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THERMOLUMINESCENCE RESPONSE OF AIN+Y_O,
CERAMICS TO SUNLIGHT AND X-RAY IRRADIATION
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*e-mail: janis.cipa@cfi.lu.lv

AIN is a wide band gap material with promising properties for dosimetric applications,
especially in UV dosimetry. In the present research, the thermoluminescence method is used
in order to better understand sunlight and X-ray irradiation effects on yttria doped AIN ceram-
ics. In general, the TL response is characterised by a broad TL peak with maxima around
400450 K and a TL emission spectrum with UV (400 nm), Blue (480 nm) and Red (600 nm)
bands. Compared to the X-ray irradiation, sunlight irradiation creates a wider TL glow curve
peak with a maximum shifted to higher temperatures by 50 K.

Furthermore, in the TL emission spectra of AIN irradiated with sunlight the UV band is
suppressed. The reasons of the TL peculiarities under two types of irradiation are discussed.
Practical application of AIN ceramics as material for UV light TL dosimetry and, in particular,
for sunlight dosimetry is estimated.

Keywords: AIN, sunlight, thermally stimulated luminesce, UV light dosimetry, X-ray radi-

ation.

1. INTRODUCTION

Thermally and optically stimulated
luminesce can be used to understand defect
structure of materials, but in some cases the
investigated material can have a combina-
tion of desirable dosimetric properties such
as high response to irradiation, large linear
dynamic dose range, stable signal during
storage and others, making it suitable as a

dosimetric material. AIN is one of such mate-
rials. There are currently commercially avai-
lable dosimeters such as LiF:Mg,Cu,P (TL)
ALO,:C (OSL) and others, which can be
used for different applications. Neverthe-
less, there is a demand for new dosimetric
materials in some dosimetry areas, such
as OSL neutron dosimetry, 2D dose



mapping, temperature sensing, UV dosi-
metry and others [1], [2].

UV light dosimetry 1is important
because exposure to solar ultraviolet radia-
tion is considered a risk to public health due
to the increase of skin cancer incidence in
the world; besides, the work environment
with the use of UV light such as welding
and water treatment cannot be monitored
properly as there is not a lot of choice for
dosimetric materials. Some thermolumines-
cence detectors have been studied as possi-
ble UV light dosimeters (LiF:Mg, CaF :Dy,
CaF :Mn, ALO,, LiF:Mg, CaSO,:Dy,
CaF:TB,O,, Vycor glass), but only few
of them have found practical application:
AlO,:C (TLD-500) and CaSO,:Dy (TLD-
900) [3]. They show promising features but
also have some certain disadvantages; thus,
new dosimetric materials sensitive to UV
light are required. In case of AIN, its spec-
tral absorption is similar to that of human
skin. Furthermore, it has a high TL response
intensity and a large linear dose region.
Thus, it might be a perspective UV dosim-
eter [4]. The main disadvantage of AIN is
a high signal fading rate at room tempera-

2. EXPERIMENTAL

ture, which is not acceptable for dosimetric
material. There are multiple ways how to
solve this problem, one of them is thermal
pre- or post-treatment [5].

To improve dosimetric properties of
material, it is critical to understand TL
mechanisms and defect structure, which
has been thoroughly studied before [4],
[6]. The previous studies [7] have shown
that AIN ceramics reveals high sensitivity
both to ionizing radiation and to UV light;
however, each type of radiation provides its
own characteristic features of the produced
TL signal. In our previous study of lumi-
nescence processes induced by UV light
irradiation, including TL, it was confirmed
that both delocalised and localised electron
transitions occur in AIN [8]. Here by delo-
calised electron transitions we understand
those, which take place through the con-
duction band, while the localised transitions
occur directly through tunnel recombina-
tion between donor and acceptor centres.

The main efforts of this study are
focused on understanding the differences in
TL response for AIN+Y,O, irradiated with
sunlight and X-rays.

2.1. Sample Preparation

AIN+Y,O, samples were produced
at Riga Technical University by sinter-
ing ceramics from mixture of powders.
AIN macro powder (20-80 pm, high
purity, STREM Chemical Inc) was mixed
with Y,0, 2 wt% (purity 99.9 %, Fluka)
using Fritsh grinding apparatus for 30 min.
Though the AIN raw material is nominally
pure, it contains traces of Mn impurity
revealed in photoluminescence (PL) and TL
spectra as an emission band at 600 nm. A
graphite press form with diameter of 20 mm
was filled with the prepared powder mix-

ture. The press form was placed in a spark
plasma sintering apparatus and heated up
to 1973 K for 10 min. The obtained AIN
+Y,0, ceramics samples with diameter of
20 mm and height of 2 mm were cleaned
from admixture of graphite and cut into
four pieces for further studies.

The phase composition and crystallite
size were determined using an X-ray dif-
fraction (XRD) analysis. Samples of sin-
tered AIN with Y,O, showed characteris-
tic AIN diffraction patterns and contained
traces of ALY,O,, compounds. Crystallite



size of the samples was in the range of
56—67 nm depending on sintering tempera-

2.2. Methods and Equipment

The TL measurements were done with
Lexsyg Research TL/OSL reader from
Freiberg Instruments. Two types of sample
irradiation were used: natural sunlight and
X-rays. Sample irradiation with sunlight
occurred in summertime when the number
of sunny days was the largest.

The Sun emission spectrum on the
ground level is shown in Fig. 1 [9]. Its short
wavelength part is limited by atmospheric
absorption at around 290 nm. In the scope
of this study, three types of optical glass
filters were used. Their spectral transmis-
sion is shown in Fig. 1. Originally, filters
are designated by Cyrillic letters; here in the
text we give their Latin transcription.

Sample irradiation with X-rays was
done by an X-ray source (W anode, anode
voltage: 40 kV, anode current: 0.5 mA, irra-
diation time: up to 60 sec) integrated in the
TL reader. To obtain spectra of TL, Andor
SR-303i-B spectrometer with DV420A-
BU2 CCD (150 lines/mm, 500 nm blaze)
camera was coupled to Lexsyg TL/OSL
reader with Ultra low-OH Molex optical
fiber. While for TL glow curves the inte-
grated Hamamatsu PMT R13456 with spec-
tral range of 185-980 nm was used.

TL was measured at a heating rate of
1 K/s, up to maximum temperature of 700
K where the thermal radiation of the heater
was limited by an infrared region and did

3. RESULTS

ture, holding time and composition.

not interfere with the TL signal. Previous
studies have reported an intense afterglow
signal for the irradiated AIN ceramics.
Thus, after each irradiation a 10-minute
delay time was used to decrease the influ-
ence of afterglow to <1 %.

In order to clear up the optically stimu-
lating effect of the visible range of the Sun
emission on the stored TL response, the pre-
viously sunlight-irradiated AIN+Y,0, sam-
ple was exposed to sunlight for 10 minutes
through the ZHS16 optical filter, transmit-
ting light with wavelengths longer than 450
nm (see Fig. 1). The obtained TL response
was compared with that from the reference
sample kept in darkness after irradiation.
This method is further designated as sun-
light optical stimulation (OS).

4
100 <

80{ 1 /\
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20

300 400 500 600 700 800 900 1000 1100
Wavelength, nm

Fig. 1. Transmission spectra of optical glass filters:
1) UFS2, 2) ZHS11, 3) ZHS16 used in this study
and 4) the Sun emission spectra on the ground level
(redrawn from [9]).

3.1. TL Characteristics after Irradiation with Sunlight

To determine the UV light-induced
TL properties, we used the Sun as a natu-

ral UV light source. We used optical filters
to select UV and visible spectral ranges of



the sunlight. It is known that UV light of
the Sun emission spectra can excite TL in
AIN+Y,0,, but also the visible light with
wavelengths above 400 nm produces a
weak TL signal. Temperature/wavelength

a 3200
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350 400 450 500 550 600
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Wavelength, nm

contour plots of TL signal from AIN+Y,0,
ceramics irradiated with the sunlight with-
out any filters and through UV and yellow
filters are displayed in Fig. 2.
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Fig. 2. Contour plots of AIN+Y O, ceramics irradiated with sunlight:
a) without filters; b) through UFS2 filter and c¢) through ZHS11 filter.

3.1.1. TL Emission after Sunlight Irradiation

Let us compare TL emission spectra of
AIN+Y O, and photoluminescence (PL)
emission spectrum. According to the pho-
toluminescence spectra described in our
previous papers [10], PL spectrum contains
several emission bands: a wide complex
band at 400-550 nm, combined with 400
nm and 480 nm emission bands, associated
with V -O_ and V,-20 centres, respec-
tively, and 600 nm band attributed to Mn
defects [4]. Hereafter, we denote these
emission bands as UV, Blue and Red bands,
accordingly. All these emission bands occur
due to radiative recombination processes
between donor and accepter centres.

Blue band Red band
i

Normalised intensity, a.u.

"300 400 500 600 700 800 900
wavelength, nm

Fig. 3. Normalised TL emission spectra of
AIN+Y,0, at 460 K after irradiation with sunlight
trough different optical filters: 1) no filter, 2) UFS2

and 3) ZHS11.



The TL emission spectrum contains the
same UV, Blue and Red sub-bands as the
PL emission spectrum. As seen in Fig. 3,
their relative contribution depends on the
optical glass filters used during irradiation
with sunlight, i.e., on the wavelengths of
the irradiation light. Under sunlight irra-
diation without filters (curve 1), the com-
bined UV+Blue band is dominant over the
Red band. Use of the UV filter UFS2 dur-
ing sunlight irradiation causes a moderate
decrease in the intensity of the Red band
(curve 2), while ZHSI11 filter reduces the
total intensity of the TL signal, mainly at
the expense of the UV band, so that the Red
band becomes dominant (curve 3).

This difference of TL emission spectra

Wavelengths, nm

240 280 320

1,04 d
08{ 1
06-

0,4

Intensity, a.u.

0,24

0,0

60 55 50 45 40
Photon energy, eV

under different irradiation conditions can
be explained by excitation spectra of AIN
individual emission bands [4] and taking
into account the concept of the localised
electron transitions. In detail, the process
of localised electron transitions is described
for the UV band of AIN produced by tun-
nel recombination between V, -O, and O
centres in [8]. As a result, irradiation of the
sample with wavelengths, corresponding
to absorption of a particular defect centre
followed by its excitation and ionisation,
causes the predominant appearance of its
emission band in the PL and TL emission
spectra. It means that excitation with UV
light (particularly with sunlight) is selec-
tive.

Wavelengths, nm
200 250 300 350 400

T T T T T T T T

Intensity, a.u

0,0

60 55 50 45 40 35 30
Photon energy, eV

Fig 4. AIN ceramics excitation spectrum at 300 K: a) excitation spectra of 400 nm (1)
and 480 nm (2) emission bands and b) excitation spectra of 600 nm band (1) and
400 nm band (2) [4].

Excitation spectrum of AIN ceramics
covers a broad spectral range (see Fig. 4).
The main excitation bands occur at 250
and 300 nm for the UV emission band, at
290 nm for the Blue emission band and at
260 and 410 nm for the Red emission band.
Due to atmospheric absorption, sunlight
wavelengths that are shorter than 290 nm
do not reach the ground level and, there-
fore, do not participate in the excitation
process. The UV filter UFS 2 cuts off the
wavelengths above 390 nm, excluding the

410 nm band from the present excitation
spectrum, thus causing reduction of the Red
emission band, while still exciting the Blue
band. The ZHS11 filter cuts off the wave-
lengths below 400 nm, eliminating the 290
and 300 nm bands, characteristic of the UV
and Blue emission band excitation, from
the excitation spectrum, and transmits the
410 nm band, thus decreasing the contribu-
tion of the UV (mostly) and Blue bands in
favour of the Red band.



3.1.2. Analysis of TL Curves
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Fig. 5. TL curves after irradiation with sunlight through different optical filters:
1) no filter, 2) UFS2 and 3) ZHS11 for selected
(a) UV+BIlue and (b) Red band emission.

Let us compare TL curves obtained
after irradiation with sunlight from differ-
ent spectral regions. Irradiation through the
UV filter produces the TL curve peaking at
400 K, while sunlight irradiation without
filter causes the TL curve peaking at 420
K. To explain this fact, it should be noted
that the full sunlight spectrum causes both
generation, predominantly in the UV spec-
tral region, and destruction, in the visible
region through the OS process, of the stored
TL signal. When sunlight is used for irra-
diation without filters, both processes occur
simultaneously. It is known [4] that the
OSL process releases charge carriers from
the shallow traps, which would contribute
to the low temperature part of the TL curve.
As a result, the TL curve obtained under
irradiation with the full sunlight emission
spectrum loses its low-temperature part and
its maximum is shifted to higher tempera-
tures.

Under similar irradiation conditions,
the TL curves connected with the Red
emission are shifted to lower temperatures
compared with the UV+Blue emission (see
corresponding curves in Fig. 5). It could be

explained by the fact that Mn related trap
centres are shallower than the intrinsic O
and N related defects, which recombine at
lower temperatures.

From our measurements, it is seen
that maximum of the TL curves is located
around 450 K (see Fig. 2). Yet there is an
inconstancy with the results of our previ-
ous studies, where the TL curve maximum
was found at around 600 K. Possible expla-
nation might be in the different synthesis
procedures of ceramic samples as well as
different trace element concentration in
raw materials. Similar results were reported
in [11] where the authors used a synthesis
method similar to ours, while slight changes
in ceramics production procedure led to
occurrence of the TL peak at temperature
above 600 K [12], yet for both of these stud-
ies materials were obtained from the same
material supplying company. Furthermore,
even lower temperature maximum was
observed in [13] where a different synthe-
sis method was used. This fact indicates the
importance of synthesis parameters such as
time and temperature, as well as synthesis
method and procedure.
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Fig. 6. TL glow curves 1) after irradiation sunlight for 10 min, and
2) after 10 min irradiation + 10 min sunlight OS (irradiation through ZHS16 filter).

As previously mentioned, sunlight both
generates and depletes TL signal depending
on the selected wavelengths. As for ZHS16
filter sunlight wavelengths shorter than 450
nm are cut off, the TL generating light is

absent, but light from the remaining spectra
depletes the trap centres. As it can be seen
in Fig. 6, after irradiation through ZHS16
filter for the same time as irradiation time,
only around half of TL intensity is left.

3.2. TL Characteristics after Irradiation with X-rays

Intensity of the Sun emission and its
incident angle depends on a season, time
of the day and weather conditions, making
it problematic to repeat the accuracy of the
experiment. Therefore, X-ray irradiation
was chosen as a stable comparative irra-
diation type. Under X-ray irradiation elec-
trons are transferred from the valence to
the conduction band; relaxation of charge
carriers is followed by generation of donor
and accepter centres, charge carrier capture
on luminescent ions and trapping centres.

a 1715

800
700 -

600

Wavelength, nm

500 -

400 -

300 -

300 350 400 450 500 550 600 650
Temperature, K

Mutual positioning of the generated lumi-
nescent centres and trapping centres is
random. Thermal energy supply releases
charge carriers from the trap centres; they
participate in electron transitions (either
delocalized — through the conduction band,
or localized due to tunnelling) and radiative
recombination. Due to random distribution
of the recombination partners generated by
the X-ray irradiation, occurrence of lumi-
nescence bands in X-ray induced TL emis-
sion is non-selective.

b 3200

Wavelength, nm

350 400 450 500 550 600
Temperature, K

Fig. 7. TL contour plot for AIN + Y0 irradiated by X-rays for 20 sec
(a) and irradiated by sunlight for 10 min (b).
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Fig. 8 Normalised TL emission spectra for AIN +Y,0, irradiated 1) by X-rays for 20 sec and 2) by sunlight
without filters for 10 min, and 3) X-ray luminescence. All spectra are measured at 400 K.
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Fig. 9. AIN+Y,0, TL glow curves after

1) X-ray and 2) sunlight irradiation for the integral spectrum.

Let us compare TL properties after
irradiation with X-rays and with sunlight
without optical filters. Figure 7 shows a
noticeable difference between TL contour
plots: there is a significant shift to higher
temperatures and an essential change in the
TL emission spectrum after irradiation with
sunlight (Fig.7, b) compared to that with
X-rays (Fig.7, a).

In case of AIN+Y O, ceramics samples
the X-ray induced TL emission spectrum
(Fig. 8, curve 1) is similar to X-ray lumines-
cence spectrum (see Fig. 8, curve 3). Both

spectra contain UV, Blue and Red bands. At
the same time, it shows drastic dissimilar-
ity from the sunlight-induced TL emission
spectrum, which nearly has no UV band
(Fig. 8, curve 2). The spectral difference
can be attributed to the non-selective exci-
tation of the UV+Blue bands by X-rays and
their selective excitation by sunlight, keep-
ing in mind the short wavelength limit of
the sunlight on the ground level, preventing
excitation of the UV emission band of AIN
+Y,0..
Comparison of the normalised TL

10



curves is shown in Fig. 9, where X-ray
induced thermal curve is peaking at 400
K, while that after sunlight irradiation — at
around 450 K. As already mentioned above,
one reason for such a difference could be the
optical destruction of the stored light sum

by visible part of the sunlight spectrum.
Apart from the sunlight-induced OS
process, another reason of the TL curve
difference after different irradiation types
might be related to unintentional heating of
the sample during irradiation with sunlight.

1a

N N
o N
PR IR TT TRT A  A

Intensity, a.u.
®

0"----|

300 350 400 450

500 550 600 650

Temperature, K

Fig. 10. TL glow curves after irradiation with no-filter sunlight for 10 min (1a) and after direct sunlight
irradiation another 10 min irradiation through ZHS 16 filter (1b) and irradiation with X-rays for 20 sec (2a) and
Xray irradiation and linear heating up to 330 K in 10 minutes (2b).

To estimate how the sunlight-induced
OS and sample heating during irradiation
affect the TL curve, a special experiment
was implemented (see Fig. 10). It was esti-
mated that during irradiation by sunlight
AIN+Y 0O, sample might have been heated
by approximately 30 K. Thus, further exper-
iments with linear preheating up to 323 K
after X-ray irradiation were implemented.
The resulting TL curve is shown in Fig. 10,
2b. This TL curve is shifted by 20 K com-
pared to the TL curve without pre-heating.

Secondly, the effect of sunlight OS was
investigated. Figure 10 also shows that opti-

cal stimulation with wavelengths above 450
nm in 10 minutes reduces TL signal by 40 %
and shifts the peak maxima by 15 K. Ana-
lysing results of this experiment, it could be
concluded that both OS and sample heating
during sunlight irradiation reduce the stored
TL signal.

In order to control the correctness of
the TL response from AIN+Y O, it is rec-
ommended to keep the irradiated material
in the darkness and to monitor temperature
when samples are irradiated by sunlight.

4. POTENTIAL APPLICATION OF AIN IN UV DOSIMETRY

In this paper, we have investigated the
main TL properties of AIN+Y O, after irra-

diation with sunlight in comparison with
that after X-ray irradiation in order to evalu-



ate its appropriateness as a UV light dosim-
etry material, and in particular as a material
for the sunlight TL detection. In general,
AIN ceramics shows rather high sensitivity
to the natural sunlight, which is an advan-
tage of the dosimetry material. However,
spectral sensitivity of AIN is the highest in
the range of 250-270 nm [14], while the
Sun emission spectrum is limited by 290—
300 nm at the ground level due to absorp-
tion by atmospheric oxygen, thus exclud-
ing the most favourable region of material
sensitivity. Besides, using AIN ceramics for
the sunlight dosimetry, one should take into
consideration the optical stimulation effect
from the light with wavelengths above 450
nm and possible heating of the sample dur-
ing irradiation, both processes reducing the
TL signal. To prevent these effects, optical
filters are to be used.

Though AIN could be used for detection
of the sunlight dose, its optimal application
area lies in the spectral range of 200-300
nm. One of the application areas could be
the antibacterial water treatment, where Hg
lamps with characteristic emission line at
254 nm are used. This wavelength is par-

5. CONCLUSIONS

ticularly favourable for production of the
TL signal in AIN ceramics, because it corre-
sponds to the excitation of the UV emission
band. AIN ceramics as a dosimetric mate-
rial could be used to optimise bactericidal
reactor configurations and water flow rate
[15]. One more possibility could be space
applications, where sunlight spectrum is
not influenced by atmospheric absorption
and AIN could serve as a good dosimeter
for astronaut and equipment extravehicular
activities [16].

The other effect preventing practical
application of AIN for dosimetry is a high
fading rate of the stored TL signal. We
roughly evaluated a fading rate comparing
TL glow curves just after irradiation and
24 h after irradiation. For AIN ceramics, it
was determined that 24 h after irradiation
the remaining intensity for X-ray irradiated
samples was around 50 %, while for sun-
light irradiation it was approximately 70%.
Taking into account a high fading rate, AIN
ceramics could be recommended for quick
tests, where it would play an insignificant
role.

To summarise, thermoluminescence in
AIN+Y,0, was investigated after irradia-
tion with sunlight and X-rays. In general,
the TL response is characterised with a
broad TL peak with maxima around 400—
450 K and TL emission spectrum with UV
(400 nm), Blue (480 nm) and Red (600 nm)
bands. However, there is a significant dif-
ference between TL characteristics obtained
under irradiation with sunlight and X-rays.

It was found that after sunlight irradia-
tion the obtained TL curve and TL emission
spectrum depended on the optical filters
used. Specific properties of the TL charac-

12

teristics are explained by 1) the Sun emis-
sion spectrum at the ground level begin-
ning at 290 nm; 2) simultaneous production
of the TL signal (by A < 450 nm) and its
destruction (by A > 450 nm) under sunlight
irradiation; 3) selective character of pro-
duction of defect recombination compo-
nents depending on irradiation light wave-
length correspondence to a particular defect
absorption; 4) sample heating during irra-
diation sunlight. The proposed application
areas of AIN ceramics as material for UV
light TL dosimetry include water treatment
and space industry, as well as public sector.
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Many medical examinations involve ionizing radiation. Although the range of available
dosimeters is rather wide, their linearity and chemical stability are limited. Recently, there has
been a growing interest in new, improved dosimetric materials for emerging applications in
medicine and other fields, such as sterilisation of consumer goods and medical instruments,
irradiation of seeds, chemical agents and others.

One of the classical dosimeters is carbon-doped alumina (ALO,:C) — a well-established
and widely used material for personal and industrial dosimeter with a range of great proper-
ties, such as high sensitivity, wide linearity range and relative ease of production and han-
dling. However, the demand for reliable dosimeters in a high-dose range is still only partially
fulfilled, and alumina doped with chromium ions (Al,O,:Cr) can be a promising candidate.

In this study, we explored alumina doped with chromium porous microparticles synthe-
sized with a sol-gel method as a possible high dose dosimeter and evaluated its thermostimu-
lated luminescence signal, dose response with two irradiation sources and measured long-time
fading. It was found that although the TSL signal was quite complex (consisting of two main
peaks above room temperature) and the long-term fading was significant (around 50 % in the
span of 30 days), with sufficient optimisation the material could be used as a high-dose dosim-
eter for X-ray and beta irradiation. Wide high dose linearity range, physical and chemical char-
acteristics, as well as low production costs and ease of synthesis make chromium (III) doped
alumina a compelling candidate for applicability in various medical and industry fields.

Keywords: Alumina, chromium, dosimetry, sol-gel, ALO .:Cr.
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1. INTRODUCTION

Ionizing radiation possesses a wide-
spread applicability ranging from object
identification during security checks to
non-intrusive tumour passivation. How-
ever, irreversible impact on organic matter
can occur with the extensive use of ioniz-
ing radiation, especially for extended peri-
ods of time. Scientific studies have proven
that prolonged exposure (accumulation of
irradiation) increases the risk of developing
harmful tumours or other types of health
issues [1]. To reduce the risks of degrading
physical well-being of personnel involved
in the usage or maintenance of irradiative
equipment, the absorbed dose by the staff
must be monitored and managed accord-
ingly. Alongside the mentioned applica-
tions, dosimeters can be used in other
applications, for example, as a means for
determining the intensity of an ionizing
radiation source or for discovering radia-
tion leakage in order to thicken the shield-
ing around a source.

Alumina-based dosimeters have been a
point of interest for many research groups
for some time due to a wide sensitivity range,
high chemical stability and hardness, com-
parably low production costs and a stable
signal at RT (room temperature). Multiple
experiments were performed by Axelrod et
al. with the goal of testing various dopants
and expecting improved dosimetric proper-
ties, and it was discovered that carbon addi-
tives vastly improved thermostimulated
luminescence (TSL) intensity, sensitivity,
and linearity range. Carbon doped alumina
(ALO,:C), also known as TLD-500, is one
of the best and widely used high sensitiv-
ity dosimeteric materials that possesses
a wide linearity range (10 uGy — 10 Gy)
[2]. Its main application as a TSL and OSL
(optically stimulated luminescence) mate-
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rial is for medicine, such as radiotherapy,
radiodiagnosis, and heavy charged particle
dosimetry. However, due to the limitations
of measurement setups at the time, chro-
mium as an additive was discarded as the
output signal was in the “red” region of the
spectrum — outside of the peak sensitiv-
ity of photomultiplier tubes. Nevertheless,
ALO,:Cr was noted as a good candidate for
OSL dosimetry. With recent advances in Si-
based sensors, the “red” luminescence can
be considered as an advantage; therefore,
the Cr doping should be re-evaluated.

Recent technological advancements
have created a demand for high dose dosi-
metric materials. Nanostructured chromium
(III) oxide doped alumina has shown heigh
sensitivity to gamma rays ranging from 100
Gy to 20 kGy without achieving saturation
[3] and the luminescence during the pulse,
and during the subsequent afterglow, are
monitored as functions of time. The mate-
rial under study is a-AlO,:C. Data are pre-
sented on the dependence of the OSL inten-
sity on: (i and in crystalline form up to 750
kGy [4]. Material could become ideal for
applications involving high doses like irra-
diation of consumer goods, seeds, chemical
agents and medical instruments.

The performance of most materials used
for dosimetry applications is mainly gov-
erned by the impurity ions in the crystalline
lattice coupled with lattice imperfections
around them (with a meaningful difference
in size or oxidation state compared to host
ions). However, for practical applications
of a particular material, the linearity range
and fading must be explored. Most materi-
als display a corelation between registered
TSL or OSL signal and the dose of ionizing
radiation they have been exposed to, but
few exhibit a first degree (linear) corelation



in a wide enough region, also known as lin-
earity range. Another factor that should be
considered is fading, which largely contrib-
utes to host matrix properties and the depth
of trap as the bulk of the lost signal can be
attributed to phonon discharge, although

2. EXPERIMENTAL

some secondary effects can increase fading
of relatively deep charge carrier traps.

In this article, we explore chromium (I1I)
oxide doped alumina response to beta and
X-ray radiation as well as fading over a period,
which is typical of personal dosimeters.

2.1. Materials

In the synthesis, analytical grade chem-
icals were used without further purification.
Chromium (III) oxide (Cr,0,) and alumin-
ium nitrate nonahydrate (AI(NO,), - 9H,0,
purity 99.6 %, VWR Prolabo Chemicals)
were used as starting materials. As chelat-

ing and polymerizable agents, ethylene gly-
col (HO(CH,),0H, purity 99 %) and citric
acid (C,H,O,, purity 99.5 %) were used and
purchased from Sigma Aldrich. Chromium
(III) oxide was dissolved using nitric acid
(HNO,, assay 65 %) (Sigma Aldrich).

2.2 Chromium Doped and Undoped Alumina Synthesis

Undoped and chromium (III) doped
alumina samples were synthesised with sus-
pension and gelation (sol-gel) polymerized
complex method, analogous to our previous
publications [5]. Amount of added chro-
mium (II1) oxide ranged from 0 to 1.5 wt%.
Mixtures were prepared at 1:1:4 molar ratio
(metal ions to citric acid to ethylene gly-

2.3. Characterisation

The same samples as in our previous
publication [6] were used, which consisted
of'a pure alpha phase and did not contain any
major disruption in the crystalline lattice
due to aforementioned chemical stability.
Results gathered from EDX (energy-disper-
sive X-ray spectroscopy) were used to eval-
uate the presence of Cr atoms in the struc-
ture. SEM (scanning electron microscope)
imaging provided information required to
conclude that porous microceramics were
created. XRL (X-ray luminescence), PL
(photoluminescence) and TSL were used
for evaluation of optical properties of the
sample. Impurity or defect luminescence
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col). Deionized water was added to create
0.2 molar solution. After obtaining the nec-
essary consistencies, gels were heated in
an open oven at 400 °C for 2 hours. Upon
successful elimination of nitric oxide, black
powder was formed, which was calcined
for 4 hours at 1400 °C. Calcination yielded
white powders with a faint pink shade.

was below detection threshold. Lumines-
cence intensity measurements proved to be
inconclusive regarding determination of the
optimal concentration of Cr,O,. The highest
TSL readout intensity was registered for the
sample with 0.2 wt%.

This study focuses on re-evaluation of
AlO,:Cr linearity range and fading over a
month without the possibility of UV expo-
sure. Measurements were conducted using
Lexsygresearch LMS (Freiberg instru-
ments) with X-ray and beta sources. Beta
source (Sr90) provided a dose of 55 + 5.5
mGy/s and samples were irradiated from 60
sto 8.3 hor from 3.3 Gy to 1.65 kGy. X-ray



measurements were made with 40 kV and
0.5 mA, tube consisted of a tungsten tar-
get, beryllium window and was powered by
Spellman MNX50P50/XCC power supply.
As multiple samples with slightly varying
masses and surface area were prepared,
calibration measurements were performed.
Between measurements, samples were pre-
heated to remove any previously accumu-
lated dose, irradiated for 1200 s (with 66
Gy) and repeatedly measured. The highest

3. RESULTS

registered intensity was taken as a baseline
and an equalization coefficient was calcu-
lated for other samples, which was applied
to avoid invalidation based on inconsis-
tency.

SEM and EDS measurements were con-
ducted using SEM Helious 5 UX (Thermo
Fisher Scientific) operated at 2 kV during
imaging and at 30 kV during an elemental
analysis.

3.1. SEM and EDS Measurements

Results of SEM imaging are shown in
Fig. 1. Samples consist of a dense ceramic-
like structure with the slight porosity occur-
ring through the grains. Multiple surface
holes have been observed along grain

boundaries. Grains appear to be polycrys-
talline with crystallite size of around 40 nm
(calculated from the previously conducted
XRD measurements using Scherrer equa-
tion).

Fig. 1. SEM measurements with varying magnifications.

SEM EDX elemental analysis results
are displayed in Fig. 2. The presence of Cr
is confirmed by the corresponding peaks;
however, the detection limit of the system
forbids accurate evaluation of the absolute
concentration value. Negligible amounts
of silicon and calcium have been detected
originating from different parts of sample
synthesis and handling.
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Fig. 2. SEM EDX elemental analysis results.



3.2. TSL Measurements

Samples were pressed into stainless
steel (VA 1.4301) discs and measurments
were conducted with a 10-minute delay
from 20 to 450 °C. Results are shown in
Fig. 3. No luminescence signal was regis-
tered between 270 and 550 nm.
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Fig. 3. TSL measurements from 20 to 450 °C with
a 10-minute delay after irradiation.
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Fig. 4. Relation between the registered TSL
intensity and the measured sample temperature
heated at 1 K/s.

3.3. Dosimetric Properties

To measure material dose response
with regard to different types of irradia-
tion, a series of TSL measurments were
performed at different irradiation doses. A
30-minute delay before measurements was
implemented to avoid registering sample
afterglow. Signal was registered through a
quartz window without a slit or a filter.

An example of the registered signal
is shown in Fig. 4. Second order approxi-
mation summarised in [7] was used to
describe the acquired signal (see Fig. 5).
Five-peak fit was used and the obtained
trap depth energies were as follows:
0.23 eV (1st peak), 0.37 eV (2nd peak),
1.14 eV (3rd peak). All observed glow
peaks arise from charge traps at differ-
ent depths. Peak overlap can contribute to
a heating rate, which is enforced by the
observations made during fading mea-
surements; over time glow peak inten-
sity fell separately. Peaks are quite direct
and one can assume that they could be
described adequately with a first-order
equation using data from a slower heat-
ing rate.
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Fig. 5. Results of fitting using
Mathematica.

The first (67 °C) and second (157 °C)
peaks faded almost completely after 24
hours, which was undesirable for dosi-
metric applications. The third peak at 286
°C was used to determine the relation
between the irradiation dose and the reg-
istered TSL signal (see Fig. 6).
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Fig. 6. Relation between the irradiation dose
and the registered TSL signal.

Linear fit poorly approximated the rela-
tion between the irradiation dose and the
registered signal intensity from 3.3 Gy to
1.65 kGy with of 0.86 and reduced Chi-
Sqr of 21.38. Data points were closer rep-
resented with a parabolic function with of
0.99 and reduced Chi-Sqr of 0.9. They will
be further iterated during discussion.

TSL signal fading was measured up to

4. DISCUSSION

31 days. The results are shown in Fig. 7;
black points represent the relation between
the registered intensity and days elapsed,
and red points represent the percentage of
charge retained in respect to a measurement
preformed right after irradiation. Samples
were exposed to 1200 s (66 Gy) of beta
irradiation because it was the midpoint of a
logarithmic exposure range.
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Fig. 7. Relation between days after exposure to beta
radiation and the registered TSL signal. Black points
represent the measured intensity and red points
represent the remaining charge.

Our previous research [6] proposed
chromium (III) doped alumina as a good
candidate for high dose applications. The
aim of this research has been to reproduce
the previously acquired results with ade-
quately calibrated equipment and expand
using the acquired data. The fact that alu-
mina displays a growing parabolic relation
between TSL intensity and the dose it was
exposed to only furthers the narrative that
chromium doped alumina is a great candi-
date for high dose dosimetry. Our current
equipment forbids substantial and repre-
sentative exploration of doses above 2 kGy,
which proved to be insufficient to achieve
saturation or a stark transition between lin-
ear and supralinear response regions [8],
both of which were usually observable.
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Measurements with a higher exposure dos-
age are required to complete a TSL dose
response curve.

While exploring TSL signal fading, a
rather harsh drop in intensity was observed
as peaks at 67 °C and 157 °C disappeared
almost completely after 24 h. High fading
for peak at 67 °C was expected due to its
rather shallow nature. Rapid discharge of
the second glow peak could the attributed
to charge transfer between traps, which
required further study to prove or disprove.
Undoubtedly, during irradiation for 16 h,
32 h and even longer fading would start
affecting the TSL signal unpredictably.
Usage of stronger beta radiation sources
or the determination of discharge rates of
R,R,N and chromium clusters is advised



for further study of the excessive fading.
Chromium cluster disintegration due to
diffusion is yet to be observed or explored
intentionally.

5. CONCLUSION

TSL signal reproducibility while using
the same sequence and experimental setup
was explored. The highest observed inten-
sity deviation was 7.73 %.

The conducted study has shown that
chromium (III) doped alumina displays a
promising dose response for use in high-
dose applications. Within a margin of error,
the material can be used as a linear inte-
gral dosimeter from 3.3 to 6.6 Gy and from
9.9 Gy to 1.65 kGy, but saturation was not
achieved. A wide high dose linearity range,
physical and chemical characteristics, as
well as low production costs and ease of
synthesis make chromium (III) doped alu-
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Indium (0.038 at.%) and gallium (0.042 at.%) doped ZnO ceramics were prepared by hot
pressing. Ceramics were investigated to determine their structural and mechanical characteris-
tics for the prospective use in scintillators. Based on results of nanoindentation, atom force and
scanning electron microscopy as well as energy dispersive X-ray spectra measurements, loca-
tions of gallium within grain, indium at grain boundaries (GBs) and their different effect on the
mechanical properties of ZnO ceramics were detected. Doping of gallium led to the increased
modulus of elasticity in grain, decreased hardness near GBs, stabilization of micropores and
brittle intercrystalline fracture mode. ZnO:In ceramic has modulus of elasticity and hardness
values close to ZnO characteristics, the increased fracture toughness and some plasticity near
GBs. Differences in the micromechanical properties of the ceramics correlate with the loca-
tion of dopants. Results demonstrate that the ZnO:In ceramic has a greater stress relaxation
potential than the ZnO:Ga.

Keywords: Hot pressed ZnO ceramics, microstructure, nanoindentation, fracture mode.
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1. INTRODUCTION

ZnO as a wide-band-gap (band gap of
3.37 eV) multifunctional semiconductor
possesses excellent luminescent character-
istics and is a promising material for scintil-
lators [1]-[3]. With the recent advances in
hot press sintering technology, transparent
ZnO ceramics based on nanopowders have
aroused great interest for the use in fast and
high-efficient photo- or X-ray luminescence
scintillators [4]. Addition of donor dopants
such as Ga or In leads to the improved scin-
tillation characteristics of the ZnO ceramics
[5]-[8]. However, the location of dopants
in the microstructure is not yet clear. More-
over, despite many studies on the structural
and optical properties of the doped ZnO:Ga
and ZnO: In ceramics [8], [9], their mechan-
ical characteristics remain practically unex-
plored even though the modern technology
imposes rather strict requirements towards
the mechanical properties of brittle optical
components as they are subject to vibra-
tions, small mechanical and thermal shock
loads. The lack of comparative data on

2. EXPERIMENTAL

mechanical properties makes it difficult to
use these ceramics. Furthermore, mechani-
cal properties are highly structure sensitive
[10] and, thus, they can determine not only
the technological properties of ceramics,
but also the influence of doped elements
on the structural-phase state of ceramics. In
this regard, as a fast and accurate method to
measure the modulus of elasticity and hard-
ness, nanoindentation (NI) is most applica-
ble to ZnO ceramics (in form of thin discs)
[11], [12]. NI has been successfully used
to detect the mechanical properties of ZnO
thin films, single crystals, ceramics and the
role of GBs in the fine dispersion materials
[13]-[16].

In the present research, the structure,
hardness, modulus of elasticity as well as
the fracture mode of Ga- (0.042 at.%) and
In (0.038 at.%) doped ZnO ceramics are
investigated. The aim of the study is to
determine the location of dopants in the
microstructure of ceramics.

Commercial zinc oxide powder (Sigma-
Aldrich, USA) was used to obtain ceramics.
The indium and gallium were introduced in
the form of In,O, and Ga,O, by mechani-
cal mixing with the original ZnO powder
during 40 min at 293 K [8], [9]. The level
of dopants was chosen based on previously
studies [9] and corresponded to practically
the same scintillation properties of In- and
Ga-doped ZnO ceramics. The undoped
ZnO, Ga-, and In-doped ZnO ceramics
were fabricated by hot uniaxial pressing
under vacuum conditions at 1150 °C, 200
MPa for 60 min [4], [9]. The transparent
ceramics have been shaped into discs with
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a diameter of 20-25 mm and a thickness of
1.0-1.5 mm after mechanical processing.
The microstructures of etched ceramics sur-
faces and fracture modes were studied using
optical (Nikon, Eclipse L150), atom force
AFM (VEECO CP-II) and scanning elec-
tron microscopy SEM (TESCAN Lyra 3)
equipped with an energy dispersive X-ray
spectrometer EDS (Oxford, AZ tec). The
nanoindentation station (MTS Nano G200)
equipped with a Berkovich-type diamond
indenter tip (radius < 20 nm) was used
for direct continuous stiffness measuring
(CSM), registration of load and displace-
ment, as well as topography imaging.



3. RESULTS AND DISCUSSION

3.1. Microstructure of Ceramics

Figure 1 shows the microstructures
of the undoped, Ga-, and In-doped ZnO
ceramics. The microstructure of undoped
ZnO ceramics (Fig. 1a) consists of grains
with the grain size of 10-25 pm. The addi-
tion of Ga and In changes the microstruc-

ture of activated ceramics. Gallium leads
to the decrease of the grain size (3—8 pum)
without changing the shape of GBs, they
remain straight and faceted in places (Fig.
1b, ¢).

Fig. 1. Optical (a, b, d) and SEM(c, e) images of etched external surfaces of undoped (a),
Ga-doped (b, ¢), and In-doped (d, ¢) ZnO ceramics.

Indium alters the microstructure more
significantly than gallium (Fig.1d, e) chang-
ing the shape of both grains and GBs: fine
grains are irregular, elongated, some fac-
eted grains have size of 8§—12 um, and a
serrated shape of GBs appears. A similar
influence of indium on the GBs shape in the

ZnO ceramics based on different ZnO pow-
ders was described in [8]. Faceted straight
GBs for the mechanical properties are the
paths for the easy propagation of cracks.
However, the presence of the serrated GBs
in the ZnO:In ceramics prevents the rapid
spread of cracks along GBs [10].

3.2. Nanoindentation of ZnO:Ga and ZnO:In Ceramics

To study the differences in the mechani-
cal behaviour, it was necessary to carry
out measurements on individual grains at
different loads. Under low loads, the hard-
ness values in the individual grain by the
movement of structural defects are deter-
mined. Under higher loads when the size
of deformation zone exceeds the size of
grain, the hardness is affected by proper-
ties of GBs [11], [12], [16]. As it is known,
according to the Berkovich hardness for-
mula H= 2.092%, where P — load, a — side
of Berkovich indenter imprint, indentation
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depth 4 is calculated as 4 = a/7.7. The size
of the deformation zone around the imprint
can be estimated as ¢ = n-a, for oxide sys-
tems a value of the coefficient n of 1.5 can
be assumed [12].

Figure 2 shows the hardness and modu-
lus of elasticity vs indentation depth for
Zn0O:Ga and ZnO:In ceramics. Results
showed the presence of hardness size effect
for both ceramics. However, this effect is
expressed in a different range of indenta-
tion depths compared to ZnO single crystal
[14], [15]. In order not to take into account



the influence of both size effect and nano-
heterogeneity of the relief, the results
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Fig. 2. Hardness, H (m) and modulus of elasticity, E (@) vs. indentation depth: ZnO:Ga (a) and
ZnO:In (b) ceramics. The inserts show SEM images of indentation induced cracking at large
loads: (a) in ZnO:Ga and (b) in ZnO:In.

In the ZnO:Ga ceramics (Fig. 2a) at
depth of 100 nm, the deformation zone
of 1.16 um is smaller than the grain size
(3—8 pum). The hardness values inside the
grain are around 4.0-4.5 GPa (+0.3 GPa),
which is consistent with those for the
single crystal or within grain in undoped
ZnO ceramics. At depth of 600 nm when
deformation zone is more than 8.0 pum
and more grains become included into the
deformation process, the hardness values
decrease to 2.5 GPa. As it can be seen
from the inserts in Fig. 2a, the drop in the
hardness values is accompanied with the
development of cracks (with length C >
10 um) around the imprint, indicating the
brittleness of GBs in the ZnO:Ga ceram-
ics. At the same time, the average value of
modulus of elasticity at the depth of 100—
250 nm inside the grains (175 =2 GPa) is
higher compared to that for undoped ZnO
single crystal, where E = 140-144 GPa
[14]. As it is known, the elastic modu-
lus is almost insensitive to the grain size,
but it is rather sensitive to the presence

of additive elements and compounds in
the microstructure [10]. Therefore, an
increase in the elastic modulus indicates a
change in the structural-phase state of the
grain, which can be associated with the
presence of a ZnO-based solid solution
with a low concentration of the ZnO(Ga)
compound. This is indirectly confirmed
by the data on the modulus of elasticity of
gallium oxide (170 GPa) obtained in [16].
The presence of gallium inside the grain
is also consistent with the data of ZnO:Ga
ceramic microstructure given above
where, as seen from Fig. 1b, c, gallium
refines grains without GBs modification.
The loading experiment for the
ZnO:In ceramics was carried out both at
the centre of a large grain with size of 8—12
um and near GBs. As it is apparent from
Fig. 2b, the hardness values at the depth
of 100 nm when the deformation zone
is inside an individual grain are 4.5-5.0
GPa and slowly decrease to the values of
4.2 GPa when approaching the GBs at the
indentation depth of 400—500 nm. Thus,
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the influence of GBs on the hardness in
this case is not high compared to that of the
Zn0O:Ga ceramics. Moreover, at the depth
of 1000 nm, where the deformation zone
of 11.5 um considerably exceeds the grain
size, the hardness value of 3.8 GPa remains
higher compared to the ZnO:Ga ceram-
ics. The modulus for the ZnO:In ceramics
did not have high values within the grains
remaining at the level of 140 GPa.

To elucidate the features of the GBs,
similarly to the above-mentioned measure-
ments for the centre of the grain, NI mea-
surements were performed directly near
the GBs: 1.5 pm away from a randomly
selected GB. In this case, the hardness val-
ues were around 3.2 GPa and they generally
remained constant at the depth of 2000 nm,
exhibiting no signs of long brittle cracks
around the imprint. Only a narrow crack
with the length C = 3.0 pm could be seen
(Fig. 2b).

SEM images (see insets in Fig. 2a, 2b)
and the data obtained above made it possible
to estimate the values of fracture toughness
by indentation (K, ) for investigated ceram-
ics using the formula K, = 0.016 (E/H)"* P/
C¥2[17], where E — modulus, H — hardness,
P — load, C — crack length. Assessments
received were: K .= 1.12 MPam'? and K|
= 2.5 MPa m'"? for ZnO:Ga and for ZnO:In,
respectively. Thus, indentation toughness of
the ZnO:In ceramics is higher than that of
Zn0:Ga ceramics, which is due to the pecu-
liarities of the GBs properties.

To visualize the unusual behaviour of
GBs in the ZnO:In ceramics, measuring
the height profile across the imprint placed
directly near the GBs was performed.

As it is apparent from Fig. 3, the height
of the piled-up material near the GB is dou-
ble the height on the opposite side, which
indicates plastic deformation and stress
relaxation at GBs in the ZnO:In ceramics.

within grains

(49089 xS y.1797 pn 2 02165

Fig. 3. AFM topography image and height profile across
the imprint of the Berkovich pyramid located close to a

GB in the ZnO:In ceramics.

To confirm this hypothesis, let us anal-
yse the loading curves for two cases: (i)
when deformation is localised within grains
and (if) when deformation occurs near GBs.
The loading — unloading curves (Fig. 4)
revealed differences for these two groups.
The calculated work of plastic deforma-
tion during NI, according to [19], shows a

27

= T T T T
0 500 1000 1500 2000

Indentation depth A, nm

Fig. 4. Loading — unloading curves at
indentation on grain and near the grain boundary
vs. indentation depth for the ZnO:In ceramics.

greater value near the GBs in comparison
with the bulk of the grain: 81 % and 91 %,
respectively. Thus, the addition of indium
oxide leads to the appearance of some GB
plasticity in ZnO:In ceramics. The influence
of dopants on the GBs properties in ZnO
varistors is well known and is related to the
segregation of the doping metallic elements



at GBs [20]. This is the so-called “metalli-
zation” phenomenon, which is unwanted in
varistors because it greatly reduces the elec-
trical resistance of the ZnO ceramics. In the

3.3. Fractography and EDS Data

Fracture surfaces of the samples were
investigated using SEM and EDS methods.

case of mechanical properties, the presence
of indium at GBs is favourable, as it elimi-
nates the GB brittleness.

Data of fracture mode of undoped, ZnO:In
and ZnO: Ga ceramics are presented in Fig. 5.

Fig 5. SEM images of the fracture surfaces in undoped (a),
In-doped (b) and Ga-doped (c, d) ZnO ceramics.

As it is apparent from the SEM images,
the undoped ZnO ceramics (Fig. 5a) mainly
exhibits brittle intergranular fracture.
Cracks and micropores are visible. The
introduction of indium completely changes
the mechanism of ZnO ceramics fracture.
As seen in Fig. 5b, the ZnO:In ceramics has
transcrystalline fracture mode. Stretched
grains and the contours of GBs without
micropores or crack were possible to detect.

On the contrary, the fractographs of the
Zn0:Ga ceramics demonstrate heteroge-
neous microstructure and brittle intercrys-
talline fracture mode (Fig. 5c, d). Small
micropores with size of 0.1-0.2 um on the
GBs and in the grains are present in this
material. This result confirms the impos-
sibility of vacancy dissolution of pores in
the case when the size of pores is much less
than the distance (5—8 um) between sources
(in grains) and sinks of vacancies on GBs
[20]. The rounded shape of micropores in
the grain and triangular shape at the triple
joints of GBs indicate the role of micro-
pores as vacancy sinks [21].
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The EDS measurements were con-
ducted on the fracture surfaces to deter-
mination the relative ratio of Zn/O in the
grains and at the GBs for Ga- and In-doped
ZnO ceramics (Fig. 6). Gallium was not
detected due to its low concentration and
low atomic number, which is 31, compared
to indium number, which is 49. EDS data
for ZnO:In ceramics clearly demonstrate at
GBs (Fig. 6b).

Let us consider the obtained EDS val-
ues for ceramics in detail compared to
single ZnO crystal where Zn/ O ratio is
49.94:50.06 at.%

For ZnO:In ceramic, as it is seen in Fig.
6a, grains in core are enriched with oxy-
gen, but amount of Zn is reduced; in places
with numerous GBs (Fig. 6b), the GBs are
enriched with Zn and indium but depleted
in oxygen.

In the ZnO:Ga ceramics (Fig. 6¢), grains
are enriched with Zn and depleted with oxy-
gen, but in the grain groups, where the ratio
was 47.02:52.98 (at.%), GBs were enriched
with oxygen but depleted with Zn.
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Fig. 6. ZnO ceramics structure, EDS spectra and ratio of elements:
a) ZnO:In, big grain, b) ZnO:In, places with GBs, ¢) grains and GBs in ZnO:Ga.

A comparison of the EDS results
revealed a general regularity; namely, the
location of the dopants in the microstructure
was accompanied by a high content of zinc
and a low content of oxygen. Therefore, the
ratio Zn/O reflects also the accumulation of
interstitial zinc ions under the conditions
when gallium or indium substitutes zinc.

The formation of a solid solution on
ZnO base is quite realistic, since the data of
XRD always indicated only the wurtzite as
the based structure at low impurity concen-
trations [3], [9]. Interstitial ions as shallow
donors give rise to a number of free electrons
and play an important role in the enhance-
ment of exciton band in the luminescence
spectrum of ZnO:In and ZnO:Ga ceramics
[6], [7], [22]. On the other hand, interstitial
zinc ions can actively participate in diffu-
sion during ceramics sintering, which at the
last stages is controlled by grain boundary
diffusion [23]. This is also confirmed by
the data given in [24], where the activation
energies of surface (Q_ ), grain boundary
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(ng) and volume (Q ) diffusion for ZnO
ceramics were estimated as 158, 282 and
376 kJ mol ™!, respectively. In contrast to the
optical properties, the effect of indium and
gallium on the structural and mechanical
properties of ceramics is different, as can
be seen from the results obtained. In this
case, sintering and diffusion processes play
an essential role in the formation of micro-
structure and mechanical properties.

From this point, the presence of
Zn0O(Ga) compound and Zn interstitial ions
into grains lead to the stabilization of micro-
pores both inside the grain and at the GBs in
Zn0:Ga ceramics (Fig. 5c, d). There are no
favourable conditions for healing of pores
during hot pressing since the both pressure
(0.2 GPa) and temperature 1150 °C (0.6 T )
are incommensurably small for the required
pressure (175 GPa) and for volume diffu-
sion (0.9 T ) in grains. It is also impos-
sible to heal micropores by dissolving and
emitting vacancies. As shown above (Fig.
5), they can be sinks for vacancies, which,



on the one hand, is very positive for lumi-
nescent properties, but on the other hand, it
leads to increased brittleness of the ZnO:Ga
ceramics.

The results obtained showed that, in
contrast to gallium, indium was located at
grain boundaries in the microstructure of
ZnO:In ceramics (Fig. 6b). This leads to the

3. CONCLUSIONS

active participation of interstitial ions both
in the sintering processes and in the modi-
fication of the GB structure. These factors
contribute, as shown above, to a decrease
in mechanical stresses, as well as to the
appearance of some plasticity in ZnO:In
ceramics.

Hot pressed indium (0.038 at.%) and
gallium (0.042 at.%) doped ZnO ceramics
have been studied to determine their struc-
tural and micromechanical characteristics.
The use of nanoindentation, structural and
EDS methods have made it possible for the
first time to detect the location of Ga inside
grains, indium at GBs in the microstruc-
ture, as well as their different effect on the
mechanical properties of ceramics.

The ZnO:Ga ceramics is characterised
by the increased values of the elastic modu-
lus (175 GPa) inside grain, decreased hard-
ness (2.5 GPa) near GBs and intergranular
brittle fracture mode due the presence of
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stable micropores. ZnO:In ceramics has
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The near-band luminescence of doped ZnO is promising for advanced scintillators; how-
ever, the dopant type and concentration effects require a detailed study. Undoped and Ga-doped
ZnO nanopowders were prepared by a microwave-assisted solvothermal method and the gal-

lium concentration effect on luminescence properties was studied. The near-band lumines-
cence peak position dependence on gallium concentration was observed. Near-band lumines-
cence intensity versus defect luminescence intensity ratio was explored for different gallium
concentrations and the optimal value was determined. Samples were prepared with dopant

concentrations between 0.2 and 1.5 at%, XRD analysis confirmed that samples contained only
zinc oxide hexagonal wurtzite phase. The results of the research showed that ZnO:Ga contain-
ing 0.9 at.% gallium was promising for scintillators.

Keywords: Luminescence, microwave-assisted solvothermal synthesis, optimised concen-

tration, scintillator, ZnO:Ga.

1. INTRODUCTION

Zinc oxide (ZnO) is a semiconductor
material owning a wide band gap (~3.4 eV)
and high exciton binding energy (~60 meV),
which provides the possibility of observ-
ing highly efficient exitonic luminescence
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even at room temperatures [1]. The appli-
cations of zinc oxide are very wide — it is
well-known as green, blue-ultraviolet and
white-light emitting material, applicable
for optoelectronic devices and gas sensors,



catalysts as well as transparent electrocon-
ductive windows for solar cells, and many
others [2]-[6].

One of the prospective applications is
radiation detectors — devices that can detect
electromagnetic as well as corpuscular ion-
izing radiation [7]. Radiation detectors are
used in medicine, for example, during posi-
tron emission tomography and computer
tomography [8], [9]. Moreover, for security
and quality control, radiation detectors are
used in manufacturing as well as there are
other technological applications.

Sharp interest is related to the search
for materials applicable for fast operating
scintillators. Scintillators are materials for
conversion of ionizing radiation photon
energy to the light pulse. Thus, scintilla-
tors can detect a single ionizing radiation
photon or a single charged particle. The
ideal scintillator has high stopping power,
fast scintillation response, high efficiency
for ionizing radiation conversion to light
photons, great physical and chemical sta-
bility, as well as high radiation hardness.
The stopping power of ZnO is good due to
large atomic mass of Zn. In turn, the scintil-
lation yield is up to 15 000 photons/MeV
[10], scintillation decay time is below 1 ns
[10] and Y'-rays do not create new defects in
ZnO crystalline lattice [1]. Therefore, ZnO
is a very promising material for advanced
scintillators. The two main emission bands
in the spectrum of ZnO are the near-band
luminescence (NBL) in the near UV range
and the defect luminescence band in the vis-
ible range. The NBL shows sub-nanosecond
decay, whereas defect luminescence decay
is within microseconds [11]. The main chal-
lenge for fast response scintillators is slow
decaying defect luminescence. Therefore,
for scintillators it is necessary to have ZnO
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with intensive NBL and low intensity defect
luminescence. The doping of ZnO could
suppress the defect luminescence [12],
[13]; therefore, the study of doped ZnO is
of interest.

There are a large number of reports
about undoped zinc oxide; however, the
luminescence of ZnO doped with gal-
lium, indium and other dopants is yet to
be explored [13]. Doped ZnO powder is a
promising material for its usability in pro-
ducing transparent ceramics with excellent
properties for scintillators [14].

Incorporation of dopant, grain size and
grain agglomeration of ZnO depends on a
synthesis method as well as on chemicals
used. Many methods were developed for
ZnO synthesis — precipitation, sol-gel, sol-
vothermal, hydrothermal and microwave-
assisted solvo- or hydrothermal methods,
etc. [15]-[17]. Recently, due to the control
of sample morphology and size, tempera-
ture gradient versatility, relative simplicity
and low reaction times, as well as environ-
mental friendliness, microwave-assisted
methods have become more commonly
used [18]. On the other hand, incorpora-
tion of dopant in ZnO is synthesis depen-
dent and, thus, there is interest in finding the
optimal concentration of dopant for each
synthesis method.

In the present paper, undoped and
Ga-doped zinc oxide were prepared by a
microwave-assisted solvothermal (MWST)
synthesis technique. The effect of Ga con-
centration on crystallization, morphology
and luminescence properties of ZnO was
studied. The optimal gallium concentration
with the most efficient NBL and relatively
low intensity of defect luminescence was
found.



2. EXPERIMENTAL

2.1. Materials

Zinc acetate (Zn(CH,COO),, anhy-
drous, purity 99.9+ %; Alfa Aesar) and
sodium hydroxide (NaOH, purity > 98%;
Sigma Aldrich) were used as the main pre-
cursors for ZnO synthesis; gallium trichlo-
ride (GaCl,, purity 99.999 %; Alfa Aesar)
was used as a dopant source and ethanol

(C,H,OH, 96 %; Ltd. Jaunpagasts Plus) — as
a solvent. Methanol (CH,OH, purity >99.8
%; Sigma Aldrich) was used for removal of
synthesis reaction residue. Analytical grade
chemicals were used without any further
purification and were used as received.

2.2. Synthesis of Undoped and Ga-doped ZnO Nanomaterials

The undoped and Ga-doped ZnO
nanopowders were synthesized by using a
microwave-assisted solvothermal method
(MWST). The samples of Ga-doped ZnO
nanopowders were prepared with eight dif-
ferent concentrations (0—1.5 at.%) of Ga.
The MWST reaction was performed in a
Milestone synthWAVE microwave reactor
in an inert atmosphere (N,, 99.999 %). The
system was operated at 2.45 GHz frequency
with power ranging from 0 to 100 % of full
power (1.5 kW).

In this synthesis route, the three precur-
sor solutions were prepared by separately
dissolving Zn(CH,COO), in ethanol (0.3
M), GaCl, in ethanol (0.5 M) and NaOH in
ethanol (0.6 M) at 80 °C under a constant
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stirring speed. After all the starting mate-
rials were dissolved completely, an appro-
priate amount of gallium ion solution was
added to the 20 mL of zinc ion solution
under a constant stirring speed. The solu-
tion was stirred for 15 min and after that 20
mL of NaOH solution was slowly added to
the metal ion solution under a constant stir-
ring speed. The resulting reaction mixture
was stirred for 10 min and a milky white
reaction mixture was obtained. After stir-
ring, the reaction mixture was poured into
a 70 mL PTFE vial, which was then placed
in a Milestone synthWAVE reactor vessel.
Undoped ZnO was prepared in the same
way without adding a gallium ion solution.
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Fig. 1. Profile of MWST synthesis parameters for ZnO nanoparticle preparation.
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As shown in Fig. 1, the two-stage syn-
thesis was used to obtain undoped and Ga-
doped ZnO. During the synthesis, at the
first stage microwave heating ramp was set
to be 10 °C/min with the target tempera-
ture of 140 °C. At the target temperature,
the reaction mixture was irradiated with
microwaves for 30 minutes to proceed the
complete exchange reaction between pre-
cursors, resulting in formation of Zn(OH),.
The starting pressure was set to be 40 bar.
The pressure gradually increased by the
growing temperature and the increasing
amount of gases produced as the reaction
by-products. During the second stage, the

2.3. Characterisation Techniques

Crystallinity of undoped and gallium-
doped zinc oxide samples were character-
ised by X-ray powder diffraction (XRD)
using a Rigaku MiniFlex 600 X-ray dif-
fractometer. Cu Ko radiation was used by
setting the cathode voltage to 40 kV and
current to 15 mA. The morphology of sam-
ples was characterised by scanning electron
microscopy (SEM) using a SEM Helios
operated at 5 kV. Before the examination,
the samples were coated with a thin gold
layer.

3. RESULTS AND DISCUSSION

temperature of 240 °C was achieved in 10
minutes and further the irradiation was con-
tinued for 10 minutes. Under these condi-
tions, thermal decomposition of Zn(OH),
was undergoing. Subsequently, the reaction
mixture was naturally cooled down to room
temperature. The nanoparticles of ZnO in
the resulting sol were separated from the
solvent by centrifugation and subsequent
washing for 5 times with 20 mL of methanol
for 15 minutes. The synthesis of undoped
ZnO and ZnO:Ga resulted in white and pas-
tel blue (due to the gallium presence in the
sample) coloured powders accordingly.

Photoluminescence (PL) spectral mea-
surements were conducted using a Horiba
iHR320 monochromator with 150 1I/mm dif-
fraction grating and a blaze wavelength of
500 nm. The monochromator was coupled
with an Andor DV420A-BU2 CCD cam-
era. Photoluminescence was excited with a
CryLas Nd:YAG laser (266 nm); spot size
was approximately 3 mm in diameter, laser
impulse duration was less than 2 ns, max
repetition rate was 5 kHz with max output
power of 0.3 pJ.

3.1. X-Ray Diffraction Analysis

X-ray powder diffraction spectra
(Fig. 2) show that all peaks of all samples
correspond to the hexagonal wurtzite struc-
ture. XRD data confirm that no gallium
compound impurities are present in sam-
ples, meaning that gallium was incorpo-
rated in ZnO crystal lattice. Sharpness and
relatively high intensity of XRD patterns
indicated high crystallinity of powders. Ga-
doped ZnO has wider peaks than ZnO and
it can take place if ZnO:Ga crystallites are
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smaller than that for ZnO. A similar impact
can be due to larger concentration of defects
in ZnO:Ga crystallites. It is known that irra-
diating material with microwaves produces
a greater level of crystallinity than conven-
tional methods, such as wet synthesis [19].
For average crystallite size determination,
Debye-Scherrer equation (1) was used:

091
- LcosO ’
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where A — X-ray wavelength, p — FWHM, —
Bragg diffraction angle.

Grain crystallite sizes of ZnO:Ga samples
were found to be in the range of 22-30 nm,
with an average being 26 nm. The sizes of

crystallites of undoped ZnO were found to
be in the range of 3941 nm. Therefore,
wider XRD lines for ZnO:Ga are due to
smaller crystallites.
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Fig. 2. X-ray powder diffraction patterns for ZnO and ZnO:Ga powders synthesized via MWST method.

3.2. Analysis of SEM Results

Figure 3 shows the morphology of the
gallium-doped ZnO nanostructures. The
samples appear to be heterogenic (partially
due to the presence of gallium in size-
able amount). Particle sizes and shapes
vary and asymmetrical units can be seen,
which suggests partial agglomeration of
particles. XRD data showed much smaller
crystallite size (~10 times), but the method

itself showed the size of individual crystal-
lites. SEM image showed that, due to the
agglomeration, there might be polycrystal-
line grains with different orientations and
sizes. The dominant shape appears to be in
the form of small nano-rice; there are some
particle with greater length, which is due to
the polar structure of ZnO and its growth
along c-axis.

Fig.3. SEM images of ZnO:Ga 0.6 at.% (a,b), ZnO:Ga 0.9 at.% (c, d); ZnO:Ga 1.5 at.% (e,{).
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3.3. Luminescence Properties

To compare and study optical properties
of samples, powders were fixed in identi-
cal holders as well as the placement con-
ditions were the same for all the samples.
The repeatability was tested using the same
powder fixed in 3 holders; the interchange
of these holders showed that the peak posi-

tions in luminescence spectra were strongly
the same in all cases. The luminescence
intensities were reproduced within 10 %;
however, the NBL intensity relative to
defect luminescence intensity was pre-
served in all spectra.
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Fig. 4. Comparison of PL spectra of undoped and doped ZnO.

Figure 4 shows room temperature
PL spectra of ZnO and ZnO:Ga with 0.9
at%. The spectrum has two main emission
bands: a relatively narrow NBL peak and a
broad band centred around 550 nm that is
attributed to defects in the lattice. The NBL
peak positions slightly differ as well as its
FWHM. NBL peak position of undoped
ZnO is at 384 nm and it is shifted to long
wave side. NBL peak position of ZnO:Ga
is at 379 nm. It might be due to a wider
band gap of ZnO:Ga [20]. The changes in
defect luminescence band maximum posi-
tion could be associated with different lumi-
nescence centre contribution to emission. In
turn, the relative defect luminescence con-
tribution to undoped ZnO is larger than that
for ZnO:Ga. Since the ZnO defect lumines-
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cence is undesirable for scintillators, the
main study focuses on gallium-doped ZnO
samples.

Figure 5 shows the photoluminescence
spectra for several gallium-doped ZnO sam-
ples excited by 266 nm at RT. The spectra
exhibit a strong near-band luminesce (NBL)
between 377 and 382 nm and a minor peak
around 550 nm in the green spectral region,
which is also known as defect lumines-
cence. One can see that ZnO doping with
Ga results not only in the change of intensi-
ties of both NBL and defect luminescence
but also in relative luminescence intensity.
However, it is difficult to determine the best
composition for a scintillator from Fig. 5.
Therefore, Fig. 6 shows the normalized
luminescence spectra.
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Fig. 5. Photoluminescence spectra of ZnO:Ga with different gallium concentration excited by 266 nm.
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Fig. 6. Normalized photoluminescence spectra of ZnO and ZnO:Ga with different
gallium concentration excited by 266 nm.

Figure 6 shows the comparison between
luminescence intensity of multiple samples;
Zn0O:Ga with 0.9 at% displays the rela-
tively low PL intensity in the defect band.
The normalized PL spectra clearly show
that defect luminescence intensity depends
on gallium concentration. Figure 7 illus-
trates the dependence of the ratio of NBL
and defect luminescence intensity (I, /
I,.»)- Optimal concentration of gallium was
determined based on the comparison of
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NBL peak intensity with defect band lumi-
nescence peak intensity. In Fig. 7, the best
ratio of NBL intensity and defect lumines-
cence intensity corresponds to 0.9 at% gal-
lium concentration. The error bars are 10 %
of result as it could be associated with mea-
surement error to experimentally confirm
that samples were synthesized several times
and results were repeatable and did not vary
more than 10 %.
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Fig. 7. Optimisation of gallium concentration in ZnO:Ga.

In Fig. 5, it can be observed that NBL
peak position slightly differs; Figure 8
shows the dependence of NBL peak posi-

381.5

tion on Ga concentration. The increased
concentration results in the peak shift to
shorter wavelengths.

381.0 |

380.5 |-

n, nm

-~ 380.0 -

NBL peak positio
w w w
® & o
[¢;] o (6]

T
[ ]

378.0 -

3775 [

3770l 1 .

[ @ NBL peak position|

0.0 0.2 0.4

0.6

0.8 1.0 1.2 14 1.6

Gallium concentration, at%

Fig. 8. NBL peak position in PL spectra of ZnO and ZnO:Ga samples.

The study of single crystal NBL lumi-
nescence at low temperature showed that
there were up to 6 luminescence bands [4].
At RT in NBL, there could be cither a free
exciton 1 LO phonon replica (Ex1LO), or
donor-acceptor pair (DA) luminescence.
Intensity of free exciton phonon replicas
luminescence of undoped ZnO is strongly
reduced at 150 K and position of peak is
very close to that for DA [21]. Therefore, the

main contribution in NBL at 300 K is from
DA. It is known that Ga acts as a donor in
ZnO [4] and the peak position of DA lumi-
nescence depends on donor and acceptor
mutual interaction [22], in other words, on
donor—acceptor spatial distribution. There
is another possibility that change in the
NBL peak position could be associated with
a shift of fundamental absorption edge [23].
However, the strong dependence of NBL
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on Ga concentration confirms that a donor
is involved in the processes responsible for
this luminescence.

The change in the defect luminescence
band position and shape (Fig. 6) is also
noted. These changes demonstrate possible
gallium interactions with intrinsic defects in

4. CONCLUSION

ZnO. Since the intrinsic defect concentra-
tion in ZnO is estimated to be at least 10"
cm [21], even the dopant concentration of
0.2 at% could affect defect luminescence.
Large dopant concentration could introduce
additional defects necessary for charge
compensation.

Gallium-doped ZnO powders prepared
using a micro-wave assisted solvothermal
method have wurzite structure and pho-
toluminescence spectra of undoped ZnO
and ZnO:Ga samples with concentrations
between 0.2 at% and 1.5 at% reveal that
near-band luminescence peaking is close to
380 nm and defect luminescence band peak
is within the range of approximately 510—
550 nm. ZnO:Ga displays an intensive NBL
band and a suppressed defect luminescence
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Development of hybrid organic-inorganic perovskite solar cells (PSC) has been one of

the hottest research topics since 2013. Within brief literature review, we would like to achieve
two objectives. Firstly, we would like to indicate that a whole set of physical properties, such
as high change carrier mobility, very low recombination rates, large carrier life time and diffu-

sion length, large absorption coefficients and very weak exciton binding energies, are defining

high power conversion efficiency (PCE) of methyl ammonium lead trihalide SC. The second
objective is to draw attention to some, in our opinion, important aspects that previously have
not been satisfactory addressed in literature. Although degradation of PSC is widely discussed,
processes at very first exposure to ambient conditions after deposition of top electrode are

uncovered.

Keywords: Inverted solar cells, lead halide perovskite, power conversion efficiency.

1. INTRODUCTION

Due to the increasing demand for clean
energy, much research effort has been dedi-
cated to the improvement of solar energy
technologies. As a result, in 2013 Grétzel’s
group created a mesoporous hybrid organic-
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inorganic perovskite solar cell (PSC) with
certified power conversion efficiency (PCE)
of 15 % [1]. At the same time, Snaith’s group
also succeeded in creating a planar organic-
inorganic perovskite solar cell with PCE of



15.4 % [2]. In the prominent scientific jour-
nal “Nature”, these PSCs were described as
one of the ten greatest scientific achieve-
ments of 2013 [3]. Since the time of these
achievements, the research into PSCs has
grown rapidly, which has been described
as a “perovskite fever” [4], and in 2019 the
efficiency of the PSCs reached 24.2 % [5].
These astonishing efficiencies are
attributed to the very interesting electronic
and optical properties of the perovskite
layer [6]-[13]. The most studied compound
for the perovskite solar cells is methyl
ammonium lead triiodide (CH,NH,PbL,).
It has a charge carrier mobility of 8 cm?/
(V-s) in thin polycrystalline layers [6],
but this quantity is much higher for mono-
crystals, reaching 105+35 c¢cm?(V-s) [13].
These perovskites also have extremely
low charge carrier recombination rates for
both the monomolecular and the bimo-

2. DISCUSSION

lecular recombinations [6]. In addition,
they feature an ambipolar charge transport
with a balanced electron and hole diffusion
lengths, these being greater than 100 nano-
meters in a polycrystalline CH,NH,Pbl,
layer [14], [15]. In monocrystals, though,
the electron and the hole diffusion lengths
exceed 175 pum under illumination of
nominal full sunlight intensity and even
3 mm under 1000 times weaker illumina-
tion [13]. The aforementioned features of
trihalide perovskites provide long lifetime
of photogenerated charge carriers [6], [11],
[14], [16]. These perovskites have a broad
absorption spectrum covering all the visible
range up to 800 nm on the red side, with a
high absorption coefficient from 5-10* up to
5:10° cm™ [17]-[20]. Commonly, a thick-
ness of 300+400 nm is sufficient for such
a perovskite to fully absorb the incident
visible light [18], [21], [22].

It is possible to create exceptionally
thin solar cells with a record power-per-
weight figure of merit of 23 W-g' [22],
which was never achieved by any other
competing  photovoltaic  technologies.
Another advantage is the low fabrication
cost of such solar cells, “because material
cost of the CH,NH,PbI, absorber (300 nm
thick) is less than USS$ 2 per square meter
and the coating processes are very simple”
[18]. These cells do not have excitonic
nature, unlike the organic solar cells, but
rather have photoexcitations spontaneously
dissociating into free carriers in the bulk of
the junction, as in the inorganic cells [23].
This characteristic is determined by the
very small exciton binding energy of ~ 2
meV [24] and high static dielectric constant
€~ 70 [24]. These very low exciton binding
energy values were also confirmed by other
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groups, namely, 6 meV [25], [26] at the
room temperature for high-quality metal-
organic triiodide perovskite layers obtained
by the interdiffusion method; a somewhat
higher value of ~ 22+24 meV was found by
optical spectroscopy using Elliott analysis
[27]. This explains the very impressive per-
formance of the metal-organic perovskite
solar cells: following the absorption of the
light, the free charge carriers are generated
spontaneously.

Although the triiodide perovskites are
the most widely investigated ones, usage of
a mixed halide perovskite CH,NH,Pbl, Cl
as light absorber has some advantages, as
it has much higher charge carrier mobilities
and diffusion lengths even in polycrystal-
line layers (up to 1pm, which is an order of
magnitude higher than for the pure iodide
perovskite) [11]. The Cl- presence in the



perovskite precursor solution improves
the layer crystallization and increases the
charge carrier lifetime up to 1us [12], [20].
The mixed halide perovskites also have
higher PCE values and are more stable
[28]. Despite the content of chlorine in
the CH,NH,PbI, CI is very small and x
does not exceed 2+4 % [12], [20], [29], it
decreases concentration of the bulk traps by
about an order of magnitude compared to the
CH,NH,PbI, [30], [31]. The chlorine addi-
tive alters the direction of the grain growth
for perovskite layers formed from the pre-
cursor solution in DMF on PEDOT:PSS-
covered indium-tin oxide (ITO) glass, so
that the CH,NH,Pbl, forms a fibrous struc-
ture with a low surface coverage, whereas
the CH,NH,Pbl, Cl_tends to crystallize in
a planar fashion with a practically complete
substrate coverage [30].

Another option for obtaining the highest
power conversion efficiencies is mesopo-
rous bulk heterojunction cells; these, how-
ever, typically contain expensive charge-
transport-and-blocking layers, which need
high-temperature (400+500°C) [32]-[34]
sintering, thus increasing the processing
time and the cost of the solar cell. To over-
come these drawbacks, a low-temperature-
processed inverted planar plijn solar cell
could be produced using poly(3,4-ethylene-
dioxythiophene) poly(styrenesulphonate)
(PEDOT:PSS) as the hole-transport (p)
and electron-blocking layer material, while
the phenyl-C, -butyric acid methyl ester
(PCBM or, more specifically, PC, BM) is
employed in the electron transport (n) layer
(ETL), as frequently done in the design of
planar inverted hybrid solar cells [28], [35],
[44]-[46], [36]-[43]. These charge-carrier
transport layers are also applicable to the
low-cost printable or roll-to-roll manufac-
turing solar cells [47].

Usually after PCBM is spin-coated onto
a perovskite film, the traps are efficiently
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passivated and their density in the cell is
decreased by nearly two orders of magni-
tude within the 0.4+0.5eV range; photocur-
rent hysteresis is also diminished [48], [49].
The shallow trap states in the 0.35+0.40eV
range, however, are passivated only after
thermal annealing of the PCBM layer for
45 min at 100 °C [48]. The hole mobility in
the plane direction has also been reported to
increase up to 114 cm?/(V-s) for a polycrys-
talline perovskite film covered by PCBM
layer [48]. This means that after thermal
annealing, the PCBM diffuses into the
perovskite layer along the grain boundar-
ies, passivating the shallow trap states there
and reducing the energy barrier between
the grains, which enhances the hole trans-
port in the plane direction [48]. Even bet-
ter trap passivation has been achieved when
the PCBM layer is covered with a C | layer.
Such a bilayer ETL can passivate not only
the shallow trap states but also the ones
deeper than 0.5eV [50], and it also reduces
the dark current by 3+4 orders of magni-
tude.

Despite the attractive performance and
the low fabrication cost of organic-inor-
ganic perovskite solar cells, the long-term
stability is a major drawback hindering their
practical application [28], [44], [S1]-[57].
These cells degrade rapidly under humid
air, sunlight and heat [51]-[58]. Among
these causes, humidity is the main as it sig-
nificantly amplifies the degradation speed
of the cell under oxygen, light and tem-
perature after reaching a threshold of 2-10"
langmuir of water vapour exposure [58]—
[60]. It was shown that moisture permeates
into the polycrystalline perovskite MAPbI,
layer through the grain boundaries much
more quickly than reacts with the grain top
surface, as the grain boundaries consist of
a ~5nm thick amorphous intergranual film
[61]. The degradation process proceeds in
two stages. At first, the perovskite mono-



hydrate CH,NH,Pbl,-H,O and also the
mixed dihydrate are formed, which are fully
reversible reactions, the direction of which

CH,NH,PbL + H,0 2 CH,NH,Pbl,-H,0

3CH,NH,Pbl, + CH,NH,PbL,-H,O + H,0 2 (CH,NH,)4Pbl-2H,0 + 3Pbl,
(CH,NH,),Pbl -2H,0 2 4CH,NH,I + Pbl, + 2H,0

CH,NH,[—CH,NH, 1 + HI{
4HI + 0,—21,1 + 2H,0

However, with additional moisture and
time, especially the dihydrate can decom-
pose into CH,NH,, Pbl, HI, I, and H,0O,
which is irreversible due to the volatility of
many of these products [53]. The degrada-
tion process can be slowed down by choos-
ing appropriate charge transport layers [44].

In case when a bilayer ETL of the
PCBM/C,, is used, not only passivation
of the trap states takes place, but also the
hysteresis diminishes and the cell humidity
stability improves due to the hydrophobic
nature of the PCBM top layer in the inverted
cell [37]. Another option how to slow down
degradation could be making the top elec-
trode thick enough. However, at the present
time it is difficult to find data in literature
on how the top electrode thickness influ-
ences cell degradation during its exposure
to ambient air after thermal deposition of
the top electrode.

As far as we know, there is only one
study in literature, which considers the pres-

3. CONCLUSION

depends on the water vapour concentration
in air [53, 57, 60, 61]:

(1a)
(1b)

(Ic)
(1d)

(Te)

sure influence upon the solar cell parameters
[62]; yet its authors have investigated only
the open-circuit voltage (V) change kinet-
ics in vacuum and only for a direct mesopo-
rous pure-triiodide perovskite cell. Similar
investigations for the inverted planar mixed
halide perovskite CH,NH,Pbl, CI_cell, to
our knowledge, have not been reported.
Most studies involve only determining
the spectral dependence of the short-circuit
photocurrent (SCP) EQE (see, for example,
[1], [37], [63]), but it is not always pos-
sible to reliably describe the cell response
to varying external factors by acquiring of
just this single parameter. Therefore, addi-
tional spectral dependencies for the fill fac-
tor (FF), V. and the power conversion effi-
ciency (PCE) determined before and after
the cell exposure to air could be useful to
describe the first steps of degradation. We
have not found such a type of cell charac-
terisation reported in the literature.

1. The main physical parameters con-
cerning high change carrier mobil-
ity, very low recombination rates,
large carrier life time and diffusion
length, large absorption coefficients
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and very weak exciton binding ener-
gies have been reported to explain very
impressive performance of organic-
inorganic perovskite solar cells.



2. Literature analysis has shown that
adding a small amount of Cl ions in
Pb triiodide perovskite (mixed halide
perovskite cells) has a favourable
effect on the above-mentioned physical
parameters.

3. Employing the double electron transport
layer (ETL) PCBM/C, is beneficiary
because it is clearly evident that such
ETL passivates the shallow and also
deep trap states and diminishes hyster-
esis. Double ETL also improves the cell
humidity stability by its hydrophobic
nature. These observations demonstrate
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The main drawback of the methylammonium lead halide perovskite solar cells is their
degradation in ambient atmosphere. To investigate ambient-air-induced cell degradation, spec-
tral dependencies of open-circuit voltage (V,,.), fill factor (FF) and the power conversion effi-
ciency (PCE) have been acquired (for the first time reported in literature).

Our custom-made measurement system allowed us to perform measurements of the above-
mentioned entities in situ directly in vacuum during and after thermal deposition of the elec-
trode. We also studied how these parameters in vacuum changed after cell exposure to ambient
air for 85 min (50 nm top electrode) and for 180 min (100 nm top Ag electrode). For fresh
CH,NH,PbL, CI_cell (never been in open air) with very high shunt resistance of 3-107 Q-cm?
(with practically no shorts and therefore FF could be determined mainly by charge carrier
recombination processes) we found that FF in vacuum increased along with an increase of the
incident photon energy from 0.55 at 760 nm up to 0.82 at 400 nm. Hypothesis considering hot
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polaron participation in charge carrier photogeneration and recombination processes as well

as another competing hypothesis were offered as possible explanations for the observed FF

increase.

The kinetics of short-circuit photocurrent EQE with a change in pressure was also inves-

tigated. It was also shown that perovskite solar cell degradation could be noticeably reduced

by increasing the top Ag electrode thickness to at least 100 nm, which could possibly facilitate

the usual encapsulation process.

Keywords: Degradation kinetics, fill factor spectral dependence, lead halide perovskite,

power conversion efficiency, solar cells.

1. INTRODUCTION

In the previous short literature review,
we described the advantages of a low-
temperature-developed inverted perovskite
solar cell ITO/PEDOT:PSS/CH,NH,PbI,
CL/PC, BM/C /Ag and mentioned that
the main drawback of it was degradation
in ambient atmosphere [1]. Despite numer-
ous reports existing about perovskite solar
cell degradation during long periods of time
such as days or months in ambient atmo-
sphere, we did not find any report consid-
ering the degradation within short periods
of time immediately after the deposition
of the top electrode and the following vac-
uum change in the measurement chamber.
Therefore, we developed a cell production
and measuring system which allowed us to
investigate kinetics of the first stage of deg-
radation in situ, not only immediately after
the top electrode deposition but also during
the following decrease in vacuum up to the
ambient atmospheric pressure and pump-
ing back to the high vacuum (~5-1077 torr).
Thus, we present here the change kinet-
ics of the short-circuit photocurrent (SCP)
external quantum efficiency (EQE) during
the slow decrease of the vacuum up to the
ambient atmosphere conditions — as far as
we know, for the first time in literature for
such cells.

54

We found that an increase in the thick-
ness of the top Ag electrode from 50 nm to
100 nm noticeably decreased the speed of
cell degradation in the open air.

Spectral dependencies of other pho-
tovoltaic parameters such as open-circuit
voltage (V,.), power conversion effi-
ciency (PCE) and fill factor (FF) were also
acquired in the spectral range of 380-780
nm. Those measurements of spectral depen-
dences are necessary for calculating spec-
tral dependence of PCE, which may be a
valuable parameter for solar cells if we
need to use them for illumination that dif-
fer from full solar spectrum or if we want
to enforce their parameters in some desir-
able spectral region by creating tandem
sells. Those dependences can be used for
“hunting” hot charge carrier presence in the
cell. It is known than hot carriers in organic-
inorganic perovskites give very long life-
time up to 100 ps and so they can appear
in solar cells if one manages to receive
them on electrodes. For the fresh cells with
high shunt resistances of ~2-107 Q-cm?, we
observed a FF increase from 0.55 at 760 nm
up to 0.82 at 400 nm, also for the first time
reported in literature. Hypotheses to explain
this phenomenon are offered in the present
study.



2. EXPERIMENTAL
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Fig. 1. The scheme of the experiment and the structure of the studied cells. The layers are sequentially
deposited onto the bottom side, while the light is being shined from the top side.

The inverted planar mixed halide
perovskite solar cells were fabricated with
the following layer configuration: glass/
ITO/PEDOT:PSS/CH,NH,PbI, CI/
PC, BM/C /Ag, using spin-coating from
the solutions in the ambient atmosphere

2.1. Device Preparation: The Wet Part

Patterned ITO substrates (PGO 15
ohm/sq) were sequentially cleaned with
chloroform, acetone, deionized (DI) water
and isopropanol for 15 min each in an
ultrasonic bath. After every sonication,
the substrates were dump-rinsed in DI
water.  Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS,
Clevios Baytron AI14083) was deposited by
spin-coating at 6500rpm, at acceleration
of 3000rpm/s for 60 sec and annealed at
145°C for 1 hour in the argon atmosphere.
Then the perovskite absorber CH,NH,PbI,_
Cl_was deposited by a modified interdiffu-
sion method [3]: the mixture of Pbl, (Sigma
Aldrich, 99.999 % purity with trace metal
bases) and PbCl, (Sigma Aldrich, 99.999 %
purity with trace metal bases) with a molar
ratio 3.4:1 was dissolved in the mixture
of N,N-dimethylformamide (DMF; Sigma
Aldrich, 99.8%) and dimethylsulfoxide
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and, for the C,  and Ag electrode, by ther-
mal vacuum evaporation — as reported pre-
viously [2]. The device structure, the energy
level diagram of layers and the scheme of
the experimental arrangement for in situ
measurements are shown in Fig. 1.

(DMSO; Sigma Aldrich, 99.9%) with a
molar ratio 3:1 [4], then spin-coated in
the ambient air at a rate of 6500rpm and
acceleration of 3000 rpm/s at 65°C for 75
s, using ~70 uL. of 65°C hot solution. The
PbL:PbCl, film was dried as-fabricated for
20 minutes at the room temperature (rt)
and for 20 minutes at 70°C with an aim
to remove the remaining solvents and to
promote crystallization of the film. Then
the cell was placed back on the hot spin-
coater at 65°C, after which ~90 uL of the
hot 40mg/mL methylammonium iodide
(MAI; Sigma Aldrich, 99.9 %) solution in
2-propanol (IPA; Sigma Aldrich, 99.9%)
was squirted onto the middle of the cell,
and after ~10seconds the coating process
was started at a speed of 6000 rpm with an
acceleration of 3000rpm/s and continued
for 75s.

Subsequently, the sample was put into



the thermostat at 50 °C, after which the tem-
perature was slowly lifted up to 105°C at
a speed of 1.5 degree per minute. Anneal-
ing was continued for 1 h in the ambient air
and then for 1 h in the argon atmosphere
to finish the interdiffusion process; then the
temperature was slowly decreased to the rt.
Then the cell was covered with the PC, BM
(American Dye Source, 99.5 %) layer from a
30 mg/mL solution in 1,2-dichlorobenzene
(DCB; Sigma Aldrich, 99 %) by spin-coat-

ing at the speed of 2000 rpm and accelera-
tion of 800 rpm/s, at the room temperature
for 60 sec, using 50 uL. of the solution. To
improve the interdiffusion efficiency of the
PC, BM into the perovskite along the grain
boundaries and to remove the remaining
solvents, the cell was again annealed for
1 hour in the argon atmosphere at 100 °C,
slowly rising the temperature from 50 °C to
100°C and then slowly lowering back to
50°C.

2.2. Device Preparation: The Vacuum Part

Then an absorption spectrum of the
cell was obtained, after which it was trans-
ferred to the custom-made vacuum system
where about a 40 nm-thick C, layer and an
Ag electrode were thermally deposited in
the vacuum of 10°torr. The photoelectric
measurements were then performed in situ,
without any moving of the cell. The double
fullerene layer was used to passivate the
deep and the shallow trap states [S]-[7]. The
active cell area was 7mm? according to the
top electrode area. During the deposition of
the top Ag electrode, the ohmic resistance
and thickness of the electrode as well as
the short-circuit current EQE were simul-
taneously measured while illuminating the
cell via the bottom PEDOT:PSS electrode
through the quartz window of the vacuum
chamber by monochromatic light of 720 nm
with an intensity of 103 phot/(cm?'s). Such
a low quanta energy was used to avoid any
possible photochemical processes in the
cell.

2.3. In Situ Measurements

The cells were illuminated via the
ITO electrode (see Fig. 1) by a chopper-
modulated monochromatic light in the
370+900nm spectral region with an inten-
sity of 10°+10' phot/(cm?*'s), coming from
a 250 W high-pressure xenon lamp through
a grating monochromator. Appropriate fil-

56

Thus, the minimal thickness of the Ag
electrode was chosen to be 50nm, at which
the value of the short-circuit photocurrent
EQE reached its saturation while increas-
ing the electrode thickness (as it will be
shown further in the article, this thickness
was enough to perform all the photoelec-
tric measurements in vacuum but too low
to protect the cell against fast degradation
in the ambient air). The deposition speed
and thickness of the thermally evaporated
layers were checked by a calibrated 10 MHz
quartz oscillator, frequency meter and com-
puter-controlled shutter. The deposition
speed for C,, was 6.5 AJs at cell (sample)
t = 25°C. Before the deposition of the Ag
electrode, the cell was cooled down a little
tot=13°C to avoid a possible short-circuit,
and the deposition speed was changed from
2 A/s in the beginning up to 4.5A/s at the
end of deposition for the 50 nm (thin) layer
and to 7 A/s for the 100 nm (thick) Ag.

ters were used to eliminate the second-order
effects and the stray light. The selected light
modulation period was chosen to be 6s
long, and the intensity was controlled by a
calibrated Si photodiode. A constant pho-
ton flux onto our cell during the measure-
ment of the spectral and the current—voltage



dependencies was achieved by computer-
controlled movements of a Thorlabs linear
variable ND metallic optical filter with the
correction against the Si photodiode spec-
tral sensitivity [8].

Synchrodetection technique [9] with
the use of PC-controlled data storage, eval-
uating the mean value and the root-mean-
square deviation (RMSD) allowed achiev-
ing the measurement accuracy of 1.5 %. The
current (EQE)-voltage dependence mea-
surements were made with a step of 0.05V,
the time for a single step varying from
multiple minutes to 2 hours (depending on
the level of the current noise) to ensure the
aforementioned accuracy level of 1.5% at
the high-voltage end. After setting the next
voltage value, a 20-second dead time was
introduced to avoid the influence of tran-
sition processes. Hence, our EQE—voltage
curves can be considered as if static. The
magnitude of the dark current was perma-
nently monitored by taking the endpoint
value of the residual current during each
dark half-period of the light modulation.

During the time-and-pressure-
dependent SCP EQE evolution experi-
ment, measurements were checked every
30-1000 light—dark periods, the light being

3. RESULTS AND DISCUSSION

adjusted to 10" phot/(cm?-s) with a relative
error (the normalized root-mean-square
deviation, NRMSD, calculated as the ratio
of the RMSD to the mean value over the
aforementioned 30-1000 periods) = 1 %;
for each period the mean value and the
NRMSD of the EQE, the light intensity and
the value of the photocurrent were collected.
This made it possible to achieve the values
of the NRMSD of the EQE from ~0.1 % to
0.4 %, and the measurement time of 2 to 55
minutes for each data point stored.

The ambient air that was let in during
the experiment had the following prop-
erties: 760 torr pressure, ~40% relative
humidity and ~22 °C temperature.

As noted before, the formation of
perovskite degradation features of multiple
volatile products [10]-[13] should be inten-
sified under vacuum conditions. However,
we checked this idea for a cell with 50 nm
thin top electrode for two weeks in vacuum
and observed a modest (~5 %) decrease in
the short-circuit photocurrent EQE at 480
nm, whereas for the 620—720 nm region
even a small increase in EQE was observed.
Similarly, only minor changes in the prop-
erties were observed for the 100 nm thick
top electrode cell after 2 months in vacuum.

3.1. Cell with 50 nm (Thin) Ag Electrode

Figure 2 shows the dynamics of vacuum
influence on the short-circuit photocurrent
EQE for the inverted planar mixed-halide
perovskite solar cell CH,NH,Pbl, Cl by
changing pressure in the measurement
chamber from 3-107 torr to the ambi-
ent air conditions (760torr, ~40% relative
humidity, ~22 °C) and back to 10 torr for a
26-hour measurement period.

After shutting both the high- and low-
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vacuum valves, the vacuum slowly dropped
from 3-10-7 torr to ~10—4 torr over 45 min-
utes. During this period, the value of the
EQE did not change noticeably; however,
45 minutes later the EQE began to increase
from 38.3 % to 43.2 %, which continued
for 20 minutes (at this moment, 65 min-
utes had passed since the vacuum pumping
was switched off). This peak value (~12 %
higher than in high vacuum) remained for



~20 minutes (peak P in Fig. 2); then the
EQE began to diminish, reaching its ini-
tial high-vacuum value after 2 hours, at
which point the pressure in the measure-
ment chamber dropped to 103 torr. A simi-
lar initial increase in the EQE for a direct
mesoporous MAPDI3 perovskite solar cell
was observed by Z. Song et al. [11]; this ini-
tial increase of the short-circui current EQE

for the first 10-20 minutes was explained
by passivation of the surface trap states by
the water molecules [14] and the improving
contacts between the perovskite crystallites
[15]. Song et al., however, carried out their
measurements at a relative humidity (RH)
of 55 % and 80 % at 1 atmosphere of the N,
gas; we observed a similar effect.
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Fig. 2. Time dependence of the pressure change influence on the short-circuit EQE for the ITO/PEDOT:PSS/
CH,NH,PbI, Cl/PC,BM/C, /Ag cell with a 50 nm thick Ag electrode for 720 nm illumination with an
intensity of 10" phot/(cm?-s). The curve within the top pane is based on moving average with a period of 5.

By decreasing vacuum from 3-1077 torr
to ~10—107 torr, the water vapour content
in the chamber was lower by many orders
of magnitude. Yet in our cell the Ag elec-
trode was very thin (50 nm) and possibly
very porous and, hence, easily penetrable
by both H,O and O,; whereas Song et al.
[11] used a dense and continuous gold elec-
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trode, relatively impenetrable to water. The
water in our case could have originated in
the gas phase by continuous desorption
from the inner surface of the metallic walls
of the measurement chamber and possibly
by small leaks in the vacuum chamber (even
a small concentration of water could lead to
significant changes in the cell [14], [15]).



Here we must mention that by increasing
the Ag electrode thickness to 100 nm, as
well as its density, by faster evaporation (up
to 7.5 A/sec), this phenomenon was not so
expressed anymore.

Then the system was left at slowly
changing pressure for the time monitoring
of the SCP EQE over ca. 20 h; the pressure
slowly increased from 107 torr to 1072 torr
due to non-absolute hermeticity of the
chamber. During this time, SCP EQE oscil-
lated with a period of ~10 hours (see Fig.
2), characterizing the complicated diffu-
sion processes of H,O and O, into the cell
through different layers and simultaneous
back-diffusion of the perovskite destruc-
tion products out of the cell. After ~22-hour
observation of the cell SCP EQE changes
in the forevacuum, the ambient atmosphere
(760 torr, 22 °C, RH ~ 40 %) was let into the
measurement chamber, initially slowly by
slightly opening the valve until the pressure
reached 210! torr (SCP EQE oscillations
continued) and then by promptly opening
the valve, at which point we observed a
fast plunge of the photocurrent EQE from
43 % to 31 % during 85 minutes in the air
(Fig. 2). However, as the vacuum pumping

50%

was restarted again, the SCP EQE increased
back: first, during the period of ~15 minutes
in the forevacuum of 107! torr, to 34 % and
saturated at this value; second, when the
high-vacuum pumping was started, to ~36—
38 %. In addition, the spectral dependence
of the SCP EQE remained practically
unchanged after pumping back to 5-107 torr
(see Fig. 3; this pressure was achieved next
day after the measurement depicted in Fig.
2 ended).

Here we see that the obtained EQE val-
ues are too moderate as it was also previ-
ously observed for the cells created by the
interdiffusion method on the PEDOT:PSS
HTL [16], possibly due to incomplete con-
version of the Pbl :PbCl, layer to perovskite
after the deposition of the MAI layer and the
following annealing of the cell. Such a situ-
ation is indeed sometimes observed when
using a two-step interdiffusion method
[16]-[18] where the excessive Pbl, acts as
an insulating layer, reducing the photocur-
rent [19]. This explanation is also supported
by the very high values for shunt resistance
(~3-107 Q-cm?) and series resistance (R__;
~ 5060 Q-cm?) obtained for our cells (see
Table 2).
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Table 1. The Change in the Electric Properties of the ITO/PEDOT:PSS/CH3NH3PbI3-xClx/PC61BM/C60 /
Ag Cell with a 50 nm Thick Ag Electrode after the Air Inlet for 85 Minutes and Subsequent Pumping Back to
Vacuum. The values given are the mean values with respect to the different directions of the applied voltage.

% nm EQE, % FF Voer V PCE, %
before after before after before after before after
480 42 49 0.73 0.29 0.87 1.19 9.8 6.6
720 38 41 0.55 0.26 0.83 1.09 9.7 6.7

Table 2. The Change in the Electric Properties of the Cell With a 50 nm Thick Ag Electrode after the Air Inlet
for 85 Minutes and Subsequent Pumping Back to Vacuum (average with respect to different directions of

applied voltage).
R, ., Qcm’ R ., Q-cm?
k’ nm shun! series
before after before after
480 2.7-107 2.3-107 47 640
720 3.6-107 2.4-107 52 670
@) Applied voltage at the ITO electrode, V (b) Applied voltage at the ITO electrode, V
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Fig. 4. The photocurrent EQE dependences on the externally ap—plied voltage at ‘+’ polarity of the ITO
electrode for the light intensity of 10" phot/(cm?:s) and (a) 480 nm or (b) 720 nm wavelength, measured in the
vacuum of 5-1077 torr, for the sample with a 50 nm thick Ag electrode. The lighter curves stand for increasing
voltage, the darker ones — for decreasing it; the EQE values are plotted with a negative sign, which indicates
the electron flow direction towards the top Ag electrode.

Although the short-circuit photocur-
rent EQE in the vacuum did not change
significantly after the exposure of the cell
to the ambient air (as seen in Fig. 3), the
EQE dependence on the applied voltage
experienced dramatic changes after the air
inlet for 85 minutes and subsequent pump-
ing back to 5-107 torr, when V.. increased
from 0.83 V to 1.1 V (for illumination with
720 nm) and from 0.87 V to 1.2 V (for
illumination with 480 nm) — as shown both
in Figs. 4 and 5 as well as in Table 1. At
the same time, the fill factor (FF) decreased
profoundly from 0.78 to 0.30 for 480 nm
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and from 0.55 to 0.26 for 720 nm, as seen in
Table 1 and Fig. 6; see also Fig. 4.

After the cell exposure to the ambient
air for 85 minutes, we observed that the
shape of the current—voltage (CV) depen-
dence on the cell noticeably changed (Fig.
4) and two distinct regions emerged. The
dominant region (represented by dashed
lines in Fig. 5) has now [extrapolated] V.
values around ~0.60+0.70 V, which are
less than the values for the freshly made
cell (0.83+0.87 V). The FF corresponding
to this dominant region is also lower after
the cell exposure to the ambient air than it



was before the air inlet (see Fig. 6). One can
conclude that, while the cell had stayed for
85 minutes in the ambient air, new charge-
carrier recombination centers were irre-

1.40

versibly created in the cell, intensifying the
recombination processes and thus leading
to a decrease in both the fill factor and the
V. for the dominant region.
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and after the air inlet, for the sample with a 50 nm thick Ag electrode. The lighter curves stand for increasing
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dependence plot.
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Apart from the dominant region of the
current—voltage characteristic, Fig. 4 also
demonstrates a thin long tail over which
the V. increases up to 1.2 V (at 480 nm) —
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and even higher for shorter wavelengths
(Fig. 5). It indicates that after the air inlet
into the measurement chamber not only
charge recombination centers were cre-



ated but also some fraction of perovskite
possibly degraded irreversibly to Pbl,. As
it is known such degradation increases the
bandgap up to 2.36 eV [10]. Barrier forma-
tion for the electron current at the contact of
the perovskite layer with the Ag electrode
after the air inlet cannot be ruled out, as the
series resistance of the cell after the air inlet
increased from 5060 Q-cm? to more than
600 Q-cm? (details in Table 2).

For this high-voltage tail of Fig. 4, a
large hysteresis in the V. was observed
with respect to the direction of the voltage
change, as seen in Fig. 5. It indicates the
appearance of a large number of the charge-
carrier trapping centers after the air inlet.
Possibly, these trapping centers intensify
the recombination of the photogenerated
charge carriers, consequently reducing the
fill factor from 0.50+0.82 for the cell that
has only been in the vacuum to ~0.30 after
the air was let in and then pumped back out
to the high vacuum (as seen in Fig. 6).

For a virgin cell in the vacuum we
found an interesting phenomenon: when
increasing the energy of the light quanta of
the excitation beam, the fill factor increased
from 0.50 at 780 nm up to 0.82 at 400 nm,
with a relatively steeper increase for the
wavelengths shorter than ~600 nm (Fig. 6).
The V. also experienced a mild increase
along with an increase in the light quanta
energy, as seen in Fig. 5. As far as we know,
such a spectral dependence of the fill factor
for a metal-organic perovskite solar cell has
not been observed before.

At present, we cannot offer a convinc-
ing explanation of these phenomena but
only propose some hypotheses discussing
the hot polarons and their quasi-ballistic
transport. It is known that at the room tem-
perature after the photoexcitation, there are
very long—lived hot charge carriers in the
methyl ammonium lead halide perovskites.
The lifetimes of such charge carriers are up
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to 100 ps [20]-[26], which is about two to
three orders of magnitude longer than in the
conventional semiconductors [25]. For the
large charge-carrier densities (more than
10" cm3), this is explained by the “hot pho-
non bottleneck”, which originates from the
reheating of the charge carriers due to the
reabsorption of the phonons [20], [21], [24].
For much lower charge carrier densities of
<10'"* ¢m3, which occur under the solar flux
and also in the experiments described in the
present study, the long-living hot charge
carriers can exist due to the formation of
spatially large polarons determined by the
fast motion of the methylammonium cation
as well as the slower motions of the lead
halide framework [22]. The reason for these
outstandingly large lifetimes of the hot
charge carriers is slow cooling of hot polar-
ons by scattering on the acoustic phonons
[25], and also by very low thermal conduc-
tivity of halide perovskites resulting from
short phonon lifetimes [26].

The more the energy of exciting light
quanta surpasses the bandgap, the hot-
ter polarons are formed, with increasingly
higher both the kinetic energy and the cool-
ing time. Thus, for an excitation energy of
3.14 eV (1.49 eV above the bandgap) in
CH,NH,PbI,, a quasi-ballistic transport of
the hot carriers is observed over up to 230
nm distance and a non-equilibrium transport
over up to 600 nm in 100 ps after the excita-
tion, as visualized by the ultrafast micros-
copy [25]. For lower excitation energy of
1.97 eV (0.32 eV above the band edge), on
the other hand, only very little quasi-ballis-
tic transport was detected [25]. Similarly,
for the CH,NH,Pbl, Cl perovskite (simi-
lar to the one in the present investigation)
hot charge carriers with the lifetime above
100 ps were observed for the pump pho-
ton energies of 3.1 eV and 2.6 eV but were
not observed for lower pump energies of
2.05 eV in 100 ps after the excitation [24].



During the quasi-ballistic transport, the
charge carriers interact weakly with the
trapping centers [24], [25]; therefore, few
of them undergo recombination during the
transport through the perovskite layer. This
can explain the observed increase of the fill
factor (which depends directly on the charge
carrier recombination) when increasing the
photon energy above ~ 2.07 eV (600 nm),
as shown in Fig. 6: the higher energy the
charge carrier possesses, the longer the
distance it travels quasi-ballistically. If
it were possible to collect most of these

12%

charge carriers at the electrodes, we would
observe a strong increase in the V. value
when increasing the incident photon energy
above 2.07 eV — but only a small increase
from 0.83 eV to 0.87 eV was detected (see
Fig. 5), probably because there were sub-
stantial losses of the kinetic energy of the
hot charge carriers both at the interfaces and
inside the charge transport layers, possibly
including the insulating layer of Pbl,:PbCl,
(in front of the PEDOT:PSS layer), which
remained unconverted from the interdiffu-
sion process when the cell was created.
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Fig. 7. Spectral dependences of the power conversion efficiency (PCE), measured in the vacuum of 5-10~7 torr
before and after the air inlet for 85 min, for the sample with a 50 nm thick Ag electrode. The lighter curves
stand for increasing voltage, the darker ones — for decreasing it.
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Fig. 8. Spectral dependences of the power conversion efficiency (PCE), measured in the vacuum of 5-10~7 torr
before and after the air inlet for 180 min, for the sample with a 100 nm thick Ag electrode. The lighter curves
stand for increasing voltage, the darker ones — for decreasing it.



After the cell was exposed to the ambi-
ent air for 85 minutes, there was no increase
in the FF when moving to the wavelengths
of the excitation light shorter than 600 nm
anymore (Fig. 6). This could be explained
by accumulation of the perovskite degrada-
tion product Pbl, which strongly increased
the cooling rate of the hot carriers (observed
for the cells produced using a two-step
method [20]), and, possibly, by the contact
degradation of the Ag electrode, marked by
an increase in series resistance of the cell
from ~ 50 Q-cm? to more than 600 Q-cm?
(Table 2).

Nevertheless, the observed phenomena
can also be explained by another hypothesis:
when a cell accommodating a large number
of the charge carrier traps absorbs light and
if the photon energy exceeds the depth of a
filled trap plus the applied (external) volt-
age multiplied by the electron charge, the
charge carriers can now go in the opposite
direction to the applied external voltage
due to energetic considerations. This direc-
tion coincides with the flow direction of the
charge carriers in the absence of the applied
external field. The higher the energy of the
photon, the more excess energy is received
by the charge carrier released from a trap,
and hence the easier it can overcome the
applied external field. This, in turn, pro-
duces higher opposite-direction extra cur-
rent, which changes the shape of the pho-
tocurrent EQE dependence on the applied
voltage in the region of high voltages. Con-
sequently, the observed fill factor should be
larger, as is actually seen in Fig. 6 (compare
also the curves for the virgin cell in Figs. 4a
and 4b). Such a situation is possible when
the local electric field in the cell is strongly
non-uniform and when some processes
of trap filling from external sources take
place. Such a process can be the dark injec-
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tion from the electrodes. Still, this is only a
hypothesis, and at present we have no exact
explanation for an increase in the FF when
increasing the incident photon energy.

Using the obtained spectral depen-
dences for the EQE, the FF and the V., we
can construct spectral dependences for the
power conversion efficiency (PCE) using
the following formula [8]:

Voc-FF-EQE

PCE = (1)

Ephot

where V) . — the open-circuit voltage, V;

FF — the fill factor;

EQF — the external quantum efficiency for
the short-circuit photocurrent;

E,..~- the incident photon energy, eV.

The PCE spectral dependences for the
cell with a 50 nm thin electrode are shown
in Fig. 7. This quantity is rather constant
within the range of 480-740 nm, despite
the fact that the optical density of the sam-
ple varies significantly between 550 and
740 nm. One reason is the Ag top electrode
(not present when the absorption spectrum
was acquired) acting as a mirror for the
light to pass multiple times in the sample,
thus facilitating more complete absorption.
It can also be seen that after the exposure
to the ambient air, the PCE decreased 1.5
times at 720 nm, and even more at wave-
lengths shorter than 460 nm. At 400 nm,
this decrease in the PCE even approached
3 times. This is mainly due to a dramatic
decrease in the fill factor, as seen in Table 1
and Fig. 6. Much lesser degradation of the
cell performance under the exposure to the
ambient air was observed for the cell with
increased thickness of the top Ag electrode
(100 nm instead of 50 nm). This will be
discussed in the following section of the
article.



3.2. Cell with 100 nm (Thick) Ag Electrode

The spectral dependences of the PCE
for the cell with a 100 nm thick Ag elec-
trode are shown in Fig. 8. This cell experi-
enced a twice as long (180 min) exposure to
the ambient atmosphere in the measurement
chamber compared to the one with a thin
electrode; nevertheless, as can be seen in
Fig. 8, the PCE suffered much lesser reduc-
tion for this cell (compare Figs. 8 and 7).
Here we must admit that both cells are not
absolutely identical because the one with
a thick electrode shows lower PCE values
in the short-wavelength region, possibly
indicating a thicker layer of the leftover
PbI2:PbCI2 left unconverted during cell
fabrication. In addition, the shunt resis-
tance for the thick-electrode cell is about an
order of magnitude lower than for the thin-
electrode cell — this is probably evidence of
higher pinhole concentration. Yet we hope
that these differences do not obstruct the
comparison of the Ag electrode protecting
properties in both cases: the diminution of
the PCE for the cell with a 100 nm thick
electrode is only 1.2 times at 720 nm and 1.6

times at 400 nm (Fig. 8 and Table 3) while
for the cell with a 50 nm thick electrode,
exposed to the ambient air for half as long,
it was 1.5 times at 720 nm and ~3 times
at 400 nm. The series resistance for the
cell with a thicker Ag electrode increased
from 30+35 Q-cm? to 50+60 Q-cm? after a
180 min exposure (see Table 4) while for
the cell with a thinner electrode the increase
was much stronger, from ~50 Q-cm? to
640670 Q-cm?, for only 85 min exposure
(see Table 2). The decrease in the fill fac-
tor after the exposure to the ambient air was
also much smaller for the cell with 100 nm
thick top Ag electrode than for the cell with
50 nm thick Ag electrode (compare Table
3 with Table 1). We can conclude that the
increase in the top Ag electrode thickness
just by 50 nm (from 50 nm to 100 nm) sig-
nificantly improves the protection of the
cell from the ambient atmosphere influence.
Therefore, it becomes possible to perform
subsequent encapsulation under ambient
conditions instead of the glovebox.

Table 3. The Change in the Electric Properties of the ITO/PEDOT:PSS/CH,NHsPbl, Cl/PC, BM/C,/Ag
Cell with a 100 nm Thick Ag Electrode after the Air Inlet for 180 Minutes and Subsequent Pumping Back to
Vacuum. The values given are the mean values with respect to the different directions of the applied voltage.

EQE, % FF Voo V PCE, %
A, nm
before after before after before after before after
480 45 36 0.64 0.52 0.88 0.92 9.7 6.4
720 39 39 0.60 0.51 0.83 0.85 11 9.6

Table 4. The Change in the Electric Properties of the Cell with a 100 nm Thick Ag Electrode after the Air Inlet
for 180 Minutes and Subsequent Pumping Back to Vacuum (average with respect to different directions of

applied voltage)
shunt® Q‘sz series” Q'sz
A, nm
before after before after
480 3.1-10° 2.0-10° 35 64
720 3.9-10° 2.2-10° 31 52
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Fig. 9. The photocurrent EQE dependences on the externally applied voltage at ‘+’ polarity of the ITO
electrode for the light intensity of 10" phot/(cm?*'s) and (a) 480 nm or (b) 720 nm wavelength, measured in the
vacuum of 5-107 torr, for the sample with a 100 nm thick Ag electrode. The lighter curves stand for increasing

voltage, the darker ones — for decreasing it; the EQE values are plotted with a negative sign, which indicates
the electron flow direction towards the top Ag electrode.

Finally, the current—voltage character-
istics changed less after the exposure to
the air for the 100 nm—thick-Ag-electrode
cell. It should be noted that the two regions
observed on these plots for the 50 nm—thick-
Ag-electrode cell are not present for the
100 nm—thick-Ag-electrode cell anymore:
no long-tail region as in Fig. 4 is visible in

4. CONCLUSIONS

Fig. 9. Only some decrease in the EQE val-
ues and the appearance a noticeable hyster-
esis are present, which indicates that even
the protection offered by the 100 nm thick
Ag layer is not enough to ensure the cell
stability over a period of 180 minutes in the
ambient air.

For inverted planar mixed halide
perovskite CH,NH,Pbl, Cl solar cells,
the fill factor was found to increase when
increasing the energy of the excitation pho-
tons: from 0.55 at 760 nm up to 0.82 at
400 nm for a freshly prepared cell with a 50
nm thick top Ag electrode, which had very
high shunt resistance R of 3-107 Q-cm®.
Such high resistances indicate the low con-
tent of pinholes; in such a case the FF is
mainly established by the recombination
processes of the photogenerated charge
carriers in the cell. This increase could be
caused by hot polaron formation; the higher
polaron energy, the lower their recombina-
tion. Also, other hypothetical explanations
cannot be excluded. Thus, spectral depen-
dences for the FF and the V. can provide

66

an additional insight into the photovoltaic
processes in the cell.

The kinetics of initial evolution of
short-circuit photocurrent (SCP) EQE when
vacuum was changed slowly from 5.107torr
to ambient atmosphere and pumped back to
high vacuum was investigated. When ini-
tially vacuum diminished to ~ 10~ torr even
some increase of EQE was observed for
cell with thin Ag electrode. This could be
caused by incoming water molecules pas-
sivating surface trap states and/or improv-
ing intergrain contacts. By further decrease
of vacuum some long period oscilations
of SCP EQE were observed due to intri-
cate diffusion processes of H,O and O,
until~2-10"! torr was reached. Letting the
ambient air into the measurement chamber



caused a steep fall in EQE, but after the
vacuum pumping was restarted, nearly ini-
tial values of the SCP EQE were observed
again. Hence, this change for SCP EQE
spectral dependence is reversible. However,
spectral dependences for FF and V. bore
strong evidence of irreversible degrada-
tion where FF diminished to less than 0.3
in the whole investigated spectrum, but V.
dependence tail part increased up to 1.3 V
at 420 nm. Thus, we can conclude that to
get more full information about degradation
processes in the cell we ought to investigate
also spectral dependences for FF and V,,
not only for SCP EQE

It was observed that the speed and the
paths of degradation after the air inlet into
the measurement chamber were strongly
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