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Abstract. In this study, we present a comprehensive numerical investigation of the modulation
of the Schottky barrier in cesium lead bromide (CsPbBr,) perovskite, focusing on the role of
internal ionic charge carriers. We observe the pronounced hysteretic behavior in the current-
voltage (/—V) characteristics of a metal-perovskite-metal configuration, where a 100 nm thick
perovskite layer is sandwiched between chemically inert Schottky contacts. The inert nature of
these contacts allows for the accumulation of mobile ions at the contact-perovskite interface
without introducing secondary ion injections, thereby preventing any conducting filament
formation. By implementing a one-dimensional drift-diffusion model, we simulate the dynamic
evolution of mixed ionic-electronic charge carriers during /—V measurements. Our findings
reveal that resistive state switching (RSS) is predominantly influenced by ion accumulation at
the interfaces, which effectively modulates the Schottky barrier and increases carrier tunnelling
probability. Additionally, our analysis highlights the significance of polarized accumulated ions
in achieving a more precise interpretation of experimental /—V curves.
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AnHoTamms. B nmaHHOIT paboTe MpeACcTaBIeHO KOMIUIEKCHOE WCCIeNOBaHNE MOMIYISLNU
Gapbepa Ilortku B meposckute CsPbBr,, rae yaensercs ocoboe BHUMaHME PONM MOHOB Kak
HOcHUTeJIel 3apsiia. 3/ech HaOMI0IaeTCs BIPa)KEHHOE TMCTePE3UCHOE TIOBEICHNE BOJIbT-aMITEPHBIX
xapaktepuctuk (BAX) msi MeMpUCTOPOB C KOH(MUTypalueid MeTalI-MepOBCKUT-METa, Tae
cyoii mepoBckuTa TomuuHoi 100 HM pacronokeH MeXTy XUMUYeCKW MWHEPTHBIMU KOHTaKTaMU
ottku. Ilpupoma 3TMX KOHTAKTOB ITO3BOJISICT HAKAIUIMBATH IOIBWXKHBIC MOHBI HAa TPaHUIIEC
KOHTaKT-TIEPOBCKUT 0€3 MHKEKIIMY BTOPUYHBIX MOHOB, TEM CaMbIM MpeaoTBpalliasi oopa3zoBaHue
npoBoAsdlIMX HMUTe. Peannsys omHoMepHYIO Moneiab Apeida-auddysuu, yaanoch MPOBECTU
MOJIEJITMPOBAHUE SBOJIOLUMM CMEIIAHHBIX MOHHO-3JIEKTPOHHBIX HOCHUTENIe 3apsiia BO BpeMs
n3mepeHuit BAX. Pe3ynbraTsl mokaszanm, 4To pe3uCTUBHOE TIEPEKITIOUEHIE COCTOSTHUI B OCHOBHOM
3aBUCUT OT HAKOIUICHUSI IOHOB Ha TPAHUIIE TMEPOBCKUT - KOHTAKT, YTO 3(D(PEKTUBHO MOIYJIUPYET
bappep IlloTTKM M yBeIWYMBAET BEPOSITHOCTh TYHHENUpOBaHUS Hocuteneit. [lomyuyeHHBII
pe3yJbTaT MOAUYEePKMBAET 3HAUMMOCTD IOJISIPU30BAaHHBIX HAKOIJIEHHBIX MOHOB I 00oJiee TOUHOM
MHTEpPIpeTaluy SKCIIePUMEHTAIbHBIX XapaKTePUCTUK MEPOBCKUTHBIX MEMPUCTOPOB.

KioueBbie ciioBa: MOICIMPOBAHME ITOJYIIPOBOTHUKOBBIX IPUOOPOB, UYMCICHHOE
MOIEJINPOBaHUE, TIEPOBCKUTHBIN MEMPUCTOP, MOABXKHBIC UOHBI B IIEPOBCKUTE
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Introduction

Halide perovskites have emerged as a groundbreaking class of materials in the field of optoelec-
tronics, particularly for applications in solar cells, light-emitting diodes, and photo detectors. The
charge dynamics in halide perovskites are critical for understanding their performance in photovoltaic
devices, as they involve processes of slow mobile ions and significantly change the current voltage
(I—V) characteristics. The presence of mobile ions in halide perovskite devices can significantly hin-
der their performance, prompting researchers to seek methods to minimize ion redistribution [1—2].
Conversely, the mobility of ions within perovskite materials is not solely detrimental; it can also
enable innovative applications, such as memristor devices [3] and photo detectors [4].

In the context of utilizing halide perovskite materials in memristor devices, the mechanism
behind resistive state switching (RSS) can be attributed to three primary physical processes [5].
The first mechanism involves filament formation, where ionic filaments are generated either

© Maxmynnyp A., Anekcees [1.A., @ypacosa A.Jl., Makapos C.B., 2025. Uznarennb: Cankr-IleTepOyprckuii moJuTeXHUYECKU I
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through the injection of secondary ions from reactive metallic contacts such as silver or copper, or
via the migration of halide vacancies. The second mechanism pertains to RSS that occurs through
interface modulation. Lastly, the third mechanism is related to charge trapping and de-trapping
in defect states, which influences the overall conductivity and switching behavior of the device. In
the latter mechanism, RSS is attributed to the modulation of the interface between the perovskite
layer and the charge transport layer. This process is particularly influenced by dipole formation
and self-doping, which arise from the accumulation of ions at the interface [6—8]. In a separate
study conducted by Guan and colleagues [9], the accumulation of ions at the perovskite/ITO
interface was identified as a mechanism for RSS. They inferred that the buildup of negatively
charged methylammonium vacancies at the perovskite/ITO interface, triggered by the application
of a positive bias to the opposing electrode, leads to an enhancement of the Schottky barrier.

In this study, we aimed to clarify the mechanism of RSS in a single perovskite crystal by
utilizing numerical calculations of drift-diffusion (DD) equations. Our analysis focused on the
dynamics of electronic and ionic charge carriers within a CsPbBr, perovskite material sandwiched
between two inert electrodes: a grounded boron-doped diamond (BDD) electrode and an indium
tin oxide (ITO) electrode subjected to a positive bias. Our results indicate that filament formation
does not occur; instead, we observed significant redistribution of internal mobile ions within the
perovskite, leading to their accumulation at the perovskite/electrode interface. This ion accumu-
lation critically alters the injection of charge carriers. By comparing our calculated I-V curve with
experimental data, we demonstrated that, in addition to carrier tunneling from the electrodes, a
reduction in the Schottky barrier is observed.

>

Materials and methods

To analyze the /—V characteristics of the BDD-perovskite-ITO system, we utilized a one-di-
mensional DD model for ionic and electronic transport under transient conditions. The per-
ovskite material positioned between two electrodes, is set at a thickness of 100 nm, reflecting
experimental value. Due to the inability to inject or extract mobile ions from the electrodes, these
ions tend to accumulate at the interface between the perovskite and the electrodes when a voltage
is applied. This accumulation can lead to significant changes in the electric potential, poten-
tially causing numerical instability in our simulations. To mitigate this issue, we implemented
the well-established Scharfetter-Gummel (SG) method for discretizing current fluxes. While it is
relatively straightforward to apply SG discretization to electronic carrier current density using the
Boltzmann distribution [10], we adapted a modified version of SG discretization for ionic carriers,
as suggested by Koprucki et al. [11].

System of equations

The system of transient DD equations will account for two types of carriers: ionic carrier with
concentration of @ for anions and ¢ for cations, and electronics carrier with the concentrations of
electrons #n and holes p. The system of equations is:

62V(x,t) q
0 = —%[p(x,t)—n(x,t)+c(x,t)—a(x,t)—NA (x)+ND (x)—Ncat (x)+ N, (x)], (1)
Gn(x,t)_i_l&jn (x,t) U (x,t), 2
ot q Ox
Pn) 19,50 gy 3)
ot g Ox PR
8a(x,t) +l 0, (x,t) _o, @
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In Eq. (1), Vis the electrical potential, ¢, is the permittivity of free space and indicates the
relative permittivity of the perovskite. The terms N, and N, are the concentrations of acceptors
and donors’ impurity, respectively. Additionally, we incorporate fixed concentrations of cations
N_.and anions N__to effectively model Schottky defects inside the perovskite [12]. Egs. (2)—(5)
demonstrate continuity equation for each charge carrier, where j, and U, i = [n, p, a, c], are
current density and net generation associated to each charge carrier. ¢ is the elementary charge
and it is negative for electrons and anions and positive for holes and cations. Current density for

electron and holes can be written in the DD from as following:
aV(x,t) an(x,t)

jn (x,t)zqunn(x,t)T—anT, (6)
) oV (x,t op(x,t
Jp (%)= —qupp(x,t)%—qD,, % (7)
Conversely, it is appropriate to express the ionic DD current as follows:
oo (x,t
ja ('x’t) = _ql"taalimF [na (X,t):'%, (8)
op . (x,t
J.(x.1) =qu.c,, F [, (x,t)]%, )

where F function is Blackmore distribution function and ¢ is quasi-Fermi level for ions. n and n,
are normalized electro-chemical potential of anions and cations, respectively, and connected to
the quasi-Fermi levels as follows:

0, (1) = |q|V(x,tl)€; 0, (x,1) ’ (10)
__|q|V(x,t)+(pc(x,t) 11
T]c (x’t) - kT : ( )

Note that the Blackmore distribution function that describes hopping transport of ions between
individual sites, is following:

1
F(ni):e—m 0 (12)

In Egs. (8) and (9), g, and ¢, represent limiting concentrations that limit the maximum
accumulation of ionic carriers within the perovskite material. We implemented Schottky bound-
ary conditions for electronic current fluxes, as will be described in the following sections, while
applying zero flux conditions for ionic carriers. The main system of partial differential equations
(PDEs), represented by Eqgs. (1)—(5), was solved using the finite volume method. Additionally,
we incorporated the WKB approximation based on method utilized by Kyounghoon et al. [10]
to account for electron tunneling from the left (BDD), and hole tunneling from the right (ITO)
contacts, respectively. Moreover, we considered the lowering of the Schottky barrier due to image
force charges and dipole effects. The reduction in the Schottky barrier resulting from these influ-
ences can be described by the following equation [13]:

|E, (1)

Ad)(t):q P 4rmee
0

+F|Em(t)| . (13)
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In this equation, E represents the maximum of electric field at the surface of the electrodes.

Since there is no generation or recombination of mobile ions, the right-hand side of continuity
equations for ions are zero. On the other hand, for electronic carriers we only considered trap
assisted recombination. Therefore, U = — R and U=- R where R and R are recombination
rate based on well-known Shockley—Read Hall (SﬁH) model As the boundary conditions we
used Schottky boundary conditions and in addition to the Schottky barrier reduction we consid-
ered charge carrier tunneling.

>

Simulation geometry and parameters

The parameters used for our calculations are compiled in Table. Among the fitting parame-
ters were the concentrations and mobilities of the ions, along with the parameters p and I' from
Eq. (13). Utilizing the simulation parameters specified in Table and applying SG discretization
to solve the PDEs described by Egs. (1)—(5), we initially established the equilibrium state for
electronic carriers by presuming that ionic carriers had zero mobility. This equilibrium outcome
was then used as a preliminary estimate for tackling the non-equilibrium situation, which began
with ions distributed uniformly throughout the system.

Table
Simulation parameters for BDD-perovskite-ITO configuration
Parameter Description Value Unit
T Temperature 300 K
d Perovskite thickness 100 nm
€ Relative permittivity 12 1
X Electron affinity —4.17 eV
P Ionization potential —6.48 eV
N, Uniform donor concentration 0 cm™
N, Uniform acceptor concentration 3-108 cm™
Ny eDOS of conduction band 1-10% cm’?
N, eDOS of valance band 1-107 cm™
i, Electron mobility (Constant mobility model) 50 cm?/Vs
K, Hole mobility (Constant mobility model) 50 cm?/Vs
N, Uniform fixed anion concentration 0.9-10'8 cm?
N, Uniform fixed cation concentration 1.3-10"” cm™
M Anion mobility 8.0-10 cm?/Vs
u Cation mobility 4.0-10” cm?/ Vs
a,, Limiting anion concentration 1.41-10% cm
Crim Limiting cation concentration 4.67-10% cm™
o BDD (left) contact Schottky barrier 0.63 eV
0 ITO (right) contact Schottky barrier 1.53 eV
B Fraction of non-polarized ions 0.72 1
r Thickness of accumulated polarized ions 1.25 nm
w! Maximum tunneling width from the ITO contact 10 nm
w Maximum tunneling width from the BDD contact 10 nm
Area Contacts area 2.29-10™" cm’
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The device we simulated is depicted schematically in Fig. 1. This illustration shows a 100 nm
thick layer of perovskite material positioned between a BDD and an ITO contact. A time-varying
voltage is applied to the ITO, while the resulting calculated current is measured at the same contact.

a)

@
o
O

100 nm Perovskite

"

o+

t,ms

Fig. 1. Schematic of simulated device (a) and waveform of applied bias to the ITO (b)

We initialized the distribution of mobile ions to match that of the fixed ions. For solving the
PDEs, we utilized a combination of the Gummel and Newton methods, leveraging the solution
from the previous time step as the starting point for the current step. Given the nonlinear nature
of the PDEs, we implemented a dynamic damping strategy as proposed by Amrein et al. [14].

Results and discussion

Utilizing the parameters detailed in Table, we calculated the /—V curve for the BDD-Perovskite-
ITO configuration, where the BDD is grounded and a positive triangular bias is applied to the
ITO. The results of this calculation are depicted in Fig. 2. In panel (Fig. 2, a), we showcase
six simulation cycles in green, juxtaposed with the experimental /—V characteristics represented
in orange. This comparison reveals a good correlation between the simulation results and the
experimental data. The pronounced increase in current observed at 3 Volts corresponds to a 5 ms
retention period at the peak of applied bias. Specifically, the ITO contact experiences a triangular
pulse pattern, where each cycle consists of a voltage ramping up to 3 Volts and then back down
to zero over a total duration of 110 ms. Each rise and fall within the cycle are symmetric, lasting
50 ms each. A pulse of one cycle is depicted in Fig. 1, b.

a) b)
Expériment ‘ ‘ : ‘—With I‘M, DE & éarrier Tunneling
15t —— Simulation 15] With IM, DE, No Tunneling /1
——With IM & Carrier Tunneling x 4000 (I" = 0)
< < /
S 10} < 10t
c E
o o
S 5
O 5t / a 5t
O L L L L L L L 1 O [ 1 1 1 1 U] 1 1
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Voltage, V Voltage, V

Fig. 2. Experimental (orange) and simulated (green) /—V curves for 6 cycles of triangle potential
pulse applied to the ITO (a); simulated /—V curves illustrating the effects of varying carrier
injection at the perovskite/contact interface (). The green curve represents the scenario where
both image charge force (IM) and dipole effects (DE) contribute to Schottky barrier lowering,
along with carrier tunneling, the cyan curve depicts the /—V characteristics without accounting
for carrier tunneling but still considering Schottky barrier lowering due to IM and DE.
The magenta curve illustrates the /—V response solely influenced by IM
and tunneling effects, excluding dipole effects in barrier lowering
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In panel of Fig. 2, b we present three simulated /—V curves corresponding to a single cycle
of a triangular pulse, each reflecting different considerations regarding carrier injection from the
contacts. The green curve mirrors the scenario depicted in panel (Fig. 2, a), where Schottky
barrier lowering is accounted for through both image charge force (IM) and dipole effect (DE),
alongside electron tunneling from BDD and hole tunneling from ITO. The cyan curve represents
a similar calculation but omits the effects of carrier tunneling. A comparison of these two I—V
curves reveals that while their shapes are comparable, they differ significantly in amplitude; spe-
cifically, the firing potential in both forward and reverse bias scans remains largely consistent,
with only amplitude variations. Conversely, the magenta curve illustrates the scenario where the
dipole effect on barrier lowering is excluded, although the IM effect and carrier tunneling are still
considered. This corresponds to the condition I' = 0 in Eq. (13). To facilitate comparison with
the other two curves, we have scaled this magenta curve by a factor of 4000. Notably, despite the
three orders of magnitude difference in current amplitude, the firing potential in both forward
and reverse bias scans remains unchanged in this case. This result diverges significantly from
experimental observations, which indicate approximately a 0.8 Volt difference in firing potential
between forward and backward scans. This analysis underscores the critical role of the dipole
effect in Schottky barrier lowering at the perovskite/contact interface, particularly in scenarios
involving significant ion accumulation.

Conclusion

In this study, we developed a one-dimensional ionic-electronic drift-diffusion model to ana-
lyze the I—V characteristics of a perovskite material situated between two chemically inert con-
tacts. Due to the disparities in Fermi levels between the contacts and the perovskite, both contacts
function as Schottky barriers. Our numerical simulations accounted for carrier tunneling and
the effects of Schottky barrier reduction. Tunneling emerges as a particularly promising mech-
anism, driven by the pronounced band bending near the contacts caused by ion accumulation.
Additionally, the enhancement of the electric field at the electrode surfaces is crucial for elucidat-
ing the observed /—V curves, as it contributes to the reduction of the Schottky barrier. Beyond the
conventional image charge force that facilitates barrier reduction, our calculations reveal that the
dipole moment induced by the accumulated mobile ions plays a significant role in further lower-
ing the barrier height through a dipole effect. This insight enhances our ability to accurately model
the [—V characteristics. Furthermore, our findings indicate that filament formation is unlikely
to occur solely through internal ion redistribution in the absence of external ion injection from
reactive contacts. Instead, we propose that resistive state switching should be understood primarily
because of interface modulation when external ions are not introduced. These findings mark a
significant advancement in our understanding of resistive state switching mechanisms in non-fila-
mentary perovskite memristors, providing valuable insights into their operational principles.
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