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NANOSTRUCTURED CARBON AND ORGANIC FILMS:
SPECTRAL MICROWAVE AND OPTICAL CHARACTERISTICS
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1.Sh. Fitaev, V.S. Gurchenko
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Simferopol, Republic of Crimea, Russian Federation

Microwave and optical transmission and reflection spectra of thin films prepared by casting the
aqueous and dichloromethane solutions of fullerene, as well as casting the chloroform solution of
4-methylphenylhydrazone N-isoamylisatin have been recorded in the 2.5 — 4.0, 8.2 — 12.0 GHz
and 19 — 110, 330 — 740 THz ranges. The carbon samples precipitated from dichloromethane were
established to be the most sensitive to the microwaves. There were 3.4 and 9.1 GHz absorption
peaks in their spectrum. The 20 — 50 and 78 — 108 THz IR intervals were chosen for investigation
as the most pronounced. The fullerene-containing films, having a linear optical spectrum, exhibited
the maximal absorption factor. The organic samples, having a sharp increase of optical absorption
in the 599.6 — 713.8 THz. high-frequency region, exhibited an absorption edge of 3.05 eV. In this
case the surface photomicrographs demonstrated a rather ramified relief with nontrivial 3D forms
dependent on the solution nature, notably prominent for fullerene surfaces.
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CNEKTPAJIbHbLIE CBY- U ONTUYECKUE
XAPAKTEPUCTUKU HAHOCTPYKTYPUPOBAHHDbIX
YIMEPOAHbLIX U OPTAHUYECKUX NMNEHOK

B.B. CmapocmeHko, A.C. Ma3suHoGB, A.C. TIOmMIOHUK,
n.ll. Pumaed, B.C. l'ypueHko

KpbIMckuid peaepanbHbiii yHUBEpCUTET MMeHU B.U. BepHaackoro,
r. Cumcepononb, Pecnybnuka KpbiM, Poccuiickas ®enepauus

[IpencraBieHbl CHEKTPBI MPOMYCKAHUSI M OTPAKEHMS 3JIEKTPOMATHUTHOIO M3JIyYeHMS [UIS
TOHKUX TUIEHOK, ITOJTy4YeHHBIX METOIIOM TOJIMBA U3 paCTBOPOB (DYJIJIEPEHOB B BOJIE M IMXJIOPMETaHE,
a TaKKe M3 pacTBOPOB 4-MeTmiipeHmITnapa3ona N-n3oaMun3aTiHa B xaopodopme, B CBY- (2,5
4,0 —u 12,0 — 8,2 I'Tn) u ontmueckux (110 — 19 u 740 — 330 TI'u) amanazonax. [TokazaHo, 4To
HanboJiee uyBcTBUTENIbHBL K CBY-BojiHAM yrjiepoaHble 00pa3iibl, OCAXKISHHbIE U3 AUXJIOPMETaHa,
Ha CMEeKTPe KOTOPhIX OTMEUYeHbI UKy morjoiieHus 3,4 u 9,1 I'Tu. B undpakpacHoM quamnazoHe
ObUIM BbIAENAEHBI YacTOTHbIe MHTepBaibl 20 — 50 u 78 — 108 TT 1, roe HauboJjee IPKO NPOSIBUIOCH
B3aUMOJIEHICTBUE 3JIEKTPOMAarHUTHBIX BOJH C oOpasllaMM. B ONTHYECKOM CIEKTpe TUICHKH,
TOJTyYeHHBIE W3 OBYX BHIOB QyJJIepeHCOmEpXKalluX CYCIICH3W, WMes JWHEHHBIA CITeKTD,
00Jama MaKCUMAaJIbBHBIM KO3(M(PUILIMEHTOM TOINIOIICHMSI, a OPraHUIECKIE 00pas3lbl C PE3KUM
yBEJIMYEHUEM TOIIOLIEHUST B BLICOKOYACTOTHOM obactu 713,8 — 599,6 TI'u uMesn Kpaii IOJIOCH
noriomeHus 3,05 3B. Ilpu stom Mukpodororpa¢pum MOBEPXHOCTEH IMOKa3ald JTOCTATOYHO
pa3BeTBIICHHbBIN pebed (B OCOOEHHOCTU [Jig MOBEpPXHOCTel (ysuiepeHa) ¢ HeTpUBUATbHBIMU
3D-o6pa3zoBaHusiMU, Ha (hOpMY KOTOPBIX BJIUSIT TUIT PACTBOPUTEIS.
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Introduction

New frequency ranges are introduced for
modern radio transceivers, as efforts are made
to reduce the sizes and weights of the devices,
accompanied by steadily decreasing costs; as a
result, the search continues for new materials
that can effectively interact with electromag-
netic radiation in different frequency ranges.
Fiber-optic channels transmitting the largest
amounts of data traffic [1] and microwave cel-
lular stations providing direct communication
with customers [2,3] remain the key commu-
nications today.

The interest towards nanostructured car-
bon derivatives (carbon nanotubes, graphenes,
fullerenes) grew considerably in the late 1990s
and early 2000s. These structures not only pos-
sess unique physical properties [4—6] but also
exhibit broadband absorption in combination
with other materials. [7, 8]. Using nanocom-
posites to construct elementary active devices
[9] should make it easy to integrate organocar-
bon elements into existing electronic circuits of
modern transceivers.

Combined with organic materials, these el-
ements can serve as a basis for novel emitting
[10] and diode structures [11, 12], significantly
expanding their operating ranges.

However, such devices have certain draw-
backs, primarily, photopolymerization (unde-
sirable changes in properties induced by ex-
posure to light), photostimulated and ordinary
oxidation [13, 14] leading to rapid degradation
of organic layers used.

Despite wide interest in organocarbon
materials, their frequency properties are
mainly used in the visible range, while their
characteristics in the medium-wave infra-
red (IR) and microwave ranges are poorly
studied.

In this study, we considered the effects of
electromagnetic waves of microwave and op-
tical ranges on nanostructured films of C
fullerene and N-isoamylisatin 4-methylphenyl-
hydrazone (IMPH) organic precursor, serving
as the main working layers of the correspond-
ing heterojunctions [15].

Measurement procedure and
experimental samples

Since the initial studies focused on barrier
structures [15], we considered the effect of electro-
magnetic radiation on thin films, i.e., on the type
of matter from which these heterojunctions were
made [12]. Examining C and IMPH samples, we
focused on measurements and analysis of reflec-
tion and transmission spectra of electromagnetic
radiation in the microwave and optical ranges.

The microwave region was represented by
two ranges: 2.5—4.0 and 8.2—12.0 GHz. Thin
square substrates of two sizes, 18 x 18 and 6 x 6
mm, were prepared from the given materials for
measurements on waveguides with cross sections
of 72 x 34 and 23 x 10 mm, respectively.

Optical measurements were carried out in
two frequency ranges: mid-wave infrared 19—
110 THz (650—3650 cm™") and visible 330—740
THz (405—909 nm). Samples of the same size,
18 x 18 mm, were made for this purpose.

The C, samples were examined in two phase
states. One of them was a fullerene-contain-
ing aqueous solution (fullerene water system
(FWS)), which was 99.9% pure [16]. Another
C,, Was a solid-phase powder obtained by sput-
tering graphite [17, 18], 99.5% pure.

The primary FWS suspension was synthe-
sized from crystalline C, (20 mg subsample)
dissolved in N-methylpyrrolidone (25 ml) using
a magnetic stirrer. The resulting purple-brown
solution was mixed with distilled water (12.5 to
100 ml). The resulting clear dark red solution
was stirred for 1 h and subjected to exhaus-
tive dialysis against deionized water. The dialy-
sate was passed through a filter (0.45 pum-sized
pores), producing clear brownish-yellow solu-
tion as a result. It was stored at a temperature
of 10 °C, protected from light [16].

The organic precursor was prepared accord-
ing to a procedure similar to that described in
[19]; 3-methyl-1-phenyl-4-formyl-pyrazole-5-
one (2 mmol) was dissolved in 96% ethanol (25
ml) by stirring and heating. The corresponding
4-chlorobenzoic acid hydrazide (2 mmol) was
added to the resulting solution, which was then
stirred and heated for 1—2 h until a precipitate
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formed. The precipitate was left in mother li-
quor for a long time (overnight); then it was fil-
tered off, washed with ethanol and dried in air.
Target product (weighing 680 mg) was obtained
with a yield of 96% by this procedure.

Solutions were prepared for each of the start-
ing materials (IMPH and C)) as active layers
were formed. Chloroform was used as solvent
for the IMPH compound, and dichlorometh-
ane for powder C (in concentrations of 0.5
mg/ml). There was no need to use additional
solvent to prepare the FWS samples. The fi-
nal stage of sample preparation started after the
obtained suspensions were held at room tem-
perature for at least 48 h. This stage consisted
in simultaneously depositing aged suspensions
(1 ml each) on substrates intended for mea-
surements in the given frequency ranges.

The following notations were introduced for
the film samples:

IMPH (N-isoamylisatin 4-methylphenyl-
hydrazone) refers to the samples precipitated
on glass from N-isoamylisatin 4-methylphenyl-
hydrazone solutions in chloroform;

FFWS (fullerene from fullerene water sys-
tem) to the samples precipitated from aqueous
solutions of C;

FDCM (fullerene from dichloromethane) to
the samples precipitated from dichloromethane
suspensions.

VNA

P1 P2
1Y 0
CP
WCA|:| T |/ |WCA
Smp l g
: S
_________________ -]

Fig. 1. Block diagram of measurements in waveguide:
VNA is the vector circuit analyzer P4226; P1, P2 are the
input and output contacts (ports); WCA are the coaxial
waveguide transitions: CP is the calibration plane;
Smp is the sample in the waveguide
(microwave radiation vectors are shown)
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Interaction of microwave radiation
with fullerene and IMPH films

We previously used the measuring system
including the P4226 vector analyzer (Fig. 1)
to study the interaction of electromagnetic
radiation with thin conducting and semicon-
ducting films [20]. Since the main difficulty
in measuring the characteristics of semicon-
ductor fullerene (C,)) and organic (IMPH)
films was their high ohmic resistance due to
small thickness, the measuring system had
to be highly sensitive, requiring fine tuning.
Measurements were carried out in a closed
waveguide in the 2.5—4.0 and 8.2—12.0 GHz
ranges to minimize external interference.
Through-Reflect-Line calibration was per-
formed to compensate for coaxial waveguide
transitions and other interfering factors, us-
ing a reflection measure and a quarter-wave
line, which yielded fairly accurate results.
The effective area of interaction of radiation
with the samples was 10% of the cross-sec-
tional area of the waveguide, which helped
avoid capacitive and inductive effects from
the test sample on the measuring system. The
samples were placed in the geometric center
of the waveguide cross-section (see Fig. 1)
and fixed using a dielectric substrate made
from a material that was transparent to mi-
crowave radiation. Thus, the sample was at
maximum electric field during measurements;
since the fundamental mode H | jwas used, it
can be argued that the area of the sample
accounted for the largest part of the energy.

The actual interaction of microwave radi-
ation with the samples was determined by the
matrix of S parameters taking into account the
main components S, and S, , corresponding
to the radiation directly incident from the first
port P1. The initial measurements indicated
that the properties of the waveguide with the
given structure are close to the properties of
a reciprocal two-port network, i.e., the gain is
the same in both directions. In view of this, we
used the main components S, and S|, corre-
sponding to direct incidence from the first port
of the VNA.

Recall that the components of .S parameters
are the voltage ratios of the reflected (V e/, inci-
dent (V, ) and transmitted (¥, ) radiation, i.e.,

Vv

Sy :_I;ef and S, :_Vszns ;
inc inc

while the powers of the transmitted (P,

J and
reflected (P, ef) waves are expressed as
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Fig. 2. Frequency spectra of FFWS ([/), IMPH (2) and FDCM (3) samples exposed to microwave
radiation in 2.5—4.0 (@) and 8.2—12.0 (b) GHz ranges;

T, R are the coefficients of transmitted and reflected power, respectively

2
P _ |Vtrans| .
trans — 7 >
Y
2
P — Vref
ref Zv >

where Z is the wave impedance.

We first determined the coefficients of trans-
mitted (7) and reflected (R) power, and then cal-
culated the absorption coefficient 4 (Fig. 2):

2
T:[)trans:Vvtm”S| :|S 2.
P 2 21 »
e Vinc
2
R_Pref_Vref =S 2.
-p - 2—| 1] »
inc Vinc

A=1-]8,,[ =[S,

Irregular frequency characteristics of the
transmission and reflection coefficients con-
firm our above assumption that the interac-
tion of radiation with thin carbon and or-
ganic films has a complex nature. However,
the obtained dependences can provide a sim-
plistic explanation for the specific effect of
internal structure of the films on the elec-
tromagnetic wave. For this reason, we se-
lected the characteristic frequencies v, = 3.4
GHz and v, = 9.1 GHz, at which dips are
observed in the frequency dependences of
transmittance, for detailed analysis of each
of the given spectral ranges (see Fig. 2). In
other words, the two materials (IMPH and

FDCM) exhibited attenuation of electromag-
netic waves at these frequencies. Moreover,
the respective curves are similar for both
the reflected power and the transmittance
at frequencies v, and v,. However, maximum
transmittance is observed for these structures
at frequencies of approximately 3.6 GHz.
It is also worth noting that the spectrum is
quite uniform and only at these frequencies
are anomalies observed, which is obviously
due to the specific structure of the material
under study. In addition, the reflection and
transmission coefficients do not behave an-
ti-symmetrically (curves 2 and 3 in Fig. 2,
a), suggesting that microwave radiation is ab-
sorbed.In contrast to the behavior of IMPH
and FDCM samples exposed to microwave
radiation, FFWS samples did not possess
any pronounced characteristics. However,
the samples exhibited an inverse trend to the
behavior of other materials at frequencies of
2.5—4.0 GHz: namely, the transmission coef-
ficient decreased with increasing frequency of
the incident wave, and the reflection coeffi-
cient increased with decreasing transmission
coefficient. This suggests that absorption of
electromagnetic microwave waves is mini-
mal, and the FFWS material itself has low
electrical conductivity, which is, however,
higher than that of the other two materials.

Analysis of the general frequency character-
istics of the given films led us to conclude that
the relationship of the absorbed wave energy
with the film volume should be taken into ac-
count. The transmission minima at 3.32 and
8.97 GHz were examined more closely. The
specific absorbed power Q was calculated as
the ratio of the power P, absorbed by the
sample to its volume V, i.e.,
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Fig. 3. Graphical representation of specific absorbed microwave power
for FFWS, IMPH, and FDCM film samples calculated by Egs. (1) (@) and (2) (b)

Q - Pabs/I/’ (1)
and P, was calculated as the product of the
output power P, of the VNA generator, equal
to —10.00 dBm multlphed by absorption coef-
ficient A:

2
I)abs = mc( |Sll| |S21| )

The volume V was found by averaging the
film thicknesses, which we measured using
a LOMO MII-4M interference microscope
in the most characteristic segments of the
samples.

Comparing the specific absorbed power
for three samples (Fig. 3, a), we found that
FDCM films have the highest absorptivity.
The lowest absorptivity at 3.32 GHz was ob-
served for IMPH samples, while FFWS films
had the lowest absorptivity at 8.97 GHz.
Notably, microwave radiation had a constant
power at the output of the P4226 generator,
so it was impossible to accurately compare the
absorptivity of the films at different frequen-
cies. For example, the specific absorbed power
was higher at 8.97 GHz than at 3.32 GHz.
This effect is not related to the properties of
the given materials; it is explained by higher
radiation density generated in a waveguide
with a smaller cross section. To account for
linear calculations, the results were normal-
ized to compare different radiation densities.
The normalized specific power (Fig. 3, b) ob-
tained follows the expressmn

Q Q 23><10 (2)

S72><34
where S, ., S,,.,, are the cross-sectional areas
of the corresponding waveguide lines.

Thus, the dimensions of the waveguides are
taken into account here.

102

Midwave-IR absorption spectra

The interaction of midwave optical radia-
tion with heterostructure elements was studied
with an Agilent Cary 630 FTIR spectrometer
in the range of spatial frequencies from 650 to
4000 cm™', corresponding to direct spectrum
of 19.48—119.92 THz, with a resolution of
110 GHz (4 cm™"). The interaction of infrared
electromagnetic waves with IMPH, FDCM
and FFWS films was particularly pronounced
in the frequency ranges of 20—50 and 78—108
THz (667—1667 cm™' and 2601—3602 cm™').

While the smoothest spectrum for the in-
teraction of microwave radiation with film
structures was observed for FFWS samples, the
FDCM structures had the smallest number of
peaks in the IR range. In particular, a range
of relatively narrow absorption bands was ob-
served for the lower frequency range of 20—
50 THz (667—1667 cm™'). For example, the
peaks observed for FDCM samples at 41.07
and 43.68 THz (1369 and 1457 cm™) corre-
sponded to the C _—H bond, and the peaks
at 35.46 and 42.81 gl"Hz (1182 and 1427 cm™)
to C,, with the last band coinciding with the
band from the alkyl group at 43.68 THz (1456
cm™ ') (Fig. 4, a). Two characteristic narrow IR
absorption bands are clearly seen for FFWS
films at 35.43 and 42.81 THz (1181 and 1427
cm™) (due to C—C bonds) of C,molecules, al-
though they partially overlap with other bands.
Absorption bands in the range of 49.46—49.76
THz (1649—1659 cm™) (due to the C=0 bond)
for the amide carbonyl group and 29.98—32.97
THz (1000—1099 cm™) are characteristic for
vibrations of the C—O group. In this case,
there are no bands characteristic for amino
acids (see Fig. 4, a). The frequency spectrum
of IR absorption by IMPH films is character-
ized by a significant number of peaks, which
is due to numerous chemical bonds in the of
N-isoamylisatin 4-methylphenylhydrazone
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molecule (see Fig. 4, a). Peaks characteristic
for vibrations of C=0 and C=N atomic groups
are found at frequencies of 46.7 and 50.12 THz
(1557 and 1671 cm™). Stretching vibrations of
benzene rings play the main role in the fre-
quency range of 40.89—48.26 THz (1363—1609
cm'). A sequence of absorption maxima is
found in the frequency range of 31.59—38.82
THz (1053—1294 cm™') due to bending and
stretching vibrations of C—N, C—C and C—H
groups. The main role in the frequency range
of 22.30—33.81 THz (743—1127 cm™') is played
by bending vibrations of C—H groups in ben-
zene rings and in the alkyl substituent.

The spectrum is not so diverse at higher fre-
quencies (Fig. 4, b), characterized mainly by
absorption peaks at frequencies of 75—90 THz
(2501—3002 cm™"). In particular, a double peak
observed in the range of 83—89 THz (2768—2968
cm™') forfilms precipitated from dichlorometh-
ane solution, which can be attributed to Cspr

a)

Wave number, cm’”
650 850 1050 1250 1450 1650 1800

vibrational modes, appears as a wider single
peak for FFWS films (Fig. 4, b). However, this
peak also has a relatively long absorption band
at 90—108 THz (3002—3602 cm™') with a max-
imum at 100 THz (3335 cm™'). A series of ab-
sorption bands associated with vibrations of the
N—H and C—H groups were observed for the
IMPH sample in the frequency range of 85.7—
101.9 THz (2858—3398 cm™), (see Fig. 4, b).

Microscopy of film surface

Geometry of the surface exposed to such
high frequencies of electromagnetic radiation
plays an important role, so each of the indi-
vidual elements and the film as a whole (i.e.,
the IMPH, FDCM, FFWS compounds) were
monitored by reflection and transmission mi-
croscopy using a LOMO MII-4M microinter-
ferometer, with enhanced light via a semicon-
ductor laser and with an elongated optical path
to a camera with a 1/2 FF 10 MP sensor.

b)

Wave number, cm’
2650 2850 3050 3250 3450 3650

Csp3-H

a)

Ceo

/

Absorbance, a.u.

a)

C7)3<1

Hydroxyl groups

Absorbance, a.u.

20 25 40

®f TH, ®

78 84 90 96 102

P THe ™

Fig. 4. IR optical absorption spectra of FDCM ([7), FFWS (2) and IMPH (3)
film samples in 667—1667 cm™! (a) and 2601—3602 cm™' () frequency ranges

Fig. 5. Micrographs of nanostructured FDCM (a), FFWS (b) and IMPH (c¢) films
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Fig. 6. Optical transmission (/) and reflection (2)
spectra of IMPH thin film in 406—909 nm range

We should note that the surfaces of nano-
structured films are irregular, characterized by
pronounced separate structures or even regions
(Fig. 5). The most characteristic fragments of
FDCM, FFWS and IMPH film surfaces are
shown.

Distinct  microstructures  shaped  as
three-dimensional stars were observed for
films precipitated from solution of fullerene
in dichloromethane (FDCM), The sizes of in-
dividual structures reached 16—20 um, while
film thickness averaged 400—500 nm (see
Fig. 5, a). FFWS film samples had a fairly
uniform surface with localized hexagonal
structures. The sizes of individual structures
reached 50—80 um, while film thickness avi
eraged 1.8 um (see Fig. 5, b). The surface
of hydrazone films (IMPH) is also relatively
uniform, which is explained by consider-
able length of the 4-methylphenylhydrazone
N-isoamylisatin molecule and, in particular,
the amyl radical. The film thickness was 1.8—
2.0 um (see Fig. 5, ¢).

Optical transmission
and reflection spectra in the visible range

A prism monochromator with an IR filter
and a halogen lamp was used for collecting
the transmission and reflection spectra of the
given films. The spectrometer was calibrated
for hydrogen radiation before each series of
experiments. A clean substrate was used as a
normalizing basis.
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FDCM films had the highest absorption:
their linear transmission spectrum was at the
level of photomultiplier noise and was practi-
cally zero. The reflected component was ab-
sent for these films. While FFWS samples had
similar spectral characteristics, they exhibited
a slight dip in the short-wave part of the spec-
trum.

The optical spectra of light transmission
through IMPH films were characterized by
sharp minima in the near IR region at 336.85
and 340.68 THz (890 and 880 nm). Accordingly,
sharp maxima were observed in the reflection

7

I T N -
| I | | |

(ohv)-[cm™-eV]-10*

-
|

E'nergly [eV]

Fig. 7. a(hv)? depending on incident photon energy
(energy plot is shown) for IMPH thin film sample
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spectra, along with a general decrease in the
high-frequency region of 599.6—713.8 THz
(500—420 nm) due to absorption in the film
(Fig. 6).

We calculated the logarithm of the ratio of
transmission coefficient 7" and reflection coef-
ficient R for the given sample thickness, with
subsequent linearization (Fig. 7) with a con-
stant for indirect allowed transitions (m = 2)
[21]. The formula

ahv = A(hv ~E, )m , (3)

was used for the calculations, where a is the
absorption coefficient, A is a constant, Av is the
optical photon energy, Eg is the band gap of the
film material.

As a result of the calculations, we obtained
the band gap value for the IMPH compound:
E =3.05eV.

8
Conclusion

Almost all film samples of IMPH, FDCM,
and FFWS reacted noticeably to electromag-
netic radiation in a wide frequency range, i.e.,
absorption or reflection of incident energy. The
infrared region turned out to be the most in-
homogeneous the in the range of 20—50 THz
(667—1667 cm™'), where a series of narrow-band
peaks was observed, with the narrowest bands
reaching several hundred gigahertz.

The given structures were less sensitive to mi-
crowave radiation. Notably, however, a dip in the

Physical Materials Technology >

transmittance curve was observed at frequencies
of 3.4 and 9.1 GHz for the samples precipitated
from fullerene suspensions in dichloromethane
(FFWS) and from N-isoamylisatin 4-methyl-
phenylhydrazone in chloroform (IMPH).

Sharp minima were observed in the visible
absorption spectra at 336.85 and 340.68 THz
(890 and 880 nm), accompanied by general de-
crease in energy in the range of 599.6—713.8
THz (500—420 nm) for IMPH films. Analyzing
the obtained experimental data, we have con-
cluded that FDCM films had the highest ab-
sorption in all three ranges of electromagnetic
radiation considered.

Thus, interaction of electromagnetic radia-
tion with carbon and organocarbon materials
can take diverse forms, requiring comprehensive
experimental and theoretical studies. We are
confident even at this stage that the behavior
of microwave, optical absorption and reflection
spectra can be controlled by synthesizing com-
plex molecular complexes serving as a basis for
heterostructural transitions for experiments in
the given frequency ranges.
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