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and discharge of the carriers at the contact 
layers;[12,25–27] however, these phenomena 
are currently not very well understood.

The light emission kinetics in perov-
skite LEDs and in organic light-emitting 
diodes (OLEDs)  is usually investigated 
using a range of steady-state and time-
resolved methods.[26,28] Remarkably, 
frequency-resolved methods such as 
impedance spectroscopy (IS) are highly 
effective for the separation of concomitant 
kinetic phenomena.[29] The connection 
between time transients and light-stimu-
lated frequency methods in halide perov-
skite has been reviewed recently.[30]

Here, we explore a new experimental 
measuring technique that can provide 
significant information about recombina-

tion in high-performance solar cells and LEDs. We analyze the 
frequency-resolved light emission with respect to an applied 
modu lated voltage, that we denote light emission voltage modu-
lated spectroscopy (LEVS). The main point of this investigation 
is to reveal significant features of the radiative charge recombi-
nation that are difficult to be discerned in other measurement 
techniques.[30] This methodology will be especially useful when 
the radiative recombination event is convoluted with previous 
electronic carrier steps such as transport, trapping, or contact 
polarization effects, and/or ionic-related phenomena. It has 
previously been remarked that the capacitance and luminance 
of LEDs show correlated features[21,31,32] and some studies of 
electrically stimulated light emission spectroscopy have been 
reported,[33–35] but unfortunately, a general methodology has 
not been fully developed.

Here we describe the first LEVS experiments in halide perov-
skite LEDs and establish an equivalent circuit model to under-
stand the observed spectra, based on the previous experience in 
IS. We show that the method provides unique information on 
the recombination processes that cannot be accessed by purely 
electrical techniques, thus highlighting the interest of this new 
experimental technique for the characterization of optoelec-
tronic devices, especially those presenting multiple physical 
phenomena, as it is the case of halide perovskite-based systems.

2. The Transfer Functions of Frequency Resolved 
Measurements
IS is a general-purpose characterization technique that is used 
in a large variety of fields to extract dynamic information on any 

The kinetics of light emission in halide perovskite light-emitting diodes (LEDs) 
and solar cells is composed of a radiative recombination of voltage-injected 
carriers mediated by additional steps such as carrier trapping, redistribution 
of injected carriers, and photon recycling that affect the observed lumines-
cence decays. These processes are investigated in high-performance halide 
perovskite LEDs, with external quantum efficiency (EQE) and luminance values 
higher than 20% and 80 000 Cd m−2, by measuring the frequency-resolved 
emitted light with respect to modulated voltage through a new methodology 
termed light emission voltage modulated spectroscopy (LEVS). The spectra are 
shown to provide detailed information on at least three different characteristic 
times. Essentially, new information is obtained with respect to the electrical 
method of impedance spectroscopy (IS), and overall, LEVS shows promise to 
capture internal kinetics that are difficult to be discerned by other techniques.

ReseaRch aRticle
 

1. Introduction

Halide perovskites are very effective photovoltaic materials with 
high radiative quantum yields[1–5] that can be applied to excel-
lent performance light-emitting diodes (LEDs).[6–9] Recently, the 
fabrication of superior-quality solar cell devices has enabled a 
detailed analysis of recombination and light emission pheno-
mena.[10–12] Physically, radiative recombination consists of a 
band-to-band recombination event connected to light absorp-
tion by reciprocity relations.[13,14] However, the observed recom-
bination rates can be affected by a number of additional effects, 
which make the photoluminescence (PL) and electrolumines-
cence (EL) kinetics of perovskite nanocrystals longer than the 
radiative lifetime.[15] Different electronic/photonic phenomena 
have been discussed in the literature: carrier trapping,[16–18] 
redistribution of injected carriers,[19–21] photon recycling,[22–24] 

© 2023 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Adv. Mater. 2023, 35, 2207993

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202207993&domain=pdf&date_stamp=2023-02-05


© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH2207993 (2 of 14)

www.advmat.dewww.advancedsciencenews.com

type of system that is operated electrically.[36–38] The impedance 
function Z V I= ˆ / ˆ is the transfer function of a sinusoidal voltage 
V̂  with respect to a sinusoidal current Î  at a certain modula-
tion angular frequency ω.[39] The tilde x̂  indicates a small 
amplitude perturbation quantity with frequency ω superposed 
to a DC signal. The impedance measurement provides detailed 
information on the dynamic phenomena at a fixed stationary 
point of the system. Several stationary bias values are applied 
successively in order to put the device in the appropriate oper-
ating conditions where the linearized model parameters can 
be extracted. The variation of voltage along different values of 
the current-voltage curve, and the sweep of frequencies at each 
voltage point over many decades of frequency, provide exten-
sive experimental information, as physical processes that occur 
at different time scales can be decoupled. An important tool to 
deal with such complexity is the rationalization of the data in 
terms of equivalent circuit models. The circuit enables a repre-
sentation of the physical connections of the fundamental pro-
cesses and a suitable interpretation of resistances, capacitors 
and inductors can be obtained in terms of conduction, polari-
zation, charge transfer, and recombination. IS has been exten-
sively applied to halide perovskites in the last decade and the 
matter has been extensively reviewed.[29,40] The distinct types of 
capacitance present in halide perovskites have been well under-
stood[41] and they will be used below to build the equivalent cir-
cuit models.

Other small perturbation frequency modulated techniques 
that measure an electrical quantity in response to light stimula-
tion have been extensively used in semiconductor photo-elec-
trochemistry and photovoltaics since 1980s.[42–46] The classical 
frequency-resolved methods that use a sinusoidal photon flux 
Φ̂in impinging on the sample, are intensity-modulated photo-
current spectroscopy (IMPS), and the intensity-modulated 
photovoltage spectroscopy (IMVS). IMPS is described by the 
transfer function of current to light flux,[47–50] Q I q= Φˆ / ˆ

in. Here 
q is the elementary charge so that the incoming light flux (Φin 
in Ns−1, where N is a number of photons), is expressed as an 
electrical current qΦ̂in. Similarly, IMVS, for voltage-to-light flux, 
has a transfer function W V q= − Φˆ / ˆ

in.[51,52]

The transfer functions of the different frequency techniques 
are not independent, since they arise from the same underlying 
mechanisms. As shown by Bertolucci et al.,[53] they are related 
by the following form that expresses the small perturbation of 
the system:

I
Z

V Qq= + Φˆ 1 ˆ ˆ
in

 (1)

The constraint (1) imposes the following relation:

W QZ=  (2)

These functions and their connections have been developed 
in recent works in the field of halide perovskites.[54–57]

While Equation (1) considers three central variables for solar 
cells characterization, I V Φ( ˆ, ˆ , ˆ )in , the analysis of light-emitting 
systems requires an additional physical parameter, the out-
coming light flux Φ̂out. In the new method we present here, the 
photogenerated light is brought into the picture as a dominant 

element for the understanding of light-emitting devices’ opera-
tion. Hence, we extend Equation (1) as:

I
Z

V Qq
P

q= + Φ − Φˆ 1 ˆ ˆ 1 ˆ
in out

 (3)

In Equation  (3) we have introduced the transfer function P 
for light emission current-modulated spectroscopy:

P
q

I
= Φ̂

ˆ
out  (4)

We are interested in the transfer function S for light emis-
sion voltage-modulated spectroscopy:

S
q

V
= Φ̂

ˆ
out  (5)

Since the product of qΦ̂out  is an electrical current, S has Ω−1 
units.

As mentioned above the IMPS and IMVS describe the car-
rier generation process from the light stimulation. In contrast 
to this, LEVS probes the light generation process from injected 
carriers. By definition, LEVS is an inverted IMVS with out-
going instead of incoming light. Recombination and charge 
generation are complementary processes. However, in light-
generating devices, we find a number of carrier transport and 
dissipation processes coupled with radiative recombination. 
The understanding of all such processes and their couplings is 
the goal of the present research. We will use the machinery of 
equivalent circuit models and their interpretation to deal with 
the complex LEVS spectra that we observe experimentally.

Different light emission functions hold constraint relations 
of the style of Equation  (2). Previously the light modulation 
transfer function M = − Φ Φˆ / ˆ

out in was introduced and measure-
ments have been reported.[24,58] We note the relationships that 
are obtained from (3) by selecting two input/output signals 
each time:

S
P

Z
=  (6)

M PQ=  (7)

Hereafter, we ignore the incoming illumination Φ̂in in order 
to focus on the analysis of S and Z.

3. Theory of Light Emission Voltage-Modulated 
Spectroscopy
We now develop a model for the interpretation of the S spectra 
in LEVS measurements, in combination with IS spectra that 
can be measured as a complementary information. The model 
is based on well-understood features that have been amply 
investigated in the methods of IS,[29,59] to which we add the 
equivalent circuit part associated with radiative recombina-
tion that is not observed in the electrical impedance measure-
ments.[30] A list of the elements used is presented in Table 1.
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We start with a description of the equivalent circuit. As 
shown in Figure 1A the model is composed of a “bulk” imped-
ance Zb that contains the radiative component Zrad, a “con-
tact” impedance Zc that dominates the low-frequency part, a 
geometric capacitance in parallel Cg, and a series resistance 
Rs. Correspondingly, the voltage in the active layer is divided 
into the potential u related to the separation of the Fermi levels 
that produce radiative recombination, and a voltage v associ-
ated with the potential drop at interface and radiatively inactive 
zones.

The structure of the circuit is specified in Figure 1B and the 
calculation of impedances is described in detail in the Sup-
porting Information  (Appendix A). The contact impedance 
contains a surface capacitance C1, a resistance R1, and a chem-
ical inductor structure[60] composed of the resistance Ra and 
inductor La.[59,61] Therefore, the contact impedance is:

Z iC
R R i

ω
ω ω( )

= + +
+











−
1 1

1 /
c 1

1 a a

1

 (8)

where ωa is the characteristic frequency of the contact chemical 
inductor. The bulk impedance is:

Z C i
R Z

µ ω= + +








−
1 1

b
nr rad

1

 (9)

and the radiative impedance has the expression:

Z R iτ ω( )= +1rad rad d
 (10)

The full impedance model B is given by the expression:

Z R C i
Z Z

ω= + +
+









−
1

tot s g
b c

1

 (11)

According to the analysis provided in the Supporting Infor-
mation (Appendix B) the LEVS transfer function is:

ˆ

ˆ
out

app

tot s

b c

b
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out

rad

S
q

V

Z R

Z Z

Z

Z Z

ϕ= Φ = −
+

 
(12)

The dc value is:

S

R R R
R

R

ϕ

( )
=

+ + +






1

0
out

s b c
rad

nr

 

(13)

where ϕout is the radiative efficiency, see Appendix B.
Of central importance to this work are the characteristic fre-

quencies shown in Table 2. These frequencies can be derived 
from the equivalent circuit parameters, and they have the 
important property that the ordering of frequencies in an exper-
imental situation determines different spectral shapes, as dis-
cussed in detail in Section 5. This property can be also checked 
in recent papers for standard light-modulated and impedance 
techniques.[54,62]

In our model, we use different RC time constants (ωh,ωm) as 
indicated in Table 2. The contact inductor[60] frequency ωa plays 
an important role in determining the spectral shape. These 
characteristics are well known from IS methods.[29]

Adv. Mater. 2023, 35, 2207993

Table 1. Equivalent circuit elements and currents.

C1 Contact capacitance

Cµ Chemical capacitance

Cg Geometric bulk capacitance

Rs External series resistance

R1 Contact charge transfer resistance

Ra Contact inductor resistance

Rnr Bulk non-radiative recombination resistance

Rrad Bulk radiative recombination resistance

La Contact inductor

Ld Radiative delay inductor

Ibc The current flowing across the device (not through geometric capacitance)

irad The current flowing through the radiative resistance

Figure 1. Equivalent circuit models. A) Different parts of the device 
including a series resistance, Rs, and a geometric capacitance, Cg, in par-
allel with the bulk, Zb, and contact, Zc, impedances, respectively. Voltage 
acting on Cg is splitted into u and v acting in the bulk and at the contact 
parts, respectively. B) Similar to circuit A but with Zb and Zc detailed. 
Ibc is the total current through the lower branch including radiative and 
non-radiative processes, see Equation (19), and irad is the current through 
the radiative recombination bulk branch, see Equation (26). The part of 
the circuit corresponding to Zrad, Equation (31), is highlighted with a red 
dashed rectangle. C) Equivalent circuit used in IS analysis of halide perov-
skite devices at high applied voltages.
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We also introduce the frequency ωµ = 1/τrad that determines 
the radiative recombination event. In order to describe the 
experimental data that we have obtained, we consider an addi-
tional process contributing to the light emission dynamics. This 
process represents a preliminary kinetic step with an equilibra-
tion time τd and frequency ωd  = 1/τd. The physical meaning 
of such delay is that radiative recombination does not happen 
until the electron and hole carriers meet at a recombination 
point. Any carrier transport process that mediates between 
voltage or light stimulation to the final carrier encounter that 
results in the emission of a photon, will introduce additional 
time constants. This picture is very common in the analysis 
of semiconductor systems requiring a thermalization prior 
to the recombination of free carrier transport.[63,64] Different 
phenomena that affect PL lifetimes of halide perovskites in 
this way have been identified in the literature: a fast trapping 
of carriers followed by detrapping, which then leads to radia-
tive recombination,[15–17] carrier redistribution in response to 
the applied potential[19–21,65] and recycling-diffusion events.[24,66] 
Our model incorporates the presence of such type of delay by 
the frequency ωd.

Equation (13) provides the opportunity to obtain the radiative 
efficiency of a LED from a quantitative measurement of S0, if 
the different resistances can be separately determined.

4. Experimental Section

LEVS experiments were carried out using halide perovskite 
LEDs, with CsPbBr3 nanoparticles as an emitting layer that 
presents an EL signal centered at 517 nm. The CsPbBr3 nano-
particles were synthesized according to standard protocols,[9] 
with significant variations in the purification procedure to 
obtain optimum performances; all the methods employed 
are described in detail in the Supporting Information. Light 
absorption and PL spectra of colloidal dispersions of CsPbBr3 
nanoparticles are shown in Figure S1, Supporting Information. 
The LEDs were fabricated using the configuration indicated in 
Figure  2a:[67] ITO/PEDOT:PSS/Poly-TPD/CsPbBr3/POT2T/LiF/
Al. The measured LEDs, shown in Figure 2b, were fabricated by 
subsequent deposition of the corresponding stacked materials 
by spin-coating (PEDOT:PSS/Poly-TPD/CsPbBr3) and thermal 
evaporation (POT2T/LiF/Al). After the fabrication process and 
encapsulation, four pixels with an active area of 0.08 cm2 were 
available on each 2 × 2 cm ITO substrate.

The device's performance data plotted in Figure S2, Sup-
porting Information, that is, EL spectra and those averaged 
values of current density, luminance, and external quantum 
efficiency (EQE), were obtained from more than 20 pixels, thus 
corroborating a high degree of reproducibility. Note that the 
studied LEDs display an average luminance and EQE higher 
than 80 000 Cd m−2 and 20%, respectively, values that are close 
to the current records reported for this technology.[68,69] The 
LEVS measurements were performed by means of a wavefunc-
tion generator, a series of lenses to collimate the emitted light, a 
fast response photodiode, and an oscilloscope for data acquisi-
tion (see Figure S8, Supporting Information, for an illustration 
of the LEVS setup). Six replicated devices, denoted as LED1 to 
LED6, were preliminarily characterized to verify the suitability 
of LEVS. The ˆ

outqΦ  is measured as a voltage as indicated in Sup-
porting Information and the spectra below were represented in 
relative scales. Further experimental details about the chemicals 

Adv. Mater. 2023, 35, 2207993

Table 2. Characteristic frequencies.

Contact chemical inductor R
La

a

a
ω =

Chemical inductor in light 
emission

1
d

d
ω τ=

Radiative recombination

R Cµ
µ

1 1
rad rad

ω τ= =

RC constant

R C
1

h
b 1

ω =

RC constant

R R C
1

( )m
b c 1

ω = +

Figure 2. Perovskite LED based on CsPbBr3 nanocrystals: a) device architecture; b) actual device in operating conditions (4 V) with four active areas 
of 0.08 cm2 each.
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and procedures employed for the synthesis and purification of 
the nanoparticles, LED fabrication, and experimental details 
of LEVS characterization as well as the equipment utilized for 
the optical and electro-optical characterization of materials and 
devices are provided in the Supporting Information.

5. Results

Different experiments have been carried out in order to eval-
uate the potential of LEVS for perovskite LED characterization. 
These results will be further discussed in Section 6 using the 
model detailed in Section  3. The experimental results of the 
LEVS and IS characterization of the studied CsPbBr3 LEDs are 
shown in Figure  3. The real and imaginary parts of transfer 
functions S and Z are indicated as S = S′ + iS′′; Z = Z′ + iZ′′, 
respectively. The absolute values of the axis are not relevant, 
since the outgoing flux has not been measured in abso-
lute terms, see LEVS characterization section in Supporting 
Information.

The S function of LEVS shows an arc at high frequency. 
The tendency of the arc is to pass to negative S′ at frequencies 
that lie beyond the experimental window of measurement, see 
dashed line extrapolation, Figure  3a,b, as confirmed in a sep-
arate measurement shown in Figure  4. At low frequency, the 
spectra enter the fourth quadrant and then return to the first 
quadrant in a double curling.

The complementary IS measurements are shown in 
Figure  3c,d, whose spectra display the shape of a high-fre-
quency arc and a chemical inductor feature at low frequency. 
This shape is very typical of halide perovskite solar cells and 
memristors at high applied voltage and it has been amply 
described in recent publications.[59–61,70] Note that for LEVS 
characterization, a relatively high voltage (higher than the LED 
turn-on potential) is needed in order to light the devices up, 
and therefore, the chemical inductor governs the low-frequency 
part of the impedance spectra.

While Figure 3a displays well-resolved spectra, those shown 
in Figure 3b show low resolution due to fast data acquisition. 
However, the shapes are highly reproducible in different sam-
ples, as shown in Figure S3, Supporting Information, and 
they are voltage-dependent. In some cases, if many points are 
obtained at a single voltage, then the high-frequency shape is 
obtained similarly, but in the low-frequency portion, the curling 
disappears and instead, the S′ value decreases monotonically, 
see Figure  4, or even increases, see Figures 5d and 6b below. 
This is due to the halide perovskite LED conditioning in con-
tinuous operation; see Discussion section for further details. As 
a general protocol, we bias our halide perovskite LEDs at a con-
stant voltage during a given time (typically few minutes) until 
the light emission reaches a quasi-steady state, prior to LEVS 
measurements.

The broadly reported low-frequency response observed in 
halide perovskite devices is usually ascribed to the ionic nature 

Adv. Mater. 2023, 35, 2207993

Figure 3. Complex plane representation of: a,b) LEVS of the voltage-driven luminescence transfer function, for different devices at the indicated applied 
voltages. The dashed lines are a prolongation of the tendency of the data. c,d) Electrical impedance spectra.
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of this family of semiconductors.[71] The associated ionic migra-
tion, which is induced or enhanced upon applying an external 
electric field and/or under illumination, is believed to promote 
the generation and/or rearrangement of crystalline defects,[72] 
either bulk or interfacial, and therefore, the efficiency of the 

devices and their long-term stability are very often seriously 
compromised. It is worth mentioning that because ion migra-
tion is a thermally activated process, the ionic conductivity and 
related phenomena can be minimized, or even suppressed, by 
lowering the temperature.[73]

Aimed at shedding light onto the physical origins of the 
here observed low-frequency phenomena, the evolution of the 
EL and voltage of our perovskite-based LEDs was monitored 
at a constant applied current density at different temperatures 
(1.65 mA cm−2, that corresponds to an initial luminance (L0) 
of ≈ 1000 Cd m−2 at room temperature). As it can be observed 
in Figure 5a, at sufficiently low temperatures, that is, 223 and 
248 K, the EL intensity decreases gradually over time. Contra-
rily, for higher temperatures, especially obvious at 298 K, an 
initial EL activation process is detected, and upon few minutes 
of operation the decrease in the EL intensity is again observed; 
note that upon 60 min of continuous operation, the EL signals 
lay at relatively similar levels regardless of the temperature. 
Simultaneously, the voltage evolution was registered and plotted 
in Figure 5b; in this case, a gradual voltage drop is consistently 
observed at the studied temperatures, which indicates that the 
overall conductivity of the devices is increased over time at any 
temperature. Note that the voltage at time cero is higher as 
the temperature is decreased, thus suggesting that the initial 
conductivity diminishes at lower temperatures. Interestingly, 

Adv. Mater. 2023, 35, 2207993

Figure 4. Complex plane representation of the transfer function S of the 
voltage-modulated EL for two perovskite LEDs at an applied potential 
of 4 V.

Figure 5. Effect of temperature on the performance of the CsPbBr3-based LEDs. a) Evolution of the EL intensity over time at constant current density 
(1.61 mA cm−2) at different temperatures. b) Evolution of the electrical potential over time (1.61 mA cm−2) at different temperatures. c) Nyquist plots 
extracted from IS measurements (4 V) at different temperatures. d) LEVS spectra registered at 4 V, both at 298 and 248 K, respectively. Dashed lines 
indicate the separation between the first and fourth quadrants to highlight the inductive features.
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the gradual voltage drop occurs at long time-scales (minutes) 
and it is systematically more noticeable as the temperature is 
increased, which suggests a direct correlation between the 
thermally-activated ionic migration, and the slow phenomena 
observed in perovskite devices, that is, the low-frequency fea-
tures in IS and LEVS spectra.

It is worth mentioning that the slight voltage increase 
observed at 223 K, after roughly 2 min of operation (Figure 5b) 
could be ascribed to an additional electrically-induced phenom-
enon. We hypothesize that it could correspond to an electrode 
corrosion mechanism that occurs at the ITO/PEDOT:PSS 
interface at long timescales (low frequencies) due to the acidic 
nature of PEDOT:PSS, which was already reported in one of 
our previous works on LEDs based on II-VI quantum dots.[74] 
Nonetheless, the complete elucidation of its origins is beyond 
the scope of this manuscript.

In order to explore the effect of thermal activation, and 
therefore look into the contribution of the ionic migration 
onto the low-frequency response phenomena, according to 
our reasoning, IS and LEVS spectra at different temperatures 
were registered. Figure  5c displays the IS spectra acquired 
between 298 and 223 K and reveals that lower temperatures 
lead to larger impedance semicircles in the complex plane 
plots, thus indicating a lower overall electrical conductivity, in 
agreement with data in Figure  5b. Interestingly, the inductive 
phenomenon, that is, low-frequency IS signal, becomes only 
visible at temperatures higher than 273 K, thus suggesting 
that the low-frequency phenomenon could be directly related 
to that process that accounts for the EL and voltage evolu-
tion witnessed in Figure 5a,b. Unfortunately, the IS spectra at 
lower temperatures (248 and 223 K) become very noisy in the 
middle- and low-frequency range due to their huge impedance 
values (data not shown in the IS spectra at 248 and 223 K), thus 
impeding the exploration of the region of interest. Contrarily, 
LEVS measurements allowed us to monitor the behavior of 
our perovskite LEDs in the full range of frequencies, both, at 
room and low temperatures, whose spectra are presented in 
Figure 5d. According to Figure 5a, the EL activation process is 
suppressed below 248 K, whereas this EL intensity enhance-
ment is clearly detected at room temperature (298 K). Hence, 
LEVS measurements were only performed at 298 and 248 K, 

respectively. As can be clearly observed in Figure  5d, a low-
frequency closed loop, that enters the fourth quadrant to then 
return to the first quadrant, is obtained at room temperature 
with a characteristic frequency of 5000 Hz (taken at the lowest 
value of the loop). Even though a loop is also present at 248 K, it 
remains open and its magnitude is much lower with a tenfold 
slower characteristic frequency, 500  Hz, thus indicating that 
this phenomenon is a thermally-activated process, very likely 
related to the migration of ions as indicated above. Additionally, 
the magnitude of S′ at low temperatures stays almost invari-
able upon the signal returns to the first quadrant; in contrast, 
S′ increases gradually at room temperature upon looping, con-
trary to those results obtained for LED4 and LED5 (Figure  4). 
These apparently inconsistent results at room temperature 
arise from sample-to-sample variations, most likely due to 
slightly different conditioning states in which the devices were 
measured. It is worth reminding that LEVS measures the mod-
ulated optical signal, and therefore, considering that the EL of 
these devices is in continuous evolution upon biasing, as dem-
onstrated in Figure  5a, it is extremely difficult to catch them 
exactly in the same conditions. Due to the longer acquisition 
times required at low frequencies, a different evolution of the S′ 
values is manifested.

In this context, our results, which have been obtained 
through a series of steady-state and modulated techniques, 
point to ion migration as the main mechanism that accounts 
for the observed slow dynamics of the perovskite LEDs studied 
in this work. However, the ion source in this device architecture 
is not exclusively limited to the perovskite itself, as LiF, which 
is a compound with strong ionic character, is introduced as an 
interfacial material. Ultrathin layers of thermally evaporated 
LiF are usually employed to reduce the work function of metal 
electrodes[75] and/or increase the charge mobilities of organic 
layers,[76] aimed at enhancing the charge carrier injection in 
semiconductor devices. Although the beneficial effect of sub-
nanometer LiF layers on the performance of devices is broadly 
documented, the exact mechanisms behind are still controver-
sial and not very well understood.[77] It is generally accepted that 
the combination of LiF/Al promotes a suitable electrical con-
tact, through energy-level matching, with a variety of organic 
materials, thus resulting in ohmic or quasi-ohmic contact.[78] 

Adv. Mater. 2023, 35, 2207993

Figure 6. LiF thickness dependence. a) Nyquist plot of the impedance measurements (4 V) at room temperature. b) LEVS spectra (4 V) at room tem-
perature. Dashed lines indicate the separation between the first and fourth quadrants to highlight the inductive features.
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In spite of this, some works report on the null effect, or even 
a detrimental impact on the performance upon introducing a 
LiF interlayer due to charged defects accumulation.[79] Aimed at 
deconvoluting the influence of the perovskite ions and those of 
the thermally evaporated ionic interfacial layer, a series of LEDs 
with increasing LiF content were characterized by IS and LEVS, 
whose results are presented in Figure 6a,b.

Even though decreasing the LiF loading slightly increases 
the series resistance and gradually, the overall semicircle size, 
the IS spectra do not show significant qualitative differences in 
their shapes (Figure 6a); the three samples show the inductive 
feature at low frequencies, and therefore, the effect of enlarging 
the interlayer thickness is indeed not very perceptible. Unlike 
IS data, LEVS spectra displayed in Figure 6b reveal clear differ-
ences among samples. First, the samples with lower Z values 
from IS data (more conductive) show a higher magnitude of 
S function (more emissive); this is a direct consequence of the 
larger conductivity of those samples with LiF, which ensure a 
more efficient charge injection, and therefore, the EL intensity 
is enhanced. Second, the inductive loop is clearly visible regard-
less of the LiF content; however, clear differences are evidenced. 
The control sample, that is, without LiF, displays a closed loop 
whose S′ values remain constant upon looping even at very low 
frequencies. Contrarily, while S′ evolves to the higher values 
region for that sample with 0.3  nm of LiF, the sample with a 
thicker interlayer (1 nm LiF) experiences an opposite evolution 
of the S′ function at low frequencies. See Discussion section 
below for further interpretation details of the overall experi-
mental results.

6. Discussion

We start with the analysis of well-known IS results. As men-
tioned before, the spectra obtained at high bias voltage show a 
high-frequency arc and a chemical inductor at low frequency. 
In the circuit 1C, we have indicated accordingly the information 
that is actually included in the experimental electrical imped-
ance spectra, while all other elements in the circuit 1B are not 
resolved. We remark that in many cases the components of the 
radiative impedance Zb can be considerably smaller than inter-
facial-contact recombination, as it is usually observed in high-
performance devices.[30,80] Thus, there is a crucial part of the 
underlying physical model described by the bulk impedance 
Zb that has no significant response in the modulated electrical 
method of IS. However, this Zb part of the system is the protag-
onist for the light emission response and it is captured by the 
modulated EL transfer function as we discuss in the following.

The spectral shapes of LEVS generated with the model of 
Equation (12) are shown in Figure 7. We show a series of spectra 
(a–e) in which the frequency parameter ωd (red), see Table  2, 
changes consecutively by one order of magnitude, from 5 to 
50 000. In Figure  7a, two separate arcs are obtained and their 
characteristic frequencies can be clearly assigned. The high-fre-
quency arc corresponds to the radiative inductor RradLd with the 
red frequency ωd = 5. On the other hand, the low-frequency arc 
is due to the contact inductor RaLa with the brown frequency 
point ωa. The RC processes for blue and green frequencies lie 
at very high frequencies and are not spectrally resolved.

When we increase to ωd  = 50 in Figure  7b, the arc that 
couples the Zb resistance and C1 capacitor, with frequency ωh 
(green), see Table 2, becomes manifest at high frequency. The 
middle arc in Figure 7b corresponds to the light-emission equi-
libration process associated to ωd. The low-frequency arc is 
due to the contact chemical inductor ωa (brown), which is also 
clearly present in the impedance spectrum 7f.

In Figure 7c, with a value of ωd = 500 there is a drastic change 
in the spectral shape. The spectrum makes a spiral shape, just 
like our experimental LEVS results shown in the Results sec-
tion. Each feature is characterized by a separate frequency, from 
high to low frequencies we obtain distinct arcs due to ωh, ωd, 
and ωa, respectively. The spectrum shown in Figure 7c will be 
our reference for the interpretation of the measured spectra. In 
Figure 7d,e for ωd = 5000 and 50 000, respectively, the spectra 
have similar shapes with some features expanded and others 
reduced. Note that in these cases, S spectra at high frequen-
cies expand clearly into the second quadrant of the complex 
plane at high frequency, as it is further discussed below. The 
low-frequency curling features in S are absent in the spectra of 
a commercial blue LED, shown in Figure S3, Supporting Infor-
mation, due to much faster response, that is beyond the experi-
mental sensitivity of our current experimental setup, compared 
to that of the halide perovskite LEDs.

It is remarkable that all the different spectra presented in 
Figure  7a–e have the same associated impedance spectrum, 
shown in Figure  7f. In the IS spectra, the high-frequency arc 
corresponds to ωm that considers the resistance Rb  + Rc. The 
changes of ωd do not affect the measured electrical impedance 
Z, since electrically Rrad is a minor feature. This fact confirms 
the unprecedented high sensitivity of LEVS to the processes 
determining the generation of light.

We have previously introduced the characteristic frequency 
ωµ (blue), see Table 2, associated with the radiative recombina-
tion event. The radiative lifetime τrad is estimated in Figure S4, 
Supporting Information, from the values in the literature. It is 
expected to have a very low value at high voltage. A very small 
value of Cµ has been adopted in the simulations of Figure  7, 
hence ωµ is the highest value among the characteristic frequen-
cies in the simulation. In Figure 7e, when the value ωd = 50 000 
becomes comparable to ωµ, a new feature appears in which 
the spectrum enters the negative range for the real part S′ at 
the highest frequencies. In Figure 8a the value of the chemical 
capacitance is increased with respect to Figure 7, and the nega-
tive spectral feature is observed. We have remarked that the 
experimental spectra do show a tendency to pass to negative 
values at high frequencies. This gives a clear chance to measure 
τrad by this method, see Figure S4, Supporting Information. 
Furthermore, Figure  8b shows that just by changing a factor 
of 10 the chemical capacitance, there is a flip of two character-
istic frequencies and the spectrum folds onto itself changing 
the shape significantly. These results demonstrate the high sen-
sitivity of the method to the relative values of the characteristic 
frequencies.

Very interestingly, Figure S6, Supporting Information, shows 
the high dependence of the spectral shape on the value of the 
series resistance. With a large Rs value the spectra make a 
closed loop at the lowest frequency value, which is experimen-
tally corroborated in Figure S7, Supporting Information. Again, 

Adv. Mater. 2023, 35, 2207993
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this is a clear new property with respect to IS where the effect 
of Rs is a simple shift along the real axis.

In studies of photoelectrochemical systems by IMPS, it is a 
well-established practice to determine characteristic frequency 
directly from the arc features, instead of model fitting. One 
typically compares recombination times and charge extraction 
times by this method.[42,45,46] Here, we use a similar approach 
for the analysis of our experimental LEVS spectra. Based on 
the spectral shape of Figure 7c, the frequencies fh, fd, fa, (related 
to angular frequencies of the model where f  = ω/2π), can be 
obtained by reading the frequency at the top/bottom of each 
arc. The results are quite reproducible for 6 different repli-
cated devices (Figure S5, Supporting Information). From the 
IS data, we can only obtain two characteristic frequencies. The 
frequency of the low-frequency inductor fa in IS (star points) 

matches well the results of LEVS, indicating that the same 
process has been recorded. The high-frequency arc of S meas-
ures fh that contains the bulk resistance value Rb. Such value 
cannot be measured in IS that detects the much larger contact 
resistance and hence the observed arc is related to ωm. There-
fore, it is reasonable that the star points are smaller than the S 
frequencies for this process. Concerning the frequency fd that 
corresponds to the equilibration of recombining carriers, it has 
a value of about 5000 Hz at room temperature, and it has no 
correspondence in IS. A device with an added series resistance 
shows a significant decrease in the characteristic frequencies, 
Figures S5 and S7, Supporting Information.

To highlight the potential of the new methodology, we have 
compared LEVS and IS in three different situations. Prelimi-
narily, we have compared the characteristics times obtained 

Adv. Mater. 2023, 35, 2207993

Figure 7. Effect of the light emission frequency ωd. Representation of a–e) transfer function S of voltage-modulated luminescence and f) impedance 
Ztot in the complex plane. The parameters are [Rs,Rrad,R3,R1,Ra, Cg,C1,Cµ, La] = [0.1, 1, 0.2, 10, 5, 1.1 × 10−7,10−3,10−5,5000} and [ωµ,ωh,ωa] = [6 × 105, 6000, 
0.001]. ϕout = 1. In (a–e) ωd is varied as indicated. Note that in (f) the value of ωd is irrelevant for the spectral shape. The circuit elements have dimen-
sionless values to illustrate the shape of spectra. The characteristic frequencies are indicated with the color highlighted in Table 2.
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with both techniques, see Figure S5, Supporting Information. 
Then, we have analyzed the effect of temperature that affects 
drastically the ion migration dynamics, see Figure  5, and 
finally, we have studied the effect of LiF loading, see Figure 6. 
In all these cases, it can be clearly concluded that LEVS pro-
vides much richer information than IS when it comes to light-
emitting devices. Upon careful analysis of the acquired data, we 
interpret the observed phenomena as follows:

i) the loop systematically observed in our LEVS measure-
ments must be unambiguously ascribed to ionic migration 
belonging to the perovskite. Note that the sample without 
LiF shows a clear closed loop, and upon lowering the tem-
perature, even though it is still visible, its contribution and 
dynamics, see Figure 5d, are significantly decreased due to 
a notable restriction of the ionic mobility.

ii) It has been demonstrated that LiF plays an important role 
in enhancing the charge injection in OLEDs, as electron 
mobility is usually much lower than that of the holes for the 
corresponding organic charge selective contacts.[81] None-
theless, it is widely reported that thermally evaporated LiF 
films show a granular and porous morphology, with large 
surface roughness.[82–84] Moreover, due to its effectiveness in 
the sub-nanometer thickness range, the LiF layers obtained 
suffer from deficient surface coverage. All these features 
contribute actively towards the creation of preferential 
channels through which the charges are more prone to be 
injected into the electron transport material (ETM); in fact, 
our fresh samples show tiny dark regions evenly distributed 
along the light-emitting area under device operation, that 
correspond to more resistive regions through which the 
charge carrier conductivity is hampered. Upon applying an 
external bias, due to their reduced size and their character-
istic ion mobilities, Li+ and/or F− ions are prone to migrate 
through organic layers,[85] the ETM in our case, thus 
smoothening the granulated structure of the LiF layer and 
enhancing the overall conductivity of the device over time. 
This effect can be noticed by naked eye, since throughout 
the bias conditioning, the dark regions at the device's active 
area become gradually brighter and the global EL intensity 
is notably enhanced, see Figure  5a. Upon few minutes, 

the EL intensity starts decreasing, presumably, due to an 
excessive electrically-induced ionic migration, potentially 
ascribed not only to perovskite but also to LiF, which could 
generate a critical density of trap-states, and therefore, new 
non-radiative charge recombination paths become activated.

iii) We have found that the LiF loading induces a profound 
impact on the characteristic times of the EL activation/deac-
tivation processes. Considering the poor control over thick-
ness of such thermally evaporated sub-nanometer thin layers 
and the continuous evolution of the emission intensity of 
the devices, it is not surprising that LEVS spectra show clear 
differences in the aforementioned evolution of the S func-
tion, which depend on the conditioning state of the devices 
and on the slight sample-to-sample variations during fabrica-
tion. More precisely, if the evolution of the EL intensity is in 
the uphill region, S′ will shift to higher values at the lowest 
frequencies; contrarily, if the EL intensity is in the downhill 
evolution state, the S′ will accordingly evolve to lower values. 
We suggest that all these ionic phenomena contribute to the 
characteristic inductive behavior of perovskite devices.

In summary, our experimental evidence perfectly match 
with the predictions thrown by the theoretical model developed 
here, where two classes of inductors are considered, a chem-
ical inductor ascribed to the perovskite itself (Ld), and a contact 
chemical inductor (La) that we associate to the LiF interlayer. It 
is worth highlighting that IS characterization does not provide 
much insight into these effects, as the overall electrical current 
at constant voltage is in continuous growth regardless of the EL 
intensity, and therefore, the only phenomenon observed is the 
gradual reduction of the impedance semicircles upon consecu-
tive IS measurements.

Although we have been unable to measure the radiative life-
time using the LEVS methodology, as it lies beyond our meas-
urement window, further improvement of the experimental 
setup would allow the experimental determination of ωrad. 
Nevertheless, we have identified a previous slowing down step 
that affects the light emission characteristic time. It is worth 
mentioning that here, there exist different possibilities for the 
reorganization process, as mentioned earlier: trapping and 
detrapping, carrier redistribution as a response to the applied 

Adv. Mater. 2023, 35, 2207993

Figure 8. Effect of the chemical capacitance. Representation of transfer function S of voltage-modulated luminescence in the complex plane. The 
parameters are [Rs,Rrad,R3,R1,Ra, Cg,C1, La] = [0.1, 1, 0.2, 10, 5, 10−7,10−3, 5000} and [ωh,ωd,ωa] = [6000, 500, 0.001], ϕout = 1. a) Cµ = 0.05, b) Cµ = 0.005. 
The circuit elements have dimensionless values to illustrate the shape of spectra. The characteristic frequencies are indicated with the color highlighted 
in Table 2.
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potential, and recycling and diffusion effects. Very importantly, 
we have succeeded in identifying the origins of the observed 
phenomena by combining steady-state and modulated tech-
niques, including low-temperature measurements, to decon-
volute their impact on the overall functioning of the devices. 
Our current work is focused on extending the knowledge about 
the working principles of perovskite LEDs by refining the LEVS 
methodology and exploiting complementary techniques, such 
as transient methods in the time domain, to broaden the scope 
of our research on optoelectronic devices.

7. Conclusions 

The characterization of light-emitting devices by frequency-
resolved methods offers a great potential for the understanding 
of those systems in which radiative recombination is combined 
with a range of carrier transport and contact processes. When 
the system is stimulated electrically, those processes respond in 
combination with the light emission event and the interpreta-
tion of dynamic measurements becomes rather complex. Here 
we use a large tradition of disentangling the components of the 
measured response in the frequency domain using equivalent 
circuit methods, as it is applied in IS. Very often, the electrical 
components of the system that are responsible for the radiative 
light emission, are obscured by other electrical elements in the 
system. We reasoned that measuring the modulated outcoming 
light will reveal clearly the kinetic components of the different 
processes that lead to voltage-stimulated light emission. We 
developed accordingly a novel experimental technique, that is, 
LEVS, for the study of halide perovskite LEDs (and other light-
emitting devices), including a theoretical physical interpretation 
and its correlation to a rational understanding of the experi-
mental results, upon measuring a range of high-performance 
halide perovskite LEDs based on CsPbBr3 nanoparticles with 
high reproducibility. We designed a model based on an equivalent 
circuit that contains the usual features measured in IS plus new 
elements, that resolve in detail the internal processes that induce 
the radiative and non-radiative charge recombination. Although 
the radiative lifetime of the halide perovskite LEDs lies beyond 
the available measuring frequency range, LEVS has shown an 
enormous potentiality for the characterization of light-emitting 
devices. The spectra are characterized by three different char-
acteristic frequencies; two of them can be interpreted in terms 
of the known characteristic features in the electrical impedance 
spectra, but a new process indicates a significant reorganization 
of carriers prior to the radiative event. Our analysis demonstrates 
that the method shows high sensitivity to the radiative part of the 
impedance, and provides information on the additional kinetic 
steps that precede radiative recombination. This technique offers 
great promise for the characterization of not only high-perfor-
mance perovskite-based LEDs and solar cells, but also for other 
opto-electronic devices based on different technologies.

Appendix A: Derivation of the Impedance Function
To develop the model of the electrical impedance, including the 
recombination model, we use the methods that have been recently 

summarized.[30] We assume a homogeneous distribution of carriers 
under applied voltage Vapp and the active layer thickness d. We define 
the radiative (Urad) and non-radiative (Unr) recombination rates as 
follows[11,86]

U B nrad rad
2=  (14)

U n
nr

nrτ=
 (15)

Here n is the carrier density, Brad is the radiative recombination 
coefficient,[87] and τnr is a Shockley–Read–Hall defect-mediated non-
radiative recombination lifetime. The radiative recombination lifetime is 
defined as:

U
n B n

1
2

rad
rad

1

rad

τ = ∂
∂



 


 =

−  (16)

Using the intrinsic carrier density ni we can express the lifetime as a 
function of the voltage u that is related to the separation of the Fermi 
levels (Figure 1A)

B n
e

i

qu k T1
2rad

rad

/ Bτ = −  (17)

Here kB is Boltzmann's constant and T the absolute temperature. 
Normally, the radiative lifetime in Equation  (12) is observed at high 
voltage,[12,26] while at low voltage the constant non-radiative lifetime 
dominates, as described by the expression:

U
nnr
nr

1

τ = ∂
∂



 




−  (18)

The total current in the lower branch of circuit B is:

I qd n
t

qd U ibc nr rad= ∂
∂ + +  (19)

The first term on the right side of Equation  (19) is the volume 
variation of charge, the second is the non-radiative recombination, and 
irad is the variable radiative recombination current (Figure  1B). For the 
small perturbation measurements at the angular frequency ω, we use the 
expansion of Equation (19) to first order and the Laplace transformation 
d/dt → iω and we obtain:

ˆ 1 1 ˆbc
nr rad

I C i C
Z

uµ µω τ= + +





 (20)

Here we have introduced the chemical capacitance:

C qd n
uµ = ∂

∂
 (21)

and the radiative impedance:

Z u

i

ˆ
ˆrad
rad

=
 (22)

The part of the equivalent circuit corresponding to Zrad is highlighted 
in Figure 1B. The non-radiative recombination resistance is:[30,88]

R qd
U
unr
nr

1

= ∂
∂



 




−  (23)

It satisfies the equation:

R C µnr nrτ=  (24)

By Equation (20) we obtain the bulk impedance
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Z u
I

C i
R Zµ

ˆ
ˆ

1 1
b

bc nr rad

1

ω= = + +

 




−  (25)

Zrad in Equation (25) must contain the radiative recombination rate. 
The steady-state radiative recombination current, see circuit B, is:

I qd U qdBnrad rad
2= =  (26)

and the radiative lifetime can be expressed[30]

R C µrad radτ=  (27)

where

R qd
U

u C B nµ

1
2rad

rad
1

rad
= ∂

∂


 


 =

−  (28)

The variable recombination current irad evolves as:

i
t

I u i
d
dd
rad

rad radτ ( )= −  (29)

In the small perturbation approach, we obtain:

i i C uµ1 ˆ 1 ˆd rad
rad

τ ω τ( )+ =
 (30)

Therefore from Equation (22), we arrive at the result:

Z R i1rad rad dτ ω( )= +  (31)

The full model for the recombination branch is indicated in Figure 1B. 
The impedance Zb has three components. The upper one is the chemical 
capacitance Cµ, which indicates the storage of carriers available for 
recombination, as in any standard solar cell model.[89–91] The second 
is a non-radiative recombination resistance, that is always present 
to some extent. The lower branch corresponding to Equation  (31) is a 
chemical inductor that affects the recombination process. At very low 
frequency, the inductive effect vanishes, and the radiative resistance Rrad 
is achieved.

Now the impedance model B is complete, as it is given by the 
expression:

Z R C i
Z Z

1
tot s g

b c

1

ω= + + +


 




−  (32)

The dc resistance is:

R R R Rtot s b c= + +  (33)

where

R
R R
1 1

b
nr rad

1

= +

 




−  (34)
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R R
1 1
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1 a

1

= +

 




−  (35)

correspond to the total bulk (Rb) and contact (Rc) resistances, 
respectively.

Appendix B: Derivation of the LEVS Transfer 
Function
The output photon flux is proportional to the radiative current indicated 
in Figure  1B, and it is regulated by a factor ϕout that is a radiative 
efficiency:

q iˆ ˆ
out out radϕΦ =  (36)

In terms of the local voltage we have:

q
Z

uˆ ˆout
out

rad

ϕΦ =
 (37)

To calculate the transfer function, we need to express û as a function 
of V̂app. The total voltage in Figure 1A is

V I R u vˆ ˆ ˆ ˆapp tot s= + +  (38)

We have

v
Z
Z

u
b

ˆ ˆc=
 (39)

Hence

Z R
Z

V
Z Z

Z
uˆ ˆtot s

tot
app

b c

b

− = +  (40)

Finally

u
Z
Z

Z R
Z Z

Vˆ ˆb
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tot s

b c
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+
 (41)

And we obtain

S
q

V

Z R
Z Z

Z
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ˆ

ˆ
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b c

b
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rad

ϕ= Φ = −
+

 (42)

When the geometric capacitance Cg is very small, we apply the 
approximation

Z R Z Ztot s b c− ≈ +  (43)

The function S takes the form

S
Z
Z Z

b

tot

out

rad

ϕ=
 (44)

This simplification works well depending on the relative size of the 
capacitances in the system.
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