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We have investigated the effect of chamber pressure and atmosphere on the microstructure and
nanomechanical properties of amorphous carbon thin films prepared by pulsed laser deposition. The
amorphous carbon films were deposited in various atmospheres such as nitrogen and argon at
different chamber pressures. We used Raman spectroscopy to study the bonding characteristics of
the deposited amorphous carbon films. Atomic force microscopy and optical microscopy were
utilized to observe the surface conditions and the microstructures of the deposited films.
Nanoindentation measurements were carried out on various samples prepared under different
conditions to study the effect of chamber pressure and atmosphere on the elastic modulus and
nanohardness of the films. It was found that reduced vacuum leads to formation of amorphous
carbon films with reduced elastic modulus and nanohardness. Amorphous carbon films prepared
under higher chamber pressures exhibit an increased density of particulates and significantly
roughened surface. The results were understood in combination with the optical emission and
electrostatic measurements of the laser plasma plume. It was found that the presence of atmosphere
decreases the leading edge ionic energies of the species in the laser plasma plume and increases the
thermalization of the laser plasma due to an increased possibility of collisiorRO@. American
Vacuum Society[DOI: 10.1116/1.1322641

[. INTRODUCTION About one decade ago, it was considered that the presence

Due to its wealth of atomic structure and properties,of hydrogen would be necessary to stabilize $ipé bonding
amorphous carbon has been drawing research interest for tgéates and to saturate the dangling bonds in DLC materials,
past two decades. The wide spectrum of the atomic structur@halogous to amorphous silicon. However, the successful
and properties of amorphous carbon stems from the capabiproduction of hydrogen free, highly tetrahedral DLC films by
ity of carbon to form different hybridizations. Depending on Pulsed laser ablation of a graphite target, and by other tech-
the short-range environment, physical and mechanical progliques, has established the fact that hydrogen is not neces-
erties of amorphous carbon can vary between the two cryssary for the fabrication of DLC film8-® What is more, in-
talline extrema of carbon, i.e., graphite and diamond. Whervestigations in the past few years have demonstrated that the
amorphous carbon mainly consists of tetrahedrally bonde@resence of hydrogen in DLC films is detrimental to many of
carbon atoms, it is called diamondlike carb@LC), or tet- their properties, including hardness, thermal stability,’éfc.
rahedral amorphous carbot-4C). Highly tetrahedral car- It has now become common practice to produce hydrogen-
bon material can possess properties comparative to those e DLC using various thin film deposition techniques, such
crystalline diamond. For example, the elastic modulus an@s pulsed laser depositidi’LD), mass selected ion beam
hardness of crystalline diamond are about 1000 and 10deposition (MSIBD)** and filtered cathodic vacuum arc
GPa, respectively. The elastic modulus and hardness of (FCVA)'? deposition. A number of investigations have cor-
mostly tetrahedral DLC can be as high as 700 and 70 GPapborated that ultraviol€tUV) pulsed laser ablation of a high
respectively’. Furthermore, the mechanical and physicalpurity polycrystalline graphite target is able to produce high
properties of DLC can be tailored with ease by changing thejuality DLC films with a Tauc gap 0f1.0-2.0 eV and an
sp/sp? ratio. Combined with all the unique properties, DLC sp*/sp? ratio of ~80%23 The interesting aspect of pulsed
thin coatings have found wide applications such as tribologilaser ablation is that it is a nonequilibrium process and the
cal thin coatings that require chemical stability, good wearspecies produced in the laser plasma possess very high ki-
resistance and low coefficient of friction; infrared antireflec-netic energy. For instance, the kinetic energy of atomic spe-
tive coatings; field emission sources for advanced flat panalies produced by electron beam evaporation is ardkihd

displays; sensors; and so df. (0.025 eV at room temperatyrék is the Boltzmann constant
andT is the absolute temperaturevhereas those produced
3Electronic mail: quiming@ncat.edu; qwei@eos.ncsu.edu by pulsed laser ablation may be as high as 100—-1KD0
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Fic. 1. Visible Raman spectra of amorphous carbon prepared via iRLD
vacuoand amorphous carbon prepared under 600 mTorr of nitrogen.

(~2.5-25 eV.}* An additional advantage of PLD is that the
Vacuum chamber i.S iSOIated-from the laser source, WhiCI;IG_ 2. AFM micrograph of a DLC film prepared in high vacuum (5
makes it much easier to manl_p_ulate the target, the SUbStra‘t§’10’7Torr). The scale for th&X and Y directions is 200 nm/div, and that
and a number of other deposition parameters. For exampley the z direction is only 10 nm/div. The surface is atomically smooth.
up to four targets can be loaded into the target carousel,
which gives one much more freedom to monitor the compo-
sition of the films to be deposited. Therefore, PLD hasgraphite target in various atmospheres and vacuum condi-
proved itself to be the most successful technique by which teions.
fabricate hydrogen-free DLC films compared with other
deposition techniques such as ion beam deposition, cathod]
arc, plasma enhanced chemical vapor deposition, and so o(f‘. EXPERIMENTAL DETAILS

The effects of substrate temperature, laser wavelengths, We used(001) silicon wafers as the substrates for amor-
laser power, etc. on the resultant DLC films by PLD havephous carbon deposition. The substrates were cleaned in ac-
been studied to some extént:® However, not much is etone and methanol ultrasonic baths and dipped in HCI:HF to
known about the effect of chamber pressure and atmospheremove the native silicon oxide; they were then transferred
on the preparation and properties of amorphous carbon filmisito the vacuum chamber. The amorphous carbon thin films
by PLD. For completeness of the understanding of the wholevere deposited using a KrF excimer lage=248 nm, dura-
process of producing superhard amorphous carbon via pulséihn 7=25 ng at a repetition rate of 10 Hz, with an energy
laser deposition, and for the best use of the advantages density close to 3.0 J/Gnwhich gives an average power
PLD, it is imperative to study the effect of chamber pressuralensity of~10® W/cn?. All the depositions were performed
and atmosphere on the structure and properties of amorphoas room temperature in a stainless steel chamber that can be
carbon films prepared by PLD. In this article, we presentevacuated to a high vacuum of about 50’ Torr, and the
results on the effect of chamber pressure and atmosphere ahamber pressure can be monitored by introducing a certain
the microstructure and nanomechanical properties of amomamount of gas. We prepared pure DLC films under a vacuum
phous carbon thin films prepared by pulsed laser depositiorof 5x 10”7 Torr. In order to study the effect of chamber
The amorphous carbon films were deposited in various atma@aressure and atmosphere on the microstructure and nanome-
spheres such as nitrogen and argon at different pressures.chanical properties of the amorphous carbon films, we also
secondary motive for using Natmosphere is to check the prepared films under various pressures of argon and nitrogen.
feasibility of obtaining the presumably superhard, dMms  The chamber pressures with nitrogen are 63, 100, 200, 300,
by PLD. We used Raman spectroscopy and optical micros500, and 600 mTorr, while those with argon are 100, 200,
copy to study the bonding characteristics and microstructure300, and 500 mTorr, respectively. We used visible Raman
of the films. Atomic force microscop{AFM) was employed spectroscopy, atomic force microscopy, and optical micros-
to study the surface condition of the amorphous carbon filmscopy to study the bonding characteristics and microstructure
Nanoindentation measurements were carried out on variougspecially the surface morphologyf the thin films, and we
samples prepared under different conditions to study the efased Nanoindent8f manufactured by MTS to study the
fect of chamber pressure and atmosphere on the Youngisanomechanical properties of the films.
modulus and nanohardness of the films. The results are dis- In order to understand the effect of background gas on the
cussed in combination with optical emission study and eleclaser plasma plume, both optical emission studies and elec-
trostatic measurements of an ablation plasma plume of &ostatic measurements were conducted for the diagnostics of
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Fic. 3. Optical micrographs of diamondlike carbon film
prepared by pulsed laser deposition in a vacuum of 5
X107 Torr (a), amorphous carbon film prepared by
pulsed laser deposition in an atmosphere of 500 mTorr
argon (b), and amorphous carbon film prepared by

“ie pulsed laser deposition in an atmosphere of 63 mTorr
nitrogen(c).

the plasma plume. The diagnostics involved an optical mulThe total surface energy is equal to the product of the surface
tichannel analyze(OMA) and a triple Langmuir probe. De- tension and the surface area, and the drive to minimum total

tails of the diagnostics are described elsewHéré. energy corresponds to a drive to a minimum area. The driv-
ing force is proportional to the surface tension which is de-
ll. RESULTS AND DISCUSSION pendent on the energy of the species on the surface. In the

) i . case of highly energetic and nonequilibrium incident species,
Optical profilometry of the samples showed that the thick-,,ch a5 produced by laser ablation, the surface tension is

ness of the amorphous carbon films prepared in nitrogen ah'nusually large and thus provides a strong drive to a mini-
mosphere increases with chamber pressure, from 300 nm Uum surface area.

der 67 mTorr N to 1200 nm under 500 mTorr N It also Figure 3 shows optical micrographs of high vacuum DLC

s_hows that thos.e prepared in argon atmosphere have a relgs amorphous carbon films prepared in various atmospheres

tively constant film thickness of about 400 nm. _ under different pressures. The micrograph of diamondlike
The Raman spectra of two amorphous carbon films ar@, on film shows that the surface is almost free from par-

given in Fig. 1. Figure 1 consists of two visible Raman Specyjq|ates[Fig. 3(a)], consistent with AFM observatior(&ig.
tra, one from a DLC film prepared with 200 mJ laser energy,) The amorphous carbon thin films prepared under 500
in vacuum (5< 107 Torr), and one from an amorphous car-

- e mTorr of argon exhibit particulates of various sizes, as
bon film prepared in nitrogen atmosphere under 600 MTorTgp gy in Fig. 8b). The worst surface condition was obtained

Visible Raman spectra of amorphous carbon usually consigh 4morphous carbon films prepared in various pressures of
of two bands. 'I:E\e f|r§t oneisa h‘%mp cer)tered n the range cHitrogen atmosphere, where a large density of small particu-
1510-1557 cm-, which is associated Wl_th an optically al- |atas can be observed. An example is given in Fig).3

lowed Ezq zone center mode of crystaliine graphite580 It is also observed that the surface condition and density
cm ), and is thus de&gnated_aﬁi Beband. The other band ¢ o ticylates are a function of the chamber pressure, espe-
is a s_houlder at around 1350 cm which is asson_:lated V\_"th cially in the case of nitrogen background gas. Figure 4 shows
the _dlsorder-allowed zone edge mode of_graphlte and is thué:‘n optical micrograph of two amorphous carbon films pre-
designated as th® band (A4 mode. It is observed that areq by pulsed laser deposition under different chamber
increased background pressure increase®tbemponent of  oasqres of nitrogen atmosphere. It is observed that, with

the Raman spectrum of amorphous carbon. It is known tha,reased background nitrogen pressure, both the particulate

the D component in the Raman spectrum of amorphous Cardensity and, consequently, the surface roughness are in-

bon |r?d|c.ates the existence 9f micro- or nanocrystallites Ofeageq. However, this tendency is not very significant in the
graphite in the specimen, which means, consequently, poor

quality in terms of diamondlike carbon properties. Pure, high
quality DLC films (with a high fraction ofsp* bonded car-

bon atomgexhibit a relatively vanishin® component in the 4 b]

visible Raman spectrur?. el ek
Figure 2 is an AFM micrograph of a DLC film prepared ’ ‘ s

in high vacuum, in the absence of any intentionally intro- Ve, 430 o . SR v

duced background gas. It should be noted that the scale in
the X andY directions is 200 nm per division, while that in :
the Z direction is only 10 nm per division. The indent in the : i i s .
center of the micrograph was for hardness measurement. It is g ;
observed from Fig. 2 that the surface of the DLC film pre-
pared in high vacuum is atomically smooth. The atomically
smooth surface of PLD processed DLC films is an advanta-
g.eous atiribute of PLD, particularly of short wavelength e.X_F G. 4. Optical micrographs of amorphous carbon prepared in a nitrogen
cimer lasers. Usually the very smooth nature of the depos'tedtmosphere of 20(8) and 500 mTorb). The latter has a greater density of
films is explained based on surface energy considerationgarticulates and, therefore, more surface roughness.

- Sum

JVST A - Vacuum, Surfaces, and Films



314 Wei et al.: Effect of chamber pressure and atmosphere on a-C films 314

280 a) 1. 63 mtorr; 2. 100 mtorr; 3. 200 mtorr; 35] 0
4. 300 mtorr; 5. 500 mtorr; 6. Pure DLC. 30
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Fic. 5. Elastic moduluga) and nanohardnegb) as a

! function of indentation depth of amorphous carbon
1 films prepared in vacuum and in different pressures of
2, nitrogen atmosphere.
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case of amorphous carbon films prepared in argon atmowhere P, is the peak indentation load amdis the pro-
sphere where, although a poor surface condition is also ohected area of the hardness impressi&p;is the reduced
served, the effect of changing pressure is not as considerabl@odulus,v andE the Poisson ratio and Young's modulus of

It has previously been recognized that high quality DLCthe specimen;y; and E; are the Poisson ratio and the
films prepared by UV pulsed laser possess an atomicallyoung’s modulus of the diamond indenter. The built-in area
smooth surface due to the nonequilibrium characteristics ofunction, A, was calibrated using the method proposed by
the PLD process, which produces highly energetic species igliver and Pharf!

the laser plasma. A resultant rough surface may indicate less- Figure 5 gives the elastic modulus and nanohardness of
energetic incoming species when other conditions remain unthe DLC films prepared in vacuum and those prepared in
changed. Since particulates are absent from the DLC filmgarious pressures of nitrogen atmosphere. The curve corre-
prepared in vacuum, those particulates observed in the amogponding to vacuum DLC is typical of nanoindentation mea-
phous carbon films might be formed in the plasma plume insrements for a hard film on a soft substrate, where the hard-
the presence of atmospheres. It should also be noted that thgss and elastic modulus values increase as the indentation

geometric shape of the particulates observed in the amOfepih and reach a peak value, then decrease as the indenter
phous carbon films produced in Ar or,Nbackground gas

droplets from the target, which are subsquently S_Ol'd'f'e hose curves corresponding to the amorphous carbon films
onto the substrate, giving well defined spherical particulates

repared in nitrogen background are typical of nanoindenta-
In order to understand the effect of atmosphere and chanf.— P g 9 . yp
. . ion measurements for a soft film on a hard substrate, where
ber pressure on the properties of the amorphous fllms[

: . he values of the elastic modulus and hardness increase to-
nanoindentation measurements were performed on the . . .

. . . ward those of the substrate, and microscopic observations as
samples. The nanoindentation technique we have used mea-eII as finite element analvsis revealed a build-up phenom
sures the load as a function of displacement. The design o y PP

the nanoindenter allows us to acquire a depth-sensing me§on around the hardness impressfiiS.t is therefore ob-

surement of the mechanical properties of thin films. The fol—serVEd from Fig. 5 that the presence of nitrogen in the cham-

lowing equations were then used to calculate the hardneéjser remarkably redgces the ‘mechanical properties of th?
and Young's modulus of the specimen from the load-@morphous carbon films, and that the hardness and elastic

displacement curves, mod_ulus decrease with mcrt_aased background gas pressure.

Figure 6 shows the elastic modulus and nanohardness of

_ P max 1) amorphous carbon films prepared in vacuum and in various

A’ pressures of argon. Again we can see that the presence of

2 1,2 atmosphere in the deposition chamber reduces the nanome-
_ 1-v Vi chanical properties of the resultant amorphous carbon films.

= 2 . Proper _

E; From Fig. 6, it is also observed that the elastic modulus and

1

E, E

1@ A 1. 100 mtorr; 2. 200 mtorr; 3. 300 mtorr; b) 1. 100 mtorr; 2. 200 mtorr; 3. 300 mtorr;
4. 500 mtorr; 5. Pure DLC.

\tSOO mtorr; 5. Pure DLC.

Fic. 6. Elastic moduluga) and nanohardnegd) as a
function of indentation depth of amorphous carbon
films prepared in vacuum and in different pressures of
argon atmosphere.
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nanohardness of the amorphous films prepared in the pres- 140
ence of argon decrease with the background gas pressure. 0] ™
While the DLC films prepared in high vacuum and the
amorphous carbon films prepared under various background 1904
gas pressures exhibit strikingly different properties, the only
difference in the preparation parameters is the presence of . 801 .
background gas and gas pressures. Therefore, to understan@
the observed effect of atmosphere and chamber pressure onuj
the microstructure, bonding states, and nanomechanical X 404
properties of amorphous carbon, we will have to invoke the

60

diagnostics of the plasma plume associated with PLD in dif- 20'_ .

ferent atmospheres and under different background gas pres- 04 ", .
sures. It was observed in this work that, apart from the laser . — : ; ; —
parameters such as laser wavelerfdtf, energy density® 4 0 1 2 3 4 5 6 7
and substrate parametdthermal conductivity and tempera- /npNz

ture, for examplg another important parameter that has a

strong influence on the preparation of amorphous carbon jgGc. 7. Leading edge ionic energies of the plasma plume as a function of

th h b d at h Thi t of t ackground nitrogen pressure. The leading edge ionic energy decreased al-
€ chamber pressure and atmosphere. IS aspect o 10st exponentially with the background nitrogen pressure, frdi6.0 eV

phenomena can be understood by means of laser plasma di-1.6< 107 Torr to 0.24 eV at 600 mTorr.

agnostics using electrostatic measurement of plasma pfume

and optical emission study of the laser plasrthé&or ex-

ample, OMA has revealed that with increasing background

nitrogen pressure up to 500 mTorr, the emission intensitie . ) .
gen p b plasma plume indicated that the dynamics of the expansion

of the G Swan band and the carbon—nitroge€®iN) violet . . .
band increase. It is known that only atomic and ionized car—Of the plume under high residual pressure appears to be dif-

. : . ) rerent from that in low-pressure cases. The former is accom-
bon species contribute to the formation of highly tetrahedral __ ~. o i .
N A ._“panied by stronger thermalization of the plume and is evi-
amorphous carbon, which is the justification for the applica- . :
tion of the MSIB (Ref. 11) and FCVA (Ref. 12 deposition dence of the oscillatory behavior of the plasma plume
tl hni for DLC ' tion. Studi C P AIII: .expansion. Electrostatic measurements of the plasma plume
echniques for preparation. SWdIEs using an A= exCly, e indicated that the leading edge ion kinetic energy of
mer laser(193 nm even revealed that only vanishing peaks

) “™>the plasma plume decreased almost exponentially with the
of molecular carbon bands could be observed in the em'ss'oﬂackground nittogen pressure, from126.0 eV at 1.6

spectra of the laser plasrﬁ%l.'l'he high vacuum, UV laser X 10~ " Torr to 0.24 eV at 600 mTorr. This observation is

ablated plasma emission spectra are dominated by mongpqyn in Fig. 7. Investigations of the relation betwes?
atomic neutral (§ and ionic (G;) emission lines. During  gaction and ion kinetic energy of PLD processed diamond-

UV laser ablation of a gra_lphite target, garbon ions can beﬁke carbon showed that the optimal ion kinetic energy for
generated from the following three possible mechani&hms: highly tetrahedral amorphous carbon lies in the range 69

(1) the multiabsorption of photons to the graphite surface tQy\; g up, with around 100 eV giving the maximwp®
reach the ionization threshold of carbon which is 11.264 e\jjgnded carbof® The decrease of ionic energy with back-
[C(s)+Nhv=C"(g)+e"], (2) the multiphoton ionization  grond pressure also helps one to understand the deteriora-
of gaseous carbon atoms to release i0A€(Q)  tion of surface condition of the amorphous carbon films in
+Nhy=C"(g)+e"] or the multiphoton absorption of the presence of background atmosphere. The formation of
atomic carbon to excited state and autoionization to ion, an@articulates in the case of nitrogen atmosphere can be under-
(3) the collision of neutral atoms with energized electrons viastood on the basis that carbon and nitrogen form clusters en
inverse bremsstrahlung C(g)+e =C"(g)+2e"]. The route to the substrate surface. Whereas in the case of argon
third mechanism is considered to be less important than tthmosphere, no such clusters could be formed, yielding a
first two for the UV excimer laser due to the small absorptionmuch lesser density of particulates.
coefficient of electrons in the short-wavelength regime. Itis Recently, several groups reported preparation of amor-
easy to understand that the presence of background gas mglious CN films by ablating a graphite target in ,N
reduce the probability of the second and third mechanisms adtmospheré*~3¢ These authors used Raman, x-ray photo-
ionization and results in more molecular carbon speciesglectron spectroscopy, infrared spectroscopy, etc. to study
which is detrimental to the preparation of high quality DLC bonding structures of the films. However, mechanical prop-
films. erties have not been provided. Considering that the hypo-
It has been found both experimentdfly and thetical crystalline counterpart of GNnamely,3-CoN,, is
theoretically* that the expansion of the plasma plume of predicted to be even harder than crystalline diamond, we
ablated matter can be significantly affected by the collisiompropose that nanomechanical testing be performed for such
between the laser-ablated and the background gas particlEN, films to verify whether they are superhard, or at least
Monte Carlo simulation® of the influence of a background hard, films. Our nanomechanical measurements on the amor-

as on the expansion dynamics of a laser-induced carbon
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