UDC 539.4
Analysis of Fracture Behavior of Thin Polycrystalline Diamond Films

D. S. Li,**' D. W. Zuo,*” and Q. H. Qin®

* College of Material Science and Engineering, Nanchang Hangkong University, Nanchang, China

® College of Mechanical and Electrical Engineering, Nanjing University of Aecronautics and
Astronautics, Nanjing, China

¢ Research School of Engineering, Australian National University, Canberra, Australia

! ldsnuaa @nuaa.edu.cn)
YK 539.4

AHaIu3 NMOBEAEHHS] TOHKUX MOJMKPUCTAIUINYECKUX AJIMA3HBIX IUIEHOK MPH
pa3pyuieHuun

JI. UL JIn,™™' JI. B. 3yo,*® K. X. Kpun"

* MakyabTET MATEPUATIOBEIEHHUS ¥ MallMHOCTpoeHus, Hanuanrckuil ynusepeurer, Hanuanr, Kuraii

8 dakyabTeT MaTEePUATIOBEACHUS U MAIIMHOCTPOSHUsI, HaH/DKUHCKMI YHUBEPCUTET aBHALUK U KOCMO-
HaBTuKW, Hammkuar, Kurait

* Hay4Ho-uccienoBatelbekas kadeapa MamuHocTpoenus, HaunonanbHelil ABCTpauiicKuil yHUBED-
cutet, Kanbeppa, ABcrpanus

C nomowpro peHmeeHo8CKoU OUppakyuu u CKaHUPyowell 1eKmpoHHOU MUKPOCKONUY UCCIE008AHO
6nUAHUE MeMNepamypbl NOOA0XCKU U nokazamens konyenmpayuu CH, na noeedenue momxux
NOMUKPUCIANTUYECKUX AIMA3HBIX NAEHOK npu paspyuienuu. Tlokazano, umo noeedexue npu paspy-
WeHuYy MOHKUX NOTUKPUCIANTULECKUX AIMASHbIX NIAEHOK, CUHME3UPOSAHHBIX XUMUHUECKUM OCAlC-
OeHueM NOKPLIMUs ¢ NOMOWbIO NAA3SMEHHOU CMpYU npu NOCMOAHHOM MOKe, 3a8UCum om memne-
pamypbl noonodcku u nokazamens konyenmpayuu CH, Bonvwas memnepamypa noonodxcku npu-
600UM K B03HUKHOBEHUIO BbICOKUX OCHMAMOYHBIX HANPANCEHUN 6 MOHKUX NOAUKPUCIATIUYECKUX
AIMA3BHBIX NIEHKAX 6CIe0CMEUe PA3IUYHBIX 3HAYEHUL KOS duyuenma meniogo2o pacuiupenus noo-
JOJHCKU U AIMA3HOU NIEHKU, KOMOopble, KAK Npasuio, OKA3bI6AOMCs 6blule SHAYEHU CONPOMUETIeHUs
PA3PYUIEHUI) MOHKOU aIMA3HOU NAeHKu u aimasd. OOHApYICeHo, HMo 6A3KOCHb PA3PYULEHUs.
yMeHvuiaemcs ¢ yseauvenuem nokasamensa konyenmpayuu CH, Ilo 0ocmudicenuu 8vicokux nokasa-
meneti konyenmpayuu CH,; 6 mouKkux nienkax obpasylomcs makue Oeghekmuvl u npumecu, Kax
mpewjunsl, MUKPOCKORUYeCKue omeepcmus, y2aepood 6 @opme epaguma u amop@uwiii yenepoo.
Temnepamypy noonoxcku u noxkasamenv konyenmpayuu CH; HeobXo0umo KoHmpoauposams 6
Haonedxcawem OuanazoHe.

Knwuesvie cnosa: tTonkas MOJIMKPUCTAIUIMYCCKAA ajiIMa3dHasd IJICHKA, paspymiCcHUuE, TEMIIC-
paTtypa MNOAJIOKKHU, KOHLICHTPpAIUA CH4, OCTAaTOYHOC HAIIPSIKCHUC.

Introducton. Direct current plasma jet chemical vapor deposited (DCPJ-CVD)
polycrystalline diamond thin films have been widely used in optical, electronic, mechanical
and thermal applications [1-3]. The fracture behavior of diamond thin films is of great
importance. The residual stresses reduce the fracture toughness and mechanical strength of
films. Understanding of their fracture behavior is essential to these applications. Diamond
film is usually grown on the hetero-epitaxial substrates, such as Si, Mo, and Ti. The film
deposited on the substrates may induce some defects and impurities due to lattice mismatch
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and residual stresses. Takeuchi et al. [4] analyzed the surface defect status of diamond.
Ikeda et al. [5] investigated the facture behavior of polycrystalline diamond film. Shames et
al. [6] studied the localization and nature of the defects for powder and compact diamond
films. Stiegler et al. [7] analyzed the impurity and defect incorporation in diamond films.
Jeong et al. [8] explored mechanisms of cracking in the CVD films experimentally and
theoretically. In the recent years, diamond films become very popular, and commercial
diamond wafers are successfully used. However, cracking and defect problems reported in
the literature are observed for the large-sized diamond wafer only [9, 10]. For diamond
films deposited on curved surfaces (e.g., convex substrates), it is very difficult to keep a
uniform temperature along a heterogeneous substrate. Cracks and defects are easily formed
due to non-uniform temperature distribution over the substrate surface. To the best of our
knowledge, crack problems for such a thin film were not yet reported in the literature. In
this study, we select Mo as the substrate material for depositing diamond film because of a
low lattice mismatch between the diamond and the underlying Mo substrate. The mechanisms
of generation of cracks and defects during the depositing process of the diamond film are
investigated. It should be mentioned that a new substrate cooling system presented in [11]
was used to ensure nearly uniform temperature over the substrate surface.

Experimental. In this work, polycrystalline diamond thin films were deposited onto a
molybdenum substrate with diameter of 60 mm using the DCPJ-CVD system [12]. In this
process, a mixture of methane (CH4) and hydrogen (H,) gases was used as carbon source
for the growth of a diamond thin film. Argon (Ar) gas was subsequently ionized by CVD
system to form the DC jet plasma. The anode and cathode were made of metal tungsten and
copper, respectively.

Mo substrate was pretreated before growing the films. The substrate temperature was
varied by the flow rate of the cooling water and the system power variation. The typical
experimental conditions for the growth of diamond film by DCPJCVD are as follows. The
methane ratio was 1.8-8.0%, with the hydrogen flow rate of 1000 ml/min. The total
pressure of reaction chamber was approximately 45—50 kPa. The substrate temperature was
controlled within the range of 850-1100°C by an on-line Infra-red (IR) pyrometer. The
fracture behavior of the films was investigated by scanning electron microscopy (SEM), as
well as X-ray diffraction (XRD) with regard to the surface morphology, defects, cracks, and
fracture behavior.

With the growth of the polycrystalline diamond thin films, the temperature distribution
along the radial direction is labeled as 0, 1, 2, 3, 4, and 5 on the substrate. The schematic
diagram is shown in Fig. 1.

Results and Discussion. The XRD pattern for the microstructure orientation of
diamond thin film is shown in Fig. 2.

i 5000-
f | i (1)
i - 1 . 4000 |
1 >3
©
= 3000
0 1 2
I 23 4 b @ 2000
- £ (220) (311)
10001
0_
0 20 40 60 80 100
20, deg
Fig. 1 Fig. 2

Fig. 1. Schematic diagram of radial direction of a substrate.
Fig. 2. XRD analysis of a diamond film.
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It can be seen that the peaks were identified at diamond (111), (220), and (311) for
evolution of the morphology of the diamond film. The results indicated that the diamond
film is polycrystalline, as (111) facet of the film is dominant. It should be noted that many
properties of the diamond thin film are strongly influenced by its crystal orientation and
grain size.

Figure 3 shows the relation of diamond thin film microstrain versus its radial direction
for different CH, concentrations and crystal orientations. It can be seen that with the
increase in CH,; concentration, the film microstrain is substantially increased. Here,
microstrain value in the (111) face is small and is much higher in the (311) face. Thus, the
corresponding macroscopic stress is also increased. The residual stress is so high, that it
results in formation of microcracks and even fracture of the diamond film. It has also been
found that higher CH,4 concentrations induce higher microstrains and residual stresses. In
this study, the diamond thin film exhibited a poor fracture resistance.
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Fig. 3. Microcharacterization of a diamond film.

Figure 4 depicts variation of the substrate temperature at six various points versus the
deposition time. The highest temperature of the film is observed at the central point (i.e.,
point 0) and the lowest temperature — at edge (i.e., point 5). It is also seen from Fig. 4 that
the substrate temperature increases with the increase in the deposition time. The temperature
difference along the radial direction does not exceed 20°C. The surface temperature of the
film decreased along the outward radial direction. The temperature difference of the
substrate may significantly affect the quality of the film. However, the temperature
fluctuation was about 3—6% of the mean value, so that its effect on the growth of diamond
film was negligible.
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Fig. 4. Substrate temperature vs deposition time.
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When diamond film is prepared onto a hetero-epitaxial substrate, some defects and
impurities in diamond film may be inevitably induced due to the lattice mismatch and
residual stresses. The residual stress is the main deteriorating factor of the diamond film,
which strongly depends on the substrate temperature.

Diamond film samples were prepared and tested at 900, 1000, and 1100°C, respectively.
Other growth parameters were kept the same in the experiment. The residual stress in the
diamond film was measured using the XRD technique, and the respective results are shown

in Fig. 5.
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Fig. 5. Residual stress in radial direction of polycrystalline diamond thin films.

Figure 5 shows that the residual stress of the film increased along with the increase of
the substrate temperature when the substrate temperature was varied in the range of
900-1000°C. Tensile stresses varied in the range of 1.5-3.2 GPa. However, it was found
that the residual stress decreased significantly when the substrate temperature was equal to
1100°C. The possible reason is that much higher residual stresses or more numerous
impurities in diamond films occured when the substrate temperature was increased or high
CH, concentration was used. Thus, the residual stress of the diamond film increased with
the increasing temperature. However, when the substrate temperature is too high, say,
1100°C, high residual stresses may result in formation of microcracks in the diamond film.
Those microcracks and microvoids will develop and eventually result in the cracking and
fracturing of the polycrystalline diamond thin film, which would provide relaxation of the
residual stress to a smaller value at 1100°C.

This implies that at high substrate temperatures a partial nucleation process of the
original diamond film would rapidly occur, which would inhibit growth of other grains. As
a consequence, the thin film will exhibit a low nucleation density and a large grain size.
Noteworthy is that the coefficient of thermal expansion (CTE) of Mo substrate is higher
than that of a diamond, which may induce a higher residual stress in the diamond thin film
when the film is cooled down from a relatively high temperature, thus deteriorating its
mechanical strength [13]. If the internal stress of the diamond film is higher that the
ultimate (fracture) strength, microcracks and even fracture may occur. Polycrystalline
diamond thin films exhibit a poor fracture resistance. Further investigation of the fracture
behavior of polycrystalline diamond thin film was made using the diamond film SEM
image shown in Fig. 6.

Figure 6a shows that, for a reasonable substrate temperature (880°C) and CH,
concentration (1.3%), the diamond crystal is approximately uniform and has clear grain
boundaries. However, at the substrate temperatures of 970 and 1040°C, microcracks in the
diamond were found which covered the total surface and resulted in the local fracture of the
diamond films. The SEM images of the film for the latter two temperatures are shown in
Fig. 6b and 6c, respectively. Cracks and fracture had a negative influence on physical and
mechanical properties of the film such as mechanical stiffness, optical properties, and
thermal conductivity [14].

The mechanism of fracture formation in the film can be explained as follows.
Diamond films were deposited onto the heterogeneous substrate, which was usually
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accompanied by formation of some defects such as cracks, non-carbon impurities and
microscopic holes due to inappropriate growth process. These defects like microcracks
extended from inside to the diamond film surface. This is the major factor controlling the
diamond film fracture. Figure 6 depicts the diamond film containing some defects,
microcracks and a fractured zone.

Fig. 6. SEM image of the diamond film: (a) uniform and integrated pattern; (b) microcrack; (c) local
fracture.

In particular, some microcracks appeared in the diamond film due to improper growth
processes, such as high or low substrate temperatures, high CH4 concentration and high
growth rate, as shown in Fig. 6b. When these microcracks get further converged and
accumulated, the cracks became visible. The diamond film was deposited with a relatively
columnar patern, but it also contained some microstructural defects, including amorphous
carbon and graphite, as well as a microvoid, which propagated and turned into a macrocrack
with the eventual fracture of the film, as shown in Fig. 6¢. It can also be observed in Fig. 6b
that microcracks in the diamond film generally appear at the grain boundaries. These
defects may cause a sharp deterioration, in terms of physical and mechanical performance
of the diamond film.

The DCPJ-CVD diamond film has undergone the process of nucleation and growth.
During the nucleation stage, the carbon-containing gas source with the appropriate
parameters of process has formed a certain number of isolated diamond nucleation sources
on the deposition substrate. Diamond nucleation sources continued to expand, then covered
the entire surface of the substrate, and eventually grew along the vertical direction of the
substrate. Finally, this process involved a certain thickness of the diamond film. While the
nucleation density is usually less than 1012 cm™? on the non-diamond substrate [14, 15], it

results in a gap between the grain and the nucleation surface grain. Therefore, formation of
the diamond film and the substrate are not entirely brought into a close contact. The
presence of these tiny non-contact areas in the diamond film may be observed even for the
entire surface of the substrate, leaving microvoids in the film-based interface. In particular,
the increased substrate temperatures or high CH4 concentrations result in higher residual
stresses or more numerous impurities in diamond films. The microvoids evolved into the
polycrystalline diamond thin film also contribute to its cracking and fracturing, which can
be seen in Fig. 6. The presence of microvoids and microcracks weakened the binding of the
diamond film and the substrate between the diamond interfaces. The properties and the
crystal grains of the diamond film imply the initial crack formstion and further fracture.
Poor fracture resistance sharply decreases the mechanical property of the diamond films.
Under external force, the initial crack is firstly caused by the stress concentration at the
crack tip region, then this crack propagates and eventually triggers the coating to break off.
However, through the control of the growth temperature of the diamond film, the
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concentration of carbon source and the substrate surface temperature could be uniformity
optimized. These made it possible to prepare a high-quality diamond film without
microcracks, as shown in Fig. 6a.

Conclusions. The formation of cracks and fracture represent an intrinsic problem in
fabricating polycrystalline diamond thin films. In this work, a study on diamond film
deposited at different substrate temperature and CH, concentrations was carried out, using
the XRD and SEM techniques. The results obtained show that some defects rapidly grow
with the increase in the substrate temperature. The XRD analysis testifies that high
temperature results in high residual stresses in diamond film if the substrate temperature is
less than 985°C. When the substrate temperature exceeds 1100°C, the prepared diamond
film has very low residual stresses due to larger number of microcracks in the film, which
provide relaxation of the residual stresses. The SEM results reveal that some radial cracks
have penetrated the surface of the diamond film and extended to the center of diamond
film. Coalescence and growth of these cracks may induce formation of microscopic holes
and even cause the diamond film local fracture.
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Pe3ome

3a JI0NOMOToI0 PeHTreHiBChKOI qudpakiii i ckaHyl4ol eJIeKTPOHHOI MIKpOCKOIIT JOCIia-
KEHO BIUIMB TEMIeEpaTypH MiJKIaAKM 1 NokazHuka kouneHtpanii CH4 Ha moBemiHKy
TOHKHUX MOJIKPHUCTAIIYHUX alMa3HUX IUTIBOK Mix 4yac pyhHyBaHHS. [lokaszaHo, mo moBe-
JHKa MPH PYHHYBaHHI TOHKHX IMOJIKPUCTATIYHUX aJIMA3HUX IUTIBOK, CHHTC30BAHUX XiMid-
HUM OC/DKCHHSIM MOKPHTTS 32 JIOIIOMOIOI0 TUIA3MOBOI'O CTPYMEHSI Ha OCHOBI MOCTIITHOTO
CTPYMY, 3QJICKUTh BiJl TEeMIlEpaTypu MiIKIa Ky 1 moka3Huka koHueHTpauii CH,. Benmka
TeMIIepaTypa MiKIaJKH MTPU3BOIUTH 10 BUHUKHEHHS B TOHKHX MOJIKPHUCTAIIYHUX aMa3-
HUX IUTIBKaX BHUCOKHX 3QJMIIKOBHX HAIpPY)KeHb BHACIIOK Pi3HHX 3HaueHb KoedilieHTa
TEIUIOBOTO PO3IIMPECHHS MIAKIAAKH i aJIMa3HOT IUTIBKH, SIKi, K IPABHUJIO, BHUIII 33 3HAYCHHS
OIIOpy pYHHYBaHHIO TOHKOI ajMa3HOi IUTIBKHM i anmasa. BusiBieHo, mo B’SI3KiCTh pyHHY-
BaHHS 3MCHINYETHCS 31 30UIBIICHHSAM TNOKa3HHWKa KoHmeHTtpauii CHy. Ilicns mocsrHeHHs
BHCOKHX IMOKa3HUKIB KoHIeHTpanii CHy y TOHKHX TUTIBKaX MaroTh Micle Taki JeeKTH i
JOMIIIKH, K TPIIIMHHU, MaKpPOCKOIIYHI OTBOpH, ByIJIelb y (Gopmi Tpadity i amopduuit
ByrJielb. TemrepaTypy HiIKIa KK 1 MOKa3HUK KOHIEHTpalii MOTpiOHO KOHTPOJIIOBATH B
HEOOXIIHUX MEXKax.
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