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- The microhardness of hot filament CVD diamond films and a
commercial DLC film have been tested. For the silicon and sapphire
substrates investigated, the results show increased hardness even for ve
thin films. Indentations smaller than 10 xm can not be seen, and loads
above 300g damage the indenter. The data has been compared with two
models of variation in measured hardness with film thickness. One
model is based on finite element analysis of indenter penetration and the
other on volume fraction of deformation, but both include empirical
"fitted" factors. The finite element model was more successful in
predicting absolute film hardness, but both struggled to predict other
physical parameters. Higher ratios of film thickness to indentation depth
are needed for full 'validation, which may be possible using
nanoindentation.

INTRODUCTION

Diamond has long been known as the hardest (natural) material, and one area of
interest in diamond films is to use them as hard protective coatings. The hardness of a
film might also be a screening criteria when developing growth conditions on new
systems, since hardness indentation tests are easily accessible, quick to perform and
only need a small sample area. However, interpretation of hardness results on any thin
film system is not easy, and particularly so when the films are very hard and of varying
thicknesses. In this paper we review the current models of hardness available and test
out these models on hardness data obtained in our laboratory.

The ability to grow diamond at reduced pressures under metastable
thermodynamic conditions, rather than hl%h Epressure synthesis, was pioneered by
Spitsyn and Derjaguin (1) in the USSR and Eversole (2) in the USA. Once it was
regoned that chemical vapour deg_osmon (CVD) could be carried out on non-diamond
substrates (3), it has been the su ilcct of intense research, Different methods are used
to obtain the activated gas phase from which the deposition occurs, the most common
of which are the use of hot filaments and microwave discharges (4). Diamond like
carbon (DLC) contains diamond like bonding but is amorphous rather than crystalline.

INTERPRETATION OF INDENTATION HARDNESS DATA
Indentation Size Effect

. . Hardness results are often quoted as if recorded hardness is iqdePendent of load.
This is not the case when using small loads (e.g. less than 200g); in fact, in %ﬁ,ncral
the recorded hardness (load over pégjected area of the indentations) goes up as the load
is decreased. This effect is referred to as the indentation size effect (ISE) and can be
characterised by a Meyer index, m, where

P=Ad"™ (1]
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P is the applied load, A is a material constant, d is the diagonal length. If no ISE
exists then m=2, However ISE is particularly marked in harder solids, most ceramic
materials have m in the range 1.6 - 1.9 (5) and extreme in natural diamond (6). It is
principally on the basis of this characteristic that genuine diamond hardness
measurements over a range of values 80 to 180 GPa can be explained (7).

Film Thickness Effects

In the field of microhardness testing, in order to achieve a measured hardness
which is independent of film thickness, 1t is conventional to have a ratio of film
thickness (t) to indentation depth (h) that is 10 or more (8). However, Aisenberg and
Kimock (9) claim that t/h_ > 5 is sufficient for DLC, whilst published results on
?/1;‘101}3?0:?% lsg)miconductor films show that hardness becomes independent of load at a

of 1. .

MODELLING HARDNESS ON THIN FILM SYSTEMS

The measured hardness of a thin film is a complicated combination of intrinsic

rogerties (c?(stal structure, plastic and elastic properties) and extrinsic factors
?su strate hardness, coatmg/substrate adhesion and film thickness etc.). How all these

actors interrelate to give the final measured hardness is not well understood.

Finite Element Model

Bhattacharya and Nix (11) have used a finite element method to examine the
effects of elastic and plastic properties of both film and substrate on the hardness of a
film/substrate composite. Film and substrate are assumed isotropic, with no ISE
effects or friction at the indenter/film interface. Equations are derived based on
empirical fit of hardness versus indentation displacement data generated from finite
element calculations. For the case of a hard film on softer substrate, the empirical
equation 1s:-

H-H, -_-(H,-H,)ex;{_ o, /4, (”)} 2]

Uf/"s\/Ef/Es ‘

where H is the hardness, E is the modulus, o is the yield stress, t is the film thickness
and h represents the _totai indentation displacement. The subscripts f and s refer to film
and substrate respectively.

From Eq. [2], a piot of In (H-H,) against h/t is linear with an intercept In
H,). Therefofc'qif E{s is lglown, H¢ can be calculated. ptin (Hp

Volume Fraction Model

An alternative method of modelling the hardness of thin film systems is to
attempt to separate out the contributions to measured hardness from the film and from
the substrate. The model must be based on some assumed geometry of deformation,
and the contributions to hardness based on a weighted average of either volumes or
areas affected by the indenter. '

A volume fraction approach was initially proposed by Sargent‘(IZ). This model
stated that the measured hardness was given by:-

HY,+HY,
H=—l1"27s
V,+V, 31
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where the volume of plastically deformed material in the film is V¢ and in the substrate
1s Vy. The total volume of plastic deformation (V) = Vi + V,.

.. This was subsequently modified by Burnett and Rickerby (5, 13) to include an
empirically derived parameter, X , which accounted for the déviation of plastic zone
size from an idealized geometry. Usmg this factor, Eq. [3] can be rewritten (5,13) for
hard films on soft substrates:-

_Hp +xHY, [4]
V,+ 2V,
X can be approximated by
2=l B [5]
H,E,

based on the premise that this determines the relative size of plastic zones in the two
Ilr}%te?/%s(g‘;)' Empirically, Bull and Rickerby found that n was usually of the order of

. Fabes et al. (15) adpated Eq. [4] to take account of whether the indenter and its
associated plastic strain field is entirely contained in the film (relevant to
nanoindentation), or have penetrated the substrate. They assume the plastically
deformed volume to be a 45° triangular cone, and argue that an extra volume term,
V4, is required if the indenter fully penetrates the film, associated with the substrate
material deformed directly by the indenter. Thus

u B +H,(V,+V,,)
Vy +2 WV, +V,)

(6]

where vfd = 0 as long as indentation depth, h, is < t, and V, = 0 if the radius of the
cone < t.

) Rewriting Eq. [6], gives a linear plot of H against (H - Hy)(V,+V,4)/V;, with
intercept Hy.

EXPERIMENTAL METHODS

. The diamond films were grown at Bristol by hot filament chemical vapour
deposition (HFCVD) with Ta filament. The growth conditions used a gas mixture of
CH,4:H,, ratio 1:100, with a total flow rate of 200 sccm, at 30 Torr. The substrates
investigated were single crgsta.l 1(%00) Si, single crystal sapphire (0112) and epitaxially

rown Si on sapphire (SOS). e substrates were pre-abraded with diamon wder
?)-3 pum), and their temperature during deposition is estimated to be 750°C.

eposition time varied from 0.5 to 13 hours, with a growth rate of 0.5 um/h. Laser
Raman analysis of films grown under these conditions has indicated that they are
diamond, with no graphitic signal (16).

. The films were hardness tested with a Matsuzawa Seiko microhardness tester
using a Knoop indenter with 15 s load time. The indents' long diagonals were measured
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on a optical microscope, usin& Nomarski interference contrast. (For the elongated
pyramidal Knoop indenter, H (GPa) = 139.55 P/d? where P is the applied load (g) and
d’is the long diagonal (pmS).

The smallest indentations that could be measured with reasonable confidence
were of 10-20 pms_dia%}?_nal (d=30h). Efforts to obtain t/h ratios higher than those
shown below O%y using thicker films, resulted in chipped / eroded indenter tips. Using
loads above 300g on iamond films resulted in significant indenter damage Fl7). The
film thicknesses were estimated from SEM images.

RESULTS AND DISCUSSION

The materials constants used in the model predictions are shown in Table 1.
These values were chosen as being generally representative of the Si substrate and
diamond film, since the actual physical constants of our films or substrate are not
known. The value chosen for the Young's modulus is that which has been found for
négowagg?lasma diamond films with low hydrogen content (18) using the vibrating
reed method.

Error bars on graphs show 95% confidence limts.

Our hardness data could be fitted to the linear version of Eq. [2] (finite element
model) with a_correlation coeffficent, R, of 0.9537, giving a confidence level of >
99.5% in the fit (see F(ijg. 1). The intercept value gives H; = 112 GPa, which accords
quite well with the hardness of bulk diamond. Using the gradient of the fitted line one
of the 4 quantities E;, E,, o, or o; can be estimated, providing that the other 3 are
known. The modulus can be relatively easily measured by vibrating reed techniques or
bulge tests (18, 19, 20). If E, E, and o, are assumed to be the values in Table 1, then
the gradient of the line can be used to predict the yield stress of the film. In this case
or = 7.9 GPa, which is a more than a factor of 4 less than the 35 GPa calculated for
bulk diamond (21). ’

In applying the volume fraction model in Eq. [6] we are assuming that
(i) the indentation preserved the geometry of the Knoop indenter and (ii) the elastic
contraction of the long diagonal is negligible and thus h includes both plastic and elastic
contributions to the total deformation under load. Since the model is based on conical
symmetric deformation, it was calculated what cone radius would give the projected
surface area of indentation equivalent to our Knoop indentation. The linear version of
Eq. [6] is shown fitted to our hardness data in Fig. 2. The fit has an R value of
0.8499, which gives a confidence level of 99%. The intercept of this line gives H; =
55 GPa, which is much lower than bulk. Using the moduli and hardness values as
before, an n value of 3.0 is predicted by the gradient of the plot. This is an order of
magnitude above the empirical value found by Bull and Rickerby (14). Taken with the
low value of predicted hardness, it would seem that the volume fraction model is less
sucessful, at least with our data. After adding an indentation size effect factor, Burnett
and Rickerby (13) were able to fit H;and n to experimental hardness data of titanium
nitride and tungsten-titanium coatings on a variety of softer substrates. However, it
should be noted that the depth of indentations (um’'s) were about the same as the
coating thicknesses, thus the true properties of the film hardness were only approached
asymptotically as the contact depth approached 0. Physically, it does seem likely that
ISE plays a part in correct modelling of hard film and substrate systems.

All the experimental data and the two best fit lines are shown in Fig. 3. One
reason for the difference in Hy predictions by the two models is probably due to the
discrepancies in the t/h ratio al which the measured hardness becomes independent of
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hardness. As mentioned in a previous section, suggested values vary from >1.5 to
=10. The finite element model su%ests that this point of load independent hardness
differs depending on the hardness difference between substrate and film, and is > 100
for diamond on silicon. In contrast the volume mixture model predicts, by definition,
that the hardness becomes load independent when the depth of the plastic zone is less
than t. This is at th = 4.6. Unfortunately we could not obtain data u&.to this t/h
value (see Experimental methods) but it should be possible to do so with thicker DLC
films if not with diamond.

Data from diamond on sapphire and diamond on SOS (Fitﬁ' 4) also demonstrate
that the substrate matenal(sg are still having a lar%e effect at these lower t/h ratios,
since the diamond film on SOS gives a considerably lower hardness reading than the
same thickness diamond film on the sapphire wafer. The diamond film on SOS will
not give a higher hardness result than the monolithic sapphire wafer until the t/h ratio is
such that the plastic deformation zone is no longer incorporating the Si.

Measured hardnesses of DLC films of 0.4 - 0.5 um thicknesses show that even
when_the depth of the indentation is cons1derabl¥ larger than the film thickness,
significant difference in hardness is still recorded. It seems likely that rather than the
indenter cutting thro_t{xﬁh the film, a thin compressed layer remains between the indenter
and the substrate. Thus the volume fraction model when the indenter penetrates the
substrate at h=t may not be physically correct at that point.

. The measured hardness of the silicon wafers is sensibly constant over the size of
indentations used, but this is not the case for sapphire (Fig.’4). This agrees with the
observation that ISE effects are more pronounced with stiffer harder materials,
although Burnett and Page (23) quote m=1.7 for Si wafers.

CONCLUSIONS

o A finite element model and a volume fraction model predicting the
variation of measured hardness with thin film thickness have been compared with our
own data from diamond films. The empirical finite element model gave a slightly
better fit to our data than the volume fraction model, but results at higher t/h ratios are
needed to fully validate the model. These results will only be possible for diamond
films using deépth sensmﬁl nanoindentations, since microhardness indentations at low
loads cannot be seen on the thicker films. However, given the rough morphology of
film surfaces, such testing is problematic, and films may need to be polished first. ISE
effects will need to be incorporated in any models of those data, together with load-
bearing-area corrections which become more important in nanoindentations. Work is
also needed on modelling the effect of the strength of the film/substrate interface, and
the effect of residual stresses in the films.
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Table 1 Material constants used in models

Young's Modulus Ref. Yield Stress Ref
(GPa) (GPa)
Diamond 960 (18) -
Silicon 127 (22) 433 22)
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Fig. 1. Best fit line for finite element
model using data from diamond films.
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