over many orders of magnitude of
thicknesses. To describe the empirical threshold of detect-
ability resulting from the simulations of the single-carrier
devices, we find that

8n’e e kT
Ndef > 212
qd

©)

approximately provides the threshold above which the trap-
filled current becomes visible in the simulations (cf. Figure S3).
Note that the same equation (save for a factor 2) was recently
mentioned by Le Corre et al.”” to be the detection threshold
for the trap-limited current. The argument of Le Corre et al.””
was that the trap or defect density has to exceed the carrier
density that would be present in the film anyway, even in a
defect-free case, in order to change the electric field in the
device such that the current would be affected by the presence
of the charged defects.’*

In Figure 1b, we use the detection threshold for detecting
charge densities in capacitance—voltage measurements that we

have derived recently’® and that is given by
27meykTe g,

Not > — 57—
4q°d (3)

where mcy is a parameter describing the steepness of the
capacitance—voltage relation at forward bias (see SI, section
3). As noted previously, the experimental data lies very close to
the detectability threshold, with the exception of a single
crystal measured by Ni et al.” (see blue star in Figure 1b) that
seems to be a rare example of a justified assignment of a (bulk)
defect density from a capacitance measurement. All other data
shown in Figure 1b originates from cells that must have defect
densities equal to or lower than the threshold. We also note
that both the use of single-carrier devices and the use of
capacitance—voltage measurements are limited by variants of
eq 1 that all contain its basic feature, namely a proportionality
to €y€,/qd” that is always multiplied with a factor of unit V that
slightly differs depending on the type of measurement and the
operating voltages involved in the data analysis. Furthermore,
both methods are only sensitive to ionized defects, while
neutral defects remain invisible. Finally, they can only detect
net charge densities,”’ meaning that any equal densities of
positively and negatively charged defects cancel each other out
and remain invisible in these methods.

Thus, the question arises whether the data shown in Figure 1
provides any evidence for lower defect densities in perovskite
single crystals. Are there credible reasons why the experimental
data points all lie close to the calculated detectability limits? In
the case of capacitance—voltage data, there is ample evidence
that methods based on the existence of a space-charge region
and the validity of the depletion approximation may easily be
misinterpreted, leading to reports of apparent doping or defect
densities.****? This is a phenomenon that has been reported
in perovskites but previously also in other thin-film solar
cells.”” For the analysis of the trap-filled limit in single-carrier
devices, there are much fewer discussions on the detectability
limits and its implications.”> One might argue that in the
absence of a sufficient net ionized defect density, the current—
voltage curves should not show a trap-filled regime. Hence the
fact that there is such a regime in the data should be sufficient
evidence for using the determined defect densities.
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The problem with this argument is illustrated in Figure 2.
Ionized defects are only one of several reasons leading to an
exponential increase of the current with voltage in a single-
carrier measurement.”’ Figure 2a shows two current—voltage
(JV) curves, simulated using a drift—diffusion simulation as
explained in section 4 in the SI, that are very similar and show
a fairly steep increase of the current density between 0.1 and 1
V. In one case (blue), this is due to a non-zero built-in voltage
of 200 mV, and in the other case (red), it is due to a non-zero
defect density. In both cases, a barrier exists for electrons that
makes current flow difficult at low forward bias. Overcoming
the electrostatic potential barrier requires an additional voltage
to enable the same current flow as in a defect-free device.
Figure 2b shows the band diagram at 1 V forward bias in the
case of a non-zero defect density, while Figure 2¢ shows the
band diagram for a non-zero V};. We note that the band
diagrams look fairly similar, despite the different origins of the
electrostatic potential barriers. Hence, it is not surprising that
the two JV curves look equally similar.

The influence of injection barriers can be easily tested by
comparing forward vs reverse bias JV curves (see Figure SS).
Even more, the difference in injection barriers can also be
calculated from the comparison of forward vs reverse bias
sweeps.”’ However, given that this check is hardly ever
reported in the literature, we tested what would happen if we
had a small, undetected built-in voltage in our samples. If we
now intentionally misinterpret the feature caused by this built-
in voltage V;; as a trap-limited current, we obtain Figure 2d.
We see that the apparent defect density roughly follows the
same trend as the literature data. Note that the misinter-
pretation of JV curves of samples with non-zero built-in
voltages can be avoided by checking the forward bias vs reverse
bias JV curves of the samples.”’ Here, the key is not the scan
direction as in the studies of hysteresis but the polarity of the
electrodes. For non-zero built-in voltages, the forward vs
reverse bias JV curves will look substantially different, while
they would look identical if they had zero V}; but a non-zero
density of charged defects. Unfortunately, the forward vs
reverse bias branches of the JV curves are only rarely®”
reported in the literature, making it impossible to exclude the
effect of non-zero Vy; on the trend seen in Figure la.

Hence, even without considering the additional complica-
tion of ion movement,*>~®* we arrive at the conclusion that
Figure 1 does not provide solid evidence for thin films having
higher defect densities than single crystals. All data points for
thin films are so close to the detection threshold that a safe
determination of defect densities seems impossible. Figure 1
does, however, provide fairly solid evidence that at least some
single crystals must have very low (<10'* cm™) densities of
charged defects. This is either because the data points are
clearly above the detection threshold and therefore represent a
sensible application of the respective method or because the
lines give an upper limit for the charged defect densities for
each thickness. However, there is so far no evidence for any
trend in defect density with sample thickness, and—most
likely—we will never be able to measure a trend as long as we
rely on measuring charge densities. At least lead halide
perovskites of good quality seem to have defect densities
that are consistently lower than (or close to) the detection
threshold of these methods, which is good news for the
technology but bad news for the applicability of methods based
on detecting changes in electrostatic potential. Note that no
matter how much a data point exceeds the detection thresholds
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in Figure 1, we always have to remember the caveat that
defects could also be neutral or appear in pairs of positively
and negatively charged defects and therefore would be invisible
in any charge-based method.

Alternative methods such as photoelectron spectroscopy
have fundamental limitations caused by their surface sensitivity
and hence insensitivity to bulk defects. However, they show
substantial potential to characterize near-surface defects as a
function of energy and position, especially if photoelectron
spectroscopy variations are employed that are optimized for
dynamic range’®® or for spatial resolution.® Extraction of
defect densities from transient methods™* requires the defect
density to be on the order of the charge-carrier density during
the measurement. Otherwise, the transient will only be
sensitive to the product of capture coefficients and trap
densities without being able to discriminate between the two.
Typical charge carrier densities during such measurements are
on the order of 10°—10"7 ¢cm™ and thereby substantially
higher than many of the data points in Figure 1 that present
upper limits of the densities of ionized defects. Thus, the
reliable measurement of bulk defect densities over orders of
magnitude in thickness and defect density is—unsurpris-
ingly—a challenge not easily overcome.

What is possible, however, is to measure the impact of traps
on recombination via the lifetime of charge carriers.””%®
Eventually, the lifetime or the recombination coeflicients will
control the open-circuit voltage of a device.”” The actual defect
density may not be such a good figure of merit in the first place
if we consider how large variations of capture coefficients can
be. A recent theoretical paper from Zhang et al.”’ calculated
capture coeflicients of certain hydrogen vacancies to be on the
order of 107* cm?/s, i.e., an extremely high value. This implies
that, for a bulk lifetime target of 7 > 1 ps, one needs defect
densities Ny; < (1076 x 107 cm®) ™" = 10" cm ™3, which would
become detectable only at a thickness of millimeters. Thus, if
these types of hydrogen vacancies are actually the decisive
defect species, it might be very difficult to directly measure
those defects, while the indirect measurement of material and
surface quality via the variation of carrier lifetimes is fairly
straightforward.

In order to check for any thickness-dependent trend in the
impact of traps on recombination, Figure 3 shows the
comparison of lifetime data from literature derived from
transient photoluminescence and transient microwave photo-
conductivity (TRMC) measurements as a function of sample
thickness. Given that, in high-level injection, the photo-
luminescence signal is proportional to n* and the conductivity
to n, where n is the carrier density, we divided the TRMC
lifetime by a factor 2 to stay comparable with photo-
luminescence. We note that there is so far no clear trend to
be seen. In the case of thin films and single crystals, surface
recombination is likely to have a substantial impact not only on
the V. of a solar cell but also on the lifetime measured by
transient methods. One way to reduce the impact of the
surface is to measure transient photoluminescence using two-
photon absorption, which is, however, only rarely reported in
the literature. We note that there is two-photon absorption
data on single crystals with a 70 us lifetime, which indicates
that single crystals can indeed have excellent bulk properties
that have not been achieved so far with thin films.

Based on the data shown above, we arrive at several
conclusions and suggestions to the community: Charge
densities can only be safely measured if they are above the
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Figure 3. Lifetimes measured using transient PL (lighter spheres),
two-photon transient PL (triangles), and transient microwave
photoconductivity (star) on lead halide perovskite films (red) and
crystals (blue). Data was extracted from refs 19, 21, 39, 42, 43, 45,
48, 67, 71—96. In order to enable a fair comparison between data
obtained from PL ~ n> and TRMC ~ n, we divided the TRMC
lifetimes by a factor 2. So far, the highest lifetime is from a single
crystal, but there is no substantial difference between the typical
values of thin films and single crystals. Note that for some of the
single crystal data, no thickness was specified in the paper. In
order to still be able to include the data, we set the thickness
arbitrarily to 1 mm.

detection limits given in Figure 1 and eqs 2 and 3. Given that
all thin-film data is close to the detection threshold, we
currently have no information based on single-carrier devices
or capacitance methods that would provide a reliable value of
the density of charged defects in thin-film perovskite devices.
Whether there is a significant difference between the defect
densities of single crystals and thin films we therefore cannot
say using the data in Figure 1.

If defect densities are reported that are based on the
measurement of charge densities, the data could easily be
compared with eqs 2 and 3. If the defect density is substantially
above the detection threshold, the data can be safely published.
If the defect density is below or close to the detection
threshold, the data should be reported as an upper limit to the
density of charged defects. In the case of JV curves of single-
carrier devices, we suggest to always publish forward and
reverse voltage data to check for asymmetric injection barriers
and minimize the risk of wrongly assigning a defect density to a
feature of the current—voltage curve that is caused by a non-
zero built-in voltage.”'
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