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We have investigated the influence of environmental conditions on cubic boron nitride

(cBN) film adhesion to silicon substrates, cBN films were deposited onto (100)-oriented silicon

substrates by ion-assisted pulsed laser deposition. The irradiating ions were mixtures of nitrogen

with (i) argon, (ii) krypton, and (iii) xenon. Under room-ambient conditions, the films

delaminated in the following time order: N/Xe, N/Kr, and N/Ar. cBN films deposited using

N/Xe ion-assisted deposition were exposed to four environmental conditions for several weeks: a

1-mTorr vacuum, high humidity, dry oxygen, and dry nitrogen. Films exposed to the humid

environment delaminated whereas those stored under vacuum or in dry gases did not. Films

stored in dry nitrogen were removed after nearly two weeks and placed in the high-humidity

chamber; these films subsequently delaminated within 14 hours.

I. INTRODUCTION

Cubic boron nitride (cBN) has gained considerable attention in recent years because of its

excellent properties including high elastic modulus, high thermal conductivity, and high

electrical resistivity. Applications for cBN include cutting tool coatings, integrated circuit

fabrication, both as a substrate heat sink and the active device region, and x-ray lithography mask

materials 1. The structure and properties of cBN are similar to diamond, however, cBN has

several unique properties including high oxidation-resistance, the ability to be doped with p- and

n- type dopants, and a low reactivity with ferrous metals. However, until recently, a major

disadvantage has been the difficulty in synthesizing thin films of cubic boron nitride.

Thin film applications of BN are also limited by adhesion. In fact, cubic boron nitride

films deposited under certain conditions have been reported to have poor adhesion to various

substrates such as tungsten carbide, titanium nitride, stainless steels, and fused silica2,3,4,5, and on

silicon substrates in particular 6. The delamination was primarily attributed to large compressive

stresses in the BN films, however, these reports did not discuss environmental effects on the

delamination characteristics. Other reportsT,8 indicated that the formation of boron buffer layers

at the silicon-BN interface, namely Si/B/BNx/cBN structures, improves the adhesion of the BN

films significantly. In the present investigation, the influence of environmental effects and film
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stress (related to deposition conditions) on the delamination of BN films from silicon substrates is

discussed. A model for the mechanism of BN delamination is presented, and a comparison with

experimental results is discussed.

II. EXPERIMENTAL:

Boron nitride films were deposited onto (100)-oriented silicon substrates by an ion-

assisted pulsed laser deposition (IAPLD) technique. A detailed description of this IAPLD system

is given elsewheregA °. Pyrolytic hexagonal boron nitride (hBN) targets were ablated with a KrF

laser (248-nm wavelength) with 30-nS pulses of approximately 25 to 30 mJ per pulse. Using a

3-cm-diameter Kaufmann-type ion source, the growing film was irradiated with three mixtures of

ions: nitrogen and argon CN/Ar" films), nitrogen and krypton ("N/Kr" films), and nitrogen and

xenon CN/Xe" films); the ratio of nitrogen to inert gas was maintained at 60% nitrogen to 40%

inert gas in all cases. The purity of the gases was greater than 99.999%. In all experiments, the

cleaned silicon substrates were heated to 400 °C, and the temperature was monitored using a

thermocouple mounted to the back side of the substrate. The energy of the ion irradiation was 1

keV.

Using Fourier Transform Infra.red (FTIR) spectroscopy, the fraction of cBN in each film

was estimated. IR spectra were obtained in reflection with the illumination at near-normal

incidence. These spectra were ratioed to a spectrum of a silicon substrate that was cleaned in the

same manner as for film depositions. The differently bonded BN phases have characteristic IR

features: sp2-bonded BN (as in the crystalline graphite-like phase hBN or poorly crystalline,

turbostratic BN) which has a TO mode absorption at 1370 cm -1 attributed to out-of-plane[B-N-

B] bending and a TO mode absorption at 800 cm "1due to in-plane [B-N] stretching 11,and sp3-

bonded BN (i.e. cBN) which has a restrahlen TO mode at 1065 cm-1.12 By taking the ratio of the

cBN peak height to the sum of the cBN peak plus the hBN peak height at 1370 cm -1, the relative

amount of cBN can be calculated. This procedure is supported by computer simulations which

have indicated that the IR sensitivity factors are approximately equal for hBN and cBN films on
silicon 10.

Once the amount of cBN in the samples was determined, each sample was scribed and

separated into pieces, which were subsequently placed in one of four environmental chambers:

vacuum (-- 1 mTorr), dry oxygen, dry nitrogen, and saturated water-vapor formed by bubbling

helium gas through distilled water. The dry-gas and water vapor chambers consisted of a glass

beaker inside a sealed glass cylinder with a gas inlet and exhaust port. The vacuum vessel

consisted of a glass desiccator pumped with a mechanical roughing pump that achieved and
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maintained approximately 1 mTorr pressure for the duration of the experiment. Figure 1

illustrates the environmental vessels and sample locations.

Film stress was calculated using a "bending-beam" analysis through a modified version of

the Stoney 13equation:

crf= 4E_ _--_
3(1-vs 2) tfL 2 '

where o'f is the film stress, Es and Vs are the Young's modulus and Poisson ratio of the substrate,

respectively, ts and tf are the substrate and film thickness, resp., 8 is the maximum deflection of

the rectangular beam, and L is the beam length. This equation assumes that L>>5, which holds

for the measured deflections (~1 I.tm) and substrate lengths (1 cm). We use a modified Stoney

equation (which includes the plate modulus, E/(1-v 2) rather than the biaxial modulus E/(1-v) )

since it has been suggested 14that under the conditions of a rectangular substrate, a relaxed film

would take the shape of a cylindrical shell rather than a spherical cap. SubsL-'ate deflection was

measured using a stylus profilometer, and the film thickness was measured at three wavelengths

with an ellipsometer. Substrate dimensions were measured at several locations using a calibrated

micrometer and averaged. Using the proper elastic constants for (100) silicon 15, the film

stresses were calculated and found to be in the range of 1 to 10 GPa (compressive).

Film delamination was detected by visual inspection at predetermined intervals. Optical

and scanning electron micrographs were then taken to record the details of the delaminated BN
films.

III. RESULTS:

By exposing the films to room atmospheric conditions, i.e., not stored under vacuum or

dry-gas conditions, the delamination occurred roughly within the following times: N/Xe-less

than a week, N/Kr-less than two weeks and N/Ar-more than two weeks. Since the N/Xe films

tend to delaminate in the shortest amount of time under these ambient conditions, N/Xe films

were used to examine the effects of various environmental conditions.

FTIR analysis of the N/Xe BN films indicated that the films contained a majority (>50%)

of the cubic phase of BN. Cross-sectional transmission electron microscopy (XTEM) analysis 16

was performed on other BN films deposited by IAPLD; this analysis revealed the presence of an

interfacial region of amorphous and turbostratic BN (tBN) oriented with its basal planes

perpendicular to the substrate/film interface. In the present work, it is assumed that the BN films

are composed of cBN and sp2-bonded BN. The role of this sp2-bonded layer is not considered in

the delamination process described in the following section. In addition, our stress calculations

are performed with the assumption that the BN film is homogeneous in mechanical properties.
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Films that were stored in the dry nitrogen and oxygen conditions showed no signs of

delamination after more than two and three weeks, respectively. However, films stored in a

saturated-water environment indicated initial signs of delamination within one day, and full

delamination within 3 to 4 days of exposure. Films that were stored in dry-nitrogen

environments for 12 days were removed and placed in a saturated water chamber; these films

delaminated within 14 hours of exposure to high humidity. Films stored in dry oxygen for 22

days showed no signs of delaminafion. These films were removed and were also placed in the

high-humidity chamber; delamination occurred within 24 hours thereafter. These experimental

results clearly indicate that the humidity plays an important role in the delamination of the BN
films.

The delamination of all the BN films exhibited ridge-type buckling 17resulting from high

compressive stresses. Figure 2 includes a series of optical and scanning electron microscope

(SEM) micrographs showing examples of delaminated BN films. Because of the nonuniformity

in film thicknesses, a highly accurate measurement of the film stress could not be established.

However, film stresses were calculated as being in the 5 GPa + 4 GPa range for BN films

deposited under similar conditions. Due to film thickness uncertainties, there were no clear

differences between stress values in the N/Ar, N/Kr and N/Xe films.

IV DISCUSSION

In our deposition process, there is an elliptical region where ion-irradiation occurs,

surrounded by a non-irradiated region on the substrate (see Fig. 3). cBN is formed in the

irradiated region while only sp2-bonded BN forms elsewhere. In a separate paper 18 we have

discussed the role of ion-irradiation on the formation of cBN. Examples of infrared spectra,

shown in Figure 4, clearly indicate that the ion irradiation promotes the formation of cBN. Ion

bombardment can promote compressive stresses in thin films 19. The compressive stresses

' calculated for our BN films lie in the range of 2 to 9 GPa, consistent with stresses reported for

cBN films deposited by other techniques2°, 21. Stress measurements on other BN films 21,22have

also indicated that the cubic BN films are typically under a relatively high compressive stress

whereas the sp2-bonded BN (or hBN/tBN) is at a much lower magnitude of stress. This is

supported by the shift in the cBN IR absorption peak to larger wavenumbers, but nearly no shift

in either IR reflectance peak associated with the hBN/tBN. A 25-cm -1 blue shift of the cBN IR

peak indicates that the cBN is under a compressive stress of 6 to 7 GPa 23. Thus it appears that

our BN films consist of a compressively stressed cBN region surrounded by a low-stress sp2-

bonded BN region. This observation is consistent with that of Kester and Messier 22 for ion-
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assisted evaporated BN films. They also found that the cBN film regions had poor adhesion

characteristics while the hBN regions showed no signs of delamination from the substrate.

Figure 5 shows scanning electron micrographs indicating a delaminated cBN region and a hBN

region adhered to the substrate. Compressive stress in the delaminated cBN film is indicated by

the downward curling shown in the figure.

The total film stress, Of, tot, is often expressed as a summation of thermal and "intrinsic"

stresses, i.e.,

Of, tot = Oth + Oint ,

where O'this the thermal stress due to a difference in thermal expansion coefficients between the

film and substrate, and Ointis the intrinsic stress, which is related to the deposition process and

the film's microstructure. If a biaxial stress state exists in the thin film, and the elastic modulus

and Poisson's ratio of the film (Ef and vf, resp.) are known, then the thermal stress in the film may

be calculated using the following relation:

Ef (o_f. O_s)AT
oth - (1 _ Vf)

where _f and O_sare the thermal expansion coefficients of the film and substrate, respectively, and

AT is the temperature difference between the deposition and final (room) temperatures. Using

bulk values of the coefficients of thermal expansion for silicon (2.9 X 10-6 °C-1 )24 and boron

nitride (4.8 X 10-6 °C-1)_, a typical AT value of 400°C, and an elastic modulus and Poisson's

ratio for a randomly oriented polyerystaUine aggregate of cBN26 based on the elastic constants of

Pesin 27, a tensile stresses of 710 MPa would result for cBN upon cooling to room temperature.

Since the calculated stress in cBN is in the range of 2 to 9 GPa compressive stress, thermal

stresses cannot be responsible for the large compressive stress, and therefore the intrinsic or

microstructural stress is responsible for the large compressive BH film stress. Since the BN films

do not delaminate immediately after deposition, the total film stress cannot alone exceed the

stress required to delaminate the film from its substrate. Thus, some process must assist the

delamination mechanism. A model is now presented that may explain this phenomenon.

Using a simple moment analysis, the stress induced in the substrate, Os, can be calculated

by using the following relation:

Os= - 4 tAof
ts

where tf and ts are the film and substrate thickness, respectively, assuming homogeneous film

stress distribution. We can assume that the maximum stress in the film occurs in the high-

percentage cBN region, and has an average value of 5 GPa. The film thickness is approximately
_. 50 nm, and the substrate thickness is 380 microns, thus a maximum tensile stress of
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approximately 10 MPa exists at the interface between the cBN and silicon substrate. Water vapor

permeates through the BN film and then diffuses to the BN/Si interface to react with the

interfacial material, resulting in the delamination. The large tensile stress in the substrate

(induced by the film) exceeds the strength of the film interface, causing the fracture and

subsequent delamination of the BN film. Hydrolized reaction products, a mixture of boron and

silicon oxides, form at the interface. In the case of cBN, a comparatively lower density oxide

results: the density of cBN is 3.45 g/cm 3 25,whereas the density of B203 is in the range of 1.81

g/cm 3 (amorphous) to 2.46 g/cm 3 (crystalline) 28. This change in density will further promote

decohesion between the film and interface. That interfacial fracture and delamination is not

observed in the hBN/tBN region of the film is probably because the stress in this film is

considerably lower and because the densities of the tBN and hBN are substantially less; the

density of hBN is 2.25 g/cm 3 28 and the density of tBN is in the range of 1.80 to 2.23 g/cm3 29

Since the films only delarninate in the presence of humidity, the chemical reactions that

lead to BN film delamination,, are the aqueous oxidation of either BN or silicon. Exposure to

dry oxygen does not reduce the time to delamination and so the oxidation is presumably

electrolytic (i.e., akin to stress corrosion cracking in metals). Some of the relevant chemical

reactions are listed in Table I, along free energies of formation (AG) for these reactions. It is well

known that the oxidation of BN is facilitated by the presence of water.

In other words, it is suggested that the volume expansion (e.g., BN -> (B203)2(OH)) at the

interface is produced by a hydrolized species; for example, the reaction:

1-2302 + 8BN + H20 = 2[(B203)2(OH)] + 4 N2, AG=-445kJ/mol
2

is more likely to occur at room temperature than

2BN + 3-02 = B203, AG= -363kJ/mol
2

Therefore, it is likely that hydrolized species precede the formation of oxide compounds at the
interface.

Since the water diffusion through the BN film is a necessary step in the delamination

process, the microstructure of the BN film and the internal stress are important. Diffusivities are

known to be influenced by stresses 30. Previous studies 31 have shown that in ion-assisted

deposited films, the stress varies with the ionic species. Therefore, the variation in the levels of
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film stress in our N/Ar, N/Kr and N/Xe BN films is most likely the rate controlling factor that is

influencing the delamination times.

It has been previously reported that BN films reacts with water;, Rand and Roberts 32 have

previously demonstrated that hexagonal and amorphous BN films, deposited by a chemical vapor

deposition (CVD) process involving diborane and ammonia, show signs of reactivity with water.

They observed a weak IR absorption at 3430 cm-1 that they attributed to adsorbed water, and

found that by exposing a BN film deposited on Si to a 2 hour exposure to 100°C steam, the

thickness did not change significantly. They found that in general, BN films adhered to the

substrates and were hydrophobic, and in some cases, small (0.1 ram) crystals of bode acid grew

from a BN film after several months exposure to room atmosphere. This is somewhat consistent

with our observation that the hBN/tBN regions in our films adhere well to the substrate and that

the reaction products are contributing to the propagation of the cracks at the film interface.

Delamination of boron nitride films has been reported to be reduced by annealing 33,

although no mechanism was discussed. It is likely that the annealing would not only reduce the

diffusivity of the water through the film, but could also reduce the interfacial stresses, both of

which would be expected to increase the delamination times. The lower compressive stresses in

the BN film could conceivably reduce the tensile stresses below the fracture strength of the

interfacial material, but additional experiments to determine what the contribution to the

expansion of the propagating crack by the reaction products are necessary to determine this.

V CONCLUSION:

We can conclude from these experiments that moisture in the air is primarily responsible

for the delamination of eBN films, cBN films stored in dry gas and under vacuum did not

delaminate. BN films consisting of high-percentage cBN regions with adjacent, high-percentage

sp2-bonded BN regions, showed delamination only in the high-cBN areas, cBN films deposited

with the heaviest (largest Z) ion irradiation delaminate in the shortest amount of time.
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Table I. Selected reaction products involving boron, nitrogen, oxygen, silicon and hydrogen.

substance statea AG notes

(KJ/mol)

SiO2 cr -856.64 a-quartz

am -850.70

H2SiO3 ao -1079.4

H4SiO4 ao -1316.6

H2Si207 ao -1790.9

B203 cr -1193.4

am -1182.3

HB407 ao -2719.9

BN cr -228.4
• ,i iii ml

aKey to state abbreviations: or: crystalline solid, am: amorphous solid, ao: aqueous solution, un-

ionized substance, standard state, m = 1 mol/kg.

Reference: J. of Physical and Chemical Reference Data, Vol. 11, Suppl. No. 2, (1982).



i

9

Figur_ C_ptio_)_:

Figure 1. Environmental chambers used for exposure of BN thin films to nitrogen or oxygen

(left) or saturated water vapor (fight).

Figure 2: Optical micrographs of delaminated N/Xe BN films as defined in the text. (a): exposed

to dry oxygen, two weeks, (b) exposed to humid ambient, (c): exposed to dry nitrogen for 17 days

and (d): exposed to high humidity for about 48 hours after removal from a 17-day nitrogen

exposure.

Figure 3. Schematic representation of the sample geometry in side view (left) and top view

(fight). The film consists of a central, oval region (exposed to the ion-irradiation) that contains a

large fraction of cBN, surrounded by an sp2-bonded BN film.

Figure 4. Fourier transform infrared spectrum of a BN film. The spectrum indicates that a higher

percentage of cBN exists in the ion-irradiated region, while the non-irradiated region is

exclusively sp2-bonded BN.

Figure 5: Scanning electron mierographs of BN films: (a), exposed to high-humidity, resulting in

a delaminated region of high-percentage cBN (upper portion) and a fully-adhered region

consisting primarily of sp2-bonded BN; (b): exposed to high-humidity environment; compressive

stresses causes downward curling once the film has delarninated.
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(a) (b)

(c) (d)

Figure 2: Optical micrographsof delaminatedN/Xe BN films as def'medin the text. (a): exposed to dry oxygen,

two weeks, (b) exposed to humid ambient, (c): exposed to dry nitrogen for 17 days and (d): exposed to high

humidity for nearly 48 hours after removal from a 17 day nitrogen exposure.



II

hBN cBN + hBN hBN cBN + hBN hBN
BN

(side "view") (top "view")



i II

o o

bo



(b)

Figure 5: Scanning electron micrographs of BN films which were: (a), exposed to humid ambient, resulting in a

delaminated region of high-percentage cBN (upper portion) and a fully-adhered re#on consisting primarily of

hBN; (b): exposed to high humidity; compressive stresses in the BN films causes downward curling once the

Rim hasdelaminatcd.
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