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The variations of hydrophilic self-cleaning properties and refractive 
index dependence in the ZrO2 thin films by Gamma Irradiation 
D. Abayli, N. Baydogan* 

Energy Institute, Istanbul Technical University, Ayazaga Campus 34469, Istanbul, TURKEY. E-mail: dogannil@itu.edu. 

tr 

ABSTRACT 

ZrO2 thin film samples were produced by the sol-gel dip coating method. Four different absorbed dose levels (such 

as ~ 0.4, 0.7, 1.2 and 2.7 Gray-Gy) were applied to ZrO2 thin films. Hence, the absorbed dose of ZrO2 thin film was 

examined as physical dose quantity representing the mean energy imparted to the thin film per unit mass by gamma 

radiation. Modification of the grain size was performed sensitively by the application of the absorbed dose to the ZrO2 

thin film. Therefore the grain size reached from ~50 nm to 87 nm at the irradiated ZrO2 thin film. The relationship of 

the grain size, the contact angle, and the refractive index of the irradiated ZrO2 thin film was investigated as being an 

important technical concern. The irradiation process was performed in a hot cell by using a certified solid gamma ray 

source with 0.018021 Ci as an alternative technique to minimize the utilization of extra toxicological chemical solution. 

Antireflection and hydrophilic properties of the irradiated ZrO2 thin film were slightly improved by the modification of 

the grain size. The details on the optical and structural properties of the ZrO2 thin film were examined to obtain the op-

timum high refractive index, self-cleaning and anti-reflective properties. 
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1. Introduction
Thin films of zirconium oxide (ZrO2) have attracted attention due 

to their advantageous properties for future thin layers technology. Zir-
conium oxide (ZrO2) possesses good dielectric, optical, mechanical 
and chemical properties. Additionally, it exhibits high refraction index, 
very good transparency, great chemical stability and direct wide gap, 
with an optical band gap in the range of .0–5.85 eV[1,2]. Hence, ZrO2 

can be used in a wide range of applications such as optical filters, laser 
mirrors, barrier layers, buffer layers for super-conducting ceramics, as 
a biomaterial for prostheses, gas sensor, optical storage elements, scin-
tillators and luminescent oxygen-sensors etc.[1,3]. Pure or doped ZrO2 
thin film continues to present sufficiently high thermoluminescence 
(TL) yield after irradiation with ionizing or ultraviolet (UV) radia-
tion[3]. 

ZrO2 thin films with different morphologies are prepared by seve- 
ral methods such as chemical vapor deposition (CVD), spray pyrolysis, 
reactive RF sputtering, polyol route, hydrothermal method bio-temp- 
late method, ultra-sound assisted precipitation method, room tempera-
ture precipitation method, solution combustion method and sol–gel 
method[4,5]. Among these techniques, the sol–gel method can be used in 
the production of the thin films for electronics and optics. The sol-gel 
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method is of particular intere the production of the 

thin films for electronics and optics. The sol-gel 

method is of particular interest because of several 

advantages such as its simplicity, low processing 

temperature, stoichiometry control and its ability to 

produce uniform, chemically homogenous films and 

the formation of multi and mixed layers[1,2]. The 

sol–gel process involves the preparation of a “sol” 

(mostly colloidal), the transformation of the sol into 

a solid “gel” phase and crystallization by heating at 

increased temperatures (calcination). The first and 

second stages determine a chemical composition 

and the calcination stage controls the phase evolu-

tion of ZrO2 from amorphous to nanocrystalline and 

crystalline phase transformation (monoclinic to te-

tragonal, etc.)[3]. The sol–gel process also allows the 

deposition of films and coatings with variable thick- 

ness from nm to micrometer, in an easy and fast 

way, by the use of either dip-, spin- or spray-coating 

procedures[6]. The ZrO2 thin film can be produced 

with refractive indices n ranging from 1.35 to 2.50 

and film thicknesses d from 150 to 1500 nm. The 

ZrO2 thin film is hard, durable, and laser-damage- 

resistant thin films with high refractive index and it 

is widely used to produce multilayered coatings, 

also for the UV spectral range[7]  

Generation of energy by using clean and envi-
ronmental-friendly technologies is one of the major 
aims in industrial and scientific areas. Among the 
various coating techniques, the coating performed 
with sol–gel method is one of today’s environment- 
protective methods. The sol-gel coating of ZrO2 att- 
racts attention since it is an environmental-friendly 
coating method[8]. As the ZrOCl2ꞏ8H2O is low toxi- 
city of zirconium salts low toxicity of ZrOCl2ꞏ8H2O 
makes the use of ZrOCl2ꞏ8H2O attractive at the pro- 
duction of solution in this study. Hence it was pos-
sible to avoid the use of high level chemical toxici-
ty by minimizing the production of hazardous che- 
mical solution waste. Besides, more economical and 
environmentally friendly technologies are research- 
ed to adopt more eco-friendly thin film production 
methods in industrial and scientific areas. The utili-
zation of irradiation treatment at several production 
steps can be preferred as a practical and rapid pro-
cess to obtain the efficient performance in the de-

vices containing thin film[9]. In this study, the ion-
izing radiation effect on structural and optical prop-
erties was used in the ZrO2 thin film. Therefore, the 
improvements in the structural and optical proper-
ties were obtained, avoiding the production of extra 
hazardous chemical solution waste. The irradiation 
treatment by using the gamma radiation was a key 
parameter to manage the optical constants and the 
grain sizes of the ZrO2 thin film to use them as pro-
tective and biomimetic layers. The agglomeration 
tendency of the irradiated grains at 0.7 Gy has re-
sulted with high refractive index and more hydro-
philic properties. There was a relation between the 
refractive index and hydrophilic properties with the 
rise of the grain size of the irradiated ZrO2 thin 
film. 

2. Experimental part 
The sol-gel dip coating method at the produc-

tion of the ZrO2 thin film seems a candidate as more 
ecolabel coating method than other ZrO2 thin film 
coating methods in the advance future economic 
coating technology for the industry[8].  

ZrOCl2ꞏ8H2O is an attractive material in sev-
eral procedures due to its low toxicity[10]. ZrO- 
Cl2ꞏ8H2O can be used for the environmentally frien- 
dly methods[11]. 

Hence, zirconium oxychloride octahydrate 
(ZrOCl2ꞏ8H2O) inorganic precursor solution (Sigma 
Aldrich puriss grade, ≥99.0%) was used for the 
production of ZrO2 thin films. All the substrates 
were cleaned with ethyl alcohol and rinsed with 
deionized water and they were sterilized with water 
vapour in an auto clave furnace (Nuve OT 012 Ben- 
ch Top Steam Sterilizer) then dried at 100°C in dry- 
ing oven (Binder ED 53). The solvent was deter-
mined as a mixture of 2-butanol and ethanol (in the 
ratio 1:1). Homogeneous solution including zirco-
nium oxychloride octahydrate (2 wt.%) was pro-
duced by mixing 1 mol of zirconium oxychloride 
octahydrate in 1/3 of the total volume of mixed 
2-butanol and ethanol. The solution was stirred for 
45 minutes by use of a magnetic stirrer (Heidolph 
MR 3001K). Water for hydrolysis and nitric acid for 
oxidation (water: HNO3: acetylacetone = 20: 0.4: 3) 
were added to the salt–alcohol solution. The stirring 
was continued for another 90 minutes to obtain 
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clear and transparent solution. The precursor solu-
tion prepared at 60°C deposited on cleaned soda- 
lime silicate glass substrates. Dip coater (KSV dip 
coater LMX2) with computer controlled was used 
and the dip coating parameters were chosen as 10 
cm/min lifting speed and 90° vertical lifting. The 
dip coated films were dried at room conditions and 
pre-fired at 150°C. This process of coating and dry- 
ing was repeated for 9 times in a heater. ZrO2 film 
samples were annealed at 500°C for 1 h in air simi-
lar with the literature[12]. After the coating process, 
the remaining solution was stored in a dark glass b- 
ottle to prevent the degeneration of solution and 
used within 60 days at the refrigerator. 

A certified Co-60 radioisotope was used as a 

gamma ray source emitting the photons with two 
different energies (1.17 MeV and 1.33 MeV) to 
examine the rise of the absorbed dose effect on the 
optical properties. Hence, the provided gamma 
ray beam was assumed as a monochromatic beam at 
~ 1.25 MeV. The used Co-60 radioisotope had an 
activity level of 0.018021 Ci and it was determined 
as an appropriate irradiation source to evaluate the 
changes in the structural and optical properties of 
the ZrO2 film samples. The absorbed dose level of 
the ZrO2 thin film was the important parameter as 
the cumulative dose for the thin film samples at the 
irradiation area. The properties of the used Co-60 
radioisotope were presented at the irradiation pro-
cess of ZrO2 thin film samples in Table 1. 

Table 1. The properties of the Co-60 radioisotope used in the irradiation of ZrO2 thin film 

Radioisotope K (R m2/Ci h) A (Ci) T1/2 (y) E (MeV) 

Co-60 1.32 0.018021 5.27 1.17 and 1.33 

In this study, the ZrO2 thin film samples were 
placed around the gamma irradiation source pano-
ramically (in Figure 1). The cumulative dose level 
of the sample was considered as the total dose re-
sulting from the repeated exposures of the ionising 
radiation. Because radiation fields can varies with 
several irradiation conditions (geometry or time) for 
a period of time[9]. Hence, four different absorbed 
dose levels were obtained such as ~ 0.4, 0.7, 1.2 
and 2.7 Gy to examine the details of the changes in 
the optical and structural properties. All of the irra-
diation tests were conducted at room temperature. 

Figure 1. Irradiation settlement of the ZrO2 thin film samples. 

The thicknesses of the ZrO2 thin film samples were 

determined by using Veeco Dektak 6M Stylus sur- 
face profilometer after the optical properties of 
ZrO2 thin films prepared by sol-gel method were 
determined employing transmittance and reflec-
tance spectrophotometry in UV and VIS range be-
tween 190–1100 nm by using PG Instruments T80 
UV-VIS spectrophotometer. Thickness measure-
ment was obtained from the coated to the uncoated 
part of the glass. Therefore, the thickness of the thin 
film was determined as ~ 80 nm[13]. The use of the 
ionizing radiation was a key parameter to limit the 
chemical solution toxicity without the generation of 
the extra hazardous chemical solutions at the envi-
ronment. 

3. Results and discussion
The surface morphology of the film was ex-

amined using 2D Scanning Electron Microscope 
(SEM). There were voids between the grains in 
some areas of surface as depicted in Figure 2(a)-(d). 
The surface of the irradiated ZrO2 thin film at 0.4 
Gy was composed of the equaxial grains (~50 nm) 
in Figure 2(a). The dimension of grains in which 
induced by gamma irradiation at 0.7 Gy had ~ 87.3 
nm in Figure 2(b) and their dimension was the 
highest one with respect to the dimension of grains 
in other ones. The dimension of the grains was 
~ 74.5 nm and decrease on the surface of the film at 

Irradiation 
Source 
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1.2 Gy in Figure 2(c) and the dimension of grains 
is ~ 64.8 nm of the film at 2.7 Gy in Figure 2(d). 
While the grains separated to more small grains due 
to the absorbed dose of the film, they started to 
gather and piled up at several places on the surface 
of the films at 1.2 Gy and 2.7 Gy. The changes 
of beta transmission of the ZrO2 thin films support-
ed the variation of the grain size in our previous 
study[13].  

The properties of the surface started to change 
obviously at 0.7 Gy. The absorbed dose of 0.7 Gy 
was important to investigate the optical constants of 
the thin film. It was interesting to note that when 
the absorbed dose of the specimen reached to 1.2 
Gy, the dimension of the grains decreased again. 

Moreover, the gathering of the grains in the induced 
film took place more obviously at the certain places. 
on the surface of the films in Figure 2(c-d). The 
gathering of the grains at the surface of the film in-
creased when the absorbed dose increased. But it 
was determined that there was the combination of 
grains with each other on the surfaces of irradiated 
specimens. The change of the valance state of im-
purity atoms in the irradiated thin film can be ex-
plained with the formation of new electronic order 
in defect centers as the result of the new configura-
tion of the ions while the gathering of small grains 
with the rise of the absorbed dose in the thin film 
structure. 

(a) (b) (c) (d) 
Figure 2. SEM images of the ZrO2 thin film irradiated at (a) 0.4 (b) 0.7 (c) 1.2  2.7 Gy. 

The changes in transmittance (in Figure 3) and 
reflectance (Figure 4) of the irradiated ZrO2 thin 
film samples were examined with the rise of the 
absorbed dose. The colour of the irradiated ZrO2 

thin film samples changed to darker colour tones 
with rise of the absorbed dose. The transmittance of 
the irradiated ZrO2 thin films decreased with the 
rise of the grain size. Besides, the transmittance shi- 
fted towards the higher wavelength (red shift) in 
UV range as the absorbed dose increased. This be-
haviour is compatible with the decrease in trans-
parency of the irradiated ZrO2 thin films depending 
on the improvement of the optical absorbance. The 
red shift of the irradiated ZrO2 thin film at 0.7 Gy 
(in Figure 3) distinguished clearly with the im-
provement of the optical absorbance (in Figure 5) 
as the irradiated thin film (at 0.7 Gy ) reached maxi- 
mum grain size from ~50 nm to 87 nm. However, 
there is not considerable information on the details 
of the changes in optical constants of the irradiated 
ZrO2 thin film by gamma radiation in previous 
studies[14]. The rise of the grain size resulted with 
the decrease of the optical transmittance of the irra-

diated thin film (at 0.7 Gy). The rise of the grain 
size resulted with the decrease of the reflectance of 
the ZrO2 thin film. The minimum reflectance of the 
thin film irradiated at 0.7 Gy was determined at the 
film with maximum grain size reached from ~ 50 
nm to ~ 87 nm. The reason of this was the decrease 
of the grain boundaries around the course grains. 
The changes in refractive index of the ZrO2 thin 
film samples irradiated at different absorbed dose 
levels were determined from the transmittance ac-
cording to Swanepoel’s envelope method in this 
study. The details on the determination of the re-
fractive index were presented in the previous stud-
ies[15]. The interference fringes shifted towards the 
higher wavelength (red shift) region. Swanepoel’s 
envelope method stated the minimum and maxi-
mum envelops of transmittance spectrum in the 
weak and medium absorption regions; extrapolating 
the graph of the refractive index at the strong ab-
sorption region in the literature[16]. The optical con-
stants of ZrO2 thin films were affected by the gam-
ma irradiation. It was possible to determine the ch- 
anges in optical constants such as the refractive in-
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dex (n) (in Figure 6), extinction coefficient (k) (in 
Figure 7) and absorption coefficient () (in Figure 
8) with the rise of the grain size in this study. There
were the increases in n, k and  values of the irradi-
ated ZrO2 thin film as the result of the increase in 
grain size (in Figure 2). The rises of n, k and  
were related with the enhancement of optical ab-
sorption as the result of the controlling of the ab-
sorbed dose. The increase of the optical constants of 
the irradiated films was related with the gathering 
of the grains at the surface of the film with the con-
trolling of the absorbed dose according to the SEM 
images (in Figure 2). Photoluminescence (PL) stu- 
dies provide information about the electronic band 
transitions, structure, defects and chemical compo-
sition of the optical materials[2]. The exciton lumen- 
escence and intrinsic defects related luminescence 
are known in a number of oxides. For ZrO2, the ph- 
otoluminescence is of much interest for both theo-
retical and experimental investigations. There are 
some references to make an evaluation between the 

results of this study and results in literature by using 
different irradiation sources. A broad PL emission is 
observed at ~ 480 nm for ZrO2 structures after the 
samples are induced by UV irradiation in the litera-
ture[2]. The refractive index increases with the re-
duction of the transmittance of the films as the ab-
sorption region of the transmitance spectra rises to- 
wards higher wavelenght region, in the previous 
study of Berlin et al.[5]. In this study, it was deter-
mined that there were the dramatic changes in opti-
cal constants at ~ 480 nm. The photoluminescence 
effect at ~ 480 nm supported the rise of the optical 
transmittance and decrease of the optical absorb-
ance slightly depending on the increase of the scat-
tered photons. Besides, the decrease of the optical 
absorbance has led the decrease of the optical con-
stants over ~ 480 nm. It was thought that the im-
provement of the grain sizes in irradiated ZrO2 thin 
film at 0.7 Gy indicated the enhancement of the ph- 
otoluminescence effect dominantly at the coarse gr- 
ains with 87 nm. 

(a)                                                            (b) 
Figure 3. (a) The changes in transmittance of the irradiated ZrO2 thin film; (b) the details on the changes in the transmittance. 

(a)                                                            (b)      
Figure 4. (a) The changes in reflectance of the irradiated ZrO2 thin film; (b) the details on the changes in the reflectance. 
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Figure 5. The changes in optical absorbance of the ZrO2 thin 
film. 

Figure 6. The changes in the refractive index, n of the irradiat-
ed ZrO2 thin films. 

Figure 7. The changes in extinction coefficient, k of the irradi-
ated ZrO2 thin film. 

Figure 8. The changes in absorption coefficient, of the irradi-
ated ZrO2 thin film. 

Figure 9. The relation between static water contact angle and 
refraction index of the ZrO2 films. 

The surface contact angle of the ZrO2 thin film 
was determined by using a contact angle measure-
ment instrument. The contact angle values of the 
thin film decreased slightly and a minimum value of 
around 24.62° was obtained with the increase of the 
grain size when the absorbed dose was set to 0.7 Gy. 
The rise of the grain size led to increase the surface 
roughness and the decrease of contact angle values 
of the thin film resulted with the improvement of 
the hydrophilic properties. Hence, the contact angle 
was decreased by irradiation and wettability of hy-
drophilic nanostructured ZrO2 surface was modified 
slightly with increasing surface roughness. The na-
noscale roughness having coarse grains (~87 nm) 
has influenced the surface wettability slightly at 0.7 
Gy. The ZrO2 thin film derived on soda-lime glasses 
has presented a relation between the refractive in-
dex and hydrophilic properties as the result of the 
change in the size of the grains.  
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4. Conclusions

The ZrO2 thin film was derived from ZrO- 
Cl2ꞏ8H2O (which is low toxicity of zirconium salt- 
s) by using sol-gel dip coating method as it is a 
green friendly alternative coating method. The irra-
diation treatment has played a role in the enhance-
ment of the optical constants (such as refractive in- 
dex, the extinction coefficient and absorption coef-
ficient) of the ZrO2 thin film. The improvement in 
the irradiated grain size supported to rise the refrac-
tive index by minimizing the production of ha- 
zardous chemical solutions. The rise of the grain 
size of the irradiated ZrO2 thin film improved the 
optical constants. There was a relation between the 
induced optical constants and the gathering of the 
irradiated grains by gamma radiation. The red shift 
in UV range by using gamma irradiation was en-
hanced with the rise of the grain size. It was possi-
ble to control the dimension of grains with the ap-
plied absorbed dose. The agglomeration tendency of 
the irradiated grains has enhanced slightly the re-
fractive index and hydrophilic properties of the 
ZrO2 thin film. The grain size reached a maximum 
value from ~50 nm to 87 nm when the absorbed 
dose of ZrO2 thin film attained to 0.7 Gy.  
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ABSTRACT 

In this paper, electrically conductive composites comprised of silicone rubber and titanium diboride (TiB2) were 

synthesized by conventional mixing methods. Fine particles of TiB2 (in micron size) and 10 parts per hundred parts of 

rubber (phr) proportion of carbon black (XC-72) were used to make the composites with HTV silicone rubber. The 

composites were cured at appropriate temperature and pressure and the effect on the electrical properties was studied. 

The resistance of the silicone rubber is ~ 1015Ω which decreases to 1–2 kΩ in case of composites with negligible effect 

of heat ageing. The hardness increases by ~ 35% simultaneous to the decrease of ~ 47% in the tensile strength. Mor-

phological characterization indicates the homogeneous dispersion of the fillers in the composite. 

Keywords: Silicone Rubber; Electrical Conductivity; Titanium Diboride; Composite
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1. Introduction
Electrically conductive silicone rubber composites have great po-

tential towards various applications[1], such as rollers used in printing, 
fibre weaving, conductive coatings, electronics communication indus-
try, light emitting devices, gas and pressure sensors, EMI shielding etc. 
Silicone rubber, as an insulating material, has very large application 
horizon and inducing electrical conductivity into such a versatile mate-
rial is adding to its value. Electrically conductive composites of sili-
cone rubber with conductive carbon such as XC-72 are well known 
and can be easily synthesized using conventional mixing methods. 
XC-72 imparts electrical conductivity to the composites by tunnelling 
effect of the free electrons on carbon from one aggregate to another 
through the polymer molecules[2]. These electrons interact with poly-
mer and also with the peroxide used as the curing agent when the 
composites are subjected to temperature or prolonged storing. Other 
conductive materials that are reported to impart electrical conductivity 
to the rubbers are metal powders and graphite etc. The limitations to 
the use of metal powders are poor process ability of the composites[3,4]. 
Graphite, when used in rubbers, renders conductivity to the composites, 
however upon high temperature curing of the composites, the conduc-
tivity is lost due to penetration of polymer molecules into graphite lay-
ers[5,6]. TiB2-silicone rubber composite is reported as a piezoresistive 
material with 70 % of TiB2

[7]. Similar to the metal powders, the ease in 
the process ability of the composites is reduced. TiB2 is stable chemi-  
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cally, thermally and physically with a superconduc-
tive behaviour at cryogenic temperatures[8]. 

In the present work, an electrically conductive 
ceramic material, TiB2, has been used in conjuga-
tion with XC-72 to synthesize conductive compo-
sites (SITB). The resultant composites are thermally 
stable with very good physical and electrical prop-
erties under ambient conditions. 

2. Experimental
Silicone rubber grade TSE 221-3-U from Mo-

mentive Performance Ltd., Japan, TiB2 with mean 
particle size of 14 µm from Momentive India, 
XC-72 from Cabot corporation-India and Luperox 
101-45 were used for synthesizing the composites. 
The composites were prepared on a two roll labor-
atory mixing mill. The silicone rubber was first 
masticated for few minutes followed by addition of 
10 phr of XC-72, 5 phr of TiB2 and 1.8 phr of Lu-
perox–101/45 slowly one after  the other 
with continuous rolling on mill. After complete ad-
dition, the whole mass was rolled again for 5-10 
minutes to attain homogeneity and form a nice band 
on the mill. The composites were cured by com-
pression moulding in appropriate moulds at 170ºC 
for 10 mins, and characterized for their electrical, 
mechanical, morphological and thermal properties 
after cooling the specimens to room temperature. 
The specimens were kept as such for 24 hrs before 
the testing was carried out. 

3. Characterization

3.1 Electrical conductivity 

Surface resistance was measured by using a 2 
probe digital Multimeter from Agilent with 1 cm 
distance between the probes. Surface resistance of 
samples was measured both before and after curing. 
In rubber elastomers, the surface resistance was me- 
asured as the surface may conduct electricity more 
easily than the bulk[9,10]. 

3.2 Electrical conductivity after heat ageing 

The influence of heat ageing on the conductiv-
ity of the samples was investigated at 90ºC for 100 
hrs in oven. The resistance of the samples was rec-
orded at an interval of 3 hrs. 

3.3 Specific gravity 

ASTM standard D297–93–Hydrostatic weigh-
ing method was utilized for specific gravity meas-
urements with a ratio of mass of a unit volume of 
composite to mass of a unit volume of water. 

3.4 Hardness 

The specimens with 6 mm diameter and thick-
ness both were loaded on Type–2 durometer Shore 
A operating stand to measure the hardness in Shore 
A by ASTM standard D 2240 method. GSE Testing 
Instrument with indenter of type “A” was used for 
measuring the hardness. 

3.5 Tensile strength 

Computerized Tensile Testing machine by Star 
Testing Systems was used for measuring the tensile 
strength by ASTM standard D-412 method. A sheet 
of size 150×150×2 mm3 was used to prepare five 
dumbbell shaped specimens which were punched in 
a Die–C. Punching machine was used to get a single 
impact stroke, the strength of all five specimens 
were measured, the extreme high and extreme low 
readings were discarded and average of three speci- 
mens were taken. 

3.6 Tear strength 

ASTM standard D-624 was adopted for tear 
strength testing. Three dumbbells were punched 
from the sheet of same size as that for tensile 
strength with a single impact stroke punching ma-
chine to ensure smooth cut surfaces in Die-C with 
dimensions as per ASTM standard D-624. These sp- 
ecimens were tested and average of them was taken. 
Tear strength was measured on Star Testing Sys-
tems-Mumbai machine.  

3.7 Rebound resilience 

Rebound resilience was tested using ASTM 
standard D 2632-01. The specimen of 12 mm thick- 
ness and 6 mm diameter was used. Impact resilien- 
ce was measured by Vertical Rebound Resiliome-
ter by The Shore Instrument and Manufacturing Co., 
Mumbai, India. 

3.8 Morphological characterization 

Very thin films of 0.5×0.5 cm were cut from 
the cured samples and coated with platinum for 
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scanning under JEOL-JSM 6360A electron micro-
scope from Japan for SEM analysis. 

3.9 Swelling resistance 

The degree of swelling in solvents is the key 
property in case of polymer composites. The sol-
vent used for testing the swelling resistance was 
ASTM Fuel B, which is a combination of 70% iso-
propyl alcohol and 30% toluene. Specimens of 
1.5cm×2cm×2mm were weighed and immersed in 
the solvent for 24 hrs. The difference in the weight 
of specimens in air and water before and after im-
mersion were recorded. The solvent resistance was 
measured using the equation (1): 

  ( 1 ) 

Where Q represents the degree of swelling; Wi 
and W0 represent the mass of specimen before and 
after immersion in the solvent respectively. 

3.10 Thermal characterization (TGA) 

Thermograms of the specimens were recorded 
on the thermogravimetric analyser model TA-60 
WS of Shimadzu—Japan in the range between RT- 
1000oC at a scanning rate of 10oC min-1 under ni-
trogen atmosphere with a flow rate of 50 ml min-1. 

4. Results and discussion
The electrical resistance of virgin silicone 

rubber is known to be ~1015Ω. When TiB2 along 
with XC-72 is added to this material, the resistance 
was observed to decrease by an order of ~1012-13Ω. 
Various proportions of XC-72 and TiB2 were added 
to silicone rubber, however, in order to achieve con- 
ductive composites optimum proportion of XC-72 
and TiB2 was found to be 10 phr and 5 phr respec-
tively. The surface resistance of the composite was 
recorded to be 15-18 kΩ. 

TiB2, being a ceramic material, has good ther-
mal stability. SITB composites are observed to 
show a negligible loss in the electrical conductivity 
when subjected to 90ºC for 100 hrs, as is shown in 
Figure 1. There is a loss of ~2-3 kΩ in the resis- 
tance of the specimens of SITB at these conditions 
of temperature and time. Figure 1 depicts the chan- 
ges in the surface resistance upon heat ageing. 

Figure 1. Effect of heat ageing on surface resistance of SITB 
composite. 

The specific gravity of the composites is in-
creased to some extent. Addition of TiB2 and XC-72 
enhances the specific gravity. Blank silicone rubber 
has a specific gravity of 1.07 while that of the com- 
posite is 1.14. 

The ceramic material — TiB2 is extremely 
hard (as hard as diamonds). This property is seen 
to be reflected in the hardness of the composites. 
The hardness of silicone rubber is 40 Shore A. 
Hardness of silicone rubber with carbon alone is 45 
Shore A and that along with TiB2 is 50 Shore A. 

Every component in a composite contributes to 
the tensile strength of the composite and is the max- 
imum stress experienced by the composites when 
stretched at the point of rupture. Tensile strength is 
the property of elastic materials; and addition of 
non-elastic fillers reduces this property. TiB2, as a 
hard-ceramic material, resists stretching and ulti-
mately reduces the tensile strength of the composite. 
The composites show ~ 47% reduction in tensile 
strength compared to silicone rubber with a stand-
ard deviation in the value of ± 1.1. 

Tear is initiated in rubbers at the notch in the 
specimen and depends on the filler-matrix interac-
tion. Stronger interaction leads to a higher tear str- 
ength. In the case of SITB composite, the tear str- 
ength is observed to increase compared to the blank 
silicone rubber. This can be attributed to the better 
interaction between TiB2 and the silicone rubber. 
The tear strength of the composite is 15 kNm-1 with 
the standard deviation of ± 0.50. 

The rebound resilience shows an inverse pro-
portion to hardness of rubber material. In case of 
SITB composites, the rebound resilience is decreas- 
ed to 39 % from 67% for the blank rubber. Hard-
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ness of TiB2 affects the elasticity of the composite, 
thereby decreasing the rebound impact. 

Homogeneity of the composites can be obser- 
ved from the scanning electron microscopic image 
shown in Figure 2. A homogeneous dispersion of 
TiB2 in the rubber matrix leads to the better interac-
tion between the materials leading to the rise in ele- 
ctrical conductivity which is the result of inter par-
ticle connection and also increases the physical pro- 
perties such as hardness and tear strength. 

Figure 2. SEM image of the composite SITB. 

Degree of swelling is the indication of the cro- 
sslinking density of the polymer composites. The 
lower the swelling is, the higher the crosslinking 
density will be. In case of SITB composites, lower 
degree of swelling shows the compactness and good 
filler-matrix interaction. Lower degree of swelling 
of the composites in ASTM Fuel B extends the ap-
plication potential for high efficiency electronic de- 
vices[11]. The degree of swelling is decreased in case 
of composites than the silicone rubber itself. This 
can be attributed to the homogeneous dispersion 
which leads to the better filler-matrix interaction. 
The solvent resistance of the composite is 11% and 
that of blank silicone rubber is 17%. Figure 3 de-
picts the scanned electron microscopic image of the 
composite after immersion in ASTM Fuel B for 24 
hrs. The voids are due to the solvent penetration 
into the matrix. Thermal properties of the compo-
sites are negligibly altered as the proportion of TiB2 
added is very small. 

Figure 3. SEM image of the composites after swelling. 

As can be seen from Figure 4, when the tem-
perature is up to 450ºC, there is a weight loss due to 
volatile matter and decomposition of organic matter. 
When the temperature is between 450ºC and 600ºC, 
the sharp change in weight is due to the decomposi-
tion of silicone rubber into silicon and oxygen. The 
weight gain of ~ 4 % above 600ºC as is seen in 
Figure 3 can be attributed to the oxidation of TiB2 
to form TiO2

[12]. TiB2 combines with the oxygen 
generated during the decomposition of silicone 
rubber polymer. 

Figure 4. Thermogram of SITB composite. 

5. Conclusions
Incorporation of TiB2 and XC-72 into the sili-

cone rubber gives an electrically conductive com-
posite with the surface resistance of 15–18 kΩ un-
der ambient conditions with a negligible effect of 
heat ageing on the surface resistance. The hardness 
and tear strength of the composites are increased 
with a decrease in the tensile strength and rebound 
resilience. The composites show an excellent resis- 
tance to the solvent — ASTM Fuel B. 
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1. Introduction
In the world, there are many large scientific educational and tech-

nical centers which are engaged in research and various applications of 
nanotechnology. In addition, there are a number of manufacturers of 
nanophase materials. The most famous among them is the company 
“Nanophase Technologies”, which produces nano-dispersed pow-
ders based on zinc oxide “NanoGard” and aluminum oxide “Nano-
Tech”[1]. 

Usually, nanophase materials that consist of nano-dispersed parti-
cles are produced from particles or atomic clusters with a diameter of 2 
to 50 nm by packing them in bulk materials with a grain size of 4 to 30 
nm. In terms of their atomic structure, these materials are neither amor- 
phous nor crystalline, nor even quasi-crystalline. They are in some in-
termediate low-dimensional state, the so-called nanophase state. The 
technology for the production of nanophase materials, which use 
compacting nano-dispersed powders, is relevant to the present day. 

Nevertheless, nanophase materials in the form of nano-coatings 
are needed to create promising systems of nano-industry in electronics, 
optoelectronics, telecommunication, healthcare, biotechnology, metal-
lurgy, metalworking, power engineering, machine and instrument en-
gineering, construction and industrial materials, chemistry and petro-
chemistry, as well as in analytical instrumentation, nano-electronics, 
nano-photovoltaics, nanomedicine and in a number of other devices.  

These nano-coatings can have a set of unique properties that are 
absent in bulk or massive nano-coatings. In particular, they can be re-
alized in the low-dimensional nano-metrical (LDNM) state of matter 
with characteristic sizes of inhomogeneities from atomic (0.1 nm) to 
1nm, reducing the size of the inhomogeneities to such limits will lead 
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to a significant increase in the low-dimensional ef-
fects. 

The low-dimensional nature of the electronic 
and atomic structure and properties of LDNM coat-
ings will be supplied due to the heterogeneous or 
heterophase (with low-dimensional inclusions) stru- 
cture of nano-coatings, the close-acting boundary e- 
ffects, surface effects, and also due to the quan-
tum-size effect (QSE). 

The problem of creating LDNM coatings is 
associated with the methods of synthesis of these 
coatings and also with the methods of diagnostics of 
their structural-phase state and properties, both in 
the process of obtaining these nano-coatings and at 
its completion. Combining the synthesis and control 
of LDNM coatings in ultrahigh vacuum environ-
ment allows purposely and effectively search for 
new nano-coatings by reducing the cycles of con-
trolling their structure and properties. 

Ultrahigh vacuum (UHV) is the most conven-
ient medium for controlling the atomic and elec-
tronic structure and various properties of coatings. 
UHV allows synthesizing coatings from atomic be- 
ams (molecular-beam growth)[2] and use focused el- 
ectron, ion and photon beams for the diagnostics of 
coatings[3]. Therefore, combining the synthesis and 
control of coatings in a vacuum is very important. 
In addition, UHV vacuum provides the ability to 
control the surface state of coatings during their 
synthesis and makes it possible to do this cyclically 
to control the formation of hyperfine layers and 
their interfaces, creating the necessary composition 
and structure in them. 

At present, methods and apparatus for the 
synthesis and control of coatings in vacuum have 
developed significantly and reached a high level of 
perfection[4]. This allows, basically, focusing not on 
the creation of these methods, but on their use. 

Nevertheless, the specificity of LDNM coat-
ings, their nonequilibrium, and sub-nanostructured 
state, requires more precise regulation of growth 
parameters and over a wider range of their values 
than modern methods allow. In particular, it is nec-
essary to develop methods for producing directed 
atomic beams, which will possess not only a 
low but also a high density and, simultaneously, not 
only a high, but also a low temperature or kinetic 

energy. 
In addition, the structural-phase specificity of 

LDNM coatings, which differ on their atomic den-
sity and atomic configuration from bulk phases, 
requires the further development of more adequate 
methods for monitoring their structural-phase state 
during the synthesis, including electron spectros-
copy and diffraction. 

Therefore, it is necessary to improve these 
methods and adapt them to growth control at the 
sub-nanometric spatial scale and real time. Solving 
all these problems will allow the creation of novel 
nano-coatings in the nanophase state in the form of 
low-dimensional monolayer or multilayer LDNM 
coatings.  

2. Formation, structure, properties
and applications of low-dimensio- 
nal nano-coatings 

2.1 Vacuum low-thermal vapor deposition 

In the methods of thermal vapor-phase physi-
cal deposition in vacuum, a decrease in the thick-
ness of films and a decrease in the width of their 
interface with a substrate (due to decrease of mixing 
with the substrate) is achieved in the vast majority 
of cases by a decrease in substrate temperature[5]. 
However, for LDNM coatings, this is not suffi-
cient because the high vapor kinetic energy and la-
tent heat of the film surface phase transition lead to 
mixing and compound formation at the interface[6].  

New methods that have solved this problem 
are evaporation with a lowered vapor temperature 
during the growth of LDNM coatings from this va-
por[6,7], as well as modification of the interaction of 
the film with the substrate by a monomolecular in-
termediate layer[8]. In addition, methods have been 
improved to control the growth of LDNM coat-
ings[7,9,10].  

2.2 The approach to the formation of low-di- 
mensional nano-coatings in a vacuum 

The specificity of this approach is connected 
with the mutual compatibility of two technologies: 
ultrahigh-vacuum technology (UHVT) and nano-
technology (NT). Both technologies relate to the 
advanced field of applied science and technology
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and use controlled manipulation of individual parti-
cles, including atoms and molecules. 

The main goal of this approach is to search for 
and synthesize new low-dimensional nano-coatings, 
using thermal vapor-phase physical deposition in an 
ultrahigh vacuum. Nano-coatings are expected to be 
used in nano-industrial areas where large amounts 
of coatings (more than 1 nm thick) do not need 
to be used. Namely, the coating consists of tightly 
packed nanoparticles in a disordered or ordered 
composite structure and can be made in the form of 
a non-equilibrium and metastable single-layered or 
multilayered film of nanometric thickness. 

To accomplish this goal, it is necessary to 
modify the methods for obtaining atomic beams in 
vacuum and to further develop methods of electron 
spectroscopy, microscopy, and probe measurements. 

In vacuum, or on the surface of a solid in vac-
uum, particle beams and fields can interact without 
interference. This property gives UHVT a unique 
advantage over NT in other environments. First of 
all, this is the controllability of the synthesis of 
LDNM coatings. Another important advantage of 
UHVT is the clean conditions for the synthesis of 
LDNM coatings. 

As for the lower level of the practical applica-
tion of UHVT because of the high cost, it is com-
pensated by either the high cost of the product (for 
example, in nanomedicine) or the ability to produce 
the product in the form of films on large substrates, 
for example, in solar energy, microelectronics and 
nano-electronics. 

The approach to low-temperature vaporphase 
synthesis of nano-coatings is as follows[11]: 

1) Development of principle for designing the
electronic and atomic structures of LDNM coat-
ings based on the interface between the nano-coat- 
ing and the substrate and the modification of the 
interface between the particles in the nano-coating. 

2) Development of the principle of utilizing
the hidden energy of LDNM coatings as an addi-
tional spontaneous heat source during solid phase 
reaction and crystallization of nano-coatings. .  

3) Development of the principle of using LD- 
NM coatings to connect constituent and hetero-
structured nanoparticles and substrates in solid pha- 
se vacuum sintering and welding.  

4) Development of the principle for controlling
growth of LDNM coatings from high density, low 
temperature beams. 

5) Development of the principle for atomic and
nano-controlled structural physical and electrophy- 
sical properties of LDNM coatings.  

To implement this approach, it is necessary to 
conduct both theoretical studies, including comput-
er modeling and experimental studies. 

It is assumed that the main application of 
LDNM coatings will be concentrated on electronics 
and communications, as well as on nanoelectronics, 
nanospintronics, nanooptics, nanoplasmonics, and 
analytical instrumentation in ecology, biology and 
medicine. 

In the near future, it is possible to predict the 
creation of new LDNM coatings with record con-
ductivity, magnetization, coercitivity, reflection co-
efficient, and refraction index and excitation effi-
ciency of surface plasmons. These materials will 
allow creating new instruments and environmental-
ly friendly technologies for converting, processing, 
transferring and storing information and energy.  

2.3 Low-dimensional nano-metric thickness 
coatings  

As already mentioned, the low-dimensional 
nature of the electronic and atomic structure and 
properties of LDNM coatings is formed due to the 
heterogeneous or heterophase (with inclusions of 
low-dimensional particles) structure of nano-coat- 
ings, the boundary effects of close-acting of substr- 
ate and vacuum and QSE.  

This approach to the structure of LDNM coat-
ings allows us to highlight principles of organiza-
tion of the LDNM coatings structure, namely, their 
types and character of influence on their properties: 

1) Heterogeneous LDNM coatings with inter-
crystalline proximity effect. 

2) Heterophasic LDNM coatings with interfa-
cial proximity effect. 

3) LDNM coatings with effects of interfaces
with substrate and vacuum. 

4) LDNM coatings with quantum size effect
due to cross-border interaction. 

5) LDNM coatings with quantum size effect,
which has caused by the limitation of the internal 
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space of particles. 
Depending on the combination of these five 

principles of organization, different types of LDNM 
coatings are possible, as well as various thin-film, 
dispersed and composite nanomaterials based on 
them. 

In the principle, it is possible to realize the 
self-organized synthesis of this kind coating from 
the vapor phase or the atomic beam, for example, 
the synthesis of metal LDNM coatings on the sur-
face of a single-crystal silicon substrate.  

Previously, we called LDNM coating of metal 
on silicon by multilayer non-bulk (or surface) pha- 
se[12], thin-film or 2D nanophase[13,14]. Then, we ga- 
ve them the general name “ν-phases” due to their 
undetermined structure. Each of these titles reflects 
only single look at the structure of LDNM coatings. 
This is due to the complicated structure of the LD- 
NM coatings and difficulty of its structure identifi-
cation from experimental data.  

Indeed, the existing diversity of experimental 
methods of investigation (X-ray, electron, ion, 
probe microscopies and spectroscopies) are well 
developed for studying a single-crystaline or amor-
phous state of a homogeneous massive or thin (ul-
trathin) film. But, in the case of an inhomogeneous, 
nanophase or low-dimensional disordered or par-
tially ordered structure of phase, most of these 
methods give little information about its structure. 
The method of electron spectroscopy of the charac-
teristic loss of electron energy (EELS) at low pri-
mary beam energy has made it possible to reveal the 
integral structure of the ν-phase.  

The energy position of the peak of plasmon 
losses in the EELS spectrum gives information on 
the frequency of the plasma oscillations of the va-
lence electrons. And it, in turn, gives information on 
the density of atoms with a determined amount of 
valence electrons or the density of valence electrons 
of these atoms. For the solid, an approximation of 
hard balls works usually, in which atoms are packed 
very tightly one with other like hard balls. But, in 
general, it is possible to violate the strictly ordered 
and densest structure of atomic packing. It can be 
made by inserting vacancies, by rotating the bonds, 
inserting the intercluster interfaces and rotating the 
clusters themselves relative to each other. In general, 

this leads to the fact that the atoms are not closely 
connected to each other and, in general, their pack-
ing will not be tight[10].  

In the case of such packing faults, for example, 
in the case of the ν-phase, not one peak of bulk pla- 
smon losses (BPL) is formed in the EELS spec-
trum, but a whole group of peaks. Each peak in this 
group corresponds to a local collective interaction 
between electrons of one type of configuration of 
interatomic bonds with the same electron density. 
This leads to the fact that the BPL-peak shifts, ex-
pands and decreases in intensity. Thus, by the shift, 
the degree of expansion of the BPL-peak and the 
decrease in its intensity are possible to identify the 
type of nano-coating, for example, to distinguish 
between a bulk nano-coating and a ν-phase and the 
thickness range at which it is formed. 

Indeed, a series of experiments on studying the 
initial stage of growth of transition metals on sili-
con by EELS spectroscopy show the formation of 
the LDNM coatings, which are, in a sense, a nano- 
phase wetting layers.  

Figure 1 and Figure 2 present families of EE- 
LS spectra, showing changes in the formation of 
interfaces of Fe with Si (001) and Cr with Si (111), 
respectively. Figure 1(a) illustrates the initial stages 
of Fe growth on silicon with Fe-Si intermixing. 
Figure 1(b) illustrates the initial stages of growth of 
pure Fe. And Figure 1(c) illustrates the growth of 
Fe-Si phases after annealing films on Figure 1(b). 

Figure 1. (a) and (b) – EELS of Fe on Si (001) at the initial 
stages of Fe growth with (a) and without (b) Fe-Si intermixing; 
(c)-the growth of Fe-Si phases on Si (001) after middle temper-
ature (250ºC) annealing of pure Fe films[15]. 

In each case, we see transitions: 
1) From a substrate of pure silicon (Si) to the

surface phase (SP);
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2) From SP to the wetting layer (WL);
3) From WL of maximum thickness to the bulk

phase (BP) of the metal or the metal-silicon com-
pound (silicide).  

These transitions show position changes of the 
peak of surface (E1) and bulk (E2) losses and posi-
tion (EB) of the peak of bulk losses in BPs. 

It can be seen from Figure 1, that at a certain 
thickness, a nonmonotonic (more sharp) increase in 
the energy of the peak of the volume plasmon losses 
is observed. This increase indicates the transition 
from WL (v-phase) to BP of Fe or to BP of Fe sili-
cide. And this, in turn, proves that the formation of 
a WL (v-phase) under non-equilibrium conditions 
(deposition at room temperature) in the silicon-me- 
tal-substrate system is the general pattern of the for- 
mation of the metal-silicon interface.  

Figure 2. EELS and LEED of ordered (epitaxial) phases of 
Cr-Si on Si(111) at the initial stages of Cr growth (with Cr-Si 
intermixed) after high temperature (400-550ºC) annealing[15]. 

As is shown in Figure 2, under the solid-phase 
epitaxy of WL, after formation of surface phases, 
even its ordering occurs. At the same time, the ato- 
mic density of the WL turns out to be very close to 
the density of the bulk silicide, unlike the atomic 
densities of the preceding surface phases, which are 
close to the density of the silicon substrate.  

2.4 Properties and applications of low-dime- 
nsional nano-coatings 

Due to the low thickness of the LDNM-coat- 
ings and the vacuum environment for vapor-phase 

physical deposition, the sphere of application of 
LDNM-coatings is limited by the element base of 
electronics, optoelectronics and telecommunications. 
In addition, they can be used for various specialized 
applications where there are no mechanical damag-
es, the influence of the corrosive environment and 
the atmosphere (mainly sensors).  

At the same time, a cluster or atomic/nanoscale 
structure, non-uniform along the plane and an ato- 
mic/nanoscale gradient of structure properties in the 
transverse direction, determine specific properties 
and limit the variety of applications of the LDNM- 
coatings. 

The examples of specific properties are prim-  
arily increased wetting ability, increased surface ar- 
ea, and increased curvature of the surface. Due to 
the reduced density, the presence of clusters, amor-
phousness, and a large quantity of vacancies is also 
a modified electronic structure. And, as a result, this 
is modified optical (nano-coatings with high IR re-
flection and UV absorption), magnetic (magnet-
ic-soft and magnetic-hard nano-coatings) and elec-
trical (nano-coatings with high conductivity) pro- 
perties[16]. In addition, in LDNM-coatings, by anal-
ogy with multilayer coatings, the chemical potential 
gradient is possible and, as a consequence, built-in 
electric field is present.  

3. Conclusion
The low-dimensional nano-coatings (with the 

thickness in nanometer range), which are produced 
by means of thermal vapor-phase deposition tech-
nologies, have been analyzed. In particular, the re-
sults of the investigation of low-dimensional nano-
metric wetting layers forming at the interface be- 
tween the metal film and the monocrystal silicon 
substrate have been presented. A new type of nano- 
phase coatings is proposed, which is low-dimen- 
sional nanometric coatings. These coatings can be 
used in the nanophase state, can have low-dimen- 
sional heterogeneity and can provide a number of 
new properties. The designing principles of the stru- 
cture of proposed nano-coatings and a new approa- 
ch to their building are considered. It has been prop- 
osed possible applications and properties of low-di- 
mensional nanometric coatings. 
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ABSTRACT 

This review provided a detailed overview of the different synthesis and characterization methods of polymeric na-

noparticles. Nanoparticles are defined as solid and colloidal particles of macromolecular substances ranging in size un-

der 100 nm. Different types of nanoparticles are used in many biological fields (bio-sensing, biological separation, mo-

lecular imaging, anticancer therapy, etc.). The new features and functions provided by nano dimensions are largely dif-

ferent from their bulk forms. High volume/surface ratio, improved resolution and multifunctional capability make these 

materials gain many new features.  

Keywords: Nanoparticle; Polymer; Synthesis Methods; Characterization Methods; Particle Size 

ARTICLE INFO 

Article history: 
Received 2 July 2019 
Received in revised form 28 July 2019 
Accepted 1 August 2019 
Available online 14 August 2019 

COPYRIGHT

Copyright © 2019 Aslı Katmıs et al. 
doi: 10.24294/can.v2i2.791 
EnPress Publisher LLC. This work is li-
censed under the Creative Commons Attribu-
tion-NonCommercial 4.0 International Li-
cense (CC BY-NC 4.0). 
http://creativecommons.org/licenses/by/4.0/ 

1. Introduction
Nanoparticles are defined as solid and colloidal particles of mac-

romolecular substances ranging in size under 100 nm[1,2]. There are 
different application fields that led to the exploration of different nano 
compositions. For instance, they are able to polymerize NPs, biological 
NPs, lipid-based NPs and metal-based NPs[3-6]. Biocompatible and bi-
odegradable polymers are used for preparation of the polymeric nano-
particles. Polymers are used as biomaterials because of their useful 
properties such as good biocompatibility, biodegradability, easy prepa-
ration and design, various chemical structures and interesting biologi-
cal imitation character[7]. 

Most polymeric NPs are biodegradability and biocompatible, and 
over the accomplished few decades, researches had accepted sample 
absorption in developing biodegradable NPs as a drug-delivery sys-
tem[8]. These biodegradable polymeric nanoparticles coated with hy-
drophilic polymers known as long period of time circulating particles, 
have been used as potential drug delivery vehicles for their ability to 
control drug release for a long time. Polymeric nanoparticles have the 
ability to deliver drugs, proteins, peptides, and antigens and they 
can be targeted to particular organ. Additionally, they can be used as 
DNA transporters in gene therapy[9-11]. 

There are many biodegradable polymers that can be produced 
from proteins such as milk proteins and gelatin; polysaccharides such 
as starch, chitosan and sodium alginate; and synthetic polymers such 
as polymethylmethacrylate, poly (cyanoacrylate) PCA, poly-- 
caprolactone (PCL), poly (lactic acid) (PLA), poly (D, L-glycolic acid) 
(PGA), and their copolymer of poly (lactide-co-glycolide) PLGA are 
used in preparing nanoparticular systems[12]. Nanoparticles which ob-   
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tained by using natural or synthetic polymers have 
two major advantages for targeting of proteins, pep-
tides and genes, as well as drugs. 

The first property is that the nanoparticles have 
small particle sizes. In this way, they pass more eas-
ily than small capillaries, which are easier to enter 
intracellular and extracellular spaces[13], and release 
effective active substance in the target region[14,15]. 

The second property is to use biodegradable 
materials in the preparation of nanoparticles. Biode- 
gradable materials provide controlled release of act- 
ive substance in the target tissue for days to further 
weeks. 

In addition, nanoparticles have a good deal of 
advantages that can be: 

1) Nanoparticles have a protective effect agai- 
nst the enzymatic degradation of active substances 
such as drugs, proteins or peptides in the biological 
system. They can also increase their stability while 
reducing side effects[13,14]. 

2) Beside this, drugs can be encapsulated to
the nanoparticle systems without any chemical reac- 
tion; this is important for protecting the biological 
activity of drug[9].  

3) Site-specific targeting of nanoparticles
can be accomplished by adhering targeting ligands 
to particles surface or use of magnetic guidance[9]. 

4) They allow rapid-formulation development.
The nanoparticle systems can be used for different 
routes of administration including oral, parenteral, 
intra-ocular, nasal etc.[9]. 

2. Preparation methods of polymer- 
ric nanoparticles 

Polymeric nanoparticles can be prepared by 
dispersing performed polymers, using different me- 
thods such as solvent evaporation, nanoprecipitation, 
salting-out, dialysis and supercritical fluid technol-
ogy.  

These methods have similar properties that 
they involve an organic phase containing the nano-
particle components and a water phase containing 
stabilizers. The other similarity is the poor encap-
sulation efficiency of partially water soluble and 
freely water-soluble drugs (involving proteins and 
peptides), which escape from the organic phase to 
the aqueous phase[16]. 

2.1 Solvent evaporation 

The most widely used method to prepare the 
polymeric nanoparticles for the delivery of active 
substance is solvent evaporation[17]. This method is 
used for producing polymeric nanoparticles by bio-
degradable polymers which have been applied in 
the drug delivery systems. In this method, the pol-
ymer and drug are dissolved in an organic solvent 
and emulsions are formulated using the aqueous so- 
lution of surfactants. In the past, dichloromethane 
or chloroform were used as the solvent for dissolv-
ing the hydrophobic drug. But now, ethyl acetate is 
used instead of dichloromethane and chloroform be- 
cause of their toxicological profile[9,17]. 

Solvent evaporation method has two main stra- 
tegies that are used for the formation of emulsions. 
The first one is the preparation of single-emulsions 
[(oil-in-water, (o/w)], and the second one is dou-ble-
emulsions [(water-in-oil-in-water, (w/o/ w)].  

In this method, high-speed homogenization or 
ultra-sonication are used for preparation of emul-
sion. After that, the organic solvent is evaporated 
and the nanoparticles are collected by ultracentrif-
ugation. For removing of surfactants, the nanoparti-
cles are washed with distilled water. Nanoparticles 
can be lyophilized after all steps. 

Figure 1. Schematic representation of the solvent-evaporation 
method[18]. 

While solvent evaporation method (Figure 1) 
is a simple method for the preparation of polymeric 
nanoparticles, it is needed to the external energy. 
The power of external energy, time consuming and 
pos-sible agglomeration of the nanodroplets, during 
the evaporation process, may affect the particle size 
and morphology of nanoparticles[17]. 
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2.2 Salting out 

Salting out is another method for preparation 
of polymeric nanoparticles (Figure 2). This method 
is based on the separation of a water miscible sol-
vent as acetone by using salting out effect. In other 
words, salting out technique is a modification of the 
emulsification/solvent diffusion by beginning with 
an emulsion[19,20]. The organic phase is prepared by 
dissolving the polymer in a solvent that is totally 
miscible in water such as acetone, tetrahydrofuran 
and ethanol. Then, this organic phase is added to the 
aqueous phase that is constituted by water, the salt-
ing-out agent and a stabilizer. The choice of salting 
out agent that can be electrolytes, such as calcium 
chloride, magnesium chloride or non-electrolytes, 
such as sucrose, which is so important for encapsu-
lation efficiency of drug. In the following procedure, 
an sufficient volume of water is added to the mix-
ture and the resulting nanoparticles are collected via 
cross-flow filtration[20]. 

Salting out method has some advantages, of 
which the most important is reducing stress to pro-
tein encapsulants. Another advantage is that it does 
not lead to an increase of temperature. Therefore, 
heat sensitive molecules can be processed by this 
method. On the contrary, this method has some dis- 
advantages that lie in specific application to lipoph- 
ilic drugs and extensive washing steps[19]. 

Figure 2. Schematic representation of the salting-out meth-
od[20]. 

2.3 Nanoprecipitation 

This method is also called solvent displace-
ment (Figure 3), which is a simple, rapid and re-
producible method largely used for the preparation 
of nanocapsules and nanosphere, besides the mean-
ing of solvent displacement[17,21,22]. 

The basic principle is the interfacial collapse 
of the substitutional polymer of the splitting solvent 
which can be miscible with the water in the lipo-
philic solution. The polymer (synthetic, semi syn-
thetic, or natural), organic solvent of the polymer 
and the water (non-solvent for the polymer) are 
three basic components of nanoprecipitation system. 
Organic solvent should be miscible in water and 
easy to remove by evaporation. Thus, in the nano-
precipitation method, acetone is the most widely 
used solvent. Nanoprecipitation occurs when the 
polymer solution is added to the non-solvent[22].

Figure 3. Schematic representation of the nanoprecipitation method[23].

2.4 Dialysis 

Dialysis is a preparation method that provides 
a basic and effective way to prepare small PNPs 
(Figure 4). 

Firstly, the polymer is dissolved in the organic 
solvent and then put inside a dialysis tube while 

producing the nanoparticle by dialysis. It is an im-
portant point that the dialysis tube is suitable for the 
molecular weight of the nanoparticle. During dialy-
sis, the solvent loses its solubility as a result of dis-
placement. In this way, progressive aggregation of 
the polymer occurs and a homogeneous suspension 
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of nanoparticles is obtained[14,17]. 

2.5 Super critical fluid technology 

Supercritical fluids are generally defined as 
fluids that do not change in phase despite the chan- 
ge of pressure (Figure 5). Supercritical CO2, which 
is the most widely used supercritical fluid, because 
it is compatible with the critical state (Tc = 31.1°C, 
Pc = 73.8 bar), is nontoxic, nonflammable, and in-
expensive[15,24].  

Figure 4. Schematic representation of dialysis method[17]. 

Supercritical fluid technology is expected to 
offer an interesting and effective particle production 
technique, avoiding many of the disadvantages of 
traditional methods[17]. The greatest advantage of 
the supercritical fluid technology method used to 
prepare polymeric nanoparticles is that the precipi-
tated product does not contain solvent[15,24].  

Figure 5. Schematic representation of super critical fluid tech-
nology method[17]. 

The most widely used methods are rapid ex-
pansion of supercritical solution (RESS) and super-
critical anti-solvent method (SAS). In the RESS 

method, the drug substance is dissolved in the or-
ganic solvent and then released to the supercritical 
fluid. The organic phase rapidly dissolves in the 
supercritical solvent and remains nanoparticles that 
can be filtered back. In the SAS method, the active 
substance and polymer are dissolved in the super-
critical solvent at high pressure[25,26].  

2.6 Mini-emulsion 

Mini-emulsion polymerization is based on a 
typical formulation of water, a monomer mixture, 
surfactant, co-stabilizer and initiator. It is used of a 
low molecular weight co-stabilizer compound in 
this method. Mini-emulsions are critically balanced. 
Also, it requires high-shear stress to achieve a stea- 
dy state, and interface strain is much bigger than ze- 
ro[19]. 

3. Characterization methods of pol- 
ymeric nanoparticles 

Characterization of nanoparticles is based on 
analysis of particle size, zeta potential, polydisper-
sity index (PDI), morphology, surface area and co- 
mposition. The most important characteristics of 
na- noparticles are particle size and size distribution 
which can influence drug loading, drug release, and 
stability of nanoparticles (Figure 6). The other im-
portant characteristic of nanoparticles is zeta poten-
tial that is used to characterize the surface charge 
property[1]. 

Figure 6. (A) Differences among various hetero-phase poly- 
merization methods before and (B) after polymerization[17]. 

There are some advanced microscopic techni-
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ques such as atomic force microscopy (AFM), 
scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM), which are used 
for characterization of nanoparticles. Laser light 
scattering (LLS), especially dynamic light scatter-
ing (DLS) is used for measurement of size and size 
distribution; Atomic force microscopy (AFM) and 
scanning electron microscopy (SEM) are used for 
morphological studies; X-Ray photoelectron spec-
troscopy (XPS) is used for surface chemistry analy-
sis of nanoparticle suspension[1]. 

3.1 Transmission electron microscopy (TEM) 

Transmission electron microscopy is a useful 
technique for the investigation shape and size of 
nanoparticles. In other words, imaging, diffraction 
and spectroscopic information can be provided by 
TEM. TEM and SEM give the same kind of infor- 
mation despite different study principles. Sample 
preparation for the TEM is complicated and time- 
consuming due to the need to be very thin sample 
for electron affinity. Nanoparticle sample is preci- 
pitated in the films during TEM characterization, 
and then immobilized with staining material. This 
process provides withstanding against vacuum. At 
the point, when an electron bar is transmitted throu- 
gh an ultra-fine, it contacts with the sample and the 
surface characteristics of the sample are obtain- 
ed[27]. 

3.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy works on the 
principle of scanning the surface with high-energy 
electrons that focus on a very small area. Especially 
it is based on the principle of creating images by 
reflecting electrons from the sample. SEM has some 
advantages in morphological and dimensional anal-
ysis, it gives limited information about size distri-
bution and actual population averages[28]. 

Electrons produced by an electron gun are ac-
celerated by an anode and are made parallel to each 
other by magnetic lenses. Thus, the electron beam 
to be used for the measurement is prepared. For this 
purpose, the electron beam that focused by the ob-
jective lens and is picked up by the condenser elec-
tromagnetic lens performs the scanning process on 
the sample surface by the electromagnetic deflector 

coils[29]. 

3.3 Atomic force microscopy (AFM) 

The AFM creates an image based on the sur-
face forces that occur between the sample surface 
and the tip attached to an arm. The sharp tip used in 
this technique is 1-2 microns long and less than 100 
Å in diameter. The forces that occur between the 
surface of material and the tip that are inspected du- 
ring a probe travel cause to diverge the position of 
the tip. The surface topography is created by meas-
uring this deviation. Atomic force microscope 
can be operated with 3 different ways.  

The first of these is called the “contact” type. 
In this method, the sharp tip makes soft physical 
contact with the surface and the changes that are 
happening in the position of the arm are recorded. 
In the “non-contact” type, the arm vibrates in a po-
sition close to the sample surface (50-150 Å). In this 
method, the attractive Van der Waals forces acting 
and depending on the changes in the surface and the 
changes occurring in the frequency of the vibration 
of the arm are measured. The final “tapping” meth-
od is similar to the method of contact. This potent 
technique allows high resolution topographic imag-
ing of sample surfaces[30-32]. 

3.4 X-Ray diffraction (XRD) 

X-ray diffraction (XRD) is an important tech-
nique used in crystal structure determination of na-
noparticles. In this technique, the types of atoms at 
lattice point, crystal planes and plane distances 
can be determined without damaging the sample. 
Different diffraction patterns occur depending on 
the structure of the crystal and the wavelength of 
the light interacting with the crystal. The diffraction 
occurs as a result of the interference of reflected 
rays from different layers of the material in the pe-
riodic structure. The condition for the occurrence of 
the diffraction is given by the Law of Bragg[33,34]. 

3.5 Fourier transform infrared spectroscopy 
(FT-IR) 

The Fourier transform infrared spectroscopy is 
used for the chemical functional group analysis on 
the surface of nanoparticles. IR radiation is sent on- 
to the sample in the Fourier transform infrared spec- 
troscopy (FT-IR). While some of this radiation is 
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absorbed by the sample, some of it also passes and 
thus, absorption and transmission spectra of the 
molecules come out. These absorption/transmission 
spectra are the characteristic spectra of the molecu- 
les in the sample and define the absorption/transmi- 
ssion peaks of the material. These peaks correspond 
to the vibrational frequencies of the bonds between 
the atoms in the material. The intensity of the peaks 
gives information about the amount of the material 
as well as the wavelengths at which the peaks app- 
ear in the spectrum to define the bonds between the 
atoms. For this reason, FT-IR spectroscopy is a use- 
ful method to characterize the material[33,35]. 

3.6 Dynamic light spectroscopy (DLS) 

Dynamic light spectroscopy (DLS) or other 
known photon correlation spectroscopy is used to 
determine particle size distribution and particle size 
characterization. DLS calculates the size of the na-
noparticle in a solvent based on the Brownian mo-
tion. The hydrodynamic diameter of the diffusion 
factor in a homogeneous solution is determined by 
Stokes Einstein equation. DLS measurement is suit- 
able for monodisperse and polydisperse material- 
s, but DLS measurement is not suitable for high- 
dimensional samples. In addition, large size sam-
ples are dispersed in a solvent for measurement. 
DLS has the most common and fairly simple meas-
uring technique thanks to its large measuring ran- 
ge[29]. The main advantage of the DLS technique is 
that measurements can be made in a short time and 
the cost of the apparatus is low[36]. 

3.7 Electrophoretic light scattering 

Electrophoretic light scattering (ELS), is by far 
the best methods for zeta potential determination of 
suspended particles, due to its sensitivity, accuracy, 
and versatility[37]. Particles contained in aqueous co- 
lloidal solutions carry electrical charge. Zeta poten-
tial is varying depending on the nature of the mate-
rial and the environment e.g., pH, ionic strength, 
and even the type of ions in the particle suspension. 
The most important mechanisms of surface charge 
are ionization of surface groups, dissolution and 
adsorption of charged species. 

Zeta potential measurements are based on the 
“electrophoresis” technique. Accordingly, when an 

electric field is applied to the liquid phase, the char- 
ged particles suspended in the liquid move toward 
the charged electrode opposite to their own charge. 
The viscous forces that acting on the particle try to 
prevent this movement. When the two opposing for- 
ces are balanced, the particles move at a constant 
speed. This speed depends on the following factors: 

1) The power of the electric field;
2) The dielectric constant of the medium;
3) Viscosity of the medium;
4) Zeta potential;
The value of the zeta potential also provides 

information about the stability of the colloidal solu-
tion. The stability of colloidal particles varies with 
the type and rate of interaction between the particles. 
If all the particles in the suspension have a large 
negative or positive zeta potential, they push each 
other, agglomeration or precipitation will not occur. 
When the zeta potential is low, there is not enough 
force to keep the particles away from each other 
and agglomeration occurs. This value is accepted as 
+/- 30mV[30, 38]. 
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ABSTRACT 

Lead halide perovskites are the new rising generation of semiconductor materials due to their unique optical and 

electrical properties. The investigation of the interaction of halide perovskites and light is a key issue not only for un-

derstanding their photophysics but also for practical applications. Hence, tremendous efforts have been devoted to this 

topic and brunch into two: (i) decomposition of the halide perovskites thin films under light illumination; and (ii) influ-

ence of light soaking on their photoluminescence (PL) properties. In this review, we for the first time thoroughly com-

pare the illumination conditions and the sample environment to correlate the PL changes and decomposition of perov-

skite under light illumination. In the case of vacuum and dry nitrogen, PL of the halide perovskite (MAPbI3–xClx, 

MAPbBr3–xClx, MAPbI3) thin films decreases due to the defects induced by light illumination, and under high excita-

tions, the thin film even decomposes. In the presence of oxygen or moisture, light induces the PL enhancement of halide 

perovskite (MAPbI3) thin films at low light illumination, while increasing the excitation, which causes the PL to quench 

and perovskite thin film to decompose. In the case of mixed halide perovskite ((MA)Pb(BrxI1-x)3) light induces reversi-

ble segregation of Br domains and I domains.  
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1. Introduction
Lead halide perovskites (LHPs), with the chemical formula of 

APbX3 (A = Cs, CH3NH3 (MA), CH(NH2)2 (FA), X = Cl, Br, I), have 
emerged as the new generation of intriguing semiconductor materials 
for solar cells[1-4], lasers[5,6], light emitting diodes[3,5], and photodetec-
tors[7,8] in recent years. The rapid development of LHPs in these fields 
arises from the ease of processability, as well as their unique optical 
and electrical properties, such as small exciton binding energy, long 
exciton diffusion lengths, low charge recombination, high absorption 
coefficient, a direct bandgap and its tunability over near-infrared, visi-
ble to ultraviolet range[9-15]. One of the major obstacles hindering the 
industrialization of LHPs is the toxicity of lead (Pb), for which lead- 
free halide perovskites have been widely explored to replace Pb with 
non-toxic metals, such as Mn(II), Sn(II), Sn(IV), Bi(III), Sb(III), Cu(II) 
etc.[16-22]. Another important issue is the instability of LHPs upon ex-
posure to the polar solvents and ambient atmospheric conditions (heat, 
moisture, oxygen), or radiations, such as electron and X-ray beams, 
originating from the low energy barrier for the halide perovskite crys-
tal formation, and till now this still remain as a critical issue in various 
applications[23-30]. The LHPs degrade via different paths under the 
above mentioned conditions. In the presence of moisture, the degrada-
tion path of MAPbI3 films as well as single crystals is initiated by for-  
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mation of hydrated intermediates, e.g., both mono-
hydrate CH3NH3PbI3ꞏH2O and dihydrate (CH3- 

NH3)4PbI6ꞏ2H2O, and the reaction can be describe- 
ed by the reversible chemical equations of: 
4CH3NH3PbI3 + 4H2O  ↔ 4[CH3PbI3 · H2O]  ↔ 
(CH3NH3)4PbI6·2H2O + 3PbI2 + 2H2O

[24,31,32]   
The MAPbCl3, MAPbBr3 and MAPbI3 are 

found to decompose into PbX2, gaseous methyla-
mine CH3NH2 and HX, when they are heated under 
low-temperature (25-150°C)[33,34]. In the case of low 
energy electron beam irradiation of MAPbI3 thin 
film (4.5 to 60 eV), the material degrades with the 
reaction described by: 

CH3NH3PbI3 

→  
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯   -CH2-) + NH3 + HI

+ PbI2
[35] 

While for CsPbX3 nanocrystals in a TEM (80/ 
200KeV), through a radiolysis process, Pb2+ ions are 
reduced to metallic Pb atoms along with the oxida-
tion and desorption of halogen species in the vac-
uum. The Pb atoms further aggregate to form Pb 
nanoparticles at higher temperatures (above-40°C) 
while below -40°C the perovskites decompose into 
CsX, PbX2 and CsPb domains and further halogen 
desorption eventually leads to only Cs and Pb spe-
cies[27,28,36]. Under other types of radiations such as 
X-ray, halogen loss and reduction of Pb are also 
found to occur[27,29]. 

Not only unstable in moisture, oxygen, heat or 
radiation conditions, the LHPs are also sensitive 
under light[26,37,38]. Doomed to interplay with light, 
the investigation of interaction of halide perovskites 
and light is a key issue for understanding their pho-

tophysics and for characterization and practical ap-
plications, because the optical characterization tech- 
niques such as photoluminescence and absorption 
measurements as well as working of perovskite ba- 
sed devices such as solar cell, LEDs, lasers, and 
photodetectors, involve the interaction of halide 
perovskites with light. The LHPs are fabricated and 
applied in several forms, e.g., polycrystalline thin 
film with micron-size domains (mainly for organ-
ic-inorganic type MAPbX3), single crystals (also for 
MA-PbX3), and nanocrystals (available for all cati-
on types CsPbX3, MAPbX3, FAPbX3). A large 
amount of literatures report the decomposition of 
MAPbX3 perovskite thin films and single crystals 
upon light illumination[39-41]. On the other hand, 
light is found to cause enhancement and quenching 
of photoluminescence (PL) of MAPbX3 perovskite 
film[42-44]. Moreover, an unusual light-induced effect, 
photo-induced halide segregation is also reported in 
(MA)Pb(BrxI1-x)3 thin films[45-51]. In the present re-
view, we summarize the above aspects and attempt 
to discuss some of the seemingly conflicting views 
on the interaction of perovskite and light.  

2. Light illumination on halide per- 
ovskite thin films 

2.1 Oxygen-free and moisture-free environ-
ment 

The literatures on the light illumination effect 
of halide perovskite thin films in dry N2 or vacuum 
are summarized in Table 1.

Table 1. The literatures of light illumination on halide perovskite in vacuum or dry N2 
Material Light illumination Environment Film morphology PL Ref 
MAPbI3 film 405 nm laser, 0.5 W/cm2 for 5 mins 

(dose: 150 J/ cm2) 
Nitrogen, vacuum Not reported PL decreases [52] 

MAPbI3–xClx,  
MAPbBr3–xClx film 

White light source, 0.0434 W/cm2, for 
24 h(89994 J/ cm2) 

Nitrogen Almost stable Not reported [41] 

MAPbI3 film 408 nm, 0.68 W/cm2 for 2 hours (dose: 
4896 J/ cm2) 

Vacuum Decomposition Not reported [40] 

MAPbI3–xClx, 
MAPbBr3–xClx film 

White light source, 0.0434 W/cm2, for 2 
h (7499 J/ cm2) 

Vacuum Decomposition PL decreases [41] 

MAPbI3 film 532 nm laser, 140 to 4000 W/cm2 for 
Seconds (dose: 1000 to 20000 J/ cm2) 

Vacuum Decomposition PL decreases [38] 

MAPbI3 film 470 nm laser, 0.2 to 0.9 W/cm2 for 7 
mins (84 to 378 J/ cm2) 

Encapsulated Continuous 
enhancement 

[44] 

MAPbI3 film 470 nm laser, 1.6 to 4.6 W/cm2 for few 
mins (1200 J/ cm2) 

Encapsulated may involve de-
composition 

Continuous 
quenching 

[44] 

Both the excitation power (W/cm2) and dose 
(J/cm2) of light matters, and an absolute comparison 

of these parameters cannot be made due to discrep-
ancies in the wavelength, type of source (continu-
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ous or pulsed), and fabrication method of samples. 
However, a rough comparison can give useful 
guidance on better understanding how light and 
perovskite interact. In nitrogen, PL of perovskite 
films drops over time under illumination (at power 
of 0.04 to 0.5W/cm2, dose of 150 to 89994 
J/cm2) because illumination induces the defects in 
the MAPbX3 films, yet the films are found to hardly 
degrade[41,52]. In vacuum, PL drops even more, and 
according to literatures at certain illumination con-
ditions such as power of 0.04 to 4000 W/cm2, dose 
above 1000 J/cm2 the material is found to decom-
pose through the following equations (1, 2)[38,40]: 

CH3NH3PbI3 
 

⎯⎯  (-CH2-) + NH3 + HI + PbI2   (1)

PbI2 
 

⎯⎯  Pb + I2   (2) 

As the above equations show the decomposi-
tion products include volatile NH3, HI, and I2. In 
nitrogen environment, the desorption of gaseous 
products is suppressed and therefore no obvious 
decomposition of the film is observed. However, in 
vacuum, these products are immediately desorbed 
which promotes the decomposition process, and the 
unreacted CH3NH3PbI3, metallic Pb, and carbon hy- 
drocarbonaceous species remain on the surface, as 
demonstrated by the upper row of schematics in 
Figure 1A[40]. There is a saturation of decomposi-
tion, which is about 33%, as is schematically 
shown by lower row of Figure 1A, and indicated by 
the change of Pb2+ signal and Pb0 signal in XPS 
spectra at different durations of illumination in 
Figure 1B[40].

Figure 1. Light induced degradation of halide perovskite thin films: (A) Schematics showing the degradation of CH3NH3PbI3, under 
light illumination; (B) XPS data on Pb 4f7/2 and metallic Pb fraction during light illumination showing the saturation of degradation; 
(C) Optical images of MAPbI3–xClx and MAPbBr3–xClx perovskites films with various illumination durations; (D) Schematics of the 
light-induced degradation processes for perovskite films of MAPbI3–xClx and MAPbBr3–xClx. (A, B) reproduced with permission 
from Li et al.[40], Copyright (2017) American Chemical Society; (C, D) reproduced with permission from Xu[41], Copyright (2018) 
American Chemical Society.

A similar degradation also occurs for perov-
skite thin film with mixed halide of iodine and 
clorine, as well as bromine and clorine under light 
illumination, which was studied by Ruipeng Xu et 
al in detail: CH3NH3PbI3–xClx and CH3NH3PbBr3–x- 
Clx films are found to undergo degradation process 
as is shown by the optical images in Figure 1C[41]. 
In this degradation process, the illumination breaks 
the chemical bonds between CH3NH3 and Pb, be-
sides, the C–N bonds in CH3NH3 and the CH3NH3 

cation convert from the crystal form to hydrocarbon 
species, demonstrated by the schematics in Figure 
1D[41]. Further light illumination causes different be- 
haviour in these two mixed halide perovskite mate-
rials: in the case of CH3NH3PbI3–xClx, light illumi-
nation further breaks the Pb–I bonds in PbI2 and 
induces the conversion of Pb2+in PbI2 into metallic 
Pb, and iodine sublimes into gaseous form, while 
such results are not observed in the case of CH3- 
NH3PbBr3x–Clx

[41]. The above mentioned processes 
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can be summarized by the following chemical equa- 
tions (3, 4, 5):  

CH3NH3PbI3-xClx ⎯  (-CH2-) + NH3 + HI +

PbI2(Cl)       (3) 

PbI2(Cl) ⎯   Pb + I2+ (Cl2)    (4) 

PbCl0.6Br1.4                              (5) 

However, different from the decrease of PL, 
Chen et al. reported light induced PL enhancement 

of MAPbX3 thin film at low excitations and PL 
quenching at high excitations in well-capsulated 
perovskite thin film[44]. The samples are well cap-
sulated by PMMA and glass slip, excluding the ef-
fect of moisture and oxygen, but this report raises a 
question why the PL changes differently in nitrogen 
gas and capsulated cases, which needs further in-
vestigation.  

Figure 2. PL enhancement and quenching of halide perovskite thin films, reproduced with permission from Chen et al.[53], Copyright 
(2016) American Chemical Society: PL intensities of spin coating (SC) sample over time under (A) light excitations at 0.2 and 
0.65 W/cm2 and (B) light excitation at 0.9 W/cm2, stopping at 100s for 4 minutes before resumption. PL intensities of sample fabri-
cated by gas-assisted (GA) process over time under light excitations at (C) 0.90; 1.55 and 2.00 W/cm2 and (D) 2.6 W/cm2, stopping at 
50s for 4 minutes before resumption. Schematics show the dynamic processes under (E) PL increment at low excitation; (F) PL 
quenching under high excitation. The physical processes are (1) photon excitation; (2) fast hot carrier cooling; (3) electron-hole re-
combination; (4) defect/surface trapping (black circle) and curing traps (cross); (5) trapped electron relaxation (detrapping) respec-
tively. 

They found the light induced effect is depend-
ent on fabrication method. For example, the sample 
fabricated by convention spin coating (SC) exhibits 
increase in PL with light illumination, while the 
sample from a gas-assisted (GA) process shows a 
constant PL response due to a higher density of de-
fects[44]. In detail, Figure 2A demonstrates that in 
the case of SC sample, the PL intensity increases 

continuously and then saturates at low excitation at 
0.2 and 0.65 W/cm2. In Figure 2B, the sample is 
firstly irradiated with laser at excitation 0.9 W/cm2 
for 100 seconds during which the PL intensity in-
creases. Then the sample is kept in the dark for 
about 4 mins, and when the excitation is resumed, 
the PL intensity is found to remain stable. In this 
study, the light induced enhancement effect on the 
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PL of SC sample at low excitation is attributed to 
defect curing effect (Figure 2E), in which upon 
light illumination the defect trapping (process (4) 
shown by black circles in Figure 2E) decreases and 
carrier radiative recombination (process (3) in Fig-
ure 2E) increases, leading to increasing PL intensi-
ty in SC samples. Mosconi et al. reported that under 
illumination, Frenkel defects are annihilated[42]. In 
comparison, GA sample has higher density defect 
and the defect curing effect is trivial leading to a 
constant PL.  

At high excitation, PL of SC samples quenches 
continuously and the thin film degrades, as is 
demonstrated in the inset of Figure 2B, in which 
the PL intensity tends to lower over time. However, 
PL intensity of GA sample does not change even at 
excitation of 2 W/cm2 (Figure 2C). PL intensity of 
GA sample decreases with further increase of the 
excitation to 2.6 W/cm2, and after being kept in 
dark for 4 minutes in the dark, PL intensity of GA 
sample changes back to its initial level (Figure 2D). 
Note that with respect to the original PL intensity, 
the PL at a time of 10s and at power of 4.6 W/cm2 
(46 J/cm2) decreases, while PL at a time of 230s and 
at power of 0.2W/cm2 is higher, suggesting that the 

excitation power is a critical parameter in determin- 
ing the light induced PL changes of perovskites. 
The PL intensities for both samples quench under 
high excitations, and this results from mobile ion 
accumulation and increased non-radiative electron/ 
hole recombination, as is shown in Figure 2F[53]. At 
high excitation, mobile ions can be activated proba-
bly via activation of pre-existing ions or via de-
composition of the perovskite by the high density of 
photo-carriers. Then the ions migrate and accumu-
late at the grain boundary or interfaces, leading to 
enhanced non-radiative recombination of free carri-
ers and consequently PL quenching[44]. 

2.2 In the presence of O2 or/and moisture 

As one would expect, the degradation process 
is more complicated when the LHPs are in the pre- 
sence of oxygen. As Table 2 demonstrates, litera-
tures reported that in the presence of light and oxy-
gen, for the thin films, at low excitation power and 
dose (power of 0.188 to 0.5 W/cm2, dose of 33 to 
150 J/cm2), the PL enhancement is found, while 
decomposition is observed at higher excitation 
power or dose.

Table 2. The literatures of light illumination on halide perovskite in presence of O2 or/and moisture 
Material Light illumination Environment Film morphology PL Ref 
MAPbI3 film 405 nm laser, 0.5 W/cm2 for 5 

mins (150 J/cm2) 
Oxygen or mois-
ture 

Continuous en-
hancement 

[52]

MAPbI3 film 532 nm, 0.188  W/cm2 for 3 mins 
(33.8 J/cm2) 

Continuous en-
hancement 

[54]

MAPbI3 film Tungsten halogen lamp (broad-
band), 1.5 W/cm2 for up to 3 days 
(388 J/cm2) 

Oxygen Decomposition Not reported [55]

MAPbI3 film <425 nm Edmund Optics, 0.1 
W/cm2 for up to 2 days (17200 
J/cm2) 

Moisture Decomposition Not reported [39]

MAPbI3 nanocrys-
tals  

514 nm (an Argon ion laser), 10 
W/cm2 for seconds (100J/cm2) 

Air (oxygen and 
moisture) 

Decomposition PL intensity de-
creases, Blue shift

[56]

The underlying mechanism of PL enhancement
is as follows: Oxygen diffuses into the films rapidly, 
and under light excitation of MAPbI3, photoinduc- 
ed electrons and holes form MAPbI3*, which then 
transfers the electron to O2 and produces superoxide 
species. Moreover, iodide vacancies are found to be 
the preferential sites in leading to photo-induced 
formation of these superoxide species from O2

[55]. 
This consequently removes electron trap states 
associated with the iodide vacancies, leading to PL 
enhancement of the perovskite films, as is report-

ed by Roberto Brenes et al. very recently[52]. 
The perovskite thin film shows heterogeneous 

PL comprised of defect-rich dark domains and bri- 
ght domains that are less defective, because of the 
heterogeneous distribution of trap states from grain 
to grain, as is shown in Figure 3A, B. Dane et al. 
conducted a detailed micro-scale study and illus-
trated that despite of the overall bulk PL enhance-
ment of the films, the extent of PL enhancement 
varies from grain to grain. The authors found that 
under light illumination, dark regions with higher 
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trap state densities are preferentially brightened due 
to reduction of trap states and a redistribution in 
local emission intensities is also induced (Figure 
3C shows the variation of the local emission of dif-
ferent spots over time)[54]. The emission of bright 
spot (red triangle in Figure 3B) only increases by a 
factor of 1.4, while the dark spot (blue circle in 
Figure 3B) increases by a factor of 8.7 after ~3 min 
of illumination. Very importantly, they also obser- 
ved that reduction in the trap density is accompa-
nied by photo-induced iodine migration: A dark 
spot is illuminated for several minutes with pulsed 

excitation (1.2 kJ cm−2) and photoluminescence de-
cay is recorded (Figure 3D). Iodide distribution 
summed through the depth in the illuminated region 
is shown in Figure 3E. The iodide distribution (col- 
umns) and laser intensity (blue curve) across the 
line scan (blue arrow in Figure 3E) in Figure 3F 
shows that the regions of highest illumination in-
tensity have least iodide, while the adjacent regions 
have higher level of iodide compared to the back-
ground iodide levels, indicating migration of iodine 
from the illumination area to adjacent areas.

Figure 3. Microscale study of light induced PL changes of halide perovskite thin films, reproduced with permission from Dequilettes 
et al.[54], Copyright (2016) Nature Publishing Group; (A) Correlated scanning electron microscopy (SEM) image; and (B) PL image 
of a perovskite film measured in nitrogen with semitransparent SEM image overlaid, scale bars, 2 μm; (C) PL intensity over time 
from a dark spot (blue circles, enhancement of 8.7 times), intermediate spot (green squares, enhancement of 1.6 times) and a bright 
spot (red triangles, enhancement of 1.4 times) corresponding to the regions highlighted with the same symbols in (B); (D) A series of 
time-resolved PL decays from a CH3NH3PbI3 film measured over time under illumination before time-of-flight secondary-ion-mass 
spectrometry (ToF-SIMS) measurements; (E) ToF-SIMS image of the iodide (I-) distribution summed through the film depth, 
scale bar, 10 μm; (F) Line scan of the blue arrow in (E) to show the iodide distribution (right axis). The measured spatial profile of 
the illumination laser (blue) is shown on the left axis.

Decomposition is also found to occur at high 
excitations, because the superoxide species is high-
ly reactive and reacts with MAPbI3. After reaction, 
MAPbI3 is decomposed into methylamine, PbI2, and 
I2 through the equation (6, 7, 8) below[25,55]. 

MAPbI3 
  

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  MAPbI3
* (6) 

O2  
∗

⎯⎯⎯⎯⎯   MAPbI3 + O2
-    (7) 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  MeNH2 + PbI2 + 1/2I2 + H2O     (8) 

The degradation in light soaking and oxygen 
can be reduced with several methods: production of 
perovskite films with large crystallites to produce 
less photo-induced superoxide[55], and passivation of 
the perovskite films with iodide salts[55].  

At low excitation in the presence of moisture, 

under light illumination, PL is enhanced probably 
due to formation of a shell on the surfaces which 
converts the surfaces to species, which does not 
deteriorate the PL[52]. It is generally agreed till now 
that moisture alone induces hydration of CH3NH3- 
PbI3 films is a reversible process[31,32,57], while light 
illumination with high excitations in the presence of 
moisture induces irreversible degradation of perov-
skite and forms PbI2, as is reported by Ahn et al.[39].
They reveal the mechanism of degradation of per-
ovskite thin film under light illumination in the 
presence of moisture as follows: trapped charges are 
generated along the grain boundaries by light exci-
tation, which induce local electric field, distort the 
structure of hydrated perovskite and trigger the ir-
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reversible humidity-induced degradation of perov-
skite[39]. Figure 4A shows that in the dark condition 
with relative humidity (RH) 90% MAPbI3 is hy-
drated after two days and can be dehydrated re-

versibly by nitrogen gas drying. However, it shows 
very fast irreversible degradation under light soak-
ing even at lower RH 20% (see Figure 4B).

Figure 4. Light induced degradation of halide perovskite thin films in the presence of moisture, reproduced with permission from 
Ahn et al.[39], Copyright (2016) Nature Publishing Group; (A) Absorption spectra and pictures of the MAPbI3 perovskite film and the 
optical images before and after ageing for two days under dark conditions at 90% RH showing that MAPbI3 perovskites were trans-
formed into transparent hydrated states after two days; (B) Time evolution of absorption spectra and pictures of MAPbI3 before and 
after degradation at 20% RH under simultaneous light soaking. 

In a layered geometry (thin film) the light-in- 
duced decomposition occurs at high excitations and 
is only on the surface, and therefore shows no spec-
tral shift. While for the nanocrystals, the surface is 
high and therefore the decomposition occurs at low- 
er excitations, and leads to clear spectra shift, sh- 
own in the last row of Table 2. For instance, when 
the solution of perovskite is spin-coated with low 
concentration, crystals form instead of a continuous 
film. Under intense light excitation, a local field 
gradient is induced in MAPbI3 crystals, inducing 
migration of methylammonium ions (MA+) which 
distorts the lattice structure and changes the effec-

tive band gap. The three-dimensional MAPbI3 cry- 
stal structure collapses to the two-dimensional 
layered PbI2 structure, as shown in Figure 5. The 
dis-tortion of the Pb–I–Pb angle caused by an increa- 
sing number of defects (ionic vacancies) lead to 
spectrally shifting PL[56]. It is worth noting that the 
effect of light illumination on PL of perovskite thin 
film is similar in the case of capsulated film and in 
the presence of oxygen or moisture. Therefore, one 
would need further confirmation whether the oxygen 
and moisture is eliminated completely in a cap- 
sulated film. 

Figure 5. Light induced PL spectral shift of MAPbI3 nanocrystals in ambient, reproduced with permission from ref.[56], Copyright 
(2016) American Chemical Society: (A) PL image before the degradation of a MAPbI3 bulk sample and after the degradation. (B) 
Schematic showing structural change.  



74 

2.3 Light induced segregation of (MA)Pb(Br- 
xI1-x)3 thin film  

In a tandem configuration with a bottom cell 
with a lower bandgap (Si), perovskite material with 
a high bandgap of 1.7–1.8 eV is needed for the top 
cell. Mixed halide perovskite (MA)Pb(BrxI1-x)3 sat-
isfies this requirement, however, when the excita-

tion intensity is above a threshold, light induced 
reversible phase segregation occurs: upon illumina-
tion bromide and iodide ions phase segregate into 
Br-rich and I-rich domains with lower bandgap act-
ing as traps and limiting the performance of solar 
cells[45-50]. 

Figure 6. Light induced phase segregation in (MA)Pb(BrxI1−x)3 thin film: (A) XRD pattern of a (MA)Pb(BrxI1−x)3 (x = 0.6) film be-
fore (black) and after (red) white-light soaking for 5 minutes at ∼50 mW cm−2, and after 2 h in the dark (blue), reproduced with per-
mission from Slotcavage et al.[45], Copyright (2016) American Chemical Society; (B) CL image series with (D) 10 and (E) 30 s of 
light soaking between each CL image. The scale bars are 2 μm, reproduced with permission from Bischa et al.[49], Copyright (2017) 
American Chemical Society; (C) PL spectra recorded Spectra displayed were obtained at 0.2 GPa, 0.6 GPa, 0.7 GPa, and 0.9 GPa, at 
8 s intervals for (MA)Pb(Br0.6I0.4)3 showing the PL evolution with light soaking, ranging from 0 s (dark red) to 150 s (purple), repro-
duced with permission from Jaffe et al.[59], Copyright (2016) American Chemical Society. 

This is evidenced by multiple experimental ob- 
servations in the literatures, including XRD, PL and 
cathodoluminescence, and transient absorption me- 
asurements. When illuminated with white light, the 
original XRD pattern of (MA)Pb(BrxI1-x)3 thin film 
split into two peaks, indicating phases of two types 
of domains, which reverses to one peak when the 
sample is back to dark condition, as is shown in 
Figure 6A[45]. The ion segregation occurs through 
the halide defects and the I-rich domains locate at 
the grain boundaries in the thin film, as is demon-
strated in Figure 6B[49]. Therefore, the segregation 
can be reduced by improving the crystallinity and 
producing larger grain sizes. The other way to mini- 
mize the segregation is through compositional tun-
ing or compressing of the perovskite material. Bis-
chak et al. suggest that by replacing MA with form- 
amidinium (FA) or Cs the light induced segregation 
can be reduced, and also experimentally phase sta-
bility was reported for Cs and Cs/FA blends[49,58]. 
Besides, applying high pressure could also alleviate 

the segregation phenomenon by thermodynamically 
or kinetically suppress halide migration[59]. As is 
shown in Figure 6C, at a pressure of 0.9 GPa, the 
perovskite shows no PL red shift since light induced 
phase segregation is inhibited in the high-pressure 
phase. 

3. Conclusions
In conclusion, the interaction of light and per-

ovskite involves many physical processes depend-
ing on the environment (vacuum, nitrogen, capsu-
lated by other layers, oxygen, moisture), light illu-
mination conditions (excitation power, dose), and 
the morphology of samples (thin film or nanocrystal, 
the grain size of the thin film). The enhancement of 
PL induced by light illumination occurs at low ex-
citations and several possible pathways reported so 
far can be summarized as follows: defect curing in a 
capsulated film; reduction of iodine vacancies asso-
ciated electron traps by reaction of oxygen, pho-
toinduced electron and hole and perovskite when 
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exposed to oxygen, formation of a shell by moisture 
to inhibit PL quenching when exposed to moisture. 
The quenching of PL takes place at higher light il-
lumination, and the underlying mechanism is ei-
ther by inducing defects in the case of nitrogen or 
vacuum, or through mobile ion accumulation and 
increased non-radiative electron/hole recombination 
in a capsulated film. At high excitations, the perov-
skite is also found to be decomposed into PbI2 in 
the following cases: in vacuum, the volatile prod-
ucts desorb instantly; in an oxygen atmosphere, the 
reactive superoxide species are formed and decom-
pose perovskite efficiently; in a humid environment, 
light generates trapped charges along the grain bou- 
ndaries, which triggers the irreversible humidity-in- 
duced degradation of perovskite. Besides, in Br/I 
mixed halide perovskite thin film, light induces ion 
segregation through halide defects and the film se- 
gregates into iodine domains and bromine domains, 
which reverse back to the mixed halide perovskite 
in the dark conditions. The summary encourages us 
with the conclusion that the light illumination is not 
always detrimental for perovskite materials, and 
instead can be utilized to enhance the optical prop-
erties in the proper configurations and to improve 
the performances of perovskite-based devices. De-
spite the above conclusions, several points still need 
to be addressed such as the reason that at low exci-
tations, PL decreases in a nitrogen atmosphere but 
increases in a capsulated film, in the case of PL en-
hancement in oxygen atmosphere at low excitations 
whether any morphological or compositional chan- 
ges occur.  
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