Characterization of temperature-induced changes in amorpous hydrogenated carbon thin films
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Hard hydrogenated amorphous carbon thin films were heated in vaiudiffierent temperatures and held
at these for at least 30 min. Afterwards, the cooled-down samples averlyzed by various techniques. Strict
and reproducible correlations were found between all the determimathpgers and the annealing temperature.
Single-wavelength ellipsometry shows that the real part of the refedictilex of the films at 633 nm wavelength
decreases with temperature while the extinction coefficient increasalsolshows swelling of the films with
a thickness increase of about 50 % for films heateg tbOO0K. The associated decrease of mass density is
proportional to the decrease in refractive index. lon beam analysigssthat hydrogen is released from the films
during heating with only about 5 % of the initial H remaining after annealin@@0X while no significant loss
of carbon can be detected. The losses of hydrogen during heatimgoaitored by temperature programmed
desorption and they are in good agreement with the ion-beam-analgsitsreRaman spectroscopy delivers
evidence of aromatization of the films under heat treatment. Indicatiorsbéfiuctural changes is found already
at 600 K while the quickest changes of the refractive index, thickrasbhydrogen content with temperature
occur around 850K.
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I. INTRODUCTION long time the preferred choice for the first-wall materiaédu
to its favorable radiative properties [12]. A disadvantégg
leads to its replacement in the designs of new fusion devices
is, however, the high erosion yield that would seriouslyitlim
the lifetime of plasma-facing components. Furthermore, th

films (hard a-C:H) are a subclass of such coatings [3]. Th'?eroded carbon is redeposited along with hydrogen from the

) / " lasma in locations with no or little erosion, producing-lay
properties of a-C:H depend critically on the hydrogen CON-rs that can have a high hydrogen content like soft a-C:H

tent. Films with a high hydrogen cont_ent of _typically up to [13, 14] or can structurally resemble hard a-C:H [15, 16] and
H/(H+C) ~ 0.5 are soft and polymer-like while a-C:H with can contain substantial amounts of other elements [17]. In
a low hyo_lrogen content of around/H—_I + C) ~ 0.3 are hard, an all-carbon machine operating with a D/T mixture this re-
wear resistant, and have a low coefficient of fT'Ct'O” [{1].eTh deposition can be a dominant mechanism of the retention of
apphca‘uons of ha}r.d a-C:H are, however, restrlc_ted byrits | radioactive tritium [18]. However, the amount of hydrogen
ited thermal stability. Above.a.lbout 700K the films lose hy- isotopes stored in these layers strongly depends on the tem-
_drogen, become more graphitic, hardness decreases and W%%rrature they experience during plasma operation. At highe
increases [5, 6]. temperatures the layers are modified and lose hydrogen, lead
On the other hand, heat treatment of a-C:H (and other amoing to a decreased hydrogen isotope retention [13, 19].
phous carbon) films after deposition has also beneficial ef-
fects. For instance, annealing was found to reduce compres- Several studies in the literature have investigated the the
sive stress in the films [5, 7, 8] limiting the maximum thick- mal stability and the temperature-induced modifications of
ness above which the films delaminate from the substratearious types of a-C:H films. With temperature programmed
Rapid thermal annealing of a-C:H coatings on silica opticaldesorption (TPD) (also referred to as thermal desorpties-sp
fibers was shown to improve their protective qualities irshar troscopy (TDS) or thermal effusion spectroscopy (TES)) it
environments [9]. And heating by short laser pulses is a poswas found that the temperature at which thermal decompo-
sibility for locally changing the electronic propertiesasfC:H  sition starts as well as the released species strongly depen
[10] and a-C [11] films. the initial composition of the film [20—24]. The onset of de-
In magnetic confinement nuclear fusion carbon was for £0MPposition of hard a-C:H with {H + C) ~ 0.3 is at about
700 K while for soft a-C:H with a hydrogen content around
0.5 it starts already at 100K lower temperature. Further-
more, while the hard films release hydrogen, minor amounts
*Corresponding author email: christian.hopf@ipp.mpg.deptene: +49-  Of methane and negligible amounts of higher hydrocarbons,
89-3299-26 17, fax: +49-89-32 99-96-26 17 the soft films release significant amounts of larger hydrocar

Carbon-based thin films are used for a wide range of ap
plications such as wear-resistant and anti-corrosiveeprot
tive coatings [1, 2]. Hydrogenated amorphous carbon thi
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bon molecules up to £H(D)y or CsH(D)y (x < 10,y < 12)  sity of 2 8.5 x 10°2cm~3. Furthermore, it is known that their
[23-25]. Using a-C:H/a-C:D bi-layers it was demonstratedrefractive index is well correlated with the films’ propesi
that the released hydrogen and methane molecules are formadd can hence serve as a simple characteristic number [32].
in the bulk and diffuse to the surface as molecules [20]. The thickness of the films after deposition was approximyatel
Besides these TPD studies the structural changes of a-C:2D0 nm. The coated wafer was then cut into pieces of approx-
under heat treatment have been probed by various techniquésiately 1x 1cn?. For the erosion experiments these small
The basic observations can be summarized as follows: Tha-C:H coated Si samples were fixed on an electrically heated
optical gapEg4 was found to decrease for both hard and soft asubstrate holder by thin metal strips which shielded pdirts o
C:H [26-28]. Fourier transform infrared spectroscopy @r1 the film from exposure to hydrogen, thus preventing erosion
indicated a transformation of $garbon into sp carbon and  in these places. The films were heated to the desired tempera-
a loss of hydrogen for both hard and soft films [5, 27, 28], inture of up tox~ 1000K and held at that temperature for at least
accord with an aromatization (sometimes also referred to a80 min to be sure that the sample was in thermal equilibrium.
‘graphitization’) observed in Raman spectroscopy by an in-The samples were then exposed to atomic hydrogen at that
crease of the D peak intensity and a shift of the G peak potemperature for as long as was required to achieve sulatanti
sition to higher wave numbers [6]. The loss of hydrogen wasut not complete, erosion of the films during H exposure. Af-
also confirmed by ion beam analysis [6, 29]. The electrical reterwards, the films were cooled down and later scanned across
sistivity was shown to decrease [30]. Other parametersestud the erosion crater with a single-wavelengttisituellipsome-
were the film thickness that was found to either decrease [26Er working at 633 nm to derive the optical properties and the
or increase [23, 28] and the refractive index at fixed wavefilm thickness profile.

length [5, 28] that was reported to increase due to annealing Another set of samples, set B, was specifically intended for
in contradiction to our data presented in this paper. a study of temperature-induced changes of a-C:H films. In
The aim of the present study is to investigate thethjs case, the films were directly deposited to a thickness of
temperature-induced changes in a wide temperature ranggproximately 200 nm in the device PlaQ (for details of the
of up to 1300K with a comprehensive set of analysis techsetyp see [34]) that also provides a heatable substraterhold
niques using as far as possible initially identical a-C:tll an and arin situellipsometer. Thus, the experimental steps depo-
a-C:D films. The optical properties are probed with single-sition, heat treatment, and the subsequent erosion—negessa
wavelength ellipsometry at 633 nm. Changes of the thicknesg, determine the optical properties and thickness aftenéla
due to heating are quantified by ellipsometry and/or profilom treatment by ellipsometry—could all be performed one after
etry. Structural changes of the carbon network are mornltorethe other without breaking the vacuum and without moving
using Raman spectroscopy. The remaining hydrogen contefie sample. The films were deposited in a methane ECR
is determined with ion beam analysis and the released hydr?ﬂasma at 0.5 Pa with an additional rf bias-e800V applied
gen is monitored using temperature-programmed desorptiog the substrate. The properties of the films thus obtained ar
The results are discussed and compared to the data reportedery similar to those of set A as indicated by their similar re
the literature. fractive index ofn — ik = 2.09—i0.07, measured during the
deposition run. The films were then heated to and held at the
desired temperature for about one hour. During heating the

Il EXPERIMENTAL sample was continuously monitored with ellipsometry. An
initial quick shift of the ellipsometric angles was obsetve
A. Sample preparation and heating (sets A, B, C and D) (see Fig. 1) that slowed down and almost came to a halt be-

fore the end of the heating period at all temperatures. At the

Several sets of hard a-C:H films were deposited on silicorgnd of the heating phase the heater was switched off with no
wafers, heateéh vacuowith a base pressure below #Pa  active cooling. For the highest heating temperature the sam
in different devices, and analyzed by various techniqutes af Pl€ cooled to below 600K in less than 10 min. After cooling
cooling down. down toT < 330K the samples were exposed to an oxygen

One set, denoted as set A, was primarily intended to medgla;ma Which ero_des the films from the 'top without modifi-
sure temperature-dependent erosion rates (not reportaisin cation of their optical properties [35]. Ellipsometry data-
paper) of the films when exposed to a flux of atomic hydrogent@ined during this erosion run provide the refractive indes
The films of this set were deposited onto a silicon wafer on thdhe thickness of the films after heating. The maximum heating
driven electrode of a capacitively coupled 13.56 MHz rf dis-témperature of set B was 870K.
charge in a device named KesCaBo, described previously in A further set of samples, set C, was deposited in the same
[31]. Methane with a gas flow of 7.2 sccm was used as workdevice and at identical parameters as set A. The thickness of
ing gas and the discharge pressure was 2Pa. The rf pow#hte films was also similar with= 220nm. The whole coated
was set such that a self bias-eB00V was achieved. Under wafer was again cut into several smaller pieces. Groups of
these conditions the resulting films were hard a-C:H with-a rethese pieces at a time were then transferred in air to a UHV
fractive index ofn—ik = 2.15—1i0.10 at 633 nm. It is known temperature programmed desorption setup (TESS [25]) where
from earlier [32, 33] as well as recent quantitative analytsat ~ they were heateéh vacuoinside a glass tube in a tube fur-
films deposited with the quoted deposition parameters have mace. At the start of the heat treatment the preheated feirnac
hydrogen concentration of HH + C) =~ 0.3 and a carbon den- was moved from its remote parking position to the heating po-
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3504 © " L the sample’s heat balance indicate that the sample tempera-
! ture reaches typicallys 350K and is in any case less than
300 - - 400 K. The as-deposited samples are therefore shown at 350 K
| in Fig. 3 with a£50K error bar.
250 Deposition @*@ ] Special care was taken to ensure correct temperature mea-
*  Heating, holding, surement of the sample surface during heating. The temper-
C(%)“fgso Comn 11 ature measurement during the heating of set C may be con-
5 200 @ ~675K.35min | ] sidered the most accurate. The sample was placed in a quartz
@ (3 ~840K, 17 min | - tube inside a tube furnace, ensuring a relatively homogeneo
2 150 - @ ~870K, 85 min_ [ | temperature distribution. The temperature during heatiag
< Erosion at RT @~@] | measured with a thermocouple placed in the oven but outside
the quartz tube, delivering a readifigmace Prior to the ex-
y 7 periments this thermocouple was compared to another ther-
mocouple glued to a dummy sample and placed in the real
50 + . sample’s stead inside the quartz tube. The temperature read
ing of this thermocouple is considered the true sample tem-
0 +—— B peratureTsample Thus, the correlatiofisampid Trurnace) S€rved

0 5 1'0 1'5 2'0 25 30 35 40 45 to derive the true sample temperature from the reading of the
thermocouple in the furnace.

In the case of set B a thermocouple was placed behind the
_ ) _ substrate holder and electrically insulated from the holds
FIG. 1: Ellipsometry raw data, expressed by the ellipsometric anglefhiS thermocouple is closer to the heater it has to be assumed

W and4, of_a complete deposition-heating—erosion cycle. The fllmthat the sample surface will be cooler. In order to correist th
was deposited on the substrate at room temperature (black open c

femperat d ther th | lued to th
cles), then heated to, held at, and cooled down from 870K (red soli mperature reading another thermocouple was glued to the

circles), and finally eroded in an oxygen plasma at room temperaturé@Mple surface. It was assumed that this glued thermocouple
(blue open triangles). measures the surface temperature accurately and a dalibrat

relation between the readings of both thermocouples was es-
tablished. It is worth noting that in the cooling-down phase

sition, where the samples in the quartz tube are in the middi@fter switching off the heater the readings of the glued &ed t
of the furnace’s tube. Thermal equilibrium is reached inutbo €@r thermocouples are in good agreement. For set A the tem-
5min. The sample was then held at the desired target tempdp€rature was measured by a thermocouple fixed by a screw on
ature for about another 30 min and subsequently cooled dowf€ Sample holder next to the coated Si sample.
by moving the furnace back to its parking position at a suffi-
cient distance to the quartz tube. Compared to set A thipsetu
had the advantages that higher heating temperatures of up to B. Characterization techniques
1300K could be achieved and that the simultaneous heating
of several samples was both ensuring identical treatmeaht an  The heat treated and some non-heat-treated reference sam-
time-saving. Samples of set C were actually heat-treatdd arples were analyzed using various techniques. The complex re
analyzed in two campaigns, henceforth called first and skconfractive index of all samples was determined by single wave-
batch. length ellipsometry at 633 nm using a He-Ne laser.

Finally, set D was produced following the same deposition A single ellipsometry measurement only yields two quanti-
and heating procedure as set C, except that their initiekthi ties, commonly expressed as the ellipsometric ariglandA.
ness wasr 285nm and that deuterated methane was use#iowever, a measurement of a film with homogeneous optical
as source gas. Consequently, the films of set D are deuteproperties at different thicknesses—two as a bare minimum,
ated amorphous carbon, a-C:D. The refractive index aftar he but in practice more are required—allows to simultaneously
treatment was determined with ellipsometry and the indtid ~ determine thickness and the realr) and imaginaryK) parts
final thickness was determined by profilometry. In order toof the refractive index. Such a measurement is either real-
produce a step on the samples for profilometry, thin linegwerized by a spatial scan in a region of varying thickness, such
drawn with a permanent marker pen on the silicon wafer’s suras an erosion crater, or by situ measurement during depo-
face. The film does not adhere to these marker lines and thsition or erosion of the film. Fitting the resulting data ireth
film and marker together can be removed with alcohol afterp-A plane by a theoretical curve yields the desired quanti-
deposition. The heating temperatures of set D ranged batwegies, n andk of the film and a thicknesd for each single data
650 and 925 K. point. The method of scanning through an erosion crater was

In all cases the substrate holders were not actively cooledpplied to set A to determine the final valuesnpk, andd
during deposition and the films and their substrates heatedfter heat treatment. The final values of sets B, C, and D were
up during the deposition runs due to the heat flux carriedletermined during erosion in an oxygen plasma. The initial
by the impinging ions. Measurements of the sample holdevalues were either determined by ellipsometry during erosi
temperature during the deposition as well as an estimafion @f a non-heated reference sample (sets A, C and D) or during

¥ (deg)
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Set film type heating T range do Analysis
T T T T T T T T T T A aCH on substrate holder ~ RT-1000% 200nm E(e)
74 107 5 7 B a-CH on substrate holder RT-870 K 200nm E(i)
6—- C a-C:H quartz tube/tube furnace RT-1300&200nm E(e)/IBA/R/TPD
S 100'; D a-C:D quartz tube/tube furnace 650-9254285nm E(e)/P
S, 54 ,0-1.]
R 107 3 TABLE I: Overview of the sample sets: Sample set, film type (a-C:H
S 491021 or a-C:D), method of heating, range of the heating temperatures, ini-
$ 3_' tial thicknessdy, and applied analyses (E(e)ex situellipsometry,
S | E(i) = in situellipsometry, P = profilometry, IBA =ion beam analysis,
o 2 R = Raman spectroscopy, TPD = temperature programmed desorp-
1 tion).
14
0 . . : . :
400 600 800 1000 1200 can be calculated by

temperature [K]

3 (Ma(T) + oM
. C(t):CO_(CO—Cf)'f%( 2(1) + oMe(r)) dr.
FIG. 2: Raw TPD spectrum, corrected by subtraction of a constant o (M2(T) + 0Myg(T)) dT
background. Then/q= 2 signal is produced solely byAim/q= 16 . .
solely by CH,, m/q = 27 can have contributions fromyBa, C,Hg, ~ Wherets is the time at the end of the TPD measureméfy,
CsHs ..., andm/q = 39 indicates GHg and higher hydrocarbons.  andMsg are the mass spectrometry signalswfg = 2 (Hy)
and 16 (CH), and

M> signal H at I dasH
o — Mz signal per H atom released ag @)

Mg signal per H atom released as £H

)

deposition (set B).

Precise absolute quantification of the areal atom densitiel§ the sensitivity ratio. The latter quantity’s valee= 1.39
is laborious and was conducted only for non-heat-treated avas determined in calibration measurements with known
C:D and a-C:H reference samples grown under similar condifluxes of H and Ch admitted into the vacuum chamber
tions. These reference samples were analyzed quantijativethrough a nozzle. Againg = 0.3 was assumed for the as-
by calibrated TPD and different ion-beam-analysis (IBA)deposited sample. The final H concentration was taken as that
techniques. To derive C densities, Rutherford backseatteglerived by IBA for the sample annealed to 1300K. The little
ing (RBS) with 2 and 4 MeV*He, nuclear reaction analy- Peak inthe H signal above 1200K in Fig. 2 is an artifact due
sis (NRA) with 2.4 MeV3He, and proton enhanced scatter- to increasing diffusion of hydrogen through the quartz tube
ing (PES) with 1.5MeV protons was used. H and D densi-t appears also without a-C:H sample in the tube. As its con-
ties were measured with elastic recoil detection (ERD) withtribution to the integral hydrogen signal is small it was not
3MeV *He. Additionally, D was quantified by NRA with corrected for.
0.69 and 2.4 Me\BHe and PES with 1.5 MeV protons. A  Finally, Raman spectra were recorded with a laser wave-

hydrogen content (H or D, respectively) of 0.3 was concludedength of 514.5nm, lcm resolution and a spot size of
from these measurements. ~ 1um? in order to characterize structural changes of sam-

) ) les of set C. The probed depth was between a few tens and
For the samples of set C ion beam analysis was employed t9 e\ hundreds of nm. Details of the Raman analysis can be
guantify only relative changes of the film composition due %tound in [36].

the heat treatment. The use of a 3 M&¥e ion beam underan apj | gives an overview of the four sets of samples and
impact angle of 75with respect to the surface normal allowed 4 analyses applied to them.

the simultaneous measurementHfin the sample via elastic

recoil detection and of°C via nuclear reaction analysis using

thelZC(3He, p)14N reaction. . RESULTS

Apart from determining the residual hydrogen in the film
the hydrogen release during heating was also quantified by Figure 3 shows all measured parameters of all heat treated
temperature programmed desorption (TPD) in the quartz tuband as-deposited samples of sets A to D as a function of
of the TESS device using samples of set C and heating them tmnealing temperature. With the exception of the Raman
a maximum temperature of 1320 K. A very low heating rate ofG peak position, all shown quantities begin to show sig-
1 K/min was applied in order to be as close to the equilibriumnificant changes from around 700K and exhibit their most
H concentration at every temperature as possible. The TPEapid change with temperature around 800 to 900 K. The good
spectrum is shown in Fig. 2. Mostly molecular hydrogen andagreement in the overlap region of the first and second batch
methane are released from the sample. The contributions off set C shows good reproducibility and the remaining differ
higher hydrocarbons, represented herenhyg = 27 and 39, ences can be regarded as an estimation of the experimental
are negligible. Knowing the initial and final concentragasf ~ uncertainty.
hydrogengp andc;, the residual hydrogen in the intermediate  Figure 3a shows the relative change of the thicknegdy.
region at a given time, corresponding to a temperatufét),  The thickness of the films starts increasing above about 600 K
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FIG. 3: Properties of the heat-treated samples of sets Ato D: a) Re
ative thickness change (sets A—C: ellipsometry, set D: profilometry)

b) real and imaginary part of the refractive index at 633 nm, c) hy-

drogen concentration as determined by ion beam analysis (symbol
and as determined by TPD (solid line), and d) Raman G peak position
and D/G band intensity ratio. The thin solid lines in panels a), b), and
d) are only guides to the eye. The region of the most rapid changes
around 850 K is highlighted in the background. The additional back-
ground lines at 700 and 1050K are meant to facilitate temperature
comparison between the panels.

The maximum change with temperaturédgdy) /dT, for the
data of set C occurs around 850 K. The maximum observed
relative increase of the thickness in sample set C was by a
factor of 1.47 at 1025K, and for the sample of set A heated
to 1000K even an increase by a factor of 1.6 was deter-
mined. The a-C:D samples of set D show a significantly lower
swelling of only up to 1.16.

Figure 3b shows the optical constants of the films. All
sample sets show qualitatively the same behaviour; the real
part of the refractive index), starts decreasing with temper-
ature above approximately 700 K while the imaginary gart,
starts increasing around the same temperature. The degwvat
—dn/dT and &/dT are largest around 850K, the same tem-
perature where(dl/do)/dT has its maximum for set C. Above
that temperature botihandk appear to be approaching satura-
tion. No values oh andk could be determined of the 1300 K
sample. The raw ellipsometry data could not be fitted with a
model assuming a homogeneous bulk of the film, i. e. a single,
non-depth-dependent refractive index. A possible expiana
could be the formation of silicon carbide around the origina
Si/C interface [37]. For the same reason the swelling of the
1300 K sample of set C could also not be quantified.

Figure 3c shows the H/(H+C) ratio of set C as determined
by IBA together with the residual hydrogen content calcdat
from the slow-ramp TPD experiment on a sample of set C. The
hydrogen concentration starts decreasing above 700 K and th
most rapid change occurs again around 850 K. At 1300 K only
about 2.3 % hydrogen is left in the sample. Within the errors
no loss of carbon could be detected by IBA (not shown in
Fig. 3c). Furthermore, from the mass 16 signal of the TPD
experiment we calculate that the absolute loss of carbon is
1/37 of the loss of hydrogen, or approximately 1 % of the ini-
tial carbon. The agreement betweef(H + C) from IBA and
TPD is excellent. Due to the very slow TPD temperature ramp
no temperature shift between IBA and TPD data is observed.

Figure 3d shows the peak height rdiig/| s of the Raman D
and G peaks and the G peak position. The corresponding raw
spectra can be found in [36]. We find that bé# I and the
G peak position increase with annealing temperature. These
trends are a clear indication of an increase of aromatic doma
size [38, 39]. The detailed temperature evolution of the Ra-
man parameters reveals that the G peak position already shif
in a temperature range in which none of the other measured
guantities changes and it saturates already at around 800 K.
The peak height ratio appears to be generally well correlate
}/_Vith the H/(H+C) ratio, yet setting in at slightly lower tem-
peratures than hydrogen loss. These differences indicate t
Structural reorganization and hydrogen loss are at least pa
tiplly independent processes with different activatioargres.

IV. DISCUSSION

A remarkable result of our study is the huge thickness in-

crease exceeding a factor of 1.4 at annealing temperatures
around 1000K. It might be very tempting to explain this
swelling in terms of stress release: Films deposited widr-en
getic ion bombardment, as is the case for our films, are known
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size increase. An explanation of the variation of the real

3.2 e e e S part of the refractive index, is less straightforward. Fig-
30] [® aCH(S-S) ¥ ] ure 4 showsn versus mass density for a variety of carbon
98 v ta-C:H (P) ] materials as reported in the literature. There is a huge vari
81l taC (M) J/ ’ ation of n at constantp. The boundaries of the populated
E 26 | annealed ¥ T region in thep—n plane appear to be given by the dashed
. a-C:HsetC| - - ]
g 2.4 g * _&diamond- lines that connect the data for graphite and diamond with
% 29 . ] the point p = 0, n=1). For materials of a similar struc-
3 0] ‘ 1 ture, e.g. a-C:H(n— 1) appears to be directly proportional
2“7 to p. The linear least squares fit to the a-C:H data of Ref.
o 1.8 . [32], n=0.959+ 0.628- p [g/cn?], shown as solid black line
'*g 16 ] in Fig. 4, indeed approximates the data well and passes very
»§ 14] ] close to the refractive index of vacuum at zero density. &her
: « ta-CH (S) fore we speculate that the decreasen@iith annealing tem-
1.2 ) ] perature is primarily a consequence of the density decisase
1.0 e the films expand. This is supported by the data correspond-

T T T T T T T
00 05 10 15 20 25 3.0 35 40 45 ing to those samples of set C, for which ellipsometry could be

evaluated. They are also shown in Fig. 4. For both batches
of these samples the original densgy was calculated from
FIG. 4: Refractive index at 633 nm versus mass density for a varithe initial refractive indexo using the fit to the a-C:H data.
ety of carbon materials taken from the literature. The materials ard he density of an annealed sampjg, was then calculated
diamond [40], graphite [41], glassy carbon [42], plasma-depositedrom the original densityg and the thickness changdgdy by

a-C:H (a-C:H (S-S) [32]), plasma deposited ta-C:H (ta-C:H (P) [43] p = pp(dp/d). The evolution of f, n) of set C closely follows
and ta-C:H (S) [44]), and ta-C produced by pulsed laser depositiofihe black solid line.

(ta-C (M) [45]) and by pulsed filtered vacuum arc deposition (ta-C . . . . .
(2) [45]). The black solid line is a linear fit to the a-C:H data, the _ Vhilé there is very little scatter in all the data of set C in

red dashed lines connect the origin<¢ 0, n = 1) with graphite and ~ Fi9- 3, there are significant differences between the differ
diamond. The as-deposited and annealed samples of set C are af&®ts of samples in Fig. 3a and b. One possible reason is the ac-
shown. curacy of the temperature measurement. As explained in the
introduction, the temperature calibration of set C is consi
ered the most reliable while those of sets A and B might suf-
to have compressive stress [46, 47]. The presence of compreiér from the largest systematic errors. The deviations betw
sive stress in our films is also confirmed by the observation o$ets B and C might be ascribed to an increasing difference
convex bending of the silicon wafer substrate. Annealing i€tween thermocouple and sample surface temperature with
known to lead to a reduction of this stress [5, 7, 8, 48, 49]increasing temperature. The samples of set A have a slightly
One might hence argue that at sufficiently high temperatureBigher initial refractive index than the samples of sets 8 @n
at which structural reorganization can occur this stresgsr  (N(A) = 2.14 versus(C) = 2.09). This is probably also the
an expansion of the film. Without delamination from the sub-reason why their refractive index stays higher for all atnea
strate, this expansion could only happen in the directian no ing temperatures. However, the relative variatiomafndk
mal to the surface. As our hard a-C:H films lose only mi-for set Ais in very good agreement with set C. For the sam-
nor amounts of carbon during annealing, as was quantitative ples of set D it has to be considered that they are a-C:D, not
confirmed by IBA and TPD, this expansion shows up as a ned-C:H like all the other sample sets. Although ion beam anal-
increase in thickness. However, if we compare the volumé/sis reveals similar JAH -+ C) and D/ (D -+ C) ratios of films
change to the ratio of stress and bulk modulus it becomes eyeposited from Cldand COy with the same self-bias, abso-
ident, that stress release cannot account for a swellingeof t lute densities of carbon and hydrogen in the films turn out to
films anywhere near the one observed. For slightly thickePe lower for the deuterated films [52]. This observation was
films deposited in the same device as set B at a bias voltage ##sted independently by growing 300 nm thick a-C:H and a-
—280V under otherwise very similar deposition conditions aC:D films under identical conditions300V self-bias, 2.0 Pa
stress value of 1.2 GPa was determined from substrate bengeutral pressure, identical pumping speed) and measiréng t
ing (unpublished). A very similar value of 1.34 GPa was re-mass increase due to the depositarsituby a microbalance.
ported by Grillet al. [5] for hard a-C:H deposited fromEl,. The thickness was determined locally andsitu with inter-
For the bulk modulus of hard a-C:H deposited fropHg at ferometry as well as laterally resolved with ax situtactile
—300V substrate bias Jiargt al. [50] determined a value Pprofilometer. While the a-C:H film had a density 081/ cm®
of ~ 135GPa. Hence, a volume increase of only about 1 9he a-C:D film had only 77 g/cm?. These obviously different
should be enough to release the stress. Film swelling an@im properties may be the cause of the lower swelling. The
stress release therefore appear to be two not necesséeily in thickness increase reported by Maruyaetal. [23] for hard
related consequences of thermally induced structuralggsan a-C:D of less than 15% up to 900K annealing temperature

Light absorption is almost entirely due to the?smarbon ~ agrees well with our results of set D.
[4, 51]. Hencek increases as the %praction and cluster Comparing our data to results reported in the literature we

density (g/cm3)
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find the loss of hydrogen and the conversion of spio sp’ by various techniques after cooling down. The first observ-
carbon univocally confirmed (see the introduction). Fordilm able change with temperature is the shift of the Raman G
with an initial H content very similar to that of our films, Wu peak position to higher wave numbers. This shift indicates
et al. [6] show a temperature-dependent dehydrogenation dua structural modification that in this temperature rangeois n
ing rapid thermal annealing that agrees excellently with ouaccompanied by loss of hydrogen. Above 600 to 700K the
results. The evolution of their Raman spectra also agrags ve other observed quantities do also change. Above 600K an in-
well with ours up to 1173 K (900C). The only qualitative dif-  crease of the Ramdp /I ratio indicates aromatization of the
ference is that their thelp /I ratio decreases again between films. Starting from about 700K the ellipsometrically deter
1173 and 1273 K (900 and 100GQ) and the G peak redshifts mined refractive index at 633 nm decreases while the extinc-
slightly from 1600 to 1585 cmt, indicating an increase of the tion coefficient increases simultaneously. Ellipsomeigoa
graphitic crystallite size [7], while our films show no suattd revealed that these changes are accompanied by an increase
velopment between 1000 and 1300 K. of the film thickness by up te- 50% at an annealing tem-
Regarding the thickness evolution we find contradictory reperature of 1000 K. The loss of hydrogen from the samples
sults in the literature. While Ritikost al. [28] find an in-  was quantified both by measuring the residual hydrogen with
crease of the thickness during annealing like we do, Zleng ion beam analysis and by monitoring the desorbing hydrogen
al. [53] find a decrease. The reason for this apparent conby slow-ramp (1 K/min) temperature programmed desorption.
tradiction could be the different nature of the a-C:H films in The temperature dependence derived with both techniques is
these studies. While our films are hard (“diamondlike”) andin excellent agreement. The hydrogen loss occurs in the same
those of Ritikoset al. seem to belong to this class of films temperature range as the change of the other parameters and
too, the films of Zhanget al. are soft (“polymerlike”) [54].  after annealing at 1300 K H{H + C) is only about 2.3 %. The
Soft films emit significant amounts of hydrocarbon moleculesmost rapid change of all measured parameters except the G
during annealing leading to a marked decrease of carbon ammkak position with temperature occurs around 850 K.
hence a decrease of the thickness. On the contrary, hard films . . .
emit mostly molecular hydrogen and only minor amounts of _11€ huge thickness increase is probably a consequence
methane. In their case the thickness increase due to salictu ©f the structural reorganization evidenced by Raman spec-
reorganization outweighs the negligible loss of carbon. troscopy. Although annealing is known to reduce residual
A still unresolved difference is the behaviour of the refrac COMPressive stress present in this type of films, the magni-
tive index in the visible/near infrared range. While we find atude of volume increase rules out stress release as theglrivi
decrease of at 633 nm with temperature, Griit al. [5] re- force. _The observed decrease of the_ refractive index seems t
port an increase at the same wavelength and Ritkas [28] be a direct consequence of the §weII|ng as the refre_lctnmqnd
report an increase afat much longer wavelength, probably at Was found to be directly proportional to mass density.
2500 nm. The films of Grilet al. were deposited from £H,
at —80V bias and they have ~ 1.9. These films should be
similar to, yet slightly more polymerlike than our films [32]
Unfortunately Grillet al. give no details of the procedure by
which they obtained after annealing by ellipsometry.
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