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Abstract: Structural and optical properties of as-deposited and annealed Tertracyanoquinodimethane
(TCNQ) thin films prepared by the thermal evaporation technique have been reported. The TCNQ
powder showed a polycrystalline nature with a monoclinic structure while as-deposited and annealed
films exhibited a preferred orientation of growth. Miller indices, hkl, values for each diffraction peak
in XRD spectrum were calculated. Optical properties of TCNQ thin films were characterized by using
spectrophotometric measurements of transmittance, T, and reflectance, R, in the spectral range (200-
2500)nm from which the absorption coefficient and the refractive index for as-deposited and annealed
films were calculated. The analysis of the spectral behavior of the absorption coefficient allowed
calculating the value of the optical band gap and the type of inter-band transitions. Besides, the
extinction molar coefficient is calculated which allowed determining the oscillator strength and the
electric dipole strength for the films. The data of the refractive index were analyzed to determine
some parameters namely; the oscillator energy, dispersion energy, dielectric constant at high frequency
and the dielectric lattice.
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INTRODUCTION 

Due to the variety of their properties and the prospects for extensive high technological applications,
organic molecular compounds are among the more actively and comprehensively studied materials (Peter et
al. 2000; Peumans et al. 2003 and Zeyada et al. 2008). Interest in that sort of materials was generated, in
particular, due to their possible use in optical and electronic applications that require structural flexibility, and
reduced cost, which cannot be provided by the inorganic materials (Arena et al. 2006). Among the organic
materials, Tetracyanoquinodimethane (TCNQ) has attracted particular attention due to the development of micro
and nano-structures to be used as active material in electron nano-devices (Sakai et al. 2005 and Cao et al.
2005). 
    TCNQ is small organic molecule; the molecular structure is shown in Fig. 1. It has four cyano groups and
all π electrons are delocalized (Higo et al. 2001). It is a strong electron acceptor and forms a variety of charge-
transfer complexes with inorganic and organic donors. TCNQ is able to react with different of metals and
molecules (Arena et al., 2006), in the liquid, vapor, and even in the solid state, forming charge-transfer
complexes. The applications of TCNQ included switching devices (Oyamada et al., 2003) and sensors (Ho and
Liao, 2003). It was shown (Sutter et al., 1990) that upon doping 2-Cyclooctylamino-5-nitropyridine (COANP)
with TCNQ, its electro-optical properties are changed and a new absorption band appears between 600 and
700 nm.

Annealing is a common process which is a helpful to influence the structure formation and hence the
physical properties of the materials. The purpose of the work presented here is to shed the light on the
influence of the annealing condition on both the structural and optical properties of TCNQ thin solid films
deposited by the thermal evaporation technique. We aim to achieve the determination of the electronic
properties and excitation energies to provide a quantitative basic for calculating the structural, optical and
electronic properties of such material. This will allow a clearer understanding of the measured properties.

Experimental details:
The powder of TCNQ was supplied by Aldrich (purity of 98%) and used as received without any further

purification. TCNQ thin films were produced by thermal deposition technique by using a high coating unit
(E306 A, Edwards, England). The films were deposited from the powder by using a quartz crucible source
heated slowly by a molybdenum boat in a vacuum of about 2×10-4 Pa. The deposition rate was kept constant
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at about 4nm/s and the film thickness was controlled during the deposition by using a quartz crystal thickness
monitor (FTM4). The film thickness was checked after preparation by Tolansky’s technique (Tolansky, 1970).
The thermal analysis behavior of TCNQ films collected in powder form was examined by thermo gravimetric-
differential thermal analyzer (TG-DTA: Seiko Exter 6000).

X-ray diffraction characterization of the powder and thin films was carried out using Philips X'' pert, Pro.
with Ni-filtered CuKα-radiation operated at 40 kV and 25 mA. The films were deposited onto well-cleaned
glass substrates.

Infrared measurements in powder form and thin film conditions (as-deposited and annealing) were
performed using ATI Mattson (Infinity series FTIR) infrared spectrophotometer in spectral range (4000-400)
cm-1. The TCNQ powder was mixed with that of KBr and compressed in a disk form while thin films were
deposited immediately on a rectangular KBr single crystal substrate.  

For optical measurements, the transmittance, T, and reflectance, R, of the films deposited on optical flat
fused quartz substrates were determined at normal incidence in the wavelength range (200–2500) nm by means
of a double beam spectrophotometer (JASCO model V-570 UV-vis-NIR) to which a specular reflection stage
was attached.

If Ift and Iq are the intensities of light passing through the film–quartz system and that through the
reference quartz, respectively, then the absolute value of the transmission is given by El-Den and El-Nahass,
2003):

   (1) 1ft
q
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where Rq is the reflectance of quartz. In addition, if Ifr and Im are the intensity of light reflected from the
sample and aluminum reference mirror reaching the detector respectively; then the absolute value of the
reflection is given by (El-Nahass et al., 2004):
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where Rm is the mirror reflectance.
Annealing was performed at 423K under vacuum of 10-3 Pa with a soaking time of two hours.   

RESULTS AND DISCUSSION

4.1. Structural characterization:
Fig. 2 shows TG-DTA curves of the TCNQ compound. The two curves showed that the compound is

stable up to 260<C. This result indicates that the compound can be used for applications up to this temperature.
Endothermic peak at 319<C in the DTA curve is observed and accompanied by sharp weight loss by TG curve,
the peak corresponds to the melting point of the material. 

X-ray powder diffraction (XRD) of TCNQ in both powder and thin film (as-deposited and annealed) forms
are given in Fig. 3. TCNQ in powder form clearly shows that there are different peaks with different intensities
indicating a polycrystalline character. (According to Long et al., 1965), TCNQ is crystallized in monoclinic
structure with lattice parameter of a=8.906Å, b=7.060Å, c=16.395Å, α=γ=90<, b= 98.53<, space group C2/c.
These results allowed estimating Miller indices hkl for each diffraction line by using computing program
(INDX 2003). Table 1 gives the values of Miller indices hkl for each diffraction peak and the inter-planer
spacing. The (022) peak predominates in as-deposited film (298K) with a thickness of 167nm, indicating a
preferred orientation of growth. The position of the diffraction peak (2θ=27.35<) is comparable with that in
(Kojima and Maeda, 1992) (2θ=27.35< with the same X-ray wavelength). Annealing the film at 423K with a
period time of two hours does not influence of the preferred orientation and increased the intensity of the peak.
The crystallite size in as-deposited and annealed films was estimated from the X-ray diffraction peak located
at (022) by using the Sherrer formula:

  (3)
0.9

CS
cosFWHM






where λ is the X-ray wavelength, FWHM is full width at half maximum intensity of the peak and θ the
corresponding Bragg's angle. The values of crystallite size for as-deposited was determined as 60.13nm and
increased to 68.12nm as a result of annealing.
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Fig. 1: Molecular structure of TCNQ

Fig. 2: DTA diagram of as synthesized TCNQ in powder form

Fig. 3: XRD of TCNQ: the powder form, as-deposited thin film and the thin film annealed

Fourier transforms Infrared are studied with aiming to investigate the molecular structure stability of TCNQ
against thermal evaporation and annealing conditions. The spectra of TCNQ in both powder and thin film
forms (as-deposited and annealed) are presented in Fig. 4. The results show several absorption bands which
are in well agreement with that in (AlQaradawi and Nour, 2006), the assignment of these bands are given in
Table 2. The band at 3050.02cm-1 is due to aromatic C-H stretching vibration and the absorption band at
2222.54cm-1 is due to C/N vibrations. The vibrations at 1671.12 is corresponding to non-aromatic C=C
stretching while that appeared at 1541.71cm-1 is corresponding to aromatic C=C stretching. The bands observed
in the range (1353.03-961.33)cm-1 is attributed to the vibration of C-H bending in plane while those in the
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range (858.09-772.33)cm-1 is attributed to the vibration of C-H bending out of plane. As can be seen from
Fig.4, either the thermal deposition or annealing does not influence the chemical bonding of the TCNQ
compound, which indicates molecular structure stability for that compound against both thermal deposition and
annealing conditions.

Table 1: The diffraction spacings dmeasured, the Miller indices (hkl) and the relative  intensity I/I0 for the as-deposited and annealed
TCNQ thin films.

No 2θ measured 2θ calculated d measured d calculated I/Io hkl
1 10.94 10.905 8.08 8.107 100 (002)
2 18.626 18.6 4.759 4.766 6.13 (1)12)
3 21.934 21.926 4.049 4.05 7 (1)13)
4 24.124 24.095 3.686 3.691 11.05 (113)
5 25.24 25.208 3.526 3.53 2.03 (020)
6 25.753 25.808 3.456 3.449 6.14 (021)
7 26.069 26.034 3.415 3.42 5.98 (1)14)
8 27.545 27.537 3.235 3.236 8.64 (022)
9 28.527 28.501 3.126 3.129 6.88 (114)
10 30.274 30.215 2.949 12.955 12.9 (023)
11 32.068 32.128 2.788 2.784 1.52 (204)
12 33.117 33.124 2.703 2.702 20.04 (006)
13 33.683 33.639 2.658 2.662 2.57 (024)

4.2 Optical characterization:
The transmission and reflection spectra of as-deposited and annealed TCNQ thin films of thickness 167nm

are given in Fig. 5. The spectrum of as-deposited film at 298K can be simply divided into two regions; in the
wavelength range (200-980) nm, the total sum of T and R is less than unity i.e absorption phenomena is
existing while in the wavelength range (980–2500) nm, the total sum of T and R is approximately equals to
unity which indicates that the films are optically transparent and the light waves do not scattered or dispersed.
Annealing the film at 423K for two hours slightly decreases the value of reflectance and increases that for the
transmittance in the transparent region. The fundamental transmission edge located in spectral range of (500-
700)nm was found to be blue shifted as a result of annealing.

By taking into the account the absolute values of T and R calculated by (1) and (2), the absorption
coefficient, α, was calculated through the relation (El-Nahass et al., 2008):

1/ 22 4
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where d is the film thickness.
The spectral behavior of the absorption coefficient for as-deposited and annealed TCNQ thin films is

shown in Fig. 6. TCNQ thin films clearly showed high absorption coefficient value (104-105cm-1). As-deposited
thin film exhibited main strong two absorption peaks at 2.49 and 4.35eV. Annealing decreases the value of
the absorption coefficient in the whole spectra and shifts the fundamental absorption edge towards the higher
values of the photon energy.

The fundamental absorption can be used to determine the nature and the value of the optical band gap
of crystalline and non-crystalline materials. This can be obtained by a simple extrapolation of the absorption
band edge which determines the indirect band gap energy through the relation (Bardeen et al. 1956):

 m

gh G h E   

where m=2 and 3 for indirect allowed and forbidden transitions, respectively; hn is the photon energy and G
is a parameter depending on transition probability. 

The plot of (αhν)1/2 versus E shown in Fig. 7 shows a straight line fit over a higher energy range above
the absorption edge, indicating indirect allowed transition. The data is dominated by two main two straight
lines implying that there are two optical band gaps, values for as-deposited TCNQ films was calculated as 1.96
and 1.22eV. Annealing slightly increased the first optical band gap to 2.03eV and the second to 1.57eV.

The molar extinction coefficient, εmol, which is often used to describe the absorption of light by non-solid
media, can be obtained in terms of the absorption coefficient as (Zeyada et al, 2010):
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Fig. 4: Infrared spectra of TCNQ for (a) powder form, (b) as-deposited film and (c) annealed film .

Fig. 5: Transmittance T(λ), and Reflectance, R(λ), spectra for as-deposited and annealed TCNQ thin films

Fig. 6: The optical absorption coefficient α versus (hv) of as-deposited and annealed TCNQ thin films.
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Fig. 7: The relation between (αhv)1/2 and photon energy (hv) for the as-deposited and annealed TCNQ thin
films.
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where NAv. is the Avogadro’s number, Mw is its molecular weight and r is the material density.
The molar extinction coefficient spectrum usually allows the calculating of two spectral parameters namely

the oscillator strength, f, and the electric dipole strength, q2, using the expressions [24]:
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      (8)
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where λ is the absorption half band width and λmax is the wavelength at maximum absorption. The molar
extinction coefficient spectra for as-deposited and annealed TCNQ thin films are shown in Figs.8(a,b),
respectively. To evaluate the oscillator strength and the electric dipole strength, a Gaussian fit is performed
on each band of the molar extinction coefficient spectra. The calculated parameters for as-deposited and
annealed TCNQ thin films are given in Table 4.

The absorption index, k, is directly related to the absorption coefficient through the relation (El-Nahass
et al. 2008):

       (9)
2

c
k






where λ is the wavelength of the incident light.
The spectral distributions of absorption index, k, for as-deposited and annealed TCNQ thin films are

depicted in Fig.9. The as-deposited films show four absorption peaks in the ultraviolet region and visible
regions located at 286, 410, 450 and 500nm. The absorption peaks are generally interpreted in terms of π-π*
transitions between bonding and anti-bonding molecular orbitals. The absorption cutoff is observed at 980nm.
Annealing decreases the absorption index value and shifted the absorption edge towards the lower values of
the wavelength and shifts absorption to vanish at 930nm.       

The refractive index, n, is related to the absorption index, k, and the reflection, R, according to the relation
(El-Nahass et al. 2008):
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      (a)

      (b)
Fig. 8(a,b): Molar extinction coefficient vs. wave number (circle points) for (a) asdeposited (b) annealed thin

films of TCNQ fitted using the Gaussian model (solid line) assuming five oscillator components
The decomposition of the molar extinction spectrum on particular oscillatory transitions.

Fig. 9: The spectral distribution of absorption index, k, for the as-deposited and annealed TCNQ thin films.
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Table 2: IR spectral data for powder, as- deposited and annealed thin film of TCNQ.
Wavenumber (cm-1)

---------------------------------------------------------------------------------------------------
Powder As deposited film Annealed film Assignment
3050.02 3049.73 3049.11 C-H stretching in aromatic ring
2222.54 2221.10 2221.5 C/N stretching vibrations
1671.12 1670.50 1670.85 C=C  stretching (non aromatic)
1541.71 1540.39 1540.87 C=C  stretching (aromatic)
1353.03-961.33 1352.59-961.68 1352.90-962.12 C-H bending in plane 
858.09-772.33 856.83-773.10 857.13-771.45 C-H bending out of plane

                              (10)
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The influence of annealing on the refractive index of TCNQ thin film is shown in Fig. 10. The refractive-
index dispersion curve of as-deposited film shows four peaks at 230, 423, 450, 1050nm and one shoulder at
850nm in the ultraviolet and visible regions, this is the anomalous dispersion which can be explained using
a multi-oscillator model (Stendal et al., 1996). At wavelength greater than 1100nm, the spectral behavior of
n is the normal dispersion which can be explained by the single oscillator model (Wemple, 1973), we can
deduce from the data in this spectral range; the oscillator parameters (oscillator energy and dispersion energy),
dielectric constant at high frequency and the dielectric lattice. Annealing decreases the refractive index value
in the range of (1000-2500)nm and shifted the normal dispersion towards shorter wavelength values.

The dispersion of refractive index in TCNQ was analyzed using the concept of the single oscillator which
can be expressed by this relationship as:

                              (11)2
2 2
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where Eo is the oscillator energy and Ed is the dispersion energy. The values of Ed, Eo and the dielectric
constant at high frequency, ε4, of as-deposited and annealed films are obtained from the intercept (Eo/Ed) and
the slope (1/Eo Ed) resulting from the extrapolation of the curves of Fig. 11 and listed in Table 3.

Fig. 10: The dispersion curve of refractive index n (l) for the as-deposited and annealed TCNQ thin films.

The relation between the lattice dielectric constant, εL, and the refractive index (n) is given by (Palik, 
1985):

                               (12)
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where N/m* is the ratio of the carrier concentration to the effective mass, c is the speed of light, and e is the
electronic charge. The variation of n2 versus λ2, shown in Fig. 12 is linear verifying Eq. (12). The values of
εL and N/m* are determined for as-deposited and annealed TCNQ thin films and listed also in Table 3. The
disagreement of the value of ε4 and εL is due to the free carrier contribution (El-Nahass et al. 2004).

Fig. 11: Plots of (n2 - 1)-1 versus (hv)2 for the as-deposited and annealed TCNQ thin films.

Fig. 12: Plots of n2 versus λ2 for the as-deposited and annealed TCNQ thin films.

The measurements of the energy loss for a fast electron beam via characteristics plasma excitation results
in electron energy loss. The energy loss is related to material optical properties via dielectric function. The
volume and surface energy loss functions describe the probability that fast electrons will loss energy when
traveling the bulk and the surface of the material.

The volume energy loss function (VELF) is related to the real, ε1, and imaginary, ε2, parts of the complex
dielectric constant by the following equation (Pankove, 1971):

                              (13)2
m 2 2

1 2

ε1
VELF I

ε ε ε
      

and the surface energy loss function (SELF) is given by (Pankove, 1971): 

                              (14)2
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where               and            . The variation of VELF and SELF as a function of the photon energy is 2 2
1ε n -k 2ε 2nk

shown in Figs. 13(a,b). The Figs. show several loss peaks. We also conclude that the energy lost by the bulk
volume of such films is greater than that lost by the surface.

       (a)

       (b)
Fig. 13: Spectral behaviour of (a) VELF and (b) SELF against (hv) for the as-deposited and annealed TCNQ

thin films.

Table 3: The dispersion parameters for the as-deposited and annealed TCNQ thin films
Film condition Eo(eV) Ed(eV) e¥ eL N/m* (gm-1cm-3)
As deposited 2.24 10.95 5.88 6.44 4.09×1047

Annealed 2.21 10.24 5.7 6.19 4.7×1047

Table 4: Calculated values of oscillator strength, f, and electric dipole strength, q2, for the as-deposited and annealed TCNQ thin films.
Energy f q2 (Å)

----------------------------------------------------- ------------------------------------------------------------------
As-deposited Annealed film As-deposited Annealed film

A 0.23 0.21 0.85 0.74
B 0.22 0.23 0.70 0.73
C 0.46 0.33 1.34 0.97
D 0.56 0.45 1.37 1.10
G 0.78 0.66 1.61 1.40
H 1.07 0.82 1.97 1.49

 
Summary and conclusion:

Tertracyanoquinodimethane (TCNQ) powder is polycrystalline with monoclinic structure. Miller indices,
hkl, values for each diffraction peak were calculated. As-deposited thin film with a thickness of 167nm
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exhibited a preferred orientation of growth at (220) diffraction line. The crystallite size was calculated as
60.13nm for as-deposited TCNQ films. Annealing the film at 423K with a period time of two hours did not
influence the orientation of growth and increased the crystallite size to 68.12nm. Infrared absorption technique
showed that the molecular structure stability of TCNQ compound against both thermal deposition and annealing
conditions. The optical properties of TCNQ thin films before and after annealing have been studied in terms
of measuring the transmission and reflection spectrophotometry within the spectral range (200–2500)nm. Some
of the important spectral parameters, namely optical absorption coefficient, absorption index and refractive
index were calculated. The as-deposited film exhibited two indirect allowed optical band gaps calculated as
1.96 and 1.22eV, which increased to 2.03eV and 1.57eV, respectively as a result of annealing. The absorption
index displayed several absorption peaks which are associated with electronic transition across π-π*orbitals. The
refractive index indicated a normal dispersion in the spectral range (1000-2500)nm and an anomalous dispersion
in the range of (200-1000)nm. Annealing shifted the normal dispersion to higher energies and decreased the
value of the refractive index in the transparent region. The dispersion energy, oscillator energy, dielectric
constant at high frequency and dielectric lattice were calculated for as-deposited and annealed films.
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