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ITO-free silicon-integrated perovskite
electrochemical cell for light-emission and
light-detection

Maria Baeva®!23, Dmitry Gets?, Artem Polushkin?,

Aleksandr Vorobyov?, Aleksandr Goltaev?!, Vladimir Neplokh'#,
Alexey Mozharov?, Dmitry V. Krasnikov®, Albert G. Nasibulin®,
Ivan Mukhine!#* and Sergey Makarov?®*

Halide perovskite light-emitting electrochemical cells are a novel type of the perovskite optoelectronic devices that differs
from the perovskite light-emitting diodes by a simple monolayered architecture. Here, we develop a perovskite electro-
chemical cell both for light emission and detection, where the active layer consists of a composite material made of hal-
ide perovskite microcrystals, polymer support matrix, and added mobile ions. The perovskite electrochemical cell of
CsPbBr3:PEO:LITFSI composition, emitting light at the wavelength of 523 nm, yields the luminance more than 7000
cd/m? and electroluminescence efficiency of 1.3x10% Im/W. The device fabricated on a silicon substrate with transparent
single-walled carbon nanotube film as a top contact exhibits 40% lower Joule heating compared to the perovskite opto-
electronic devices fabricated on conventional ITO/glass substrates. Moreover, the device operates as a photodetector
with a sensitivity up to 0.75 A/W, specific detectivity of 8.56x10"" Jones, and linear dynamic range of 48 dB. The techno-
logical potential of such a device is proven by demonstration of 24-pixel indicator display as well as by successful device
miniaturization by creation of electroluminescent images with the smallest features less than 50 um.
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Introduction ovskite light-emitting diode (PeLED) was demonstrated
The halide perovskites are a family of semiconductor in the early 90’s' operating at low temperatures and since
ionic materials possessing unique photoactive, optoelec- then an immense effort has been put into the PeLED
tronic and photonic properties. The first halide per- devices development?*. Generally, the PeLED architecture
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constitutes a complex multilayered structure (see Fig.
1(a)), with strict requirements for intricate material se-
lection and a substantial number of technological steps.

The alternative to PeLEDs in light-emitting devices
field of research is perovskite light-emitting electrochem-
ical cells (PeLECs). In contrast to a conventional PeLED
multilayered structure, PeLEC consists of a single multi-
functional layer”—composite perovskite material, i.e., the
mixture of inorganic halide perovskite (e.g. CsPbBrCl;_)
nanocrystals acting as an electroluminescent component
embedded into polymer matrix (poly(ethylene oxide)
(PEO), poly(ethylene imine) (PEI), etc.), which aids ion
transport and passivates crystal grains, and mobile ions
(Li* from LiPFg, LiTFSI). In such a device, the dynamic-
ally formed intrinsic p-i-n structure is responsible for
charge injection, facilitation of ion transport, enhanced
photoluminescence quantum yield (PLQY) and efficient
electroluminescence'®. To avoid pin-holes formation in
the inorganic halide perovskite thin films, a polymer as-
sisted synthesis'!~'® was developed. Already at that, suc-
cessful light emitting devices were demonstrated, where
p-i-n structure was formed by intrinsic ions of compos-
ite perovskite material'®?. Upon introduction of addi-
tional mobile ions, i.e. Li*, into the polymer/perovskite
mix, devices with akin architecture demonstrated
lowered threshold voltage, independence on electrode
work-function, enhanced current efficiency and electro-
luminance, = and  device  operation  stability
improvement?' 4,

In a typical PeLEC structure'*** lack of barrier (see
Fig. 1(b)) and charge-blocking layers yields poor charge
carrier separation and, as a consequence excessive cur-
rent flowing through the whole device structure, com-

H Conventional PeLED architecture

promising the device operation—there are certain limita-
tions for PeLEC operation regimes. Whereas, a typical
PeLED**¢ involves at least two of the charge-selective
transport/barrier layers, as shown in Fig. 1(a), which,
while complicating the device fabrication, serves for a
purpose of mitigating large currents passing through the
structure, improving in-operation stability, compared to
PeLEC.

One of the significant issues in PeLEDs and PeLECs
application for display design is Joule heating poor en-
durance of conventional substrates (soda-lime glass,
polyethylene terephthalate (PET), etc.)*?’. Moreover,
indium is depleting element and a key component of
transparent conductive oxide (Indium-Tin Oxide, ITO)
in the present-day optoelectronics and photovoltaics®.
Thus, the replacement of ITO by other materials based
on earth-abundant elements would aid to prevail the in-
dium deficiency in the industry.

Finally, expanding the functionalities of halogen per-
ovskite devices*** by e.g. combining light-detection (or
photovoltaic) regime of operation with light-emitting re-
gime is still an ambitious challenge.

Here we demonstrate PeLEC device consisting of a
single layer of composite inorganic perovskite material,
i.e. CsPbBr3:PEO:LiTFSI mixture. In contrast to all pre-
viously reported advances!®!¥?!-%, our device is an ITO-
free solution as silicon n-doped substrate was used as
bottom electrode, as shown in Fig. 1(b). Owing to the
fact that silicon thermal conductivity is substantially
higher than that for the ITO/glass structure, our device
sustains a much higher level of Joule heating during op-
eration. We also adopt transparent single-walled carbon
nanotube (SWCNT) pad as our device top contact!®1*222,

n Our PeLEC architecture

Fig. 1 | Schematic diagrams of (a) the typical PeLED device structure, where CTL - charge transfer layer, QD - quantum dots and (b) our PeLEC

device structure, where SWCNT - single-walled carbon nanotubes.
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Our device emits light at bias applied in forward direc-
tion and detects light when reversed bias is applied. Ac-
cording to previous developments®®’ in perovskite
devices below a breakdown voltage (Upp) impact ioniza-
tion occurs. Similarly, evidence revealed in this work
suggests that photocurrent elevated growth at U < Ug,
(certain characteristic bias) is dominated by the ava-
lanche mechanism of charge carrier’s emergence.

Moreover, in this work, we discuss the technological
potential of perovskite materials integration into the
CMOS process by demonstrating the PeLEC/n-Si** in-
dicator display with individual pixels independent ad-
dressing and the successful PeLEC device miniaturiza-
tion. Previously, there were reports of perovskite dis-
plays with individual pixels addressing?*** and program-
mable devices®. In ref.?> an 8x8 PeLED display on glass
was developed, where CsPbBr; nanocrystal composite
film was enclosed in the conventional multilayer PeLED
structure. The operation voltage of such a device was re-
ported to be higher than 8 V, which is much more than
the CsPbBr3; bandgap energy. In work?, the multilayered
PeLED display was demonstrated on the Si substrate
with enhanced Joule heating endurance and operation
voltage > 5 V. Whereas PeLEC devices in our indicator
display operate at bias > 3.13 V.

Material and methods

Silicon substrate processing.

We used phosphorous-doped single-crystal silicon sub-
strates <100> (n**-Si(100), p < 0.005 Ohm-cm) for device
fabrication. Firstly, we formed a 200 nm thick silicon di-
oxide (SiO,) layer on the surface of the Si substrate via
thermal oxidation. Secondly, the substrate was cut into
~2x2 cm samples. Then, a positive photoresist AZ MIR
701 (MicroChemicals GmbH) (film thickness ~ 860 nm)
was spin-coated onto the SiO,/Si side of each sample for
photolithography. To fabricate the device area (pixels
with 2x2 mm? in size), we patterned the photoresist with
a laser lithography system Heidelberg Instruments Mik-
rotechnik DWL 66 FS setup. After that, the photoresist
was being developed for 1 minute in AZ 726 MIF de-
veloper (MicroChemicals GmbH), washed away after-
wards by deionized water and dried with nitrogen flow.
Next, we etched away the SiO, insulating layer through
the patterned photoresist mask with hydrofluoric acid
(HF). The residual photoresist was removed using the
organic solvent dimethyl sulfoxide (DMSO). The sub-

strate was then washed in deionized water. As a result, an
insulating layer of SiO, with etched areas was formed on
the Si substrate. Finally, bottom aluminum (Al, thick-
ness ~ 200 nm) contact was deposited on the back side of
the pre-processed n**-Si(100) substrate by vacuum
thermal evaporation in the Boc Edwards Auto 500 set-up
at 9x107° mbar pressure (1 bar=100 kPa). The Si sub-
strate processing scheme is given in Fig. 2(a).

Composite perovskite solution preparation and
layer formation

To make perovskite solution of 0.2 molar concentration
cesium bromide (CsBr) salt (99.99% purity, Lankhit) was
mixed with lead(II) bromide salt (99.99% purity,
Lankhit) ina 1 . 1 molar ratio, then dissolved in dimethyl
sulfoxide (DMSO) (anhydrous DMSO 99.8%, Sigma
Aldrich) at 60 °C with overnight stirring at 300 rpm.

For the composite perovskite solution formation the
prepared CsPbBr3 DMSO solution, ~1 mol molecular
weight (My) polyethylene oxide (PEO) (Sigma-Aldrich)
DMSO solution (concentration 20 mg:-mL™') and lithi-
um bis(trifluoromethanesulfonyl)imide (LiTFSI) (an-
hydrous, 99.99% trace metals basis, Sigma-Aldrich)
DMSO solution (concentration 10 mg-mL-!) were mixed
in1:0.1:0.01 dry components wt. ratio, respectively,
with subsequent overnight stirring at 60 °C and 300 rpm.

To prepare the prepatterned n**-Si(100) substrate for
composite perovskite layer deposition, its surface was ac-
tivated in 10 W O, plasma (setup model low-cost Zepto,
Diener Electronic) for 2 mins to improve wettability to
perovskite solution. The composite film (resulting thick-
ness ~ 140 nm, see Fig. 2(b)) was prepared via 80 pL
composite solution drop-casting onto the activated
sample surface, spinning over 1 min at 1000 rpm, 1 min
vacuum treatment at 10~3 bar pressure and, lastly, an-
nealing at 60 °C for 5 min. All perovskite solution ma-
nipulations were handled in the dry N, atmosphere of

the MBraun glovebox system.

Transparent top contact formation

Our transparent top contact is based on pads of thin
films of single-walled carbon nanotubes (SWCNTs).
SWCNTs were produced with an aerosol (floating cata-
lyst) chemical vapor deposition method and collected as
a randomly oriented network on nitrocellulose filters
(HAWP, Merck Millipore)*. We adjusted the collection
time to fabricate SWCNT films to reach the transpar-
ency of ~80% at 550 nm, which corresponds to the
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*Specific details described in Silicon substrate processing
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SiO, n*-Si(100)

Al back contact

Fig. 2 | (a) Dual-function device processing scheme. (b) Device cross-section 3D illustration and SEM images, scale bars - 200 nm. (c) Final

device photos: left panel- without applied bias, right panel- with applied positive bias to one of the pixels, scale bars - 5 mm.

thickness of 23 nm and the sheet resistance of Ry, = 100
Q/o*42, To form the contacts, SWCNT films were cut
with a sharp blade into stripes of 6x4 mm? size and then
transferred onto the target substrate surface by means of
the dry-transfer technique®’; anhydrous diisopropyl eth-
er (DIPE) (anhydrous, 99%, contains either BHT or hy-
droquinone as stabilizer, Sigma Aldtich), preventing un-
derneath perovskite layer dissolving, was used to densify
the transferred SWCNT pads, see Fig. 2(a). Lastly, ~60
nm thick Al bars (8.5x1.5 mm?) were deposited on two
sides of the active device area directly onto the SWCNT
pads by vacuum thermal evaporation method in Vacu-
um Evaporation Chamber of MBraun glovebox at 3x10-°

mbar. The final device photo is presented in Fig. 2(c).

Device SEM imaging

To study the thickness and morphology of the inorganic
perovskite layer scanning electron microscopy (SEM)
was utilized. For the characterization, the sample was cut
across the pixel area. The cross-section (CS) characteriz-
ation was carried out using Zeiss Supra 25 SEM (acceler-
ating voltage = 5 kV). The CS-SEM images of the struc-
ture are given in Fig. 2(b), where the perovskite film
thickness constitutes ~140 nm with clearly visible indi-
vidual perovskite material crystals (grain size ~ 150-200

nm) on the Si substrate.

Device characterization

The device’s J-V curves and ] tracking curves were ac-
quired with a Keithley 2401 source meter. Data on device
electroluminescence and color coordinates were collec-
ted with Telescopic Optical Probe 150 of CAS 120 In-
strument Systems spectroradiometer. The PeLEC device’s
radiant power was measured with a Newport 1936-R
power meter.

For photodetector behavior measurements, a continu-
ous-wave (CW) laser diode of 450 nm wavelength with
the maximum output optical power density of 405.85
mW/cm? (maximum output optical power —6.38 mW;
laser spot size 1.57 mm?) was used as an excitation
source. The laser output optical power was controlled
with an optical filter wheel FW212CNEB, (ThorLabs),
that provides a range of illumination intensities. Maxim-
al laser output optical power density equals to ~18 suns
in equivalent (eqv.) to AM1,5G spectrum power density
at ~450 nm or to ~4 suns in integral (int.) sun power
density (also at AM1,5G). The detailed comparison of
the experimental laser incident power densities to sun
power density, which is important to get a picture on
suitability of the device for applications in indoor and
outdoor conditions, is shown in SI Table S2. Photode-
tector external quantum efficiency (EQE) spectra were
obtained using a 200 W halide lamp, monochromator

Solar Laser Systems M266, and calibrated reference Si

220154-4


https://doi.org/10.29026/oea.2023.220154

Baeva M et al. Opto-Electron Adv 6, 220154 (2023)

https://doi.org/10.29026/0ea.2023.220154

solar cell. The scheme consisting of a modulated light
source and lock-in amplifier SRS SR830 was used to sub-
tract the dark signal. A current preamplifier SRS SR570
with a 6 dB band pass filter at the frequency of the mod-
ulated light source equal to 571 Hz was connected
between the sample and lock-in amplifier. This setup al-
lowed measurements of standard (without applied
voltage bias) EQE spectra in the range of 300-1200 nm
as well as EQE with bias voltage up to £5 V.

Heat distribution imaging was acquired with a com-
mercially available IR-imaging camera “Seek Thermal”.
The two types of samples were compared in this meas-
urement: our n**-Si(100)/CsPbBr3:PEO:LiTFSI/SWCNT
structure and the standard soda-lime
glass/ITO/CsPbBr3:PEO:LITFSI/SWCNT structure, both
placed on thermo-insulating surface for in-operation
imaging. The ITO layer on the glass substrate was pat-
terned by laser ablation (picosecond Nd:YVOy, laser,
series PX100, SOLAR LS) into devices with active area
equivalent to structures on n**-Si. All measurements
were performed at ambient conditions.

Calculation

The numerical simulation of the dual-function n**-
Si(100)/CsPbBrs; heterostructure was performed in the
COMSOL Multiphysics package utilizing the drift-diffu-
sion model in 1D geometry across Si/perovskite/SW-
CNT layers, at the axis normal to the silicon substrate
surface. Non-ideality of interfaces of electrical contact
layers and the properties of the composite
perovskite/SWCNT interface were not taken into consid-
eration. The CsPbBr; material properties were taken
from the literature'**~¥. The radiative perovskite recom-
bination rate was estimated with van Roosbroeck-
Shockley theory*. The Si material parameters were adop-
ted from*-*?, see detailed material parameters in Supple-

mentary information Table S1.

Results and discussion

Figure 2(c) shows our typical final sample design, which
consists of four devices (2x2 mm? each) with independ-
ent transparent SWCNTs pad top contacts and one com-
mon aluminum bottom contact. The established device
architecture - a single layer of composite perovskite ma-
terial — CsPbBr3:PEO:LiTFSI — which serves as an active

EQE =

layer in both considered applications: light-emitting elec-
trochemical cell and photodetector, sandwiched in
between silicon substrate and SWCNTs pad top
electrode.

Light-emitting electrochemical cell performance
The measured composite perovskite PeLEC electrolu-
minescence spectra are shown in Fig. 3(a); the device
emits light at the wavelength of 523 nm, which accord-
ing to the CIE 1931 RGB color space corresponds to the
coordinates of x = 0.12 and y = 0.79 (see insert in Fig.
3(b)). This means that the color of our PeLEC device will
be able to cover the green color gamut part for the most
widely used color gamut standards, such as National
Television Standards Committee (NTSC) standard (also
see insert in the Fig. 3(a)). The device J-V curve in a
combination with its luminance (L) on the applied bias
value is shown in Fig. 3(b). The threshold voltage (Ug)
of the composite perovskite PeLEC is ~3.13 V, which
corresponds to CsPbBr; bandgap energy (~2.4 eV).
Slightly higher than expected Uy, value may be attrib-
uted to the significant parasitic series resistance (e.g. due
to the over 100 nm active material thickness). From the
L-V curve it can be deduced that the maximum achiev-
able luminance of the studied devices is about 7.24
ked/m? at the applied bias of 4.5 V and the current dens-
ity of 1.15 A/cm? (i. e. 10-fold less than in an average
analog device!*!2!-24) Tt should be noted, that at the ap-
plied bias exceeding 3.5 V a noticeable L-V bent is ob-
served, we speculated that it can be attributed to the
device stability issues due to the SWCNT film/per-
ovskite interface phenomena. We built the structure
band diagram based on the proposed numerical model
(system parasitic series resistance was taken into consid-
eration), see Fig. 3(c). Our device features the II type het-
erojunction (staggered gap) with the barrier for elec-
trons inside Si substrate. Wherein, due to the silicon sub-
strate high doping concentration, the barrier height is
not higher than 35 meV, which practically has almost no
influence on the charge carrier injection from Si sub-
strate to perovskite layer when device operates as the
light-emitting structure or on charge separation when
device operates as photodetector.

The external quantum efficiency of our device was cal-
culated with the following equation:

number of photons emitted to the free space per second @, /hv

number of electrons injected into the PeLEC per second ~ I;/q '
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Fig. 3 | Composite perovskite PeLEC key figures-of-merit. (a) The device EL spectra on applied bias offset relative to each other, inset — CIE
1931 RGB color space with triangular NTSC color-gamut standard, “star” marker - the device’s color coordinates. (b) Measured device’s J-V
curve plot in one axis with L-V curve. (¢, d) The device’s band diagram at 0 V bias (left panel) and 4 V bias (right panel), where E; and E, are the
perovskite material conduction band bottom and valence band top, respectively, Er, and Erp — quasi-Fermi levels for electrons and holes, re-
spectively. (e) The device’s EL efficiency curve and PeLEC EQE characteristic on applied voltage. (f) The device’s power efficiency curve.

where @, is PeLECs radiant power, hv - the energy of a hanced active area degradation process (Cs* accelerated
single photon at 523 nm wavelength, I;. - current flowing migration due, see discussed below) as well as the per-
through the device, g - elemental electron charge. The ovskite active material overheating due to the electrical
maximum measured EQE of 8.8% at 3.2 V (see Fig. 3(d)) current flowing directly through the whole structure, not
is in good agreement with the simulation results (see be- “meeting” obstacles (e.g. charge-selective barriers). The
low). A downfall in EQE can be attributed to the en- electroluminescence (EL) efficiency curve of our PeLEC
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device is given in Fig. 3(d). The maximum EL efficiency
of ~120 klm/W is reached at 3.2 V, corresponding to the
trend in the EQE curve. The device power efficiency is

€

given by 7, =
VFIF

3(e) (comparable to the aforementioned analogues).
In Fig. 4(a), we present the simulated PeLEC’s J-V
curves for two different charge carrier lifetimes. From

, and reaches ~6.9% at 3.3 V, see Fig.

both of these cases it is clear that there is a substantial
fraction of current density attributed to the direct charge
carriers passing through the entire perovskite layer (note
the difference between “Total current” and “Total in-
elastic current” in the Fig. 4(a), both left and right pan-
els), which seems to be the main PeLECs device perform-
ance constraint. The fraction of current density associ-
ated with radiative recombination is directly dependent
on non-radiative rate, which is characterized by the
charge carrier’s lifetime. According to our simulation
results, the light-emitting device internal quantum effi-
ciency (IQE) exhibits an acute rise when the diode opens
followed by only a slight change with higher applied bias,
see Fig. 4(b). From the curve in Fig. 4(c), it is clear that
IQE changes from 10% to 75% when the charge carrier’s

1.8
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§ 1.0
c 08
~ 06
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w 40
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lifetime increases from 5 ns to 120 ns. In order to ana-
lyze the reported values of EQE we studied light direc-
tion extraction emitted by the perovskite layer. We de-
termined the maximum extraction efficiency of ~ 13%.
From the emitted light electric field vector modulus map,
see SI Fig. S1(b), angular distribution similar to isotropic
is observed. In such cases, the average extraction effi-
ciency constitutes 9.2%. Hence, the experimentally ob-
served data can be explained by the assumption that
most of PeLEC’s light emission gets absorbed by the Si
substrate, consequently, an optical perovskite/Si inter-
face optimization becomes a prospect.

To dynamically investigate the PeLEC performance,
the current density and luminance tracking was per-
formed at a constant applied bias of 3.7 V during 8
minutes, the data are shown in Fig. 5(a). Before bias ap-
plying (Fig. 5(c) panel No. 1) the perovskite active re-
gion consists of uniformly distributed “mixture” of posit-
ively charged Li* ions (come from Li salt) with no in-
trinsic bias. The initial current density growth from ¢ =0
sec to t~240 s (see Fig. 5(c) panel No. 1II) is associated

with charge redistribution through Li* ions migration

1.8
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Fig. 4 | (a) The PeLEC J-V curves at positive applied bias for charge carrier lifetimes: t = 10 ns (left panel) and t = 120 ns (right panel). (b) The

PeLECs IQE at different charge carriers’ lifetimes versus applied bias. (¢) Combined IQE curve versus charge carrier lifetime at 4 V.
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Fig. 5| (a) Left panel — PeLECs J and L tracking over 8 minutes at 3.7 V, right panel — zoomed in maximum current density point in the J curve.

(b) Comparison of the J-V curves before and after soaking. (¢) Schematic simplified PeLEC’ energy level diagram combined with underlying ion-

ic movement scenario.

with simultaneous electrical double layers (EDLs) forma-
tion. At approximately 240 s point in time the p-i-n
structure, over the whole 140 nm perovskite thin film
thickness, is completely formed - with the lowest con-
ductivity inside of the composite perovskite intrinsic re-
gion, hence a “dip” in luminance is observed as well (see
Fig. 5(c) panel No. III). After the 240 s mark the device
enters a semi-stable operation regime with a steady radi-
ative recombination rate, that can be deducted from
growth in L curve. From 330 s (see Fig. 5(c) panel No.
IV) due to the high enough applied bias voltage migra-
tion of the bigger Cs* starts to play a major role in device
operation, slowly disrupting the active material micro-
structure increasing non-radiative recombination inside
of the device and leading to final drop in PeLEC lumin-
ance. In Fig. 5(b) the comparison of PeLEC’s J-V curve
before and after voltage soaking is presented: after soak-
ing curve substantiates the ion migration active material
degradation with Uy, being only around 1 V.

All presented in this report device in-operation char-
acterization was carried out during the first 72 h after
fabrication. Our devices’ lifetime under operation at 2.6
V (luminance 300 cd/m?) was measured to be 4800 s (~1 h
and 20 min) before inevitable active layer degradation
(short-cut observed). Nevertheless, composite perovskite
PeLECs demonstrate distinctive on-shelf stability —they
retain their light-emitting properties (with the similar EL
efficiency) over 1440 h (more than two months). We be-
lieve that PeLEC on-shelf lifetime significantly exceeds

two months, although we did not check much further.

Technological potential demonstrations

To illustrate the applicability of our PeLEC devices, we
designed and fabricated an indicator display frame, in a
form of printed circuit board (PCB), for six samples,
having total of 24 n**-Si(100)/CsPbBr3:PEO:LiTFSI/SW-
CNT pad pixels, with possibility to address every indi-
vidual pixel separately using a separate addressing pixels
PCB, see Fig. 6(a). As can be seen from the images in the
Fig. 6(b-m), that even though all samples were pro-
cessed manually, a good conformity among all samples is
achievable, allowing all pixels to exert distinct light-emit-
ting properties, assigning a good potential to further
technological development in n**-Si(100)/CsPbBr3:PEO:
LiTFSI/SWCNT pad devices scalability route.

We demonstrated not only the fully operational dis-
play based on our device, but also, we took a chance to
creatively demonstrate the miniaturization potential of
our PeLEC structures, see Fig. 7. To synthesize devices
shown in the Fig. 7, the same, as described in Material
and methods section, n**-Si(100) substrate patterning
process was performed, but the different set of patterns,
depicting an inverted cat, Alferov University and ITMO
University emblems, was used. The consequent fabrica-
tion was identical to the “standard” square device manu-
facturing route. We show that the smallest device’s dis-
tinguishable details, especially in Fig. 7(b), can reach well
beyond 50 pm, which proves the possibility of using our
technology for high-density small-area pixel display ap-

plications (microdisplays).
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Adressing PCB

Indicator display

Fig. 6 | The dual-function PeLEC devices indicator display images. (a) The entire indicator displays frame PCB and addressing pixels PCB (left
panel) with zoomed-in image of the mounted onto the indicator display frame devices (right panel). (b) Day-light indicator display image. (c) Low
ambient light all-pixels-in-operation indicator display image. (d-m) Numbers from 0 to 9 images displayed with our indicator display. Scale bars in
allimages — 1 cm.

El 2]

Fig. 7 | Optical images of our n**-Si(100)/CsPbBr3:PEO:LiTFSI/SWCNT mat devices in shape of. (a) Alferov University (Saint-Petersburg, Rus-
sia) emblem. (b) ITMO University (Saint-Petersburg, Russia) emblem. (c) Inverted composite perovskite cat. Scale bars in all images are 500 ym.

Light-detecting performance
To evaluate light-detecting device performance, we
measured devices J-V curves in dark and under laser illu-
mination, as well as its external quantum efficiency
(EQE) and responsivity (R).

The typical J-V curves for the device operating in the
regime of photodetector are shown in Fig. 8(a). When

the applied to the cell bias exceeds a certain critical

voltage — Ug, (“characteristic bias”) —there is an appar-
ent current growth, which is evidently different from the
current curves’ shape when the applied bias is above Ugp.
We introduce the arbitral parameter U, purely for con-
venience purposes, although, in terms of underlying
physical sense Uy, is defined as avalanche photodiode
breakdown voltage (fit details on that can be found in

Supplementary information Section 4)>°!. Moreover,
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Fig. 8 | Composite perovskite photodiode key figures-of-merit. (a) J-V curves at different laser incident radiant power densities, insert — Ug, val-
ues on incident radiant power density. (b) Photodetector EQE on the electrical bias, insert — the device’s EQE at U = 0 V in linear axis. (c)
Schematic simplified PeLEC’ energy level diagram in light-detecting operation regime. (d) The device’s responsivity for different laser incident ra-
diant power densities, insert — zoomed-in section of the graph from U =0V to Ugh . (€) The device’s LDR curves for three different biases, insert —
LDR region for three biases in linear axis. (f) The device’s specific detectivity curves for different laser incident radiant power densities, insert —

zoomed-in section of the graph for maximal D* in linear axis.

Uq inversely depends on the incident radiant power the incident radiant power density is shown in insert
density—from —1.25 V at dark to —0.75 V at maximum from the Fig. 8(a).
incident radiant power density. Dependence of Uy, on The photodetector EQE spectral study provides details
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on the system operation regime at negative applied bias,
see Fig. 8(b). At —0.5 V < U < 0 in the longer wavelength
spectral range (550 nm < A < 600 nm), the EQE curves’
position raises, with respect to each other, is presumably
associated with the leakage currents from the Si sub-
strate through the perovskite photoactive layer as well as
the low selectivity of the electrodes. Moreover, there is
almost no prominent difference between EQE curves for
-0.5 V < U < 0 in the shorter wavelength spectral range
(corresponding to light absorption in perovskite layer®?).
The further the negative applied bias is lowered, the
more conspicuous the EQE curves’ position raise, with
respect to each other, becomes in full spectral range (300
nm < A < 600 nm), with the highest values being present
in the UV region, which is associated with the enhanced
light absorption at the SWCNT/perovskite interface.

The device responsivity—a measure of photodetector’s

Lo

sensitivity to light, expressed as R = , where I, -

opt

photocurrent passing through the deVice,pand Wept — in-
cident radiation power. In Fig. 8(d) for U, < U < 0 vari-
ous incident power densities R curves behave akin fluc-
tuating around 0 and their behavior reflects the photode-
tector linear operational regime —the regime where one
absorbed in the perovskite layer photon generates one
electron-hole pair, which separates in combined built-in
and applied electrical fields and transfers to the respect-
ive contact layers — at smaller negative bias. When the
applied bias goes below Ug, , we observe an increase in
responsivity for all incident power densities (see Fig.
8(d)). That R increase is the steepest for the minimal in-
cident power density. To note—the minimal incident ra-
dial power density in Fig. 8(d) is comparable to incident
radial power density (at A = 450 nm) used in EQE meas-
urements, hence, for A < 350 nm at U < -1 V, in particu-
lar, the EQE is higher than 100%, which seems an evid-
ence of nonlinear operation regime.

In Fig. 8(c), we illustrated the perovskite device band
diagram bending in the light-detecting operation regime.
To interpret the light-detection at A < 523 nm, we com-
pared the ideal maximal responsivity (which would cor-
respond to 100% EQE at —2.5 V) in linear operational re-
gime, Rig = 0.36 A/W, to the observed maximal respons-
ivity, R = 0.75 A/W. This conveys that the maximal pos-
sible light-to-charge conversion current in a linear oper-
ational regime has been exceeded, therefore the device
operates in the nonlinear regime. When U goes below —1
V the corresponding electric field inside of the per-

https://doi.org/10.29026/0ea.2023.220154

ovskite layer reaches values around 10° V/cm, which co-
incides with the typical for effective impact ionization
electric field values for some semiconductors®>°. We as-
sume that the impact ionization mechanism is respons-
ible for the nonlinear operational regime of our device.
Although there are very few previous reports on impact
ionization in perovskite materials®**¥’. We suggest that
the photocurrent amplification mechanism goes as fol-
lows: a high energy photon (UV photon) after its absorp-
tion in perovskite generates an electron-hole pair with
high kinetic energy close to the SWCNT/perovskite in-
terface. The generated charge carrier pair separates and
both charges drift to their corresponding perovskite lay-
er interfaces encountering the electric field induced ac-
celeration, which consequently leads to the charge carri-
ers’ kinetic energy growth. Close proximity of the gener-
ated electron-hole pare to the SWCNT/perovskite inter-
face increases the effective path of electrons to the cath-
ode. This, in turn, leads to extra increasing the kinetic
energy of drifted field-accelerated electrons, which be-
comes enough for impact ionization and generation of
excess carriers (i.e. photocurrent amplification). Com-
paring the charge carrier mobilities for CsPbBr3; material,
see Supplementary information Table S1, as well as tak-
ing into consideration the light absorption occurring
predominantly near the SWCNT/perovskite interface,
we are able to state, that electrons with a much higher
probability, than holes, can gain the high kinetic energy,
sufficient to launch avalanche mechanism in the photo-
detector structure.

In Fig. 8(b), EQE spectral dependence curves grow
with decreasing wavelength—we attribute that to an in-
crease in the average excess kinetic energy transferred
from a photon to an electron, as well as to an increase in
the spectral absorption coefficient and a shift of the aver-
age depth of light penetration closer to the SWCNT/per-
ovskite interface. That growth correlates with the lowest
incident radial power density curve steep growth in Fig.
8(d), although, in itself is not able to describe the more
gradual R curves growth for higher incident radial power
densities. It is imperative to mention, that the electric
field induced charge carrier acceleration is kinetic in
nature and the associated energy losses in the material
structure are unavoidable, e.g. charge carriers phonon
scattering. This conclusion also supports the previously
mentioned fact that used in the experiment incident ra-
diant power densities are comparable to the sun’s
(AM1,5G spectrum) radiant power density. Such high

220154-11


https://doi.org/10.29026/oea.2023.220154

Baeva M et al. Opto-Electron Adv 6, 220154 (2023)

https://doi.org/10.29026/0ea.2023.220154

incident radiant power densities unavoidably lead to the
diode structure thermal heating, and, as a consequence,
photon scattering induced losses increase. In conven-
tional semiconductors the charge carrier mobility fol-

3/2

lows y T—°/? equation, where y - charge carrier mobility
[cm?/V/s], T - temperature [K], which limits the charge
carrier electric field induced drifting velocity (v = y x E)
and kinetic energy (W, v*) leading to the decrease in im-
pactionization probability and, subsequently, the R values.

To further give necessary evaluation to our photode-
tector performance, an evaluation of key figures-of-mer-
it were executed. We evaluated the linear dynamic range
(LDR) of our photodetector. By definition, the device’s
LDR illustrates the range of laser optical powers where
the detected signal (photocurrent) is linearly proportion-
al to the laser incident radiant power. The LDR is calcu-

lated as Ryp = 20 x log (xmiix ), where W,,,, and W,
are maximum and minimumm:pplied laser incident radi-
ant powers providing linear signal response. The de-
pendences of photocurrent from the applied laser power
at three applied voltages: 2.5 V, -2 V and -1.5 V are
presented in the Fig. 8(e), where the device LDR is
marked in the insert graph, giving us LDR equal to 48 dB
in the range from 25.38x10° mW to 1.2 mW applied
laser powers.

Next, we looked at specific detectivity (D")—a crucial
photodetector figure-of-merit, that helps to assess the
photodetectors signal-to-noise ratio - is normally ap-
proximates as D* = R/+/2qJ 4., Where R is the device re-
sponsivity at a given bias and laser incident radiant
power [A/W], g - elemental electron charge and Jyu -
corresponding dark current density. Our photodiode’s
curves for three characteristic biases: -2.5 V, =2 V and
-1.5 V, depending on the laser incident radiant power
are given in Fig. 8(f). The device's highest specific de-
tectivity value reached 7.65x10' Jones at —2.5 V bias and
25.38x10~* mW laser incident radiant power.

All in all, we conclude that even though the PeLEC
demonstrates an impactful potential for light-detection,
there are indisputable flaws in the architecture of our
device. Further optimization of charge separation layers
and electrode selectivity is required.

Heat distribution study

To evaluate in-operation temperature dissipation in our
dual-function device on Si substrate compared to tem-
perature dissipation in conventional soda-lime glass/ITO

substrate structures infra-red (IR) imaging was utilized.
The two identical in device area (active region thickness
and material), transparent top contact processing, but
different in the substrate material devices were prepared.
One sample had n**-Si(100)/Al as its bottom contact,
while another one had ITO/glass. The typical in-opera-
tion images of two types of devices are shown in Supple-
mentary information Fig. S3(a) and S3(b), respectively.
For the device on ITO/soda-lime glass the consumed
power was equal to 139.3 mW at applied 3.5 V (ITO
based device does not endure V > 3.5 V, shunting at
higher biases) and 0.0398 A current (device T = 33 °C),
as for n**-Si(100)/Al device 207.0 mW of electrical power
was consumed at 4.5 V and 0.046 A current (device T =
24 °C). Hence, our device on n**-Si(100)/Al substrate
withstands 32.7% higher applied power with 40% lower
thermal heating, compared to the ITO/glass-based
device.

In our numerical calculations, the system on Si sub-
strate emits 2.5 times more heat than the system on glass.
The numerically simulated maps to compare two stud-
ied systems are given in Supplementary information Fig.
S3(c) and S3(d). Despite the elevated, compared to the
soda-lime glass case, heat dissipation in the active region
for the Si substrate case, silicon provides an effective
“heat-withdrawal” route from the active perovskite re-
gion, which becomes crucial for large area light-emitting
devices applications, such as displays.

Conclusion

We have demonstrated the dual-function light-
emitting/light-detecting perovskite device on a silicon
substrate proving its high technological potential by not
only fabrication of an indicator display with individual
pixel addressing, but also, we have achieved high resolu-
tion with our miniaturized devices. Our light emitting
device is a light-emitting electrochemical cell, which
provides light electroluminescence efficiency of 1.3x10°
Im/W and luminance more than 7000 cd/m? In the
light-detecting regime of operation, sensitivity of our
device reaches 0.75 A/W with specific detectivity
8.56x10" Jones and LDR 48 dB. We have successfully
shown that silicon is a promising substrate for applica-
tions where devices are required to withstand high
thermal heating (i.e. 40% lower thermal heating, when
32.7% higher electrical power is applied). Although, we
admit there are optimization prospects to our technology
as well, such as optical interface engineering between Si
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and perovskite layer (e.g. Al layer for “mirror”-like sur-

face) and device electrical stability improvement via

transport and/or passivation layers introduction (e.g.

amorphous GaP or GaN layer would act as a hole-block-

ing layer).
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