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Abstract. The development of low-defect self-organizing thin film materials is one of the most important di-
rections of modern optoelectronics. For this purpose, the formation and stability of quantum dots (QDs) floating
monolayers on the composition (pure water or NiCl; aqueous solutions) and temperature (19 and 25 °C) of subphase
have been investigated. The studied quantum dots were CdSe/CdS/ZnS (core/shell/shell) stabilized by oleic acid.
The data on 7-A isotherms, hysteresis, and stability of ODs floating monolayers were analyzed. It was found that
the monolayer formed on the pure water subphase is more stable. It was established that the increase of NiCl;
content in the aqueous subphase (from 1 to 5 mM) leads to the decrease of the gas phase region and the increase
of the liquid and condensed phase regions on w-A isotherms. It was suggested that Ni** cation interacts with the
carboxylic groups of free (unbounded to QDs) oleic acid molecules. As a result, the density of floating layer and
the compression module values increased. The highest compression modulus values of ODs floating monolayers
were found for the 5 mM NiCl; containing subphase. On the basis of the studied floating layers, thin films were
obtained on silicon substrates, and their surface was investigated by the AFM method. It was determined that the
presence of NiCl, in the aqueous subphase leads to an increase in the thicknesses and hydrophobicity of the pre-
pared thin films. The obtained data can be used at the formation of multicomponent thin film nanomaterials con-
taining quantum dots.
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O®OPMUPOBAHUE IIVIABAIOHIUX MOHOCJIOEB KBAHTOBBIX TOYEK CdSe/CdS/ZnS
HA MOBEPXHOCTHU CYB®A3bl, COJEPXKAIIEN NiCl,
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Annomayusn. Coz0anue Manooedekmublx camoopeanu3yoWuxcsi MOHKONIEHOYHbIX MAMEPUATIO8 S6JISLemcs
OOHUM U3 BANCHEUUIUX HANPAGTIEHU Pa3eumusi cogpemennol onmoanekmponuxu. C 3mou yenvio Obliu ucciedo-
6aHBL POPMUPOBAHUE U CIIAOUTLHOCb NIABAIOWUX MOHOCT0e8 Keanmoswvlx moyek (KT) 6 3asucumocmu om co-
cmaea (wucmas 600a unu 0ouvie pacmeopwvl NiClz) u memnepamypwt (19 u 25 °C) cyogasvl. Uccnedyemvie keam-
mosvie mouku CdSe/CdS/ZnS (a0po/obonrouxa/obonrouka) dviiu cmadburusuposamnst oreunosol kuciomou. lpoana-
JTUBUPOBAHBL OanHble T-A U30mepMm, 2ucmepesuca u CmabuIbHOCMU NAABAIOUUX MOHOCN0E8. Bblio obHapyiceno,
umo naasarowuti monocaou KT, cchopmuposanusiii na cyogaze wucmotl 600vl, sA6asiemcs boiee cmadOuiIbHbIM.
Yemanoesneno, umo yeenuuenue cooepoicanus NiCly 6 6oonoii cyogasze (¢ 1 00 5 mM) npueooum Kk ymeHbUleHUIO
obnacmu 2az3080u (azvl U ysenuueHur oonacmei HCUOKoU U KoHOeHcuposannou ¢has na w-A usomepmax. boiio
8bICKA3AHO Npeonoodcenue, umo kamuon Ni*'™ ezaumodeiicmeyem ¢ KapbOKCUTbHLIMU 2PYRNAMU C80600HbIX (He-
ceszannvix ¢ KT) monexyn oneunosotl kuciomol. B pezyiomame ygeauuugaemcs niomHoCms niagaroueco cios u
3Hauenus mMooyna cocamus. Haubornvwue 3nauenuss mooyas cocamus niasaiowux monocioeg KT bvinu obHapy-
arcennl 0nst cyoghasvl, cooepocawen 5 mM NiCl,. Ha ocnose ucciedo8annbix niasanouux cioeg 0viiu noiyueHsl
MOHKUEe NJIeHKU HA KPEMHUEBbIX NOOLONCKAX, NOBEPXHOCb NIEHOK ucciedogana memooom ACM. Yemanosneno,
ymo npucymcemsue NiCly 6 600HOU cybOaze npusodum K y8eauueHuo moaunsl U eu0poPoObHOCU MOHKUX Nie-
Hok. llonyuennvle Oanubie MO2ym ObIMb UCHONL30BAHBL O/l YOPMUPOBAHUS MHOLOKOMNOHEHMHBIX MOHKONIEHOY-
HbIX HAHOMAMEPUALO8, COOEPICAUUX KEAHMOBbLE MOYKU.

Knrwouesnvie cnosa: xeanmogvle mouku, niagaiowue ciou, memoo Jlenemwpa-Llegpgepa, moukue nienxu,
ACM, oneunoesas xucioma, NiCly, mexanuueckue ceolicmea
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Smirnova A.L., Usol’tseva N.V., Glukhovskoy E.G. Formation of CdSe/CdS/ZnS quantum dots floating monolayers

on the NiCl, containing subphase. Lig. Cryst. and their Appl., 2021, 21 (4), 74-84. DOI:
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Introduction (packing density) and, therefore, to tune the properties

Currently, Langmuir-Blodgett (LB) technique is
used to create materials for optoelectronic devices such
as solar cells [1-3]. The main idea of the technique is
the self-organization of amphiphilic (surfactant) mole-
cules at the water—air interface giving objects with a
high degree of structural perfection. LB technique al-
lows to control the required properties of floating layer

of deposited thin film.

The presence or absence of ions in a subphase
can also influence properties of forming floating layers.
It was shown that when metal ions are added to the sub-
phase during the formation and compression of a sur-
factant monolayer, the carboxyl group of surfactant
molecule interacts with metal ion in the subphase and-
forms a salt [4]. In this case, the n-A isotherm shifts
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to the right, regarding to the formation of a monolayer
on the surface of pure water [5].

One of the promising materials for creating float-
ing (Langmuir) monolayers are semiconductor quan-
tum dots (QD) that have found their application in var-
ious fields of science and technology [6]. QDs possess
unique optical and electrical characteristics that result
in the manifestation of a quantum-size effect, i.e. de-
pendence of particle properties on their size [7, 8].

The modification of a QDs monolayer can also be
carried out by dissolving of various salts in the aqueous
subphase [9, 10]. In this case, the floating monolayer of
the QDs capped with fatty acid interacts with metal ion
and salt of fatty acid is formed. As a consequence, the
presence of metal ion in monolayer influences the proper-
ties of floating monolayer structure and then the resulting
thin film transferred onto solid substrate.

By changing salt concentration and subphase
temperature [5], it is possible to vary the surface mor-
phology and composition of QDs floating monolayer as
well as its mechanical (compressibility and compres-
sion modules) and electrical (surface potential) proper-
ties 5, 11, 12].

The characterization methods: measurement of
1-A isotherm and atomic force microscopy provide the
quantitative and qualitative information that could help
to evaluate parameters of floating layers and thin films,
correspondingly.

In this work, we studied the floating monolayers
of CdSe/CdS/ZnS quantum dots formed at the air—wa-
ter interface with varying content of NiCl, salt in an
aqueous subphase. The presence of NiCl, in the sub-
phase was aimed to get the highest packing density of
QDs in floating monolayer. The effect of subphase tem-
perature was used to study the stability of the floating
monolayers.

Materials and methods

The studied QDs were synthesized by the group
of Goryacheva I.Yu. according to the technique de-
scribed in [13]. They represent 10°° M colloidal chloro-
form solution of CdSe/CdS/ZnS QDs stabilized with
oleic acid.

In the experiments we used deionized water
(DW) with approximate resistance R = 18 MOhmxcm
as a subphase basis. The surface of a subphase was
cleaned by suction to ensure that there were no contam-
inants. The subphase temperature was 19 or 25.0 with
accuracy £ 0.5 °C.

In order to add metal ions to the subphase, we
prepared NiCl, (Sigma Aldrich) solutions in deionized
water (DW) with concentrations varying from 107 to
5%10° M.

QDs floating monolayers were formed with the
use of KSV Nima LB trough KN 2002 (KSV Nima, Fin-
land). 50 pL of QDs solution were spreaded by a sy-
ringe over the subphase surface. Then we waited for 8
min until complete chloroform evaporation. The error
of surface pressure did not exceed 0.03 mN/m. The
monolayer was formed via LB technique using the
compression barriers moving at a speed of 12 mm/min.
The surface pressure isotherms were measured by two
movable barriers located on top of the water surface
(computer controlled LB trough).

For deposition experiments, the floating layers
were exposed to surface pressures corresponding to gas,
liquid expanded and condenced phases (0.3, 5.0 and 29
mN/m, respectively) [14]. Thin films were deposited
onto solid substrates (silicon wafers, SiO,-coated) at a
rate of 2 mm/min by Langmuir-Schaefer method.

Atomic force microscopy (AFM) images were
taken in a semi-contact mode using Solver Nano micro-
scope (NT-MDT, Russia).

Results and discussion

7-A isotherms

With the aim to study the hysteresis behavior of
QDs floating layers, two cycles of the compression and
expansion isotherms were registered. The cycles ac-
companied by only slight changes in surface pressure
indicating a good stability of the formed floating layers.

The hysteresis curves of n-4 isotherms were ob-
tained (Fig. 1). They show that the occupied area of
QDs monolayer decreased during the compression and
decompression cycles due to the shift of isotherm com-
pression curve of the second cycle. The lift-off point
(LP) of isotherm (it is the point when the isotherm curve
starts to rise [15], Fig. 1) is shifted to the left. Corre-
spondingly, the area of floating layer in this point de-
creases from 96.5 cm? to 83.1 cm”. The occupied area
in the condensed phase was extrapolated from the iso-
therm (Fig. 1) and calculated to be 54 + 0.1 cm?.

With the aim to evaluate the effects of NiCl, in
aqueous subphase on the QDs floating layer formation,
the n-4 isotherms were registered (Fig. 2). Concentra-
tion of NiCl, in the subphase was 1.0, 1.5, 2.0 and
5.0 mM. The data were compared with the case of pure
water subphase.
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Fig. 1. Compression and expansion isotherms of the QDs
floating monolayer on the pure water subphase

The following typical features of the m—A iso-
therms should be mentioned. At low surface pressure
(m <1 mN/m), QDs monolayers formed a gaseous-li-
quid coexistence phase before the lift-off area of mon-
olayer (Fig. 2). In this case, QDs are mostly free in
space. Then, the monolayers were forcibly compressed
into a liquid phase (I). Further barrier compression
caused a sudden phase transition to a condensed phase
(II), when the hydrophobic part of free (unbounded to
QDs) oleic acid molecules aligned almost perpendicu-
lar to the surface of subphase.

As can be seen from Fig. 2, the isotherms of QDs
monolayers depend on the concentration of NiCl, in the
subphase. The increase of NiCl, concentration leads to
the decrease of gas phase region and the increase of lig-
uid and condensed phase regions. For example, when
A =27 cm? the addition of NiCl, into subphase changes
the surface pressure (1) by 28 %: from 35 to 50 mN/m.
Probably, Ni*" cation interacts with carboxylic groups
of free oleic acid molecules (the oleic acid molecules,
which are unbounded to QDs), that is the acid ex-
changes its hydrogen atom with nickel ion forming ole-
ate salt: Ni(C17H33COQ), [2, 16]. Due to this fact, the
density of floating layer and the compression module
values are increased.

501 —QDs
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Fig. 2. n-A isotherms of QDs floating monolayers at differ-
rent concentration of NiCl, in aqueous subphase. I — liquid
phase, II — condensed phase. The dashed arrow shows the

surface pressure increase on the addition of NiCl, into aque-

ous subphase

Mechanical properties of floating layers

The phase transitions in floating monolayer can
be explained by studying the mechanical properties —
compressibility (K) and compression modulus (y):

r=.K=—-=(%) (1)
K Ag \dm
where dA is the change in the area of Langmuir mono-
layer, dm is the change in surface pressure value, 4 is
the monolayer area (condensed phase) [9, 17].

In the described series of experiments, the influ-
ence of NiCl, on the compression modulus of QDs
monolayers was investigated (Fig. 3). The highest val-
ues of the compression modulus are equaled to 359.4
and 42.4 mN/m for the subphase containing 5 mM
NiCl, for regions I and II, respectively (Fig. 2). The
lowest values of the compression modulus were 86 and
35 mN/m for regions I and II, respectively — for the pure
water subphase. According to literature data, the values
of the compression modulus of floating monolayer of
12.5-50 mN/m correspond to liquid-expanded phase
[18, 19], the range of 100—250 mN/m is typical for lig-
uid-condensed phase, and the values above 250 mN/m
usually observed in condensed phase [20].
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Fig. 3. The dependences of occupied area (—0—) and compression modulus (—e—) of QDs floating monolayers on the concent-
ration of NiCl; in the aqueous subphase. a) condensed phase (region II, Fig. 2) and b) liquid phase (region I, Fig. 2)

Floating monolayer stability

To study the monolayer stability, the QDs floa-
ting layers were compressed at the surface pressure
value of 20 mN/m with the maximum forward/back-
ward movement rate of barriers of 1 mm/min, and the
decrease of the monolayer area over time (1800 s) was
evaluated (Fig. 4, a). The experimental results of rela-
xation were approximated by a double exponent of the
relaxation components (z; and 7). These individual pa-
rameters can be extracted from the exponential depen-
dences as two terms of the equation:

A/Ay(t) = asexp(TY/r,) + azexp(Tt/g,). (2)

where A/A, is the relaxation area, a; and a, are dimen-
sionless constants, t is the variable time (0-1800 s), 7
and 7, are the equilibrium times of the regions I and II,
correspondingly (Fig. 2).

Fig. 4, a shows the QDs floating monolayer sta-
bilities at different conditions (subphase content and
subphase temperature). At 25 °C, the decrease of mon-
olayer area by the end of observation time was about
17% for both concentrations of NiCl, (1 and 5 mM). It
is somewhat different from the case with the pure water
subphase (13.5 %). Therefore, the monolayer formed
on the surface of pure water subphase is the most stable.

At 19 °C, the floating monolayer area decreased
by 12.8 and 12.9 % for pure water and 1 mM NiCl, sub-
phase, respectively. Thus, the decrease of subphase
temperature improved the stability of monolayers
formed on the NiCl,-containing subphase. It became
similar to the values obtained for pure water subphase.

The data presented in Table 1 evidence that the
presence of NiCl, in the subphase causes a significant
decrease in the equilibrium times in comparison with
the pure water subphase at both temperatures (19 and
25 °C). The increase in the concentration of NiCl, from
1 to 5 mM has only negligible influence. Parameter z;
occurred to be more sensitive to the temperature of the
subphase, than 7;. Such behavior indirectly tells about
two relaxation processes having different nature.

Surface potentials of floating monolayers on differ-
rent subphases at different temperatures changing over
time at a fixed surface pressure of 20 mN/m are presented
in Fig. 4, b. It can be seen that the lowest value of the sur-
face potential is observed at 25 °C on pure water surface,
it decreases by 11.4 % over time. The highest values of the
surface potential were found for the floating monolayer
formed on the subphase with 1 mM of NiCl, at 19 °C start-
ing from ~500™ up to 1800™ seconds of observation. The
values for other floating monolayers lay between the two
above mentioned data.
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Fig. 4. Floating monolayer stabilities (a) and surface potentials () at different NiCl,
concentrations in the aqueous subphase

Table 1. Equilibrium times of QDs monolayer area at different conditions

Subphase T, °C T1, S 2, S
DW 25 760 580
DW 19 1770 640

1 mM NiCl, 25 590 470
1 mM NiCl, 19 1640 630
5 mM NiCl, 25 610 490

Thin films on solid substrates

As a rule, a floating monolayer transferred onto
a solid substrate by the Langmuir-Schaefer method (it
is when the substrate is oriented horizontally) retains
the structure that it had during transfer. This feature (as-
sumption) was used to perform a more detailed study of
the dissolved salt effect on the morphology of a QD thin
film on a solid substrate.

Floating QD monolayers were transferred from
pure water surface and surface of the 1 and 5 mM of
NiCl, solutions onto monocrystalline silicon plates by
Langmuir-Schaefer technique. The surface pressure
during transfer was from 0.3 to 5 mN/m. Then, the ob-
tained films were studied by atomic force microscopy
(AFM). Relief and individual relief profiles are pre-
sented in Fig. 5.

The AFM images show various types of layer
formation throughout the QDs monolayer compression.
With an increase in the value of the surface pressure
from 0.3 to 5 mN/m, the total surface area decreases.
This is caused by the decrease in the distance between

quantum dots in the film (up to formation of aggregates
due to the poor QDs — water interaction) and the shrink-
ing of the “empty” regions (the regions, which are free
from the QDs but containing oleic acid molecules un-
bounded with QDs). The presence of empty areas in the
films obtained when the surface pressure was 5 mN/m
indicates that the colloid solution of QDs contained an
excessive amount of oleic acid. The root mean square
(RMS) roughness value of the monolayer film trans-
ferred from the pure water subphase increased from 5.3
to 8.3 nm. While, in the case of the 5 mM NiCl, con-
taining subphase, the RMS roughness increased from
5.6 to 8.4 nm (see the corresponding profiles in Fig. 5
and Fig. 6). With further compression and reaching the
surface pressure of 30 mN/m, the floating layer enters
the pre-collaps "transitional" state.

The AFM data of films obtained at two surface
pressures (0.3 and 5.0 mN/m) support our suggestions
about the presence of two states of floating monolayers
(I and II phases, Fig. 2), exhibited regardless of the
presence of salt in the subphase.
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In order to analyze the effect of subphase com-
position on the hydrophobicity of the QDs thin films
transferred onto silicon substrate, the wetting angles of
the obtained films were evaluated by the lying drop
method. As it can be seen from Fig. 7, the average con-
tact angle changes from 88.2° to 92.8° (by more than

a

5 degrees) for the films deposited on the silicon sub-
strate from the pure water and the 5 mM NiCl, contai-
ning aqueous subphase, correspondingly. An increase
in the contact angle indicates a decrease in the surface
energy of thin film.

b

Fig. 7. The contact angles of QDs thin films deposited on silicon substrate from:
a — the pure water subphase, b — the NiCl, containing subphase

Conclusions

The effect of the composition (pure water or
NiCl,-containing aqueous solutions) and temperature
(19 and 25 °C) of subphase on the formation of floating
monolayers by CdSe/CdS/ZnS quantum dots and the
structure of their thin films transferred onto solid sub-
strate has been studied.

Hysteresis behavior was studied by the compres-
sion and expansion isotherm method on the pure water
subphase. It was found that the lift-off point (LP) of iso-

therm is shifted to the left when the repeated compres-
sion was applied. However, it should be noted that the
cycles accompanied by only slight changes in surface
pressure indicating a good stability of the floating layers.

The more detailed studies were performed for the
QDs floating monolayers on NiCl,-containing aqueous
subphases. It was established that the increase of NiCl,
concentration in the aqueous subphase (from 1 to 5
mM) leads to the decrease of the gas phase region and
the increase of the liquid and condensed phase regions
on 7-A isotherms.
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It was suggested that Ni** cation interacts with
the carboxylic groups of free (unbounded to QDs) oleic
acid molecules. As a result, the density of floating layer
and the compression module values increased. The
highest compression modulus values of QDs floating
monolayers were found for the 5 mM NiCl, containing
subphase.

By studying the floating monolayer stability dur-
ing 1800 seconds time, it was found that the monolayer
area decreased by about 17 % for both concentrations
of NiCl, (1 and 5 mM). The floating monolayer on the
pure water subphase was more stable: the monolayer
area was reduced only up to 13.5 %.

The decrease of the subphase temperature from
25 to 19 °C made it possible to increase the stability and
uniformity degree of QDs in floating monolayer inde-
pendently of the subphase composition.

The studied floating monolayers were transferred
onto silicon substrate and studied by AFM method. It
was found that a rise of the transfer pressure increases
roughness of films, regardless the subphase composi-
tion. Whereas, the presence of NiCl, in the aqueous
subphase leads to an increase in the thicknesses and hy-
drophobicity of the obtained thin films.

The obtained results can be used for the develop-
ment of multicomponent thin film nanomaterials con-
taining quantum dots.
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