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ABSTRACT

The emergence of halide perovskites in photovoltaics has diversified the research on this material family and extended their application
toward several fields in the optoelectronics, such as photo- and ionizing-radiation-detectors. One of the most basic characterization protocols
consists of measuring the dark current-voltage (J — V) curve of symmetrically contacted samples for identifying the different regimes of the
space-charge-limited current (SCLC). Customarily, ] o< V" indicates the Mott-Gurney law when #n ~ 2 or the Child-Langmuir ballistic regime
of SCLC when n = 3/2. The latter has been found in perovskite samples. Herein, we start by discussing the interpretation of J oc V*/2 in
relation to the masking effect of the dual electronic-ionic conductivity in halide perovskites. However, we do not discard the actual occurrence
of SCLC transport with ballistic-like trends. Therefore, we introduce the models of quasi-ballistic velocity-dependent dissipation (QvD) and the
ballistic-like voltage-dependent mobility (BVM) regimes of SCLC. The QvD model is shown to better describe electronic kinetics, whereas the
BVM model results are suitable for describing both electronic and ionic kinetics in halide perovskites as a particular case of the Poole-Frenkel
ionized-trap-assisted transport. The proposed formulations can be used as the characterization of effective mobilities, charge carrier concentra-
tions and times-of-flight from J—V curves, and resistance from impedance spectroscopy spectra.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0076239

Halide perovskites, e.g, methylammonium lead triiodide
(MAPDI;), have emerged as one of the most attractive material fami-
lies for optoelectronic applications, such as photovoltaics, ionizing
radiation detectors,” field-effect transistors,” memristors,” and energy
storage.” The reason for that is the optimal properties for photon
absorption and charge transport as well as the easy solution-based fab-
rication methods, which has motivated intensive research. At a mate-
rial level, one of the most basic and commonly performed
characterization techniques is the current density-voltage (J-V) mea-
surement, which can inform on the transport mechanisms and prop-
erties. Notably, the study of the dark J-V curves of halide perovskites
results are particularly puzzling due to the dual jonic-electronic con-
ductivity of these materials, resulting in many artifacts and anomalous
behaviors, typically known as the J-V hysteresis effect.

The main transport mechanisms usually reported in symmetri-
cally contacted samples (no built-in voltages V; at the electrodes) of
hybrid perovskites are the Ohmic and the space-charge-limited

current (SCLC). In the Ohmic regime, the current and the electrostatic
potential (¢) are linear with the applied voltage and the position (x),
respectively [see Figs. 1(a) and 1(b)]. Differently, in the SCLC regime,
the current may deviate from the linear behavior due to significant
modification in the charge density profile as the electric field increases
with the externally applied voltage.

The most common form of SCLC is that of the mobility regime,
where the current follows the Mott-Gurney law (J o< V?).” Within
this regime, one can often find the trap-filling (J & V=2 sub-regime,”
which allows the estimation of the concentration of deep level trap
defects.” Subsequently, upon high enough injection of charge car-
riers, the velocity saturation regime (J o< W0 takes place. These
regimes are well known, and their identification in hybrid halide
perovskites is generally not questioned with the classic distribution
of Fig. 1(a).

Another fundamentally different SCLC regime is that of the bal-
listic transport, as the Child-Langmuir law,'"'* where
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FIG. 1. Current density as a function of the external applied voltage. (a) Theoretical
transport regimes: (I) Ohmic, (lla) ballistic Child-Langmuir law'"'* of SCLC, (IIb)
quasi-ballistic velocity-dependent dissipation (QvD) model of SCLC, (lic) ballistic-like
voltage-dependent mobility (BVM) model of SCLC, (lll) Mott-Gumey law” trap—empt\vl
SCLC, (IV) trap filling,” (V) Mott-Gurney law trap-filed,” and (V1) velocity saturation.
(b) Electrostatic potential as a function of position between electrodes separated a
distance L upon application of voltage V for several configurations from Ohmic to
one-sided abrupt (OSA) junction, as indicated. (c) Experimental curves from various
perovskite samples (dots) reported in the supplementary material of our simultaneous
works,'®*" licensed under Creative Commons Attribution Noncommercial (CC-BY-
NC) licenses, and allometric fitting (lines) to the ballistic-like behavior (J o< V%/2).
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Here, € is the vacuum permittivity; e, is the dielectric constant; L is
the distance between electrodes; and Q and M are the charge and the
effective mass of the charge carriers, respectively. In physical terms,
unlike the mobility regime, in the ballistic regime, no scattering is con-
sidered (the definition of mobility is not justified), and the maximum

drift velocity results,
2
va =\ /MQ v, )

as a consequence of the conservative transformation of electrostatic
energy into kinetic energy. This model was initially thought for vac-
uum conditions, and among semiconductors, it has been considered
for either low temperature conditions,"” short enough distance,"* or
timescale (near-ballistic regime)."” Notably, in practice, with typical
measurement conditions (V < 100V, room temperature T ~ 300K,
electrode active area A > 0.01 cm? €, =23'), the ballistic currents of
MAPDI; samples would result significantly high for L <10 um (e.g,
J> 10A cm™” at 10V), as presented in Fig. S1 in the supplementary
material. In addition, if present, a bulk mechanism, such as the SCLC,
is commonly overlapped by interface phenomena in thin film samples
where the distance between electrodes is on the order of the diffusion
and/or Debye lengths. Therefore, it makes sense to discard Child-
Langmuir’s ballistic SCLC transport as a major mechanism for opera-
tional currents in thin film samples.

In thick halide perovskite samples, the SCLC regimes with trends
Joc V" and 1 < n < 2 have been identified,"” which may suggest the
presence of some sort of ballistic-like transport. For example, Fig. 1(c)
shows three different perovskite samples showing some section of the
dark J-V curve with n &~ 3/2, characterized in our previous and
simultaneous works and measured in room conditions with a Keithley
Source-meter 2612B.'*'? The chromium contacted 1-mm-thick poly-
crystalline (pc) pellet (Cr/pc-MAPbI;/Cr)'® reports the lower currents,
and the 2 mm-thick single crystal (sc) of the CH;NH;PbBr; (Cr/sc-
MAPDBr3/Cr)* sample presents the shorter voltage section with the
J o< V3/2 trend, whereas the platinum contacted 3 mm-thick CsPbBr;
sample (Pt/sc-CsPbBr3/Pt)'’ seems to behave the closest to the seemly
ballistic comportment.

In this Letter, first, we question the identification of the ballistic
regime of SCLC in hybrid halide perovskite and analyze possible mis-
leading influences of the ionic-electronic character of the conductivity
in these materials. Second, we provide analytical formulations in two
models that reproduce a similar behavior (J o< V) despite not being
strictly ballistic regimes: the quasi-ballistic velocity-dependent dissipa-
tion (QvD) and the ballistic-like voltage-dependent mobility (BVM)
regime of SCLC.

For all SCLC regimes, any trend from a dark J-V curve of halide
perovskite samples should be taken with cautions, because of the hys-
teresis issues. For instance, Duijnstee et al.”>”’ recently suggested the
use of temperature-dependent-pulsed-voltage-SCLC measurements as
a validating technique for ensuring the identification of one or another
transport regime. Also, Alvar et al.”* showed that how the frequency
dependence of the permittivity of thin film perovskites and their
dependence on the voltage scan rate and temperature influence the
analysis of the SCLC. Moreover, the temperature-modulated-SCLC
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spectroscopy study of Pospisil et al.”” found multicomponent deep
trap states in pure perovskite crystals, assumingly caused by the forma-
tion of nanodomains due to the presence of the mobile species in the
perovskites. These and more studies suggest that any claim of SCLC
from J-V curves should be double checked for hysteresis or ion migra-
tion related artifacts, before extracting parameters. For instance, the
J-V curves of Fig. 1(c) were not reproducible when long periods of
pre-biasing preceded the voltage sweeps.

Regarding the classic ballistic regime of SCLC in halide perov-
skites, even if a Jox V*2 trend is validated as hysteresis-free, there is
little likelihood for the mechanism to be present at room tempera-
tures. On the one hand, the condition of negligible energy dissipa-
tion for charge carriers is arguably unrealistic for transport from one
electrode to the other, regardless whether they are electronic or ionic
charge carriers. Notably, even though there is evidence of ballistic
transport lengths ~200nm in MAPbI; thin films, it has been
reported in a timescale of 10-300 £5.2°2® On the other hand, a fair
assumption would be for the Jox V*'* tendency to more likely be an
intermediate sub-regime of transition between the Ohmic regime
(J < V) and the mobility regime (J < V=2), or between this latter
and Ohmic-seemly velocity saturation regime (J < V). However, a
J o< V*'* behavior could occur in a way that resembles the SCLC bal-
listic mechanism at room temperature. For this to happen in the
SCLC formalism, two main scenarios can be considered. First, a
quasi-ballistic SCLC transport can occur in the case of an energy dis-
sipation proportional to the velocity, resembling that due to Stokes’s
drag dissipation forces. Second, a ballistic-like SCLC transport takes
place due to a behavior of v4oc V'? not related at all with energy
conservation (ballistic regime) but with a bias-dependent energy dis-
sipation (mobility regime).

The core of the deduction of the classic SCLC resides in neglect-
ing the diffusion currents (div J = 0) and assuming that the total cur-
rent density is mostly the drift component with a given relation
between v, and the electrostatic potential ¢ or the absolute value of
the electric field |¢| = |d¢/dx|. Mathematically, for a sample with dis-
tance L between electrodes at an external voltage V and v, o ¢”, one
can always find a solution of the Poisson equation with a position-
independent current, such as ] = K VP L2, where K is a constant
(see Eq. (S10) in Sec. S1 of the supplementary material). Thus,
Vg X (pl/ 2 results in the Child-Langmuir (J o V3/2)1H12 law with a
potential ¢ oc x*/3 (see Fig. 1).

Unlike the classic ballistic approach, where all the electro-
static energy is converted into kinetic energy, a dissipation term is
included as a correction in the QvD model. The energy dissipated
during the transport of the charge carrier from one electrode to
the other is considered in the form of W = MvLv,, similarly to a
Stokes’s drag dissipation mechanism. Here, the momentum relax-
ation rate as v = vy(¢p/ Vo)l/ 2 is such that it agrees with Teitel and
Wilkins® conditions for the typical v; time overshoot, as previ-
ously considered for near-ballistic transport in one-valley semi-
conductors.”” The characteristic dissipation frequency v is on the
order of the black-body radiation and v increases with the poten-
tial, thus V, over the threshold value V), attaining a maximum at
the biased electrode. Moreover, Vj is also expected to relate to L
balancing the dissipation energy in a form that W only depends
on the position x through ¢ and v,. Subsequently, the energy con-
servation results as

scitation.org/journal/apl

M
5 v’ + v/ BMQova = Qo, (3a)
where the dimensionless QvD coefficient is
Moy
=—, (3b)
4 Q

and the effective mobility is 15 = 19L*/Vy. Notably, the use of effec-
tive mobilities has been earlier introduced in quasi-ballistic transport
in high electron mobility transistors.”’ In Fig. 2(a), the typical values
for f3 as function of vy and ji; for a charge carrier with the elementary
charge g and the electron mass m,. The exact solution of Eq. (3) is
only different to (2) by a factor ((2 + f)"/*=B?), which is 2'/? in
the limit of f# — 0. Note that the solution with the plus must be dis-
carded because the dissipation cannot increase the velocity.
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FIG. 2. The QvD-SCLCs approximation: (a) the QD coefficient as in Eq. (3b) and
(b) the current density as in Eq. (7) with L= 1mm, ¢ =23,"° M = m,, and
Q=q.
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For f < 2 (e.g., low temperatures, low mobilities, and/or low
effective mass charge carriers), the dissipation does not significantly
affects the Child-Langmuir law'"" as in Egs. (1) and (2). Thus, the
use of the ballistic SCLC model would be justified with typical current
values as in Fig. 1. On the other hand, the case could be a large dissipa-
tion for > 2 (e.g., high temperatures, high mobilities, and/or high
effective mass charge carriers). In this situation, the ballistic regime
would no longer be present. In between these two limits, with § ~ 2,
the QvD-SCLC would effectively modify the drift velocity as

vi=(V2¥ B~ VB) \/%. @

Taking the current density for the charge carrier concentration N
as

J =QNwy, (5)

one can substitute (4) and (5) in the Poisson equationn‘12

fo_ / M ©)
x> e, (vV2+B—VB) | Qo

whose solution between x =0 and x =L, with ¢(0) =0 and
(L) = V,'"" results in the QvD-SCLC current density

_ 4€0€r(\/2 + ﬁ - \/B) \/§V3/2
M .

9L?

J (7)
The values from Eq. (7) are illustrated in Fig. 2(b) for electrons in a
1 mm-thick sample of MAPbI;. For f < 0.1, the current is nearly that
of the Child-Langmuir law, whereas it decreases as f§ increases.

In halide perovskites, the QvD-SCLC would be more appropriate
for describing electronic kinetics due to their significantly higher
mobility (~1cm™2V~'s™"), in comparison with that of the mobile ion
charge carriers (<10 %cm 2V 's71). The low mobility of the ions
lowers f3, which makes the currents to follow the Child-Langmuir law,
that could attain unrealistically large ionic currents.

The collapse of the QvD-SCLC model above presented occurs
when the large dissipation (f§ > 2) produces current values out of the
rage of those found in the experiment. In this case, the presence of
SCLC with a J oc V32 trend could still be justified with a modified
SCLC mobility regime. In the classic mobility regime, instead of rela-
tion (2), the scattering is considered and the energy dissipation for the
charge carriers is parameterized with the mobility y as

7 uﬁ. (8)

Similarly to the above reasoning, given a relation v4 o< (d¢/dx)”, one
can always find a solution to the Poisson equation with a position-
independent current, such as ] = ¢ VP*!L7P=2, where ¢ is a constant
[see Eq. (S23) in Sec. S2 of the supplementary material). Thus, while
vg < d/dx results in the Mott-Gurney law (J oc V?)° with a poten-
tial ¢ x x*/2, a dependency, such as vy  (d¢p/dx)"?, implies a
ballistic-like current (J o< V3/2) with a potential ¢ o x°/3 (see Fig. 1).
For v, to be other than linear with £, the mobility should be field-
and, thus, voltage-dependent, which is in agreement with earlier exper-
imental reports for halide perovskites.'””" Importantly, if v4 is no
longer linear with ¢, the definition of mobility is no longer satisfied.
Nevertheless, one can propose an effective threshold mobility y, for

scitation.org/journal/apl

the transition from the Ohmic to the BVM regime of SCLC above an
onset voltage V; so

-
w= L—g ©)

Subsequently, one can substitute Eq. (9) in (8) to obtain the BVM drift
velocity

Vo d(p

L dr’ (10)
The conceptual ideas behind the expressions (9) and (10) are pre-
sented in Sec. S2.1 of the supplementary material under two main
assumptions: (i) the larger L; the larger u, where L; is Frenkel’s equa-
tion™” for the distance between the ions and their local potential max-
ima upon application of an external field; and (ii) the smaller Lp the
larger p1, where Lp is a Debye length for the accumulation of mobile
ions toward the electrodes. In addition, Eq. (10) can be deduced as a
particular case of Poole-Frenkel’s™** ionized-trap-assisted transport
where the charge carrier concentration is proportional to the field in a
narrow bias range (see also Sec. S2.1). Summing up, it is the dual
ionic-electronic conductivity of perovskites that enables the BVM
regime of SCLC. The introduction of ionic space charges and mecha-
nisms of field-dependent ionization is also suggested from the poten-
tial distribution, as presented in Fig. 1(b). The BVM model
corresponds to an electrostatic potential situation somehow in between
the Mott-Gurney law of SCLC (electronic bulk effect) and the qua-
dratic case of the rectifying junctions (mobile ions depletion effect
toward interfaces). Moreover, the idea of gradients in the transport
properties, such as in (9), has also been proposed in the ionic dynamic
doping model,"***** where the biasing produces the accumulation of
mobile jons toward one electrode with slow kinetics. Consequently,
one can substitute Eq. (10) in (5) to solve the Poisson equation

Va = Ho

d? L
? - / o’ (11)

a2 eer ®
0Cr HOZVOE

whose solution between x =0 and x = L, with ¢(0) =0 and
(L) = V,"" results in the BVM current density

J— 6022“0\/MV3/2. (12)

The current values for Eq. (12) are presented for a 1 mm-thick
MAPbI; sample with V = 10V in Fig. 3(a). Therefore, one can see
that the BVM model results in lower currents with respect to the
mobility range, in comparison with the QvD-SCLC model and
the Child-Langmuir law. This suggests that the BVM regime could be
appropriate for describing both electronic and ionic kinetics in
halide perovskite samples. In this same direction, the time-of-flight
Trof = L /vy can be obtained by substituting Eq. (12) in (5) to obtain

L*QN, 3
- = V- /2
Ttof 606,,&0\/2‘/0 ’

where N is an effective average charge carrier concentration. Typical
Tror Values are illustrated in Fig. 3(b) for a 1 mm-thick MAPbI; sample
at 100 V. It can be seen that for single crystal samples, whose charge
carrier concentration is typically lower than 10" cm >, the electronic

(13)
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FIG. 3. The BVM regime of SCLC: (a) current density as in Eq. (12) and (b) time-
of-flight at 100V as in Eq. (13) with L = 1mm, e = 23,"° Vo = 10V.

charge carriers (u, ~ 1 em 2V ™! and mobile ions (1 < 107°
cm ™2V~ 's™!) would result in Tror Values in the orders up to ms and
ks, respectively. Purposely, a T;s o V=3/2 behavior on the order of ks
has been found in our simultaneous work on 2 mm-thick MAPbBr;
single crystals with measurements of long term ionic-related current
transients.”’

The definition of differential resistance R = (dJ /dV)~" can also
be applied to the current of Eq. (12), resulting in

R— Y2
3eo€rtigyv/' Vo

Experimentally, Eq. (14) relates to the resistance from impedance
spectroscopy (IS) characterizations. Notably, the low frequency resis-
tance from IS spectra has been found to behave as Ry o V12 in our
simultaneous work on 3 mm-thick CsPbBr; single crystals."’

vz, (14)

scitation.org/journal/apl

Importantly, discerning whether J oc V3/2 implies a QvD or a
BVM regime of SCLC as Egs. (7) and (12), respectively, can be prob-
lematic due to the experimental complications of measuring v, and
finding . However, an easier approach can compare the current den-
sity behavior across a series of samples with different thicknesses.
Accordingly, the linear trends JL? o V*/? and JL? o< V3/? would be
validating arguments for identifying QvD and BVM, respectively.

In summary, the use of the Child-Langmuir formalism of ballistic
SCLC in halide perovskite has been reviewed and discussed. Our anal-
yses suggest that even though the reports on J oc V%2 are most likely
artifacts due to the so-called hysteresis effect in perovskite samples,
J o V3/2 behaviors should not be discarded as indicators of SCLC
mechanisms in halide perovskites. In this regard, two models have
been introduced. A quasi-ballistic regime of SCLC was analytically
presented upon the assumption of an energy dissipation proportional
to the drift velocity, similar to the Stokes’s drag mechanism. This
model was found to most effectively describe electronic charge carrier
kinetics in hybrid halide perovskites. On the other hand, we also intro-
duced the analytical formalism for a ballistic-like mobility regime of
SCLC based on a voltage dependency. By analyzing the mobility
dependency of the current in this latter model, we conclude that it
could well describe electronic or ionic kinetics in hybrid halide perov-
skite. In addition, analogous to the classic Mott-Gurney law protocols,
the introduced formalisms allow the extraction of key transport
parameters from the ] — V' curve and IS spectra, such as effective val-
ues for charge carrier mobility, concentration, and time-of-flight.

See the supplementary material for the complete step-by-step
deduction of the solutions of the Poisson equations and simulation.
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