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Abstract A newly synthesized copper-complex exhibit-
ing nonlinear optical properties, crystalline nature, and
generating interest as a material for non-linear optical
applications was investigated. As thermal stability studies
are indispensable before attempting any laser-assisted
processing experiments, the thermal behavior of 2,2’-
dihydroxy azobenzene with Cu®" cations that are found to
organize themselves as non-central symmetric crystallites,
was investigated. The thin films were deposited on silicon
substrates by matrix-assisted pulsed laser evaporation using
a Nd:YAG laser working at 266 and 355 nm. Thermal
analysis of the bulk compound indicates a higher thermal
stability in argon flow when compared to the air atmo-
sphere; as well, since, the adhesion of the compound onto
the substrate enhances the bonding, the thermal stability of
the Cu complex increases. Fourier transform infrared
spectroscopy, atomic force microscopy, scanning electron
microscopy, spectroscopic ellipsometry, and ultraviolet—
visible spectroscopy investigations were also performed.
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Introduction

Metal-organic complex compounds with azobenzene rings
are important materials of real economic interest, with
direct applications as thin films for non-linear optics, optical
storage, or for various sensors [1-4]. Laser processing of
such complex materials represents a solution for obtaining
smooth, continuous, and chemically intact thin films.
Unfortunately, conventional pulsed laser deposition
(PLD)—which has been used as a successful technique for
fabricating inorganic thin films of controlled thickness and
composition [S]—cannot be applied to most organic and
other soft materials, since irradiation by UV light induces
substantial decomposition of the target molecules [6—10].
Thin films of organometallic and coordinative compounds,
polymers, bio- and hybrid metal-organic materials can be
fabricated employing an alternative technique, known as
MAPLE (matrix assisted pulsed laser evaporation) [11-13].
This recent technique is a versatile way of depositing such
fragile compounds on various surfaces and controlling
shape and thickness at nanometer scale (10-500 nm) [14—
28]. MAPLE involves dissolving or suspending the com-
plex material (0.1-2 wt%) in a volatile solvent (matrix),
freezing the mixture to create a solid target, and employing
a low-fluence pulsed laser to displace the target and pul-
verize it into vacuum chamber. When the matrix is irradi-
ated by laser radiation, the solvent evaporates, whereas the
guest molecules are collected onto a substrate. A successful
film deposition by MAPLE technique requires a matrix with
an absorption band in the range of the working wavelength
of the laser and a relatively low absorption by the guest
material. It is also important to consider that possible pho-
tochemical reactions between the matrix and guest materi-
als should be avoided or considerably reduced, but these
requirements are usually difficult to fulfill completely.
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Fig. 1 Molecular formula of the Cu(DAB), complex

This article analyzes the bulk and the thin films of
Cu(Il) 2,2'-dihydroxy azobenzene—Cu(DAB), (Fig. 1)—a
potential candidate for such applications described above,
by several structural and morphological investigation
techniques. Thermal analyses of new azoderivatives, used
as precursors for reduced-scale materials synthesis [29-
31], biological active materials [32-37], or designed for
temperature-controlled applications like dyes [38—41]
exhibiting liquid-crystalline nature [42-48], are needed
before functionalizing them [4, 17, 49-53]. TA was per-
formed on Cu(DAB), to establish its stability and physico-
chemical transformations as a function of temperature.
These investigations are needed to fully understand the
behavior of the structure [24] and for further comparing
whether TA data from the bulk and those from the thin
films exhibit similarities [54].

Experimental
Preparation of Cu(DAB), material

The copper metal-organic complex Cu(DAB), was obtained
in laboratory, starting from a hot solution of ligand (2,2’-
dihydroxy azobenzene, 0.6 mM) in ethanol, mixed with a
solution of copper (II) chloride (hydrated copper chloride,
1.2 mM) in ethanol; the mixture was subsequently stirred
and refluxed for 1.5 h in a water bath until the complex gets
precipitated. The pH of the solution was adjusted with
ammonia solution up to 7-7.5 during the reaction. A fine
crystalline product was separated by cooling the solution;
this was filtered, re-crystallized, and then washed with
ethanol. Further information on the procedure of Cu(DAB),
synthesis may be found elsewhere [4, 55].

Thin film obtaining by MAPLE technique

The target was prepared by dissolving Cu(DAB), crystals in
toluene, at a concentration of 1% wt. For each target we
used, 1 mL of solution was poured onto the target holder
using a micropipette. The target holder was cooled by gently
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immersing it into liquid nitrogen (boiling point: 77 K), until
the solution has frozen (toluene freezing point: 180.16 K).
Subsequently, the target holder was mounted in its place
inside the deposition chamber, where it reached 143 £
5 K—the working temperature throughout the deposition
procedure. The substrates were cleaned in an ultrasonic bath
for 15 min, using acetone and isopropanol as cleaning
media; the substrates were subsequently dried under (pres-
sured) nitrogen gas. For the MAPLE experiments, during
which the Cu(DAB); thin films presented in this article were
obtained, a laser beam from a “Surelite II” pulsed Nd:YAG
laser system (“Continuum Company,” 266 and 355 nm
wavelength, 7 ns duration of the pulse, 10 Hz) was focused
on the Cu(DAB), frozen target, with a spot area of 1.6 mm?
and a fluence of 0.4 J cm ™2 (this value was chosen after a
series of trials, as being the best fluence to preserve
Cu(DAB), structure). Eight depositions were performed on
silicon: four at A = 355 nm, and four at A = 266 nm. The
number of pulses ranged from 5,000 to 42,000 (from 8 to
70 min). In order to have uniform evaporation, the laser
beam scanned the target, while the target was kept refrig-
erated in continuous flow of liquid nitrogen and rotated with
a motion feed-through of 20 rotations min~' driven by a
motor. For controlling the temperature, two thermocouples
were placed in two different spots of the target holder. The
depositions took place in vacuum, with a background pres-
sure ranging from 1 x 107* to 4 x 10~* mbar during the
depositions [15] and a base pressure of 4.5 x 10™> mbar
before the laser irradiation; we have used a “Pfeiffer-Balzers
TPU 170" turbo-molecular pump (170 L s~' volume flow
rate). Detailed information about MAPLE experimental
setup is presented elsewhere [15-18].

Characterization techniques for bulk and thin films

The Cu(DAB), bulk material was characterized by means
of Fourier transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), ultraviolet—visible spec-
troscopy (UV—-Vis), and light polarized optical microscopy
(LPOM). Thin films obtained by MAPLE were character-
ized by atomic force microscopy (AFM) and spectroscopic-
ellipsometry (SE). Both Cu(DAB), bulk and thin films
were analyzed by TA techniques.

Chemical bonding of the Cu(DAB), bulk sample
was investigated by FTIR with a “PerkinElmer SPEC-
TRUM 100" spectrometer in the wavenumber range of
650—4000 cm ™. All spectra were obtained using universal
attenuated total reflectance (UATR) accessory, at a resolu-
tion of 4 cm™!, with 4 scans, and CO,/H,0 correction. SEM
measurements were performed on the Cu(DAB), crystals
using a “FEI Inspect F” setup. The electron acceleration
voltage was set between 200 V and 30 kV; the lateral res-
olution was ~2 nm.
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Thermal analysis measurements (TG, DTG, and DSC) of
the Cu(DAB), complex were carried out in dynamic air and
argon atmospheres (150 cm® min~"), under non-isothermal
linear regimes, using a horizontal “Diamond” Differential/
Thermogravimetric Analyzer from PerkinElmer Instru-
ments. Samples from 0.5 to 3 mg, contained in aluminium
crucibles, were heated in the temperature range of
20-600 °C. The employed heating rates were: 2, 4, 6, 8, and
10 K min~'. An optical microscope “LEICA DM 2500P”
working under polarized light (90° crossed polarizers) was
used to observe morphological transformations during heat-
ing. The last was performed on a “TMS 94 Linkam Scientific
Instrument Ltd.” heating table at a rate of 2 K min™".

Thin films surface aspect and roughness of several dif-
ferent areas and dimensions were analyzed using AFM
technique with a “Park XE-100" setup produced by “Park
Systems.” The scans were made in non-contact mode,
using a silicon carbide tip (10-nm radius of curvature). SE
measurements were performed by using a “Woolam Ver-
tical Variable Angle Spectroscopic Ellipsometer” (W-
VASE), equipped with a high pressure Xe discharge lamp
incorporated in an HS-190 monochromator, in the visible
and near-UV region of the spectrum at wavelengths
between 250 and 1350 nm, step of 10 nm, at 60° and 65°
angles of incidence.

Results and discussion

Structural and morphological characterization
of Cu(DAB),

The FTIR spectrum of the free ligand (2,2’-dihydroxy azo-
benzene = DAB) reveals intense specific bands at 3320,
1590, 1470, 1140, and at 745 cm™ ', which are related to
—N=N-, -C=C- aromatic ring, C-N=, kelatic -OH, and
phenolic —OH, respectively. The FTIR spectrum for
Cu(DAB), is presented in Fig. 2, and the characteristic
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Fig. 2 FTIR spectrum of the Cu(DAB), complex

absorption bands for the individual groups are shown in
Table 1; the typical bands are related to -N=N—, which gives
a signal that is split and becomes maximum around
1588 cm ™!, and phenolic —OH that is shifted to 1259 cm™!
after complexation. The kelatic band at 3056 cm™' is
unaffected within the complex, and the bands corresponding
to the coordinated water molecules are absent. These results
show that the ligand binds the metal by the azo group and
by one —OH group that is shifted to 1259 cm™' after
complexation, while the other gives the unaffected band
at 3056 cm™'. The most intense absorption bands of
Cu(DAB),, identified in the IR spectrum, were attributed to
the following chemical bonding:

— Absorption lines at 744, 757, 1177-1259, 1466 and at
1588 cm™ ! are related to ortho-substituted aromatic
compounds.

— Absorption lines at 744, 757, 1034, 1177, 1203, 1216,
1259, 1452, 1466, 1568, 1588, 3167, 3247, and at
3314 cm ™! are related to hydroxy- or amino-substituted
aromatic compounds.

— Absorption lines at 744, 757, 843, 876, 1143, 1177,
1203, 1216, 1259, 1341, 1466, 1568, 1588, 3167, 3274,
and at 3314 cm™! are related to ortho-substituted
aromatic compounds by hydroxyl and azo groups.

These peaks were particularly analyzed, as they permit a
comparison of the thin films to the bulk material, to detect
whether the deposition parameters preserved the stoichi-
ometry of the samples.

In Fig. 3 we can be observe the microstructural image of
the Cu(DAB), powder; short acicular crystals form, typical
for such compounds, which are disposed in a compact
array. The crystals are between 8 and 11 pum in length, and
between 1.5 and 3 pum thick.

Thermal analysis of Cu(DAB),

Thermal analysis techniques are frequently used to deter-
mine the thermal stability and molecular structure of metal-
organic compounds [24, 36, 37, 56-58]. The thermal sta-
bility of the Cu(DAB), complex determined by TA mea-
surements, as well as the thermal effects, can be observed
in the TG, DTG, and DSC curves in air (Fig. 4), and argon
(Fig. 5) dynamic atmospheres.

In both cases, the system loses ~3% of its mass, most
probably corresponding to the crystallization solvent.

Decomposition in air and argon of the copper complex
takes place in two main steps. For the case of the decom-
position in air, by looking at the thermal effects, the first step
is slightly endothermic (with incommensurable exchanged
heat), while the second step is highly exothermal. In Table 2,
the enthalpy variations of the system during the (second step)
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Table 1 Characteristic absorption bands for the individual groups of the Cu(DAB), complex
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Fig. 3 SEM image of the Cu(DAB), bulk

Table 2 The thermal effect of the second-step oxidative decompo-

sition in air

B/K min™! Temperature Peak AH/K] kg™!
range/°C maximum/°C

2 306-347 344.4 —14,500

4 311-367 362.2

6 327-381 374.0

8 333-390 382.1

10 359-399 391.3
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Fig. 4 Thermoanalytical curves for the Cu(DAB), complex in air at
B =10 K min~"

0037 200 30
000{ 1g0] b S _DTG 20
160 \ 10

L
=

S
3

Mass/% — —
3

s

3

3
o]
@
(@]
)

Heat flow endo up/mW ——

Derivative mass/mg min~! —
s
&

60
10 50 100 150 200 250 300 350 400 450 500 550 600
Temperature/°C

Fig. 5 Thermoanalytical curves for the Cu(DAB), complex in argon
at f = 10 K min~'

oxidative decomposition in air at different heating rates are
presented.

A displacement to higher temperature for the temperature
range of the process was observed, when increasing the
heating rate. The thermal effect of the second stage is exo-
thermal and extremely powerful (more than —14,500 £
1,000 kJ kg_l) for all heating rates; when reaching 395 °C,

Fig. 6 Optical images of the Cu(DAB), complex during the first
stage of decomposition

the compound decomposes almost instantaneously (Fig. 4,
TG curve).

The first step of decomposition was also observed by
optical microscopy, in a way similar to the one described in
the literature [17, 59]. The optical micro-images from
Fig. 6 were recorded on a polarizing microscope LEICA
DM 2500 P, equipped with a video-recorder camera and a
hot thermostated stage TMS 94 (Linkam Scientific Instru-
ments Ltd.) connected to the temperature programmer. The
compound was introduced between two parallel glass
plates (a slide and a coverslip) without any particular care
and was examined between crossed polarizers under a
polarizing microscope. Figure 6a reveals the solid sample
before decomposition, Fig. 6b is an image that shows the
gas formation, while the copper complex is decomposing,
and Fig. 6¢c was recorded at 210 °C after the first decom-
position step ended.

Decomposition of the copper complex in argon consists
of two steps as well. The first step is slightly endothermic,
while the second one is slightly exothermal (because there
is no oxygen present in the gas flow). The first decompo-
sition step recorded in argon atmosphere takes place in the
same manner as the decomposition recorded in air flow, up
to ~ 175 °C (for the 10 K min " experiments). The second
decomposition process starts at 400 °C, exactly the tem-
perature where in the air flow was noticed the spontaneous
reaction. This explains as to why in the air flow case, the
process starts at lower temperatures, enhanced by the
presence of oxygen in the gas flow. From 450 °C, the mass
profile changes which is due to the shift of the first part of
the reaction to higher temperatures in the absence of the
oxygen. The mass losses at the extreme values of the
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Table 3 The gravimetric effect of the decomposition in air and in
argon at 600 °C

/K min~'  Air Argon
B g
Mass loss/% Residue/% Mass loss/%  Residue/%
2 84.12 15.88 78.25 21.75
10 84.48 15.52 81.93 18.07

heating rates during the decomposition of the complex, in
air and in argon, are presented in Table 3.

As can be seen from Table 3, and from the TG curve in
Fig. 5, the thermal decomposition finishes up to 600 °C in
the case of argon flow experiment. When decomposing the
copper complex in air flow, the experimental values for the
mass loss approach, the theoretical value of 16.23% that is
related to a CuO residue. The experimental mean mass loss
of 84.3% is larger than the theoretical value of 83.76%, and
this can be related to copper loss to the gas phase during
the copper complex decomposition, to the formation of
small amounts of Cu,0, or even to metal formation [60]
(sometimes, the crucible had the characteristic color of
metallic copper).

For the decomposition in argon flow, the experimental
values of the mass for the residue at 600 °C are higher than
the theoretical value, for both heating rates; this phenom-
enon augments at lower heating rates. As the decomposi-
tion in argon is not oxidative, the carbon that forms during
the copper complex decomposition does not burn; hence, it
is slowly lost.

Thermal analysis of Cu(DAB), thin film deposited by
MAPLE technique on silicon substrates was also performed
in air, for the heating rate of 10 K min~' using the same
thermoanalytical instrument. For all the analyzed MAPLE-
deposited samples, the gravimetric effect was insignificant
because of the small amount of deposited Cu(DAB), in
comparison to the huge amount of silicon substrate. In terms
of thermal effects, only for the sample irradiated with
30,000 laser pulses (for 266-nm laser wavelengths used), a
weak exothermal effect (—0.11 kJ kgfl) was identified on
the DSC diagram (Fig. 7). It corresponds to the strong
exothermal effect in the bulk material (second thermo-
gravimetric process in Fig. 4). This thermal effect on the
thin film can be observed because of the very high enthalpy
value (—14,500 kJ kg~ ") of the exothermal process of only
Cu(DAB), bulk material.

The exothermal effect observed in the thin film
(Cu(DAB), deposited on the silicon substrate appears to be
relatively minor (~ 10> times smaller than for the pure
Cu(DAB), compound). This is due to the actual amount of
the deposited material which is itself extremely small: only
a few nanograms of Cu(DAB), deposited on a3 x 3 mm?
area of silicon substrate (a few milligrams) used for the
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Fig. 7 The thermal effect of oxidative decomposition in air of a thin-
film sample, at 10 K min~"'

thermal analysis. The small amount of dispersed complex
on the substrate and eventually its good adhesion provides
to the compound a higher thermal stability, and shifts the
temperature of thin film oxidative decomposition at a
higher values (Tpeax = 417.8 °C)—comparing with the
lower temperatures (Tpex = 391.3 °C) for the bulk
Cu(DAB), thermal decomposition.

The results show that for samples deposited at 266-nm
laser wavelength, the copper complex deposited by
MAPLE has no damage to the chemical structure, while for
other samples it appears to have suffered some modifica-
tions: this is possibly due to stronger laser interaction with
the compound because of weaker protection by the matrix
during the deposition procedure at 355 nm laser wave-
length, which leads to Cu(DAB), structure alteration; UV—
Vis spectroscopy supports this fact.

The UV-Vis spectra of toluene (matrix) and Cu(DAB),
are presented in Fig. 8; it can be easily observed that tol-
uene absorbs better at 266 nm and weaker at 355 nm, with
respect to Cu(DAB),. The procedure was necessary in
order to establish such absorption characteristics of the
Cu(DAB), and its toluene matrix at selected wavelengths,
to subsequently correlate thin film properties with the laser
influence on the target material during deposition.
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Fig. 8 UV-Vis spectra of toluene and of the Cu(DAB), complex
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For the thin-film samples deposited at 266-nm laser
wavelength, the copper complex was deposited with vir-
tually no damage to the chemical structure, while for the
samples deposited at 355 nm it appears that some modifi-
cations occurred; this is possibly due to laser radiation
interacting with the compound because of weaker protec-
tion by the matrix during the deposition procedure at 355-
nm laser wavelength that leads to slight structure alteration
in Cu(DAB),, since the complex has higher absorption at
this wavelength; organic compounds with a high degree of
conjugation are known to absorb light in the near-UV
region of the electromagnetic spectrum [61].

Atomic force microscopy and spectroscopic
ellipsometry of thin films

Visually, the samples appear uniform and completely
covered (Fig. 9). The AFM images of the same sample
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Fig. 9 AFM images of the Cu(DAB), samples deposited on silicon,
at different scanning areas: 20 x 20 um2 (a), 10 x 10 umz (b), and
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Fig. 10 The refractive and the extinction indexes of the Cu(DAB),
complex, determined from the Cauchy optical constants

deposited at 266-nm laser wavelength revealed a continu-
ous and smooth surface covering the entire exposed area of
the substrate. Although several areas of the samples were
scanned by AFM, only three significant images of the
samples were chosen, presented in Fig. 9 at different
scanned areas: 20 x 20 um2 (a), 10 x 10 um2 (b), and
5 x 5 pm? (c). The samples were deposited at a fluence of
0.4Jcm™? (50 min/30,000 laser pulses), and have a
roughness (as root mean square value, or RMS) of about
20.1-25.8 nm. No droplets are present, and substrate types
do not influence the morphology of the films.

Since the AFM measurements indicate smooth and
continuous thin films, it was possible to employ SE in order
to determine the characteristic thickness and roughness
(data are presented in Fig. 10). The optical model was built-
up to fit the experimental data in a four-layer configura-
tion: silicon, native silicon oxide (3 nm), Cu(DAB),, and a
“roughness layer”; the roughness-layer was approximated
as a 50% Cu(DAB), and 50% air. The optical constants
used to fit the silicon and silicon oxide layers are from the
literature [62], while the Cu(DAB), thin film was fitted as a
layer that fulfils the Cauchy—Urbach formalism (weak
absorption in the visible region of the spectrum).

The first step was to approximate Cu(DAB), thin-film
thickness and the constants in the formalism, followed by
the determination of the refraction (n) and extinction
indexes (k) by normal Cauchy-Urbach “point by point”
fitting of the spectra; detailed information of the setup, of
the mathematical models, and formulas used for fitting the
experimental data are presented in [63]. The SE investi-
gations were performed between 250- and 1700-nm
wavelength, although only the 300-800-nm interval was
considered here; thin film thicknesses varied from 101 to
310 nm (£12 nm) and the RMS from 12 to 21 nm,
depending on the number of laser pulses. At 550 nm-
wavelength, the samples exhibit a refractive index of
2.11 £0.21 and an extinction index of 0.13 4 0.013;
value error is related to mathematical model used in fitting
the experimental data, to possible thin-film discontinuities,
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e.g., small bubbles, or to the existence of a small slope in
the thin-film surface structure.

Conclusions

Thermal analysis of Cu(Il) 2,2'-dihydroxy azobenzene
organo-metallic compound was performed to establish its
chemical and physical transformations and thermal stability.
MAPLE technique was used to obtain thin films of this
hybrid material. The results indicate the preservation of the
initial compound structure on the substrate, for the samples
deposited by MAPLE to be better at 266 nm laser wave-
length than at 355 nm. TA of the bulk compound indicates a
higher thermal stability in argon flow when compared with
the air atmosphere and a different decomposition pathway
for the second step. As well, since the adhesion of the
compound onto the substrate enhances the bonding, the
thermal stability of the Cu complex increases when dis-
persed on the Si layers. AFM images reveal continuous and
smooth surfaces for the deposited thin films of Cu(DAB),
obtained on silicon substrate. The modeling of SE data
indicates thicknesses ranging from 101 to 310 nm,
depending on the deposition conditions, and a refractive
index of 2.11 (at 550-nm wavelength).
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