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The infrared optical and mechanical properties of germanium carbide
films prepared by ion beam sputtering
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Abstract: Germanium carbon (Ge, C,) thin films were deposited by ion beam sputtering deposition of Ge target
in a CH,/Ar discharge. The surface morphology, chemical structure, infrared optical and mechanical properties of
the Ge, ,C, films were investigated by atomic force microscopy ( AFM) , Raman spectroscopy, X-ray photoelectron
spectroscopy ( XPS) , Fourier transform infrared (FTIR) spectroscopy and nano-indentation, respectively. The re-
lationship between ion beam voltage and film properties was discussed. The results show that the surface roughness
decreases with increasing of the ion beam voltage. The film deposited at a higher voltage has lower carbon content
and higher fraction of Ge-C bonds. The film has excellent infrared optical and mechanical properties. The films
show good transparent over a wide range. Due to the content of the carbon decreasing with increasing of voltage,
the refractive index increases obviously as the ion beam voltage increases from 300 V to 800 V. The hardness of the
film is above 8 GPa. With the Ge-C bonds instead of the C-C bonds and C-H, bonds, the hardness of the film in-

creases with increasing ion beam voltage.
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Introduction

In recent years, more and more researches were fo-
cused on the applications of the Ge, C_ films for the hard

protective thin films on infrared windows''?'. Concerning
the applications of Ge, C, films for protective films,
there are four advantages as follows: (1) good adhesion
on many infrared substrates™™); (2) low extinction coef-
ficient over a wide range'”'; (3) good mechanical prop-
erties'®”'; (4) by varying the composition of the film,
the refractive index can be widely changed in the range 2
~4'%1 " These excellent properties make the film having
the great potential to be used as multilayer anti-reflective
and protective coatings.

The film can be prepared by many deposition meth-
ods including molecular beam epitaxy technique''’,
glow discharge'"!, chemical vapor deposition'"™" and
radio frequency reactive magnetron sputteringm’ls]. Due
to the excellent controllability and stability, chemical va-
por deposition and radio frequency reactive magnetron
sputtering are widely used. Chemical vapor deposition
method uses the toxic germane and methane as reaction
gas, which results in a relative high hydrogen content in
the films since both reaction gases contain hydrogen. So
the films are not suitable to be used as infrared optical
thin film because the Ge-H bonds and C-H, bonds may
cause the decrease in infrared transmittance of the
films'>"®). Radio frequency reactive magnetron sputte-
ring method is an effective way to prepare Ge, C, film in
a high deposition rate. However, as the energy of the ac-
celerated electrons is not high enough to decompose the

CH, completely, the content of the carbon varies at a

small range''”’. In recent years, ion beam sputtering

deposition has also been used in a number of studies
aimed to obtain high-quality optical films!""'. As the
energy of the ion used for sputtering is higher than those
in the two techniques mentioned above, films deposited
by this process usually have excellent optical and me-
chanical properties. However there is no report on the
Ge,C, prepared by this method.

In this work, Ge,, C, films were prepared by ion
beam sputtering deposition at different ion beam voltage.
The focus was on the relationship between the chemical
bondings and the properties of the films. The surface
morphology, chemical bonding, infrared optical and me-
chanical properties were also investigated.

1 Experiments

The Ge,_C, films were deposited on polished Si and
Ge substrate by ion beam sputtering of a single crystal Ge

target (99.995% ) in mixed discharge gases of Ar (99.
999% ) and CH,(99.99% ) . The base pressure of the

deposition chamber was less than 1 x 10 Pa. In order to
avoid the poison of the target, the CH, was introduced on
the surface of the substrate. The Ar was introduced into
the ion source. The gas flow rates of Ar and CH, were

controlled by using mass flow controller. The Ar and CH,
flow rates were 32 scem and 80 scem, respectively. The

ion beam voltages were 300 V, 500 V and 800 V, re-
spectively. The ion beam current was 150 mA. The films
were deposited at room temperature.

The root mean squared (RMS) roughness and mor-
phology were investigated with a Nanosurf easyscan 2
Flex atomic force microscope operating in tapping Mode.
Raman spectroscopy of the deposited material was per-
formed using a DXR Raman spectrometer with the laser
line at 532 nm. XPS experiments were carried out on a
RBD upgraded PHI-5000C ESCA system ( Perkin El-
mer). Prior to XPS analyses, argon ion cleaning lasting
120 s was accomplished by 5 keV ion beam energy for all
samples. The XPS peak 4. 1 was used to fit the XPS
spectra. The line shape of each peak was assumed to be
90% Gaussian and 10% Lorentzian. The transmittance
of the samples in the range 2000 ~ 10000 nm was ob-
tained by a FTIR spectrometer ( PE spectrum GX). The
refractive index, extinction coefficient and the physical
thickness of samples were determined from fitting the
whole infrared optical transmittance spectrum by using
the WVASE32 software (J. A. Woollam. CO. ) The phys-
ical thickness of the films deposited at 300 V, 500 V and
800 V are 227 nm, 295nm and 354 nm, respectively.
The film hardness was described by Nanoindentation
measurement ( Nano Indenter G200, Agilent Tech. ),
and Berkovich indenter was chosen during measurement.
The films deposited on Si substrates were used for most of
the measurements. In order to avoid the strong absorption
from the silicon substrate, the Ge, C, films deposited on
the Ge substrates were used for FTIR test.

2 Results and discussion

AFM was used to investigate and measure the sur-
face roughness of the films. The three-dimensional AFM
images of the films deposited at different ion beam volt-
age are shown in Fig. 1. The average heights of clusters a-
long the z-axis for the film deposited at different voltage
are about 19.7 nm, 16.4nm and 9. 74 nm, respectively.

The surface roughness of the Ge, C, film is shown
in Fig. 2. The surface roughness of the films deposited at
300 V, 500 V and 800 V are 2.520 nm, 1.274 nm and
0.606 nm, respectively. It can be seen that the surface
roughness decreases with increasing of the ion beam volt-
age. The reasons for the phenomenon are as the follow-
ing. Firstly, according to the growth theory, the thicker
film could have the better continuous surface, resulting
in lower surface roughness. As the physical thickness of
the film increases with increasing of the ion beam voltage
from 300 V to 800 V, the surface roughness decreases
with increasing of the ion beam voltage. Secondly, as the
ion beam voltage increases, the energy of Ar ions used
for sputtering increases, which results in an increase of
the average kinetic energy of Ge atoms sputtered from the
target. It means the Ge atoms have more energy to move
on the surface of film. So increasing the ion beam voltage
will decrease the number of voids in the film and make
the film smooth.

Raman spectrum for the Ge, C, films in the range of

40 ~2 000 cm™ is shown in the Fig.3. It is obvious that
there are three bands for each film in the spectrum. They

are associated with Ge-Ge (50 ~350 ¢m™ ), Ge-C (500
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Fig.1 AFM images of the Ge, C, films deposited at different
ion beam voltages, (a) 300 V, (b)500 V, and (c) 800 V

| RIFRHFEH %19 Ge,,C, M1 AFM [E12 (a) 300
V,(b)500 V,(c) 800 V
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Fig.2 Surface roughness of the Ge, C, films deposited at dif-
ferent ion beam voltage
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~ 600 em™ ) and C-C (1200 ~ 1 700 em™)
bonds'*’. The sharp peaks around 80 ¢cm™ and 260 cm
may indicate the formation of Ge clusters in the film. It
can be seen from Fig. 3 that there is only one peak in the
range of 1 200 ~1 700 cm™. The center of the band is a-
round 1 400 ¢cm™. It cannot be fitted by G band (at
1580 cm™) and D band (at 1 350 em™). The peak
stems from the vibration of sp’ carbon sites'”'. The in-
tensity of the band between 1 200 ~1 700 ¢cm™ decreases
with increasing of the ion beam voltage, which may imply
that the fraction of sp’ C-C bonds in the films decreases
as lon beam voliage increases. The variation of intensity
of the sp” C-C bonds can also be described by the ratio

(I./1..). The I; and [, are the integrated area of C-C
band and Ge-Ge band, respectively. The ratios (/./1,)
of the films prepared by different ion beam voltage are
0.159, 0. 152 and 0. 063, respectively. It also implies
that the fraction of sp” C-C bonds decreases with increas-
ing of the ion beam voltage. As the kinetic energy of the
argon ions used for sputtering increases with increase of
the ion beam voltage, the sputtering yield of germanium
will also increase. It means that the film prepared at a
higher ion beam voltage could contain more germanium
atoms and less carbon atoms, which results in decreasing

of the fraction sp> C-C bonds in the Ge,_ C, film.

Fig.3 Raman spectra for the Ge, C, films deposited at differ-
ent ion beam voltage

B3 RRURA % Ge, . C, ML

XPS is an effective way to obtain quantitative infor-
mation about composition and chemical bonding of the
films. The contents of the C in the films prepared by dif-
ferent ion beam voltage are 80. 8% , 44. 7% and
42.86% , respectively. It can be concluded that higher
ion beam voltage could result in the increasing of the
number of germanium atoms sputtered from the target.

The Narrow-scanning XPS spectra of C,, for Ge, C,
films are shown in Fig. 4. It can be seen that the features
of C,, spectra gradually change as ion beam voltage in-
creases. The C, peak positions of the films are located at
284.8 eV, 284.7 eV and 284. 6 eV with increasing of
ion beam voltage from 300 V to 800 V, respectively. As
shown in Fig. 4, the spectra of C,, can be divided into
three peaks around 283.8, 284.6 and 285.7 eV. These
peaks are ascribed to Ge-C bonds, C-C bonds and C-H,
bonds, respectively!™'. The binding Energy of the C,_,
Ge-C, C-C and C-H, in Ge, C, films deposited at differ-
ent ion beam voltage are listed in Table 1. It can be seen
from Table 1 that the binding Energy of C,., Ge-C, C-C
and C-H, in Ge, C, films decrease with increasing ion
beam voltage from 300 V to 800 V. It suggests that the
chemical environment around C atoms can be significant-
ly changed by varying the ion beam voltage.

The relative contents of the Ge-C bonds, C-C bonds

and C-H, bonds as a function of ion beam voltage are
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Fig.4 The Narrow-scanning XPS spectra of C,, for the Ge,
C, films deposited at different ion beam voltage (a) 300 V,
(b)500 V, and (c) 800 V

4 ARFISFEH 40 Ge,,C, W C, XPS HEE (a) 300
V,(b)500 V,(c) 800 V

shown in Fig. 5. As ion beam voltage increases from
300V to 800V, the content of Ge-C bonds increase while
the content of C-C bonds decreases. It was reported that
the chemical environment surrounding the incorporated C
atoms had great influence on the hybridized configuration

of carbon atoms'). Tt is known to us that the germanium

Table 1 Binding Energy of the C,,, Ge-C, C-C and C-H, in

Ge, ,C, films deposited at different ion beam voltage

#1 FEAREHEN Ge,,C, #MH C,, Ge-C, C-C F C-
H, W& GRE

binding Energy binding Energy binding Energy binding Energy

ion beam

voltage/V of the C;/eV  of the Ge-C /eV of the C-C /eV of the C-H /eV
300 284.8 283.9 284.8 285.9
500 284.7 283.6 284.6 285.6
800 284.6 283.5 284.6 285.5

only has the sp’ hybridization. The carbon atom mainly
bonds to germanium atom by sp’ hybridization in the Ge-
rich films. The content of the germanium increases with
the increase of the ion beam voltage. Since the germani-
um atoms supply more tetrahedral configuration, the car-
bon atoms have more chance to bond with germanium at-
om in sp’ hybridization. As a result, the relative content
of Ge-C bonds increases while the content of C-C bonds
decreases. It also can be seen from Fig. 5 that the con-
tent of C-H, bonds decreases as the voltage increases
from 300 V to 800 V. It is obvious that the C-H, bonds
in the film are from the CH, with the tetrahedron struc-
ture. Since the ion beam voltage increases, the energy of
Ar ions used for sputtering increases, which lead to the
increasing of sputtering yield and the energy of the Ge. It
could promote the decomposition of the C-H, bonds, re-
sulting in the decrease of the fraction of C-H, bonds.

Fig.5 The relative content of the Ge-C bonds, C-C bonds and
C-H, bonds for the Ge, C, films deposited at different ion beam
voltage

K5 AFEHEH & Ge, C, WA Ge-C i, C-C fAI C-
H,, BEARXS & &=

Figure 6 shows the FTIR spectra of the Ge,_ C, film
deposited on Ge substrate at different ion beam voltage in
the range of 2 000 ~ 10 000 nm. It can be seen from
Fig. 6 that the transmittance for the Ge substrate is im-
proved in the range of 2 000 ~10 000 nm. It means that
the Ge,_ C, films have low refractive index and extinction

coefficient. This result suggests the films have the poten-
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tial to be used as an antireflective film. It is shown in
Fig. 6 that the maxim of the transmittance decreases with
increasing of ion beam voltage. It also can be seen that
as the ion beam voltage increases, the position of the
peak in the spectra shifts to long wavelength. It implies
that the optical thickness of thin films increases with in-
creasing ion beam voltage. There is only one obvious ab-
sorption peak at 5100 nm in the spectra for each Ge, C,
film. The peaks can be attributed to the Ge-H stretching
mode'”’. No strong absorption peaks around 3 400 nm or
6 900 nm for all the films are found. This result suggests
that the films may have low content of the C-H, bonds. Tt
can be concluded that the film prepared by ion beam sput-
tering has excellent infrared transparent property.

Fig. 6 The FTIR spectra of the Ge, C, films
K6 Ge, C, Wil I IHLLAMERE

Figure 7 shows the optical constants of the Ge,  C,
films obtained by fitting with transmittance spectrum.
The dispersion characteristics of the optical constants of
Ge, C, films are obvious. Due to the absorption peaks at
5100 nm in the transmittance spectra, the peaks are at
the same position in the dispersion curves of the optical
constants. It can be seen that the film prepared by lower
ion beam voltage exhibits a lower refractive index in the
whole spectral range. The film with higher content of car-
bon will have more similar refractive index to a-C: H
film, while the film with higher content of germanium
will have more similar refractive index to Ge film. It is
known to us that the refractive index of the Ge films is
higher than that of the a-C:H films. As mentioned, the
content of carbon in the film increases with decreasing of
ion beam voltage. So the refractive index of the Ge,  C,
films increases with increasing ion beam voltage. The ex-
tinction coefficients of Ge, C, films are low, which is of
practical significance for designing and preparing multi-
layer IR coatings.

Figure 8 displays the hardness of the Ge, C, films
prepared at different ion beam voltage. The hardness of
the film is above 8 GPa, which is higher than those of
the films prepared by chemical vapor deposition and ra-
dio frequency reactive magnetron sputtering (6 ~ 8
GPa) '/ Tt can be seen that as the ion beam voltage
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Fig.7 The optical constants of the Ge, ,C, films (a) refractive
index , (b)extinction coefficient
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increases, the hardness of the films increases. It is con-
firmed that the chemical structure has a great effect on
the hardness of the Ge, C, film. The structure of Ge, C,
is more similar to that of diamond-like carbon because of
the higher content of Ge-C bonds, which results in the
increasing of the hardness of the film. On the contrary,
higher content of the sp’ C-C bonds leads to the structure
more similar to that of graphite which has much lower
hardness. In addition, C-H, bonds are terminating

bonds. The film with higher content of C-H, bonds will

have lower hardness. XPS test indicates that the Ge-C
bonds instead of the C-C bonds and C-H, bonds with in-

creasing of ion beam voltage. So the hardness of the Ge
C, the film increases with the increasing of the ion beam
voltage.

3 Conclusions

Ge,_C, films have been prepared by ion beam sput-
tering a pure Germanium target at different ion beam volt-
age in a CH,/Ar mixture. The films prepared by the new

method exhibit good infrared optical and mechanical
properties. It is found that the ion beam voltage has great
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Fig.8 The hardness of the Ge, C, films
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influence on the properties of the Ge, C, films. The sur-
face roughness decreases while the ion beam voltage in-
creases from 300 V to 800 V. The C atoms are more like-
ly to bond in sp’ hybridization at higher ion beam volt-
age. The film prepared at higher voltage has the higher
refractive index. The extinction coefficient is low enough
for the film to be designed and prepared for multilayer in-
frared coatings. The hardness of the film increases with
increasing of the ion beam voltage. The films are the po-
tential candidates to be used as antireflective and protec-
tive films.
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