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Diffusion lengths are abundantly mentioned as a key enabler of high performance in lead-halide
perovskite solar cells based on the implicit assumption that diffusion lengths are directly connected to
efficient collection of charge carriers. While long diffusion lengths are indeed an important factor for
highly efficient solar cells, they are a poor descriptor of efficient collection in the presence of undoped
and low-mobility transport layers. Especially, the presence of low permittivity and organic electron- and
hole-transport layers that are predominantly used in p-i-n-type perovskite solar cells can lead to substantial
concentrations of electrons and holes within the perovskite absorber, as evidenced by measuring the pho-
toluminescence at short circuit. These high carrier concentrations can lead to the seemingly odd situation
in which charge collection at short circuit can be inefficient, even though the diffusion length substantially
exceeds the absorber thickness. We use experiments, as well as analytical and numerical modeling, to
define the requirements for both absorber and contact layers to enable efficient collection in perovskite

solar cells.

DOI: 10.1103/PRXEnergy.2.013004

I. INTRODUCTION

Long diffusion lengths are one of the most frequently
stated attributes of lead-halide perovskites used for pho-
tovoltaics [1-3]. The appeal of the concept of a diffu-
sion length is that it combines the two key electronic
ingredients for efficient photovoltaics, namely, mobility, 1
[4,5], and lifetime, T [6—8], in one quantity with the intu-
itive dimension of a length [9—11]. Thus, long diffusion
lengths are a convenient and usually implicit synonym for
excellent electronic properties and efficient charge extrac-
tion [12,13]. The conventional textbook understanding of
p-n junction solar cells predicts that charge collection
is efficient if the (effective) diffusion length substantially
exceeds the thickness of the device [9,14]. Hence, diffu-
sion lengths of several micrometers in devices of typically
only hundreds of nanometers thick are therefore a tempting
argument for excellent charge collection. A key problem
with this approach is, however, that the diffusion length,
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as discussed in most textbooks [15,16], is strictly a con-
cept describing the diffusion of minority carriers (e.g.,
electrons in a p-type semiconductor). In perovskite solar
cells (PSCs), there is very little evidence for the absorber
being strongly p type or n type given the intrinsic behavior
[17,18], as generally seen in capacitance-voltage measure-
ments [19]. At the same time, electric fields seem to be
efficiently screened by the presence of moving ions [20—
23]; this provides a strong argument that indeed diffusion
(and not drift) is the relevant transport mechanism in the
absorber. Hence, we might expect that a concept such as
the ambipolar diffusion length that connects the properties
of electrons and holes might be a good figure of merit for
charge collection [24,25]. However, one remaining differ-
ence between many PSC designs [26—28] and that of most
other photovoltaic technologies [29,30] is the presence of
electron- and hole-transport layers, which often consist of
poorly conductive low-permittivity organic semiconduc-
tors [31,32]. Charge-transport layers (CTLs) are designed
such that they block one type of charge carrier and let
the other pass [33—35]. This selectivity is achieved by
an appropriate choice of electron affinity and ionization
potential, thereby implementing blocking band offsets for
minority carriers [36,37]. Thus, there are basically no
minority carriers inside the CTLs, and hence, no recombi-
nation can happen within the layers [38,39]. Nevertheless,
the CTLs are crucial to understand recombination in the
absorber layer (the perovskite) [40] because they can have
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a huge effect on the steady-state concentrations of elec-
trons and holes [41-43]. This modulation of the carrier
concentration in the perovskite is an additional effect not
captured by any textbook explanation of charge collection
in solar cells. It can cause recombination losses at short cir-
cuit and low forward bias, even if the ambipolar diffusion
length is much higher than the absorber thickness.

Here, we use a combination of numerical simulations
and analytical equations to identify the requirements for
efficient charge collection in widely used triple-cation
lead-halide PSCs. We identify three ingredients for effi-
cient charge collection, namely, a good diffusion length
of the bulk, a low surface recombination activity, and a
low resistance of the charge-transport layers. The relative
importance of the three ingredients is controlled by the
electrostatics of the device, i.e., the question of how the
electrostatic potential difference provided by the contacts
drops over the charge-transport layers and the perovskite
absorber layer. We show that, given the excellent bulk life-
times reported previously on lead-halide perovskites, the
diffusion length is unlikely to limit charge collection in
most high-quality perovskites. However, even if thin layers
of a few tens of nanometers of low-mobility organic semi-
conductors are employed as the electron-transport layer
(ETL) or hole-transport layer (HTL), substantial charge
recombination at short circuit and low forward bias is
likely and may affect the short-circuit current density,
Jsc, without necessarily leading to a poor fill factor (FF).
Furthermore, substantial recombination losses can appear,
even if the bulk diffusion length exceeds the absorber
thickness by several orders of magnitude, and are com-
pletely consistent with high open-circuit voltages (Voc),
relative to the band gap, that are observed in many halide
perovskites [44,45].

II. THEORETICAL BACKGROUND

A. Charge collection in a p-n junction solar cell

The reason why the ratio of the diffusion length to
the absorber layer thickness is considered a good figure
of merit for charge collection in photovoltaics in gen-
eral originates from the device physics of asymmetric p-n
junctions, i.e., the type of junction most relevant for pho-
tovoltaic research for decades [46—48] In any p-n junction
solar cell, a fairly large percentage of the volume is taken
up by a doped region (n type or p type, the region is called
the base), while only a tiny fraction of the volume is taken
up by the space-charge region (SCR) and the oppositely
doped region (called the emitter) [49,50]. In silicon photo-
voltaics, for instance, wafer thicknesses are typically on
the order of 200 pm, while the width of the SCR and
highly doped regions are in the hundreds of nanometer
range. Modern silicon solar cells often use heterojunction
designs [51-54] to move the oppositely doped regions out

of the actual wafer region to minimize Auger recombina-
tion losses in highly doped Si regions. In this situation of
an asymmetric p-n junction, collecting minority carriers
from the large neutral base region is a matter of diffusion
rather than drift, given that the electric field is negligibly
low outside of the small SCR. To mathematically under-
stand charge collection of minority carriers in the (e.g., p
type) base of a p-n junction, one would therefore have to
solve the diffusion equation:

d*An An
" dx? T G, M
where D, = w,kT/q is the diffusion constant of electrons,
An is the excess carrier concentration, T is the lifetime
of minority carriers, and G is the generation rate of free
charges in the absorber (in the dark, G = 0). Here, u, is
the mobility of minority carriers and £7/q is the thermal
voltage. At short circuit, the boundary conditions [55] at
the edge of the SCR (x = 0) and at the back contact (x =d)
are typically assumed to be

Anli=o = 0, (2)
and
J, d
- = _Dn_An|x:d = SnAl’l(d), (3)
q dx

where S, is the surface recombination velocity. Note that,
in particular, the validity and applicability of the first
boundary condition [see Eq. (2)] are highly questionable.
This assumes that at the edge of the SCR zero excess elec-
trons are present under illumination. No matter how thin
the emitter and SCR will be, charge transport through these
layers will never be infinitely fast. Hence, under illumina-
tion, a finite excess carrier density will always be present
in the SCR. Thus, the assumption An|,—¢ = 0 is never met
in reality, but it is often met well enough to make this the-
oretical approach useful. Later, when discussing PSCs, we
come back to this type of boundary condition, because it is
critical for understanding the relevance of the concept of
a diffusion length for perovskite photovoltaics with low-
conductivity contact layers. Finding a general solution for
Eq. (1) with the two boundary conditions [Egs. (2) and (3)]
requires an explicit expression for the generation rate as a
function of position x and is therefore often inconvenient
or leads to rather lengthy equations [46]. To get an expres-
sion that is independent of the optics of the system but
still captures the physics related to the electronic proper-
ties, it is therefore useful to define a collection efficiency of
minority carriers. Using the Donolato relation [56—58], we
obtain the collection efficiency of minority carriers f.(x),
which is valid for the case of a recombination rate that is
linearly proportional to the density of minority carriers and
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FIG. 1. (a) Energy-band diagram of an asymmetric p-n
junction of a 2 pm-thick semiconductor with a p-type base
of an acceptor density (N; = 10'® cm™), a carrier mobility
(Mn = pp =35 cm?/Vs), and a surface recombination velocity
(S, = 10? cm/s) under illumination and short circuit-conditions.
(b) Collection efficiency of excess minority carriers (electrons)
obtained using Eq. (4) (solid lines) by taking the boundary con-
dition at the edge of the SCR as n(0) = 0, and their respective
numerical simulation (open circles) for different diffusion lengths
and a good surface of a recombination velocity of 10? cm/s .
(c) Numerical (open circles) and analytical (solid lines) cal-
culation of the collection efficiency of minority carriers (elec-
trons) for different diffusion paths and for a bad surface
(S, = 10° cm/s).

defined as

An(x) _ o

S =30

L, .
h(E) = Zsinn (2, @)
Ln Leff Ln

where L, is the minority-carrier diffusion length, and L is
the effective diffusion length given by

(D,,/Ly) cosh(d/L,) + S, sinh(d/L,)
Lg=1L, - . (5
(D,/L,) sinh(d/L,) + S, cosh(d/L,)

The effective diffusion length depends on the diffusion
length of minority carriers in the absorber, L,, and it is
strongly affected by the quality of the surfaces via the
surface recombination velocity, S, in Eq. (5).

To see how the diffusion length and the quality of the
surfaces affect the collection of charge carriers that are gen-
erated in p-n junction solar cells, first we simulate the band
diagram of a p-type semiconductor of a SCR of typically
hundreds of nanometers (400 nm) and a neutral region (p
type) of several micrometers (1.6 wm) at short circuit and
under illumination, as shown in Fig. 1(a) We evaluate the
collection efficiency of minority carriers (electrons), f.(x),
analytically using Eq. (4) and numerically using a drift-
diffusion simulation program called ASA [59] for different
diffusion lengths and for two surfaces of different recombi-
nation activity. We consider a good surface to have a low
recombination velocity of 10? cm/s and a bad one to have
a high recombination activity (S, = 10° cm/s). In Figs.
1(b) and 1(c), perfect collection implies f. = 1, while the
worst case would be complete recombination of the gen-
erated minority carriers with f. = 0. For the situation of
a good back surface, we observe an exponential decay of
the collection efficiency of electrons that possess diffusion
lengths smaller or, more likely, similar to the thickness
of the p-type base, see Fig. 1(b) On the other hand, pho-
togenerated electrons are only extracted very well if the
diffusion length is several times longer than the thickness
of the neutral region. In contrast, the really poor quality
surface limits the extraction of minority carriers, despite
the diffusion length exceeding the device thickness; for
instance, we lose 50% of the electrons that are generated
in the middle of the neutral region just due to the high
recombination velocity of the back surface, although gen-
erated electrons have a long diffusion length (8 wm), as
shown in Fig. 1(c). We conclude that the extraction of
charge carriers of a reasonable diffusion length is only effi-
cient if the surface recombination velocity, S, is small;
otherwise, free excess carriers recombine and more pho-
tocurrent is lost. In any case, collection is an asymmetric
function (being high close to the electron contact and low
close to the hole contact), the characteristic decay of which
is described by reasonably simple Eq. (4) that depends on
L, and Leg, which therefore implies that the concept of a
diffusion length (in combination with a surface recombina-
tion velocity) describes charge collection in a meaningful
way.
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B. Collection efficiency of photogenerated charge
carriers in perovskite solar cells

1. State-of-the-art perovskite solar cells and the
ambipolar diffusion length

We now leave behind the world of p-n junction solar
cells and discuss how far the concept of a diffusion length
is still meaningful in the context of lead-halide perovskite
solar cells. Lead-halide perovskites have ideal properties
for use in efficient solar cells. They have high absorp-
tion coefficients [60,61] and extremely long charge-carrier
lifetimes [7,62] if compared within the class of direct
semiconductors. Perovskite absorbers can be built as sin-
gle crystals or thin films [63—66], and to transform them
into PSCs, suitable contact layers have to be identified
that allow the efficient injection and extraction of major-
ity carriers while blocking the minority carrier [34,67] and
reducing the amount of interface recombination [68—70].
In recent years, different architectures of PSCs have been
developed, including the p-i-n structure, where an intrin-
sic perovskite material is sandwiched between a HTL (p
type) and an ETL (n type) at the anode and the cathode,
respectively [71]. To characterize the steady-state transport
properties of electrons and holes in a PSC of an intrinsic
absorber, we use the concept of the ambipolar diffusion

length:
| ukT
Lamp = MT(Tn + Tp): (6)

to act as an appropriate connection of the bulk lifetimes,
7, and 1, for electrons and holes, and their mobility, w.
The interpretation of how efficient the PSCs are based on
the efficient extraction of majority carriers requires two
factors that substantially affect the amount of collected
charges to be highlighted. The first is the diffusion length
through the product of the lifetime and the mobility of
free charge carriers [72], and the second is the kinetic
properties or selectivity of the contacts [32,34,73]. Before
discussing the effect of charge-carrier mobilities in con-
tact layers on the collection of charge carriers in PSCs,
we want to obtain a rough idea of what range of ambipo-
lar diffusion lengths charge carriers possess in PSCs by
looking at the lifetime and mobility values in the literature
[74,75]. Typical lifetime values ranging between 0.1 and
10 ps are reported for perovskite thin films and similar val-
ues are recorded for single-crystal PSCs [76]. The mobility
values for charge carriers in perovskite films and single
crystals are mostly reported in the range between 1 and
100 cm?/Vs [4], whereby single crystals are more likely to
be in the upper part of the range than thin films. Figure 2(a)
shows a collection of lifetime values reported in the litera-
ture for thin films and single-crystal-based devices plotted
as a function of thickness. To find out the typical range
of ambipolar diffusion lengths for electrons and holes in
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FIG. 2. (a) Lifetime of free charge carriers based on the liter-

ature are obtained from the transient photoluminescence (TRPL)
and transient microwave photoconductivity (TRMC) measure-
ments on perovskite thin films and single crystals of different
thicknesses (red and blue symbols, respectively). (b) Ambipolar
diffusion length versus thickness of the perovskite calculated for
the lifetime values shown in (a) for a low mobility of electrons
and holes in the absorber (1 = 1 cm?/Vs, red and blue spheres
for thin films and single crystals, respectively), and for a high
mobility of 100 cm?/Vs in the perovskite (the orange spheres for
thin films and the green for single crystals). (c) Ratio of ambipo-
lar diffusion length shown in (b) to the absorber thickness versus
the thickness for thin films and single crystals. Panel (a) is repro-
duced and modified from Ref. [76]. Copyright the Authors of
Ref. [72] (CC-BY license).

a perovskite absorber, we calculate Ly, using Eq. (6) for
the lifetimes in Fig. 2(a) (for thin films and single crys-
tals) and for charge-carrier mobilities of 1 cm?/Vs (red and
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blue spheres) and 100 cm?/Vs (orange and green spheres),
as shown in Fig. 2(b). We choose these two mobilities as
they represent approximately the higher and lower limits
of the ranges of mobilities observed in meta-analyses of
mobilities in lead-halide perovskites [4] (see simulations
based on parameters from the literature in the Supplemen-
tal Material [77]). We obtain ambipolar diffusion lengths
in the range of a few micrometers or slightly below for the
case where 1 = 1 cm?/Vs, while, in the more optimistic
case, Lymp values go up to tens of micrometers. Figure
2(c) shows the diffusion lengths from Fig. 2(b) divided by
the respective perovskite thicknesses. Here, the thin films
cover a range of slightly below 1 to 100, while the single
crystals are in the 1072 to 10~ range due to their millimeter
thicknesses. Given that many of the lifetime values in the
lower range may be affected by surface or interface recom-
bination, it is likely that the diffusion length is frequently
high enough to enable efficient collection in the logic of a
traditional p-» junction. We investigate in the next section
whether this is still true when taking the specific properties
of the perovskite device geometries into account.

2. Charge transport and the extraction of the
Pphotocurrent in perovskite solar cells

Photogenerated charge carriers in PSCs are capable of
successfully migrating a perovskite absorber of roughly
500 nm in the absence of electric fields without recombin-
ing. To understand how the diffusion and extraction of free
charges take place in PSCs, we follow the general idea of
Sandberg ef al. [78], who deal with a perfectly symmetric
device such that n = p in the absorber layer. Furthermore,
we assume the same kinetic properties of excess carriers
in both CTLs that we express using the parameter Scr
with the unit of velocity. The parameter Scrp describes
how fast transport of electrons through the ETL and holes
through the HTL is. The transport equation of photogen-
erated charges (e.g., excess electrons, An) of an ambipolar
diffusion length, Ly, in an intrinsic perovskite material of
aneutral zone (flat band) and under illumination conditions
is defined as

L? A A
_ amb 21’1 + n = G. (7)
(tn +1,) dx (tn + 1)

Here, we use an approximation for field screening by ions
[22,23] by assuming an infinite permittivity (¢ — oo, F =
0) in the perovskite. Solving this diffusion equation, in con-
junction with the assumption of the perfect selectivity of
contact layers [such that the ETL is perfectly selective for
electrons, J,(d) = 0, and the HTL allows only holes to
diffuse through it, where J,(0) = 0] results in the excess
concentration of electrons and holes. The excess density,

An, in the absorber layer (0 < x < d) then follows from

An(x) = G(ty+1,) [1 — cosh (Lx ) c] G
amb

By integrating the carrier density over the absorber thick-
ness, we obtain their average concentration, An,y, as

Gz, , d
Any, = 2@ T W) [d — Ly sinh ( ) c] )
d Lamb

where C is a positive integration constant. Subsequently,
the current density of excess electrons, J,, inside the
absorber follows as

dAn . X
J,(x) = ,ukTW = —gLampGC sinh I . (10)

amb

Likewise, an analogous procedure can be applied to obtain
the density of excess holes, Ap, generated in the absorber
and collected by the HTL. The current density of electrons
flowing through the ETL can be determined as

Jp = —qSerLAn(x = d), (11)
whereby Sgrp indicates how quickly excess electrons can
move through the ETL to be collected at the cathode
before they recombine. The hole current density in the
HTL can be evaluated similarly, and thus, we write a gen-

eral formula for the drift-diffusion velocity in the CTLs
as

pcrLUctL/derL
ScrL = T — o Ter/iy)” (12)
In Eq. (12), et is the mobility of electrons in the ETL
and of holes in the HTL (both assumed to be equal).
UctL = —Fdcry is the potential difference across the
CTLs, as shown in Fig. 3(a) for the potential difference
across the ETL, and dcry is the CTL thickness (again both
assumed to be equal). By using Egs. (8), (10), and (11), we
obtain an equation for the positive integration constant:

_ (T + ) ScTL
Lamb Sinh(d/Lamb) + (Tn + Tp)SCTL COSh(d/Lamb) .
13)

Finally, the collected photocurrent of electrons is
obtained as

d
Jsc = qGLymp tanh ( )
Lamp

kT d \1"
[1+ o tanh( )} (14)
qLambSCTL Lamb
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FIG. 3. (a) Band diagram of a symmetric p-i-n junction of
an intrinsic perovskite absorber (gpero — 00) of 300 nm sand-
wiched between a HTL and an ETL with dyr/ere = 20 nm
under illumination and short-circuit conditions. (b) Collec-
tion efficiency obtained by using Eq. (16) (solid lines), and
their respective numerical simulation (open circles) for differ-
ent ambipolar diffusion lengths and for good transport velocity
in the CTLs with perrs = 1072 cm?/Vs. (¢) Numerical (open
circles) and analytical (solid lines) evaluation of the collection
efficiency for bad kinetic properties in the CTLs with pucrLs =
10~* cm?/Vs. Highly resistive CTLs are significantly limiting
the extraction of photogenerated charges at short circuit, despite
possessing long ambipolar diffusion lengths.

To predict the extraction efficiency of excess charge carri-
ers collected by the CTLs in a PSC, we start with

d
Jsc=4q fo G)fo)d. (15)

Equation (15) relates the obtained current density, Jsc,
with the generation rate and the collection efficiency. By
taking the ratio of the collected free carriers to those gen-
erated due to the absorption of light by the perovskite layer,
we obtain their collection efficiency:

_Jsc

= ca (16)

Je

For a constant generation in the absorber, the extraction
efficiency can be calculated via Eq. (16) through divid-
ing the obtained short-circuit current density, Jsc, by the
position-independent generation rate, G; the elementary
charge, ¢; and the thickness of the perovskite, d.

To illustrate the impact of the ambipolar diffusion length
and kinetic properties of the CTLs on the collection of
charge carriers in PSCs, Fig. 3(a) presents the band dia-
gram of a symmetric p-i-n junction of an intrinsic per-
ovskite absorber (300 nm) sandwiched between two con-
tact transport layers at short circuit and under illumination.
We assume a flat band condition (¢ — oo, F' = 0) in the
perovskite [23,79] (see the situation of including mobile
ions in the Supplemental Material [77], Fig. S5). The band
diagram is simulated for a mobility of 1072 ¢cm?/Vs in the
CTLs and for an ambipolar diffusion length of 9000 nm.
Ep, and Ef, are the Fermi levels of electrons and holes,
respectively. The collection efficiency of charge carri-
ers is simulated and analytically calculated for different
ambipolar diffusion lengths and for good and bad transport
properties in the CTLs, as shown in Figs. 3(b) and 3(c),
respectively. The results show an efficient extraction of the
photogenerated charge carriers possessing a long ambipo-
lar diffusion length only if their mobility in the CTLs is
good enough such that they are collected before undergo-
ing any recombination mechanism; otherwise, more pho-
tocurrent losses will be present in the device. Therefore,
the combination of reasonably high ambipolar diffusion
lengths in the absorber and conductive CTLs is the require-
ment for efficient collection of photogenerated charges in
PSCs.

II1. RESULTS AND DISCUSSION

A. The effect of CTL mobility on excess carrier density
for different ambipolar diffusion lengths in PSCs

The analytical framework described in Sec. II B eventu-
ally explains how the short-circuit current is reduced due
to poor transport properties in either the absorber or con-
tact layers. It is therefore useful to estimate the required
mobilities in absorber and contact layers to ensure effi-
cient charge collection in PSCs. Even perovskites with
very long diffusion lengths can then still suffer from col-
lection losses if the transport velocity in the ETL or HTL
is too low. According to the traditional textbook theory
of p-n junction solar cells, resistive losses mostly affect
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the fill factor and reduce Jsc only in rare and extreme
cases. Thus, Eq. (14) is at odds with this traditional under-
standing, as it predicts a reduced Jsc as a consequence
of resistive transport layers. The difference between the
framework in Sec. II B and the logic of a simple series
resistance is that a low value of Sgrr. or Syrr increases
the charge-carrier concentration in the perovskite absorber.
Mathematically, the difference is that the properties of
the ETL and HTL enter the boundary conditions for the
solution of the diffusion equation and are not added to
the series resistance in an equivalent circuit element. This
modification of the boundary condition is not an aspect
of exclusive relevance to perovskites; it is also relevant,
for instance, for Si or Cu(In, Ga)Se, solar cells [55,80—
84]. Furthermore, the approach is similar to the situation
encountered in organic solar cells or thin-film silicon
solar cells, where the transport resistance [85] or inter-
nal series resistance [86] of the absorber layer causes
the Fermi-level splitting at short circuit to become sig-
nificant. However, the present form, where the resistivity
of the charge-transport layers has a significant influence
on recombination at short circuit is of particular impor-
tance for perovskites. This is because perovskites are a rare
example of materials with relatively high mobilities in the
absorber and (often) lower mobilities and conductivities in
the contact layers.

To study the effect of the contact layers on charge-carrier
recombination at short circuit, it is illustrative to consider
the carrier concentration in the case where the diffusion
length is much longer than the absorber layer thickness
(d < Laymp). To consider this matter, we return back to
Eq. (8), which can be simplified for d < Ly to give

An(uctr) = G(t, + 1) <1 _ SerL(tn + 7) ) .

d + ScrL(ty + 7)
(17)

For the case where the absorber thickness is much greater
than the length represented by the product of the drift-
diffusion velocity in the CTL and the lifetimes in the per-
ovskite (d > Scri(t, + 7,)), the density of excess elec-
trons (Arn) that remain in the absorber is expected to be
high where An = G(z, + 1,), while if Scri. (7, + 7,) > d,
a perfect extraction of the generated charges is predicted,
where C — 1, and thus, An ~ 0 (best situation corre-
sponds to complete extraction). Once the carrier density
at short circuit approaches the limit [An = G(t, + 17,)] of
poor extraction, there are as many charge carriers in the
absorber at short circuit as there are at open circuit. Figure
4(a) illustrates this situation by presenting the carrier den-
sity calculated via Eq. (8) (solid lines) and numerically
simulated using ASA (symbols) as a function of the CTL
mobility at short circuit and using the bulk diffusion length
as a parameter. For every value of diffusion length, the

excess carrier density is approaching the limit of no extrac-
tion [colored dashed lines in Fig. 4(a)] that corresponds
to the open-circuit situation for sufficiently low values of
CTL mobility. Figure 4(b) shows the recombination rate at

excess carrier density

recombination rate
R (10%"/(cm?®s))

o

N
a

short-circuit current density
Jsc (MA/cm?)

mobility ey, (cm?/Vs)

FIG. 4. Excess carrier density on the logarithmic scale as a
function of charge mobility in the CTLs for different ambipolar
diffusion lengths in the perovskite. Here, the perovskite mobility
is kept constant at u = 35 cm?/Vs, while the lifetime is changed.
Simulated data are represented by open circles and the analytical
calculation by solid lines. Dashed lines represent the saturated
excess carrier concentration [An = G(z, + 1,,)] for different val-
ues of Lymp. (b) The Shockley-Read-Hall (SRH) recombination
rate, Rsry, of free charges in the absorber obtained by simulation
and analytical evaluation (open circles and solid lines, respec-
tively) compared to the generation rate for different L.y, and
were- (¢) Simulated (symbols) and analytically calculated (solid
lines) photocurrent as a function of mobility in the CTLs and with
the ambipolar diffusion length as a parameter.
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short circuit as a function of the kinetic properties in the
CTLs and L,yp in comparison to the recombination rate at
open circuit (dashed line). As the charge-carrier mobility
in the CTLs increases, more charge carriers are extracted
(less recombination) for a given L,n,. Given that at open
circuit all photogenerated carriers recombine and none are
extracted, it is clear that this situation is leading to zero
photocurrent. While, at short-circuit charge carriers are
extracted and take part in the obtained J gc. Therefore, only
if the carrier density at short circuit is substantially lower
than the limit given by An = G(z, + 1,) is a considerable
short-circuit current measured, as shown in Fig. 4(c). The
key difference between the different situations is the CTL
mobility that can still be tolerated to achieve a decent Jsc.

B. Quantifying photocurrent and efficiency losses due
to ety in PSCs

In all simulations and analytical calculations presented
so far, the ambipolar diffusion length is computed by
changing the lifetime of charge carriers in the perovskite
layer, whereas their mobility is kept constant. To see if
any further improvements in the device performance can
be achieved by changing the mobility in the absorber
and not the lifetime, we simulate the photocurrent and
cell efficiency; furthermore, Jsc is analytically calculated
using Eq. (14) for different wcry and different L,y,. For
comparison, the ambipolar diffusion length is evaluated
first by varying only the lifetime, 7, in the perovskite
between 1072 and 10~ s, while the mobility is kept con-
stant (i = 35 cm?/Vs). In the other case, it is calculated
by changing u in the perovskite from 1072 to 10> cm?/ Vs,
while the lifetime is kept constant (zr = 107 s). In both
approaches, we aim to obtain the same constant range of
Lamp. The constant values of Ly, from both ways are
increased up to more than 50 times of the absorber thick-
ness, while the mobility of charge carriers in the CTLs
is varied from a low mobility value of 107> cm?/Vs to a
high mobility of 1072 ¢cm?/Vs. The obtained results for the
first situation are shown in Figs. 5(a), 5(c), and 5(e), while
those for Ly, with varied p are shown in Figs. 5(b), 5(d),
and 5(f).

Figure 5, with side-by-side panels, shows a disparate
effect due to computing the ambipolar diffusion length by
the two ways mentioned above on improving the obtained
current density and cell efficiency at short circuit. In Figs.
5(a) and 5(b), it is clear that obtaining the same values of
L.mp by the two approaches does not lead to the same pho-
tocurrent for any constant pcpp. For the situation where
Ly results from a varied lifetime and constant mobility
in the bulk, the photocurrent seems to be improved for
any given value of pcrL as Layp increases. In contrast,
increasing L,y by changing the mobility in the perovskite
and for any constant pcrp does not seem to be beneficial
in improving Jsc and the device performance, especially

for the highly resistive CTLs. The simulated Jsc for both
approaches can also be read from the 2D color plots repre-
sented in Figs. 5(c) and 5(d). The same influence on the cell
efficiency by either varying the lifetime, Fig. 5(e), or the
mobility, Fig. 5(f), in the perovskite with pcrp as a param-
eter is obtained by numerical simulation. Thus, once the
absorber layer mobility is sufficiently high, any improve-
ment in L,y is only beneficial if it is an improvement in the
electron and hole lifetimes, but not if it is an improvement
in the mobility at a constant lifetime in the perovskite [72].

Figure 5(a) shows how Jsc is limited by the kinetic prop-
erties in the CTLs, even if L,y is several times longer
than the absorber thickness (at the highest shown Ly, =
16 wm, the ratio L,,,/d = 53). For a certain mobility
value in the CTLs, it is clear that, as L.y, increases, the
collected Jsc and the simulated cell efficiency, Figs. 5(c)
and 5(e), increase and start to saturate for longer ambipo-
lar diffusion lengths. However, reducing the mobility in
the CTLs by orders of magnitude significantly increases
the losses in the extracted photocurrent and the cell effi-
ciency, e.g., approximately 16 mA/cm? photocurrent and
21.6% efficiency are lost by decreasing the mobility in the
CTLs by 3 orders of magnitude. The results indicate how
significantly the kinetic properties of charge carriers in the
CTLs affect the collected photocurrent and the efficiency
of functional PSCs, despite possessing long ambipolar dif-
fusion lengths, and show their critical impact on reducing
the device performance by slowing down the extraction of
free electrons and holes ending with high losses.

C. Using band diagrams to visualize collection losses

Band diagrams are routinely used to visualize the
behavior of electronic devices. While the analytical model
presented in Sec. II B does not by itself produce a band dia-
gram, it is easily possible to simulate band diagrams with
numerical simulation software, such as ASA. To visualize
the effect that varying transport velocities in the contact
layer have on current-voltage curves and band diagrams,
we present a comparison in Fig. 6. Figure 6(a) shows sim-
ulated current density (J) versus voltage (V) curves of two
perovskite solar cells that differ in the assumed mobility in
the CTLs. From the simulated J-J curves, we observe that
the low mobility in the CTLs limits Jsc and the FF, while
Voc remains almost constant. In addition to the J-J curves,
the band diagrams are simulated under different bias con-
ditions: at open circuit, Fig. 6(b); at short-circuit, Fig. 6(c);
and at the maximum power point (MPP) of the green J-V
curve, Fig. 6(d). For all situations, the quasi-Fermi lev-
els of electrons (Er,) and holes (£f,) in the absorber are
flat, because we assume an infinite permittivity to obtain a
field-free absorber layer. The key differences between the
high and low CTL mobilities in the band diagram are the
gradients of Er, and Ef, in the transport layers [32,79]
for the situations where a current is flowing (i.e., at short
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FIG. 5. Simulated and analytically calculated (symbols and solid lines, respectively) data of (a) short-circuit current density as a

function of ambipolar diffusion length with a varied lifetime (10~ to 107> s) and a constant mobility (35 cm?/Vs) of charge carriers
in a perovskite layer of 300 nm and for different mobilities in the CTLs. (b) Short-circuit current density, Jsc, is obtained for the
same range of ambipolar diffusion lengths in (a) but with a constant lifetime of 107° s and a varied mobility in the bulk (1072
to 107 cm?/Vs); kinetic properties in the CTLs are also changed such that pcrrs goes from 107> to 1072 cm?/Vs in both (a),(b).
(c),(d) Two-dimensional (2D) color plots of simulated Jsc correspond to (a),(b), respectively. (e),(f) Efficiency of a PSC obtained
numerically by ASA for different ambipolar diffusion pathways [L,np in panels (a),(b), respectively] and with CTL mobility as a

parameter represented in 2D color plots.

circuit and at MPP). We know that the current densities
for electrons and holes are given by J, = w,ndEp,/dx
and J, = u,pdEr,/dx. Thus, for a given current den-
sity, Jsc, to flow, the gradient of the quasi-Fermi level
in the ETL has to follow dEg,/dx = Jsc/(unn). Equiva-
lently, in the HTL, the quasi-Fermi level for holes has to
obey dEg, /dx = Jsc/(ipp), because in the ETL (HTL)

the current is purely an electron (hole) current. Thus, if
the mobility in the CTLs is reduced, the gradient of the
quasi-Fermi level has to increase, thereby leading to a
higher splitting of the quasi-Fermi levels in the absorber.
This increased splitting can be observed both at short cir-
cuit and at the MPP. Given that recombination increases
with increasing carrier density, and therefore, with
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increasing quasi-Fermi-level splitting, the increased gradi-
ents of Er, and Ef, are directly responsible for the reduced
performance of the curve with lower mobility, as seen in
Fig. 6(a). The finding of Fig. 6 is therefore essentially iden-
tical to that of Fig. 4, but it also allows the physics of the
analytical model to be illustrated within the logic of band
diagrams.

IV. CHARGE-CARRIER COLLECTION AND
PHOTOLUMINESCENCE

Measuring the photoluminescence (PL) emission of
halide perovskite films, layer stacks, and solar cells is a
widely used approach to quantify recombination losses and
to study the amount by which recombination changes when
adding additional interfaces that usually accelerate recom-
bination [41,87,88]. However, even in the case of the PL
of complete solar cells, the experiment is typically per-
formed at open circuit, where no current is flowing through
the external circuit. Thus, charge-carrier transport is nearly
irrelevant, as we have already seen in the open-circuit band
diagram in Fig. 6(b). Transport is however relevant either
in transient PL experiments, where exchange currents are
flowing from the absorber to the contact and back [65,89],
or in steady-state PL experiments that are performed on
complete solar cells at voltages below Voc [90-92]. In the
following, we take a closer look at PL measured as a func-
tion of voltage and, in particular, PL measured at short
circuit and how it is related to the analytical framework
presented in Sec. I B.

The PL emission from the perovskite is proportional to
the product, np, of the electron and hole concentrations
in the perovskite layer. If the perovskite is intrinsic, as
we assume throughout the paper, the PL emission will
be proportional to nD>2 [40,41,93] (see Figs. S5 and S6
within the Supplemental Material [77]). At open circuit,
the PL emission at a given excitation condition should be
as high as possible—a fact that is frequently used in the
context of suns-PL measurements [94] in various photo-
voltaic technologies. The Fermi-level splitting, AEp, that
can be reached is given by

AEp = kTln (@) — kTIn(®) + 4,
n

i

(18)

where ® in Eq. (18) is a dimensionless quantity in arbitrary
units, and A4 is a typically unknown constant that accounts
for the fact that photon flux is only typically known in
relative units. Thus, any relative change in the PL inten-
sity from sample to sample (assuming equal band gap and
absorptivity) by a factor ® would correspond to an additive
change in AEr by an amount £71n(®).

At open circuit, the average generation and recombina-
tion rates are equal and charge extraction is nonexistent
by definition. At voltages Vex < Voc, however, charge is

extracted, and the rate of recombination is then ideally
much lower than the rate of generation. Thus, for a good
solar cell, the carrier concentration away from open circuit
should be as small as possible, whereby the lower limit
under illumination is given by the carrier density injected
from the contacts given by

Vex
np > nl.zexp (%) . (19)

Ideally, a PSC with perfect extraction should therefore
have no additional PL at Ve < Voc that would exceed the
open-circuit PL at a lower excitation intensity and the same
voltage [95]. However, in practice, slow carrier extrac-
tion leads to quite substantial quasi-Fermi-level splitting
[see Figs. 6(c) and 6(d)], and thus, carrier density and PL
intensity. The PL at short circuit is then directly propor-
tional to the square of the carrier density at short circuit
that we derive with our analytical model [see, e.g., Egs.
(9) and (17)] and that is mainly a consequence of low
carrier mobilities in the charge-transport layers. Thus, PL
measurements at short circuit [96,97] or voltage-dependent
photoluminescence [95] of complete PSCs are an ideal
way to quantify the residual nonextracted carrier density
present in the device and consequently the recombination
losses present in the cell [98]. At high-level injection, we
can use the following extremely simple relation:

Ansc | Psc (20)
Anoc Poc

to put the carrier density at short circuit in relation to
the one at open circuit. By equating ¢Voc = AEr|oc, and
from knowing the value of n2, we can then at least provide
an estimate of Angc that can be compared with the results
from Egs. (9) and (17).

A. Correlating photoluminescence with device
performance metrics
Given that the recombination current, Jy..(Voc), at open
circuit is identical to the maximum possible short-circuit
current density, Jscmax, in the absence of recombination,
we can write

JSC —1_ Jrec(o)
Jrec(Voc) .

If we combine the assumptions of high-level injection
(n=p) and dominant SRH recombination, i.e., Jr X
An/(t, + 1,), We can write

J A ]
SC_ _q_8fse gy [2se 22)
JsCmax Angc Doc

Note that the above assumptions imply that the ideality
factor of recombination is n;q = 2, which is sometimes

(21)
J; SC,max
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(a) Simulated J-V curves of two solar cells with a layer stack representative for PSCs. Green J-V curve is for a cell with

good transport properties of electrons and holes in the CTLs (where pcr, = 1072 cm?/Vs), while the red curve is for a cell with
poor mobility of free charge carriers in the CTLs. Band diagram of both devices is simulated at different bias conditions and under
illumination with a constant generation rate in the absorber (G = 4.48 x 10?! em=3s71). Applied bias conditions are (b) Vexy = Voc,
(©) Vext = 0 V, and (d) Vexe = Vmpp [the maximum power point of the cell with better transport properties in the CTLs; yellow circles

in (a)].

but not always a realistic case for halide perovskite solar
cells [39,99—-101]. In a more general case, where Jy.
exp(AEg/(nigkT)), we find [84]

. (cDSC)(l/nid)
Doc

For consistency with our analytical model, we continue
using the special case given by Eq. (22). In this case, we
can use Eq. (17) to express Jsc loss analytically. In the
logic discussed above, Angc = G(t, + 7,,), and hence, in

(23)

the limit L,y > d, we find

Jsc

J; SC,max

Angc SCTL(Tn + Tp)

" Anoc  d+ St (T, + 7,)

24)

If we do not impose a condition on L,y,, we obtain the
following more general equation:

Jse _, _ Ansc _ Lam sinh( d )
Jscmax Anoc’ d Lamb
(tn +71,)ScTL
Lamb $inh(d/Lamb) + (T, + 7,)ScrL cosh(d/Lamy)

(25)

013004-11



AKEL, KULKARNI, RAU, and KIRCHARTZ

PRX ENERGY 2, 013004 (2023)

To see how the ratio of Angc/Anoc works in the logic
of Eq. (25) and to understand what information this ratio
gives, we calculate Ansc/Anoc analytically with differ-
ent Lymp, and with the CTL mobility as a parameter. In
addition, numerical simulations are performed as shown in
Fig. 7(a). Figure 7(b) shows the term 1 — [Ansc/Anoc]
as a function of Ly, and pere in a 2D color plot, and
in Fig. 7(c), we plot the normalized Jsc obtained using
either ASA or Eq. (14), which illustrates the left- and
right-hand sides of Eq. (25). The key conclusion from
Fig. 7 is that Eq. (24) indeed works (also when using
the numerical simulation) and leads to a perfect correla-
tion between 1 — [Angc/Anoc] and Jsc/Jsc max, both of
which depend on L, and pcrp in the same way. Given
that 1 — [Angc/Anoc] is experimentally accessible via PL
[cf. Eq. (20)], we now have a method to quantify recom-
bination losses due to low mobilities in either the transport
or absorber layer.

Quantifying recombination losses at short circuit, or
more generally at any voltage that is not the open-circuit
voltage, is usually difficult. While Jsc is quite easy to
measure, Jsc max can only typically be estimated from opti-
cal simulations that are based on the complex refractive
index of all layers within the cell stack that are difficult to
accurately determine. Furthermore, light scattering at the
interfaces is often neglected in simulations but can happen
in reality. Voltage-dependent PL has a huge advantage, as
it is directly proportional to the carrier densities as a func-
tion of voltage, which cause recombination. As we have
recently shown, from voltage-dependent PL data, the col-
lected Jsc, and the ideality factor n;4, we can quantify the
losses in Jsc due to recombination via [102]

Jsc @y

S —m ———— =
rec ®/mia _ plima’
oC SC

(26)

which is an extension of Eq. (23) from short circuit to any
arbitrary voltage. Furthermore, Eq. (26) allows Ji to be
expressed as a function of Jsc and does not contain the a
priori unknown Jsc max-

To investigate losses in the collected Jsc due to
the mobility of charge carriers in the ETLs {which
can be obtained using the space-charge-limited current
measurement [e.g., uerL = 4 x 107* cm?/Vs in PCBM
(90 nm) and 3 x 10~* cm?/Vs in CMC (95 nm)] [101]},
we measure the voltage-dependent photoluminescence
on three PSCs with the layer stack glass/ITO/Me-
4PACz/Cs0.05(FA0.8sMAq.17)0.95Pb(Io.83Br0.17)3/ (C0,
PCBM, or CMC)/BCP/Ag under illumination (around 1
sun). We quantify the quasi-Fermi-level splitting from the
PL(V) data as a function of the external bias, as shown
in Fig. 8(a). A substantial quasi-Fermi-level splitting at
low forward bias is obtained for the PSC with PCBM.
Thus, a substantial carrier density is anticipated to remain
in the device as a result of the slow extraction in PCBM
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FIG. 7. (a) Excess carrier density at short circuit to open cir-
cuit (Angc/Anoc) obtained by numerical simulation by ASA
(symbols) and analytical calculations (solid lines), and simulated
data of 1 — [Angc/Anoc] (dashed lines). (b) 2D color plot of
the difference in carrier density at open and short circuit nor-
malized to their density at open circuit simulated using ASA.
(c) 2D color plot of the normalized short-circuit current density,
Jscnom- All the data are simulated for a varied range of Lyyp
[ =35 cm?/Vs, 7, + 1, varies from 10~ to 105 s] and differ-
ent icrLs. Analytical evaluation corresponding to (b),(c) can be
found in the Supplemental Material, Fig. S7 [77].

compared to that in C4p and CMC. Thus, the recombina-
tion losses at Jsc are higher in the samples with PCBM,
as shown in Fig. 8(b) (see Figs. S12 and S13 within the
Supplemental Material [77]). In CMC, the uncollected car-
rier density is somewhat lower at short circuit, but it is
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strongly voltage dependent, leading to lower fill factors
in the finished cells, as seen in Fig. 8(c) (see Fig. S8
and Sec. 2 within the Supplemental Material [77]). While
the differences in behavior between the different ETLs
can be quantified using PL, identifying their precise ori-
gin is beyond the scope of the paper. We assume that the
differences between the three fullerenes are related to dif-
ferences in electron mobility and in band alignment at the
perovskite-ETL interface [101].

V. CONCLUSION

The diffusion length, L.m,, of halide perovskite
absorbers for photovoltaics is an appealing property that
is frequently mentioned as a synonym for good electronic
properties. Furthermore, it is often implicitly assumed to
be a necessary and possibly also sufficient condition for
efficient charge collection. The rationale behind this state-
ment originates from the logic of p-n junction solar cells
and from the assumption of perfect collection at the edge
of the space-charge region in a p-n junction solar cell. In
halide perovskites, a perfectly collecting boundary con-
dition is hardly a realistic scenario, given the abundance
of various organic contact layers that are often, but not
always, intrinsic and that feature electron and hole mobil-
ities which are typically much lower than that of the
perovskite. The physics of charge-carrier collection in per-
ovskite solar cells is therefore different from that of many
other photovoltaic technologies. A sufficiently long dif-
fusion length remains a necessary condition for efficient
charge collection, but it is by no means a sufficient cri-
terion. In fact, it is likely the less important of two key
criteria, namely, L,mp > d and Scri(t, + 1,) > d. It is
this latter criterion that is key to understanding efficient
collection in perovskite solar cells and that is currently
not discussed in the literature. While the contact layers
are understood to be a potential cause for ohmic losses
and reduced fill factors, intrinsic or lowly doped contact
layers can also have a direct impact on the short-circuit
current without necessarily affecting the fill factor. This
is due to their ability to modulate the carrier density
at short circuit or low forward bias inside the absorber
layer. The lower, e.g., mobility inside ETL or HTL, the
higher the carrier density and the higher the recombina-
tion rate at a given charge-carrier lifetime. Thus, the value
of the diffusion length inside the absorber depends on the
charge-carrier density inside the absorber, and this latter
quantity depends on the conductivity of undoped con-
tact layers. While being present to some degree in any
photovoltaic technology [55,84], this effect is particularly
strong in halide perovskites, as they have thin absorber
layers with quite decent mobilities and long lifetimes that
are then interfaced with (often) low-mobility transport
layers. In addition to highlighting the role of the condi-
tion Scri(t, + 1,) > d for efficient collection, we also
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FIG. 8. (a) Quasi-Fermi-level splitting determined from
voltage-dependent PL measurements as a function of exter-
nally applied bias for PSCs of different ETLs (Cg9, PCBM, and
CMC). (b) Recombination current density calculated from PL
data (symbols) according to Eq. (26); solid lines represent the
recombination current obtained from the measured J-V curves
plus the maximum photocurrent for the three PSCs of different
ETLs. (c) Current-voltage curves measured by the PL(V) imag-
ing setup under illumination at around 1 sun; voltage sweeps
for the J-V curves are measured in the reverse direction; dashed
lines show the maximum photocurrent corresponds to each sam-
ple. (See Fig. S8 within the Supplemental Material [77] for the
up-sweeping measurement.)
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illustrate the importance of voltage-dependent photolumi-
nescence measurements. These measurements are able to
identify and quantify recombination losses that are caused
by inefficient charge collection and inefficient transport
through the ETL or HTL. In particular, they allow iden-
tifying situations where the loss is mainly at short circuit
and the shape of the current-voltage curve does not indicate
a significant fill-factor loss.
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APPENDIX A: METHODS
1. Materials

Formamidinium iodide (FAI) and methylammonium
bromide (MABr) are purchased from Greatcell Solar.
Lead iodide (Pbl,) and lead bromide (PbBr;) are pur-
chased from Tokyo Chemical Industry (TCI) and Acros
Organics, respectively. Cesium iodide (Csl) is purchased
from Sigma Aldrich. [4-(3,6-Dimethyl-9H -carbazol-9-
yl)butyl]phosphonic acid (Me-4PACz) is purchased from
TCI. Bathocuproine (BCP, >99.0%) and Cgo-fused N-
methylpyrrolidine-m-C12-phenyl (CMC) are purchased
from TCI. [6,6]-Phenyl-C61-butyric acid methyl ester
(PCBM) is purchased from Solenne (Netherlands). Anhy-
drous ethanol (EtOH), N,N-dimethylformamide (DMF,
99.8%), dimethyl sulfoxide (DMSO), N-methyl-2-pyrro-
lidone (NMP), and chlorobenzene (99.8%) are purchased
from Sigma-Aldrich and used as received.

2. Device fabrication

The prepatterned ITO substrates (2.0 x 2.0 c¢cm?) are
bought from Kintec and ultrasonically cleaned with Hell-
manex soap solution (2% in deionized water), deionized
water, acetone, and 2-propanol for 10 min each. Before
being transferred to the N,-filled glove box, as-cleaned
ITO substrates are treated with oxygen plasma (Diener
Zepto, 50 W) for 15 min. Me-4PACz solution (0.3 mg/mL)
in EtOH is spin-coated onto the ITO substrates at 3000
revolutions per minute (rpm) for 30 s [with a ramping
rate of 500 rpms~'] followed by thermally annealing at
100 °C for 10 min. Triple-cation perovskite precursor solu-
tion in DMF:DMSO:NMP (4:0.7:0.3 v/v/v ratio) is
prepared by mixing Pbl, (1.54 M) and PbBr, (1.5 M) with
FAI (1.5 M) and MABr (1.5 M), respectively, and stirred
overnight at 70 °C followed by adding 5% 1.5-M CslI solu-
tion in DMSO to the aforementioned FAMA-based per-
ovskite solution to form the triple-cation perovskite solu-
tion. Before spin-coating the solution (120 pl/substrate)

at 3500 rpm for 35 s (500 rpms™) the perovskite solu-
tion is filtered using 0.45-pm polytetrafluoroethylene filter.
During spin-coating, 300 pl chlorobenzene is used as
the antisolvent 15 s before the end of the spin-coating
step followed by annealing the perovskite film at 100 °C
for 40 min to form a high-quality perovskite thin film.
After cooling the substrates to room temperature, a PCBM
(20 mg/mL) [or CMC (10 mg/mL)] solution in chloroben-
zene (60 pl/substrate) is spin-coated on top of the per-
ovskite layer at a speed of 1200 rpm for 60 s (with a ramp-
ing rate of 400 rpms~'). A Cqo (25 nm) layer is deposited
by thermal evaporation in a K. J. Lesker Mini Spectros
System attached to the glove box (<5 x 107¢ Pa) at a rate
of 0.2 Ass. Finally, BCP (8 nm) and Ag (80 nm) are ther-
mally evaporated on all the ETL/perovskite/Me-4PACz
device stacks sequentially using the aforementioned evap-
orator setup.

3. Device characterization
a. Current density-voltage (J-V) characterization

The J-V curves are measured on a calibrated AM1.5
spectrum of a class AAA solar simulator (WACOM-WXS-
140S-Super-L2 with a combined xenon-halogen lamp-
based system). In addition to the J-V curves, the Jsc/Voc
measurements at different light intensities are measured
using a light-emitting diode (LED) solar simulator, which
is directly integrated into the glove box. The LED solar
simulation is equipped with a white-light LED (Cree
XLamp CXA3050). The illuminance of the LED solar sim-
ulator is adjusted to 1 sun conditions using the short-circuit
current density (Jsc) resulting from the external quantum
efficiency (EQE) measurement of a perovskite cell. Each
2.0 x 2.0-cm?* substrate contains four solar cells with an
active area of 0.16 cm? each and the device J-V is mea-
sured with a 3.0 x 3.0-mm? shadow mask, and Jsc/Voc
characteristics are measured without any shadow mask.

b. Intensity-dependent transient photoluminescence
(TRPL)

The transient photoluminescence is measured for pas-
sivated and nonpassivated thin films of the perovskite
material on glass and for a perovskite solar cell with layer
stacks [glass/ITO/Me-4PACz/Csgs5(FAgs3MAg.17)0.95Pb
(I.83Bro.17)3/Ce0/BCP/Ag] using time-correlated single-
photon-counting technique. A laser of 638-nm wavelength,
25.56-um spot size, and 100 kHz is used to excite the
samples. The measurements are done using different laser
intensities [different optical density (OD) filters (e.g., 2.3
OD, 1.6 OD, 0.6 OD, ..., 0 OD)] for 300 s. To get
information about whether the samples are intrinsic, the
intensity-dependent TRPL decays are analyzed at t =0
following the method of Pefia-Camargo et al. [93].
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c. EQE

The EQE of perovskite devices with different ETLs are
measured using a xenon light source (Osram XPO150W)
and a Bentham monochromator (TMC300) with a spec-
tral range between 300 and 1100 nm. The light source is
calibrated with a calibrated silicon photodiode (Gigahertz-
Optik SSO-PD100-04) as a reference. The chopper fre-
quency is set to 72 Hz; the three devices are measured
with a spectral range between 300 and 850 nm with a step
size of 10 nm. For measurements, the devices are sealed,
in a nitrogen-filled glove box, in a measurement box with
a quartz glass window to avoid exposure to the external
ambient atmosphere.

d. Voltage-dependent photoluminescence
measurement (imaging technique)

The PL intensity is measured along the J-V curve using
a self-made setup consisting of a detection CCD cam-
era with a cooling system, a power supply, a Keithley
2400 source measure unit, and a bias light source. The
perovskite solar cells with different electron-transport lay-
ers (Cgp, PCBM, and CMC) are excited (3.0 x 3.0 mm?)
electrically and optically using a set of five green LEDs
(A = 540 nm) with homogeneous illumination at a fluence
of about 1 sun. The PL intensity is captured by a CCD
camera from Andor supplied with an objective lens and
incorporates sensors that have 1024 x 1024 pixels. The
background is measured first and a flat-field correction is
done to obtain the corrected images in the end. The J-V
curves are measured in both forward and reverse direc-
tions with a voltage step of 0.01 V, and data acquisition
is accomplished with an exposure time of 1 s with five
accumulations for each voltage step.
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