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This paper presents a study of the photoluminescence properties of hybrid perovskite films deposited on tita-
nium and magnesium zinc oxide films, as electron transport layers, using the spin-coating technique. The subject
of the investigation was continuous wave photoluminescence versus temperature, excitation power and transient
photoluminescence. Moreover, the paper discusses possible carrier recombination mechanisms. Complex temporal
decay was approximated through the use of several models, but only the four-exponent model and the model using
the sum of two hyperbolic functions provided a good agreement with the experimental data. The first attempt to re-
place titanium dioxide with magnesium zinc oxide in conjunction with the perovskite layer showed improved optical

properties such as a weaker non-radiative recombination process and a longer decay time constant.
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1. Introduction

In recent years, hybrid organic-inorganic metal hal-
ide perovskite OMX, (O = organic cation, M = metal
cation, X = halide anion) materials have gained pop-
ularity as promising candidate materials for efficient
light-energy conversion devices [EI]. Also, they have
been reported to be potential materials for light-
emitting devices [E, E], lasers [H, E] and field effect
transistors [E]. Perovskites have attracted a signifi-
cant attention due to their remarkable characteris-
tics, such as excellent properties for transporting
both electrons and holes [ﬂ, E], their high efficiency
for photoelectric conversion and high luminescence
efficiency [E]. Another attractive feature of hybrid
perovskites as photovoltaic absorbers is the continu-

ous tunability of their bandgap energy, obtained by
substituting the central organic molecule or metal
and alloying different halides into the structure.
An easy and relatively inexpensive method for
the deposition of perovskites offers the possibility
of large-scale solar cell production. During six years
of research, the efficiency of perovskite solar cells to
convert power has increased from less than 5% to
more than 22% [EI, ]. Despite this impressive per-
formance, perovskites have not as yet revealed their
full potential. For instance, the photoluminescence
(PL) quantum efficiency of thin films, used in highly
efficient devices, is still far from unity []. Some
issues such as moisture resistance and thermal sta-

bility [@, ], light degradation [], current-
voltage (J-V) hysteresis [, ] and bandgap blue
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shifts with an increase of temperature [, , @]
have not yet been fully resolved for these materials.
Therefore, there still exists a great interest in deep-
ening the study and the development of more sta-
ble perovskites films, more effective solar cells and
other devices based on them.

Perovskite solar cells of a typical n-i-p architec-
ture demonstrate the inherent hysteresis of J-V char-
acteristics due to parasitic accumulation effects [@].
Meanwhile, the use of an inverse p-i-n structure
significantly reduces the hysteresis effect [@]. Also,
the change of charge transport layer material [
@], as well as additives in the perovskite [], can
reduce the J-V hysteresis. Titanium dioxide (TiO,)
and zinc oxide (ZnO) are the inorganic electron
transport materials (ETMs) most often used in
the preparation of organic-inorganic hybrid perovs-
kite solar cells [ﬂ]. Zhuang et al. used ZnO nanorods
as ETM [@].

In this paper, we report the results of a study of
photoluminescence on hybrid organic-inorganic
metal halide perovskite films deposited by the spin-
coating technique both on TiO, and magnesium
zinc oxide (Mg ,Zn ,O) as electron transport layers
(ETL). This work focuses on the investigation of con-
tinuous wave photoluminescence and on the time-
resolved intrinsic photoluminescence properties of
such perovskite films over a wide range of tempera-
tures (from liquid helium to room temperature) as
well as under various values of excitation power.

2. Sample fabrication and experimental details

Both types of samples were fabricated on fluorine-
doped transparent conducting tin dioxide (FTO)
coated glass substrates, sized 25 by 25 mm?. Before
deposition, the FTO surfaces were washed with
ethanol and purified in an ultrasonic bath. The TiO,
layers were comprised of two layers, compact and
porous ones. The compact TiO, layers were deposit-
ed using the pyrolysis method. A titanium diisopro-
poxide bis(acetylacetonate) solution (75% in 2-pro-
panol) diluted in ethanol in a 1:9 volume ratio was
then sprayed on the 723 K temperature substrates
and subsequently annealed in air for 15 min. Having
cooled to room temperature, the porous TiO, lay-
ers were then deposited by the spin-coating meth-
od at 4000 rpm for 20 s using a TiO, paste diluted
in ethanol (1:6, weight ratio). The layers were then
sintered at 723 K in air for 15 min. The Mg ,Zn O

thin layers were deposited on FTO using the pulsed
spray-pyrolysis method. A water solution of mag-
nesium chloride (MgClL-6H,0) and zinc acetate
(Zn(CH,CO,),-2H,0) in a concentration of 0.10 M
was used as the precursor. The bulk content of initial
components of the solution during the application of
films was x = 0.2. The distance between the nozzle
and glass substrates was 20 cm. The dispersed pre-
cursor particles were blown off with a 0.25 MPa air
flow. Synthesis of the thin layers was carried out at
673 K substrate temperature.

Perovskite films were deposited on all the sam-
ples by the one-step spin-coating method from one
solution in nitrogen atmosphere (<0.5 ppm O,
<0.5 ppm H,0). The solution was produced by dis-
solving formamidinium iodide (FAI) (1 M), lead
iodide (PbL) (1.1 M), methylammonium bromide
(MABr) (0.2 M) and lead bromide (PbBr,) (0.2 M)
in a 1:4 solution of dimethyl sulfoxide (DMSO) and
N,N-dimethylformamide (DMF). 5% of the cesium
iodide (CsI) solution (predissolved as a 1.5 M stock
solution in DMSO) was then added to the prepared
solution. The coating process involved a two-step
procedure: 1000 rpm for 10 s and 6000 rpm for
30 s. Before the end of the spin-coating procedure,
150 ul of chlorobenzene was poured on the perovs-
kites for 10 s. Then the layers were annealed at 383 K
for 1 h. Having cooled down to room temperature,
the 2,2'7,7"-Tetrakis[N,N-di(4-methoxyphenyl)ami-
no]-9,9"-spiro-bifluorene (Spiro-OMeTAD) layers
were spin-coated at 4000 rpm for 20 s, during that
time the Spiro-OMeTAD (60 mM) in a 1 ml chlo-
robenzene solution was applied with the addition of
28.8 ul 4-tert-butylpyridine (TBP) and 17.5 ul lith-
ium bis(trifluoromethanesulfonyl)imide (Li-TFSI),
predissolved as a 1.8 M stock solution in acetoni-
trile. Lastly, 80-nm-thick gold electrodes, used for
the electrical measurements, were deposited onto
the devices through a shadow mask by thermal
evaporation. In this way, two types of mesoscopic
heterojunction perovskite solar cells, having typical
n-i-p structures, further referred to as samples SI,
with the TiO, layers, and S2, containing Mg .Zn O
layers, were prepared. The detailed structure of these
solar cells is shown in Fig. .

The continuous wave (CW) PL spectra were meas-
ured using a standard photoluminescence setup with
a fully automated 1-m focal length monochromator
(FHR-1000), thus achieving a spectral dispersion of
0.8 nm/mm. The PL system resolution was 0.3 meV
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Fig. 1. The structure of the solar cells and their J-V
characteristics in the dark (green circles online) and
under 1 sun illumination (blue squares online) of (a)
sample S1 with the TiO, layer and (b) sample S2 with
the Mg ,Zn O layer.

at the spectrum maximum for most measurements
and did not exceed 0.8 meV at the lowest laser pow-
er. An Ar-ion laser was used as an excitation source.
The excitation energy was in a region of 2.2-2.7 eV
and its power was changed either with the help
of power supply or by using neutral glass filters.
The size of the laser spot on the surfaces of samples
was 2.5 mm. Photoluminescence was detected with
a thermoelectrically cooled gallium arsenide (GaAs)
photomultiplier (H7421-50) operating in the pho-
ton counting regime. The temperature of the sam-
ples was changed from room temperature to 3.6 K
by means of a closed-cycle helium optical cryostat.
The time-resolved (TR) PL measurements were
performed using a pulsed 532 nm (photon energy
2.3 eV, repetition rate 10 kHz) diode pumped solid
state (DPSS) microchip laser with a full width at
a half maximum (FWHM) pulse of 400 ps. The PL
was detected with a thermoelectrically cooled high-
efficiency extended-red multi-alkali cathode pho-
tomultiplier (PMC-100-20) with an internal GHz
preamplifier. The transient PL was measured using
a time correlated single photon counting (TCSPC)
system. The current-voltage characteristics of solar
cells were measured using a standard measurement
equipment (Keithley 2602A), and 100 mW/cm? ir-
radiance was achieved by means of a AM1.5 spec-

tral lamp (Newport model 67005), placed at an ap-
propriate distance. The -V characteristics are also
presented in Fig. . It should be noted that samples
S2 showed smaller J-V hysteresis, but lower values of
short-circuit current and open-circuit voltage.

3. Experimental results and discussion

The CW PL spectra of the S1 and S2 samples, meas-
ured within a temperature range from 4 up to 300 K
and at the Ar-ion laser excitation power density
I =28 mW/cm?, are shown in Figs. @ and E, respec-
tively. The PL integrated intensity, as a function of
the reciprocal temperature, is depicted in the insets
of these figures. The PL intensity of the S1 sample
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Fig. 2. The PL spectra of sample S1 with a TiO, lay-
er recorded at different temperatures ranging from
4 to 300 K and at laser excitation power density
I =28 mW/cm? The insets show the Arrhenius plots
of the integrated luminescence under conditions of
(a) increasing and (b) decreasing temperature. The ar-
rows indicate the direction of temperature change.
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Fig. 3. The PL spectra of sample S2 with a Mg ,Zn O
layer recorded at different temperatures ranging
from 4 to 300 K and at laser excitation power density
I =28 mW/cm? The insets show the Arrhenius plots
of integrated luminescence under conditions of (a)
increasing and (b) decreasing temperatures. The ar-
rows indicate the direction of temperature change.

increased in temperatures up to 40 K (Fig. , inset
(a)). A more detailed analysis showed that such an
increase in intensity was accompanied by a shift of
the peak maximum to the lower energy side (red
shift) by about 10 meV. A further temperature rise
up to 300 K caused a PL intensity decrease with
a blue shift of the peak maximum decreasing by
about 40 meV. Meanwhile, for sample S2, it con-
tinued to decrease with the rise of temperature,
demonstrating about a 50 meV maximum blue
shift. As the temperature dropped from 300 to 4 K,
only an increase of the PL intensity (see insets (b)
in Figs. Pl and H) and a shift of the peak maximum
to the lower energy side by about 27 and 50 meV
were observed for samples S1 and S2, respectively.

The inclusion of a different crystal phase, an at-
mosphere effect and a degradation of the sample,
reabsorption effects, radiative recombination in-
volving shallow trapping levels and luminescence
from the crystal edges [@] could all be possible
reasons for the red shift. We attributed this red
shift to the relative change between the intensi-
ties of the two lowest energy peaks. If a recom-
bination via a dominant non-radiative defect was
quenched due to the thermal emission, we would
see a simultaneous rise of PL intensity of another
line [@]. This would explain the unusual tenden-
cy of the Arrhenius plot (inset (a) in Fig. @). To
fit the temperature-dependent PL intensities well,
the Arrhenius plot of the PL integrated intensity
was taken into consideration for two non-radia-
tive recombination channels shown as in [@, ]

Iy (0) 1

I (T) = )
n() 1+C, exp(~E,, lkyT) + C, exp(~E,, /kT)

where C, and C, measured the strength of both
quenching mechanisms, and E, and E_, were
the thermal activation energies in the low and
high temperature regions, respectively. The fit-
ting curves, based on Eq. (1), are displayed as red
dashed lines in the insets of both measurement
cases of increasing and decreasing temperatures
(Figs. @ and E). The deduced thermal activation en-
ergies for both samples are summarised in [Table 1.
It can be seen that these values are mainly lower
when the samples were cooled. Thus, we conclud-
ed that when the samples are heated or cooled, re-
combination takes place through different recom-
bination paths. The energy values between 19 and
30 meV can be related to the thermal annihilation
of an exciton. This is close to 20-24 meV exciton
binding energy, determined from the absorption
spectra [@]. A small difference (which is much
higher than our system resolution) can appear, for
example, due to strains [@]. Meanwhile, the high-
er energy values can be attributed to defects or

Table 1. The thermal activation energies evaluated
using Eq. (1).

S1 sample S2 sample
E ,meV | E ,meV |E ,meV |E , meV
T increase  0.007 65 27 113
T decrease 1.6 30 19 83
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other changes in the crystalline structure [@].
The energy value 1.6 meV can be related to the lo-
calized states and the lowest value 0.007 meV is
most likely due to the abovementioned two-line
intensity change.

Figures @ and E present the power-dependent
PL results at 4 K temperature for samples S1 and S2,
respectively. The laser power was varied by more
than three orders of magnitude from a low to a me-
dium excitation level. Log-log plots of the integral
intensity of the PL spectra I, versus the exciting la-
ser power P, help to 1dent1fy the emission mecha-
nisms. The dashed lines in Fig. @ illustrate the pow-
er dependence of luminescence lines as I, ~ P,
which is correct when the P, value Varies no more
than by two orders of magnitude [@]. Accordingly,
when the excitation light photon energy exceeds
the forbidden energy gap E, then the coefficient
k = 2 corresponds to the recombination of free car-
riers. 1 < k < 2 signifies the exciton recombination
(including free and localized excitons). The power
index k < 1 indicates the cases of free-to-bound
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Fig. 4. Integrated PL intensity vs laser power (a) of
sample S1 (with the TiO, layer) and (b) of sample S2
(with the Mg, .Zn O layer), recorded at 4 K tempera-
ture. The dashed lines are the fitting results.

and donor-acceptor pair recombination pro-
cesses. The change of k values proves that the ex-
citonic emission is the dominating mechanism in
both samples. The insignificant change of k from
1.15 to 1.01 (sample S2) is related to the increase of
laser power. The power values averaged on a log-
arithmic scale are P, = 0.1 mW for the range
P_ =002 -08 mW, and P, = 4.5 mW for
the range P, = 0.8 - 25 mW. The ratio P, /P

is equal to 45. Meanwhile, the k = 1.19 value of
sample S1 corresponds to x = 27 (see Eq. (16)

2r or Fig. [Il in Ref. [@]). In that

2T+ x (1414 )
case, the value of x correspondingto P, =0.1 mW
is given by x = 27 x P, /P, = 27/45 = 0.6.
The value of k at x = 0.6 is estimated to be about 1.8.
The higher k = 1.99 value indicates that there also
dominates a mechanism of free carrier recombina-
tion in sample S1 at a lower excitation level. Based
on different changes in the k values, we concluded
that the perovskite layers have different properties,
such as radiative and competitive non-radiative re-
combination probabilities [@]. The laser excitation
power and PL intensity are related to the recombi-
nation rates and the electron-hole concentration n
as P~ An+ Bn® + Cn’ and I, ~ Bn’. The power
of laser excitation can be expressed as the power of
PL intensity using the fitting parameters for each
of the recombination processes (Shockley-Read-

Hall, radiative and Auger) denoted as A, , B, and
C,, as follows []:
- 12 312
Plaser - APL(IPL) + BPLIPL + PL(IPL) ’ (2)

The internal quantum efficiency can be directly
determined experimentally [@]:

A C
Tt = 1+B_PL(IPL)71/2+B_PL(IPL)7”2 . (3)

PL PL

Based on Eq. (2), the fitting results (dashed
lines) and extracted fitting parameters A,, B,
and C,, are presented in Fig. E Although radla—
tive recombmatlon is obviously dominant in both
samples, the non-radiative one, however, remains
intense in sample S1. The maximum internal quan-
tum efficiency values that were ascertained using
Eq. (3) were 0.56 for sample S1 and 0.82 for sam-
ple S2. Consequently, we can draw the conclusion



A. Cerskus et al. / Lith. J. Phys. 60, 172-184 (2020)

177
102 ¢
e —— O
 10'F O
g el App = 6.62
S 40k © pL = 6.
by O) Bp =124
§10_1 _ 8 Cpr =3.02
. - O
Q © _
2102 L S1sample, 7'=4K
= Ar' laser (a)
10—3 | L 1 1 1 | 1 L [ [ |
0.0 05 1.0
Normal PL integral
102 g
—~ e 0
1L BT
% 10 ,_O"@
~ 0 | ,Q APL:0.97
5 107 5 By = 15.7
& 10_1 = O] CPL:2-74
; Fé
81072 | S2sample, '=4K  (p)
i Ar' laser
10—3 I L 1 1 1 1 L L L I
0.0 05 1.0
Normal PL integral

Fig. 5. Laser power vs normalized integrated PL in-
tensity (a) of sample S1 (with the TiO, layer) and (b)
of sample S2 (with the Mg ,Zn O layer), recorded at
4 K temperature. The dashed lines are the fitting re-
sults according to Eq. (2).

that an optically better, i.e. demonstrating a weaker
non-radiative recombination, perovskite layer has
grown up on the ZnMgO layer.

The normalized PL spectra of both samples re-
corded at 300 K temperature using an Ar-ion CW
laser (I = 100 mW/cm?) or a pulsed DPSS micro-
chip laser (I = 40 mW/cm’) are shown in Fig. E
These experimental results were fitted by three
Gaussian functions (dotted lines). A clear structure
of the spectra was observed when the samples were
excited with the pulsed laser with an average exci-
tation power density close to a half of one sun. In
this case, much greater shifts to the low and high
energy sides were observed as compared to those of
the CW excitation case (see Fig. E and [Table 2). This
increase could be related to light induced modifica-
tion [@] and efficient photon recycling [@].

After excitation with the CW laser, the differ-
ence between the first and second Gaussian peaks
was 29 and 19 meV for samples S1 and S2, respec-
tively. These peaks possibly correspond to the free

exciton and band-to-band transitions. Also,
the stronger contribution of the second Gaussian
peak in sample S1 confirms the presence of free
carrier recombination, thereby producing the big-
gest value of k and close to two. The distance be-
tween the second and third peaks is 62 and 7 meV
for samples S1 and S2, respectively. A possible rea-
son of this separation can be attributed to the pres-
ence of another phase of perovskite [], differ-
ent grain sizes [@] and emissions from the interior
or boundaries of the grains [@, @, @]. However,
the addition of small amounts of cesium (Cs) in
a triple cation (Cs/MA/FA) configuration resulted
in the formation of monolithic grains of a purer
perovskite [@] and in the suppression of possible
phase transitions [B2)]. Meanwhile, emissions from
the interior and boundaries of the grains should
show a different tendency of PL decay [@, @]. An-
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Fig. 6. The normalized PL spectra (a) of sample S1
(with the TiO, layer) and (b) of sample S2 (with
the Mg ,Zn, O layer) recorded at 300 K temperature
using a CW (I = 100 mW/cm?) or a pulsed (I, = 40
mW/cm?) laser. The curves are offset vertically for
clarity. The red (online) lines are the fitting results.
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Table 2. The distances between the centres of Gaussian peaks.

S1 sample

S2 sample

AE,_,, meV AE, 5, meV

AE, 5, meV

AE,,, meV | AE,;, meV | AE,_;, meV

CW laser 29 62

91 19 7 27

Pulsed laser 99 108

207 86 65 151

other possible explanation for the presence of these
three peaks could be the band edge and two kinds
of local phases, distinguished as ordered and disor-
dered crystallites [@]. However, this model cannot
explain such different energies between the second
and third Gaussian peaks. We thus assumed that
the highest energy peak could be related to smaller-
sized crystallites or to the residue of other phases.
Some particular distances between the Gaussian
peaks correlated well with thermal activation en-
ergy values derived earlier, e.g. 62 and 29 meV for
sample S1 (see 65 and 30 meV in Table 1)), and 19
and 27 meV for sample S2 (the same numerical
values 19 and 27 meV in [Table 1)). This fact sup-
ported our conclusion that as the sample tempera-
ture increases and decreases, optical recombination
occurs through two different paths. The other ther-
mal activation energy values are related to the non-
radiative recombination mechanism.

We measured the time-resolved PL decay curves
in the centre and on both sides of the PL peak.
The results were fitted by the multi-exponential
function I, (1) = ZAe "% and the amplitude weight-

. YA,
ed mean decay times were calculated as 7,, =—-.

The transients appeared to be very complex, and
only the 4-exponential model provided a good fit
(the adjusted R-squared was 0.998 or higher, see
the red fitting lines in Fig. ﬁ). The extrapolated decay
times ranged from 1 up to 108 ns with 3 to 5 time
increments of magnitude. The average decay times
at different spectral points were 7, = 6.0, 9.6 and
10.6 ns for sample S1 (with TiO, layer) and 7 _=7.8,
14.8 and 13.3 ns for sample S2 (with Mg ,Zn O
layer). Longer decay times also confirmed that
the use of the MgZnO layer not only minimized
the J-V hysteresis but also increased the optical
quality of the perovskite in sample S2. Four decay
times could be assigned to different recombination
mechanisms [@] or interpreted with other models
such as continuous Lorentzian lifetime distribu-
tion [@, EI], thermalized stretching of the expo-
nential line shape [], the stretched exponential
(or Kohlrausch decay function), its modified ver-
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Fig. 7. PL decay transients at different spectral points
(a) of sample S1 (with the TiO, layer) and (b) of sam-
ple S2 (with the Mg ,Zn O layer). The curves are
offset vertically for clarity. The solid red and blue
(online) dashed lines are the fitting curves obtained
using 4-exponential and double bi-molecular models,
respectively.

sions according to Eq. (25) in Ref. [B] and Eq. (4)
in Ref. [@], the stretched or compressed hyperbola
(first described by E. Becquerel in the 1860s and
known as the bimolecular decay model) []
and as an alternative model [@]. However, neither
of these models provided as good fitting results as
the four-exponential approximation did.

The representation of experimental data in

a negative time derivative of the PL intensity

_4Inu® a5 2 function of the nor-

IPL(Z)
m Iy (4)
NP can reveal some additional information
IPL(tO)

logarithm

t
malized PL intensity or of its square root
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about the recombination mode [@]. The results
of 7d1nIPL(t) =f[ Iy ()
dr ]PL (to)

pendence, while the

revealed nearly linear de-

dInZ, (1) _f[ mJ func.
dr NS,

tion showed a clearly nonlinear dependence with
two inclinations (we should note that the linear one
related to the bi-molecular process). Finally, we ap-
proximated the PL decays as a double bi-molecular
recombination process using the equation [@]

IPL(t) = ZQILO)”Q (4)
i (l+c“tj
Ti

with two dimensionless parameters &, and c, where
Za. = 1. The average decay constant for the trace fit-
ted by Eq. (4) was calculated accordingly [@]:

T :Zﬂ (5)

l-¢’

i

An analysis of the complex decay with a sum of
Becquerel functions produced good fitting results
(adj. R-squared >0.998, see blue dashed lines in
Fig. H). The average decay constant values calculated
using Eq. (5) at the maximum of the PL peak were
11.4 and 17.6 ns for samples S1 and S2, respectively,
and were a little higher than the ones ascertained
by the multi-exponential model. The results of both
fitting models are summarised in . The bi-
molecular recombination could be a non-radiative
recombination via a trap site, which accepts both
electrons and holes, or a direct radiative recombi-
nation between an electron and a hole. Thus, this
double bi-molecular recombination allows one to
assume the presence of such type traps, other direct
band-to-band recombinations or two different emis-
sions from the interior and interfaces of such layer.

Table 3. Fitting results of PL transients and x* values.

However, this double bi-molecular recombination
mechanism cannot explain the presence of three
peaks, especially at the peak centre of sample S2.

4. Conclusions

We concluded that the perovskite layer, deposited
on a MgZnO layer using spin-coating, demonstrates
better optical properties, such as like non-radiative
recombinations and longer decay times compared
to the one grown on a TiO, layer. The temperature
and laser power dependent perovskite PL measure-
ments, as well as the PL decay analysis, prove the ex-
istence of two independent radiative recombination
channels of an excitonic and bi-molecular character.
Our estimations reveal that a complex analysis of
the PL decay, assuming a 4-exponential model, can
be replaced by the sum of two Becquerel functions.
The first findings prove that MgZnO layers provide
certain optical advantages and smaller -V hyster-
esis. This also serves as motivation for further, more
detailed studies of the magnesium zinc oxide layer
as electron transport material for hybrid perovskite
solar cells.
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HIBRIDINIU PEROVSKITU FOTOLIUMINESCENCIJOS SAVYBES SAULES
ELEMENTUOSE SU TiO, IR Mg ,Zn, O ELEKTRONUY PERNASOS SLUOKSNIAIS
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Santrauka

Pateikiami perovskity sluoksniy, nusodinty centri-
fuginio dengimo metodu ant titano dioksido ir cinko
magnio oksido kaip elektrony pernasos sluoksniy, fo-
toliuminescencijos savybiy tyrimai. IStirta liumines-
cencijos priklausomybé nuo temperataros ir zadinimo
intensyvumo bei liuminescencijos gesimo kinetika. Be
to, darbe aptariami galimi kravininky rekombinaci-

jos mechanizmai. Sudétingas liuminescencijos gesimas
buvo aproksimuotas keliais modeliais, taciau tik keturiy
eksponenciy ir dviejy hiperboliniy funkcijy sumos
modelis geriausiai apraso eksperimentinius rezultatus.
Pirmas bandymas pakeisti titano dioksidg magnio cinko
oksidu pagerino perovskito optines savybes: sumazéjo
nespinduliné rekombinacija ir pailgéjo gesimo trukmé.
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