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ABSTRACT 

Boron nitride films were deposited in a single-wafer plasma enhanced chemical vapor deposition (PECVD) system 
using two different reactant gas chemistries: (i) dilute diborane (1% B2H6 in nitrogen), nitrogen and ammonia; (it) borazine 
(B3N3H6), and nitrogen as precursor materials. Variations of deposition rates, thickness uniformities, refractive indexes, wet 
and plasma dry etch rates, film stress, and electrical properties were studied as a function of the corresponding deposition 
parameters. Several analytical methods such as Fourier transform infrared spectroscopy, x-ray photoelectron spectroscopy, 
nuclear reaction analysis, elastic recoil detection analysis, scanning and transmission electron microscopy were used to 
study the deposited films. Electrical properties were measured using metal-insulator-metal and metal-insulator-semicon- 
ductor structures. The stable boron nitride films do not react with water  vapor showing dielectric constant values between 
4.0 and 4.7. These good insulators also show promising characteristics for potential applications in high-performance 
ultralarge scale integration fabrication. 

To enhance switching performance in ultralarge scale in- 
tegrated (ULSI) devices, low dielectric constant (d.c.) insu- 
lators are needed to reduce the wiring capacitance between 
interlevel metals. Plasma boron nitride and silicon boron 
nitride films have been deposited 1-9 and studied as low 
dielectric constant materials for bipolar devices 1-7 and also 
as hard coating materials. 9 Various chemical precursors 
such as borane-amine-hydrocarbon complexes, 2 diborane- 
BCl~-ammonia, ~7'9 and borazine 8 have been used for film 
deposition. Recent publications 7'I~ show that the d.c. of 
boron nitride can be varied from 2.7 to 7.7 depending on 
deposition conditions and measurement methods. For 
ULSI fabrication, boron nitride films show excellent po- 
tential as chemical mechanical polishing (CMP) stop for 
global planarizationJ I This paper presents results of IBM 
and Siemens laboratories collaborative efforts in evaluat- 
ing the plasma deposition and physical characterization of 
stable boron nitride films deposited in single-wafer plasma 
chemical vapor deposition (CVD) systems. Two different 
reactant gas chemistries are used for the deposition: (i) di- 
lute diborane (1% B~H6 in nitrogen), nitrogen, and ammo- 
nia; (it) borazine (B3NsH~) and nitrogen as precursor mate- 
rials. The results showed that stable boron nitride films can 
be deposited by both reactant gas chemistries, although 
slightly different film properties are obtained. 

~ __[Gas Source j  

I ~ ~ ' ~  I n - F l o w  / 
T v Gas B locker  

c ..~ Shower  Head  

. , ,  , , ,  , ~ " . . . .  . , ,  
,vvvvvvTvvv v'r,vvvvvvvv 

Wafer 

C o n f i g u r a t i o n  -~ 

Electrode 

Experimental 
Boron nitride films were deposited on silicon wafer in 

single-wafer plasma CVD system (13.6 MHz RF) with a 
shower-head gas distribution blocker and 180 cm 2 elec- 
trode area at 1OO to 4O0~ 12 as shown in Fig. I. All of the 
precursors are of ultrahigh purity (99.999%). Typical depo- 
sition conditions for both chemistries are shown in Table I. 
Variations of film deposition rates, thickness uniformities, 
refractive indexes, and stress were studied as a function of 
various deposition process parameters such as pressure, 
power density, substrate temperature, and flow rates. 

The physical and chemical properties of the deposited 
films were analyzed using ellipsometry (G~rtner AutoEL, 
He-Ne wavelength: 633 nm, and Plasmos at 633 and 
1335nm), Auger electron spectroscopy (AES; Physical 
Electronic Auger spectrometer), Fourier transform in- 
frared spectroscopy (FTIR; Biorad) and x-ray photoelec- 
tron spectroscopy (XPS; Hewlett Packard, Model 5950B), 
scanning e]ectron microscopy (SEM; Hitachi Instruments), 
and buffered HF etching (BHF). 

Nuclear reaction analysis (NRA), elastic recoil detection 
analysis (ERDA; High Voltage Engineering, Type EN), 
Rutherford backscattering (RBS; High Voltage Engineer- 
ing, Type AN2500), were used to determine the boron to 
nitrogen ratio and to measure the hydrogen concentration. 
Transmission electron microscopy (TEM; Siemens) and se- 
lected area electron diffraction (SAED) were also used to 
specify the crystallinity phases of the material. 

A 7:4:1 buffered HF solution was prepared by mixing 
7 volume (vol) of HNO3 with 4 vol H=O and 1 vol buffered 
HF. The i vol buffered HF solution was prepared by mixing 

Table I. Typical deposition conditions for plasma boron nitride. 

Precursor/process Borazine: 
parameters B2HJNH~ B3N3H6/N2 

Fig. 1. Plasma CVD system for boron nitride deposition. 
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B2H6-flow (1% in N2) 1800 sccm -- 
Borazine flow -- i00 sccm 
NH3 flow 120 sccm -- 
N2 flow 4200 sccm 200 sccm 
Electrode spacing 250 mils = 0.6 cm 380 mils = 0.95 cm 
RF power 500 W 200 W 
Process pressure 5 Torr = 660 Pa 3 Torr = 400 Pa 
Susceptor temperature 400~ 300~ 
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Table II. Comparison of film properties B2HJNH3/N2 vs. borazine/boron nilrlde. 

B,HdNH~ Borazine: B~N~HdN= 

Deposition rate 300 nm/min 370 nm/min 
Uniformity <5 to 10% (6(r) -+3% (3(r) 
Reference index 1.746 1.732 
Stress -4 x i0 ~ Pa = -4 • i0 ~ dynes/era = -1.5 • i0 ~ Pa = -1.5 • i09 dynes/cm ~ 
Etch rate RIE 62 nm/min 28 nm/min 
Etch rate H~PO4 (167~ I to Ii nm/h -- 
Etch rate BHF 0.5 nm/min <I nm/min 
B/N ratio 1.02 1.02 
Hydrogen content <8 a/o <8 a/o 
Density 1.89 g/cm ~ 1.904 g/cm a 
Optical bandgap 4.7 eV 4.9 eV 
Step coverage 60% (1 • 1 l~m) 80% (0.5 x 0.5 Fro) 
Structure Amorphous Amorphous 
Dielectric constant 3.8-5.7 3.8 to 5.7 
Breakdown potential 6 to 7 MV/cm 6 to 8 MV/em 

I0 vol of NH~F (40%) and i vol HF (49%). The etch solution 
temperatures were maintained constantly at 25~ for 
buffered HF and 167~ for hot phosphoric acid during the 
wet etch tests. 

The layers for AES (5 to i00 nm thickness) were sput- 
tered by 1.5 keV AN ions at 30 s intervals with rastered 
mode on a 100 izm = spot size to assess the composition with 
depth. To reduce the inhomogeneous sputtering effect, the 
ion beam was rastered for all sputter cleaning processes 
also. The boron and nitrogen concentrations were normal- 
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Fig. 2. Deposition rate and uniformity of BN vs. RF power (borazine 
chemistry). 
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Fig. 3. Deposition rate and uniformity of BN vs. NH~-flow (hydride 
chemistry). 
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Fig. 4. Refractive index and film density of BN vs. borazine flow. 

ized to an atomic ratio of i:i with a detection limit of about 
1 atomic percent (a/o). 

The surface and depth profile compositior~were analyzed 
by XPS with a detection limit of 1 a/o. The spectra were 
obtained using an aluminum Ks x-ray source with a 
monochromator. The atomic weight fractions were calcu- 
lated from the integrated areas using a Scofield table ~ and 
clean, thermally grown silicon oxide as reference. In addi- 
tion, survey spectra were obtained for all films to assess for 
impurities and irregularities. 

RBS with a detection limit of better than 0.1 a/o was used 
in addition to AES and XPS to reduce the error in composi- 
tion analysis of the light element boron. Here, He + ions 
(2 MeV) are scattered elastically in surface regions of the 
samples. The loss in energy allows simultaneous element 
identification and depth profiling. 

NRA and ERDA were used to analyze the hydrogen. NRA 
was caEied out at the State University of New York at 
Albany. The 15N depth profiling is a highly accurate preci- 
sion technique for measuring concentration profiles of hy- 
drogen in solids 14 according to the nuclear reaction 

~N + ~H -~ 12C + 4He + 4.43 MeV ~/-ray 
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Fig. 5. Intrinsic stress of boron nitride vs. RF power (borazine 
chemistry).  
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Fig. 6. Intrinsic stress of boron nitride vs. temperature (borazine 
chemistry). 
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Table IlL Magnetically enhanced etching conditions. 

Process conditions Values 

In this reaction, the amount of ~-ray emission is propor- 
tional to the hydrogen concentration in the film bulk. It 
should be noted that the NRA technique determines both 
bonded (N-H, B-H) and trapped hydrogen (molecular or 
atomic) in the films without distinguishing the bonding 
structure. Therefore, the hydrogen concentration re- 
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Fig. 9. Etch rates of BN, Si3N4, and thermal SIO2 vs. CF4/O= ratio 
(hydride chemistry). 
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Fig. 10. Selectivity of boron nitride to SI3N4, and tflermal SiO2 vs. 
CFJO~ ratio (hydride chemistry). 

Etch time 60 s 
Pressure 80 reTort = 10 Pa 
Cathode temperature 20~ 
RF power 400 W 
Magnetic field 20 gauss 
Gas flows (sccm) 2-18 CF 4 (variable) 

2-18 O2 (variable) 
Etchtool AME 5000 

Table IV. Etch rate and selectivity of BN films in 
various CFJO2 gas mixtures. 

Etch rate (nm/min)/selectivity 

CFJO2 LPCVD Selectivity Thermal Selectivity 
ratio (%) BN Si3N4 BN/Si3N4 SiO2 BN/SiO2 

10 63.2 4.6 14:1 5.2 12:1 
15 92.1 26.3 3.5:1 7.4 12:1 
30 206.3 112.7 1.8:1 .72.0 2.9:1 
70 250.3 231.7 1.1:1 114.6 1.7:1 
90 212.6 i82.9 1.2:1 150.2 1.4:1 

suits appear slightly higher than those obtained by other 
methods. 

The strength of ERDA is the ability to analyze light ele- 
ments in conjunction with depth profiling. Here, the elastic 
backscattering of elements such as C1 at 30 MeV allows a 
nondestructive determination without influencing the film 
bonding matrix and chemical states of the elements in the 
layers. 

The boron nitride films deposited on silicon substrate 
were etched in a magnetron enhanced reactive ion etching 
(MERIE) system described in a previous publication. ~5 The 
plasma dry etch rates R were determined using laser inter- 
ferometry. The etch rate, R, was calculated with the for- 
mula R = k/(2nt) ,  where k is the wavelength of the laser, n 
is the refractive index, and t is the etch time that changes 
the reflected intensity by one cycle. 

SEM cross sections were taken to study the step coverage 
of the films over submicron (1.0 • 1.0 ~m) structures. TEM, 
especially selected area electron diffraction (SAED), deter- 
mined the degree of crystallinity and what kind of crys- 
talline phases are observed. 

For metal insulator semiconductor (MIS) and metal insu- 
lator metal (MIM) electrical measurements at various fre- 
quencies, films of 10 to 100 nm thickness were deposited at 
300 and 400~ on p-type silicon wafers with and without 7 
nm of thermally grown silicon oxide films. The native oxide 
on the back side of the wafers was removed, and aluminum 
or gold electrodes evaporated onto the deposited films. 
Blanket a luminum on the back side of the wafers assured 
good contact of the counterelectrodes. Quasistatic and dy- 
namic high frequency (1 MHz) C- V measurements (Hewlett 
Packard HP4274, Multifrequency LCR Meter) were used to 
find out the flatband voltage and breakdown strength. Ca- 
pacitance values from C-V  curves in a wider range of ap- 
plied voltage to determine the true accumulation region 
were back-calculated for dielectric constant values er ac- 
cording to the following equation: er. = (Cp • t)/(% • A) ,  
where Cp is the measured capacitance, t is insulator thick- 
ness, % is vacuum permittivity (8.854 • 10 -14 F/cm), and A 
is the measured area. Other details of this electrical meas- 
urement have also been described in a recent report. 16 

Results and Discussions 
The typical overall properties of the boron nitride films 

deposited by both processes (see Table I) are summarized in 
Table II. The layers, deposited under the conditions of 
Table I, have excellent thickness uniformities (6 sigma < 5 
to 10%; Fig. 2). The deposition rate was calculated by di- 
viding the measured mean thickness by the time of the cor- 
responding deposition. Increasing RF power will increase 
the deposition rate (Fig. 2), whereas for diborane deposi- 
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Fig. 11. Step coverage of BN (500 nm steps). 

tion chemistry, increases of ammonia and diborane flow 
rates raise deposition rates marginally (Fig. 3). Nitrogen 
flow rates have a small effect. Increases in RF power den- 
sity or, e.g., borazine flow, are also increasing refractive 
indexes (Fig. 4). For both deposition chemistries, stable 
boron nitride films have refractive indexes ranging from 
1.68 to 1.8, depending on deposition conditions. 

The deposited boron nitride films have a lower density p 
(p = 1.6 to 1.9 g/cm3; Fig. 4) than the conventional bulk 
value of both hexagonal BN (p = 2.2 g/cm 3) or cubic BN (p = 
3.4 g/cm 3) 17 as determined by x-ray reflectometry. 

The layers exhibit compressive stress in the range of 
-2 x 108 to -4 x 108 Pa, depending on deposition condi- 
tions (Fig. 5). During a subsequent heat-treatment (25 to 
500~ film stress increases by about a factor of 2, and re- 
laxes during cool-down to the original value (Fig. 6). The 
measured stress values are generated using optical stress 
measurement (Flexus). 

XPS and FTIR analyses show that boron nitride films 
deposited by hydride chemistry with a low NH3/B2H6 ratio 
(<5) are boron-rich. These films are highly hygroscopic and 
oxidize readily in air or hot water vapor ambients. This is 
also the case for borazine chemistry deposition with high 
borazine/nitrogen flow ratio (>i) or at high RF power den- 
sities (>2.0 W/cm2). 

Boron nitride films deposited with higher NHJB2H6 ra- 
tios (>5) (dihorane chemistry) and a 2:1 nitrogen/borazine 
flow ratio are more stable with near stoichiometric compo- 
sition (55 a/o B, 45 a/o N) with good depth thickness unifor- 
mity, as analyzed by AES. No oxygen or carbon contamina- 
tions are observed in the films bulk except for a small 

H 

B2Hs + NH 3 ~ )2BHz J 
N-H 

H 'N  ~ . ~ B / /  

Hydride H I 
Chemistry 

Borazine i 
BN + H z ~ ~ i , t r y  

B N + H 2  

Fig. 12. Reaction steps and intermediates in plasma BN deposition. 

amount near the surfaces and at the boron nitride/silicon 
substrate interfaces (Fig. 7). The oxygen and carbon ob- 
served at the silicon surface and the BN/silicon interface 
are due to oxygen and carbon absorption on silicon sub- 
strafe prior to deposition. 

These films are highly stable and show no reaction with 
100~ water vapor or boiling water for 60 min time elapsed. 
After these films are annealed at 850~ in oxygen ambient 
for 30 rain, only minimal surface oxidation (2 to 3 nm) were 
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Fig. 13. FTIR spectra of BN (hydride chemistry) and of BN (borazine 
chemistry) as-deposited. 
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Fig. 15. XRD pattern of borazine BN. 

observed. The films are also stable in nitrogen ambient an- 
nealing up to 950~ for 60 rain. 

NRA and ERDA analyses show that films deposited at 
higher NHs/B2H6 ratios (>7) have less than 8 a/o hydrogen 
incorporation in the lilm, while films deposited with no or 
lower NH3 flow have more hydrogen incorporated. The cor- 
relation of B/N ratio and hydrogen content varies, e.g., with 
nitrogen flow (Fig. 8). The increase of the B/N ratio with 

increasing N2 flow comes as no surprise, whereas the in- 
crease in hydrogen content with higher nitrogen flow can- 
not be explained at this point. 

MERIE etching of blanket, patterned oxide and nitride 
masked BN films show anisotropic etch profiles, selectivity 
of 13:1 for blanket (Fig. 9 and i0) and up to 25:1 
(BN:nitride/oxide) for patterned films in CFJO~ (90 % oxy- 
gen). The etching conditions are listed in Table III, and the 
etch rates and selectivities are summarized in Table IV. The 
etch rate of BN increases with higher CF4 flows (Fig. 9), 
whereas the selectivity levels out at CF4/O2 ratios greater 
than 30 (Fig. 10). 

SEM analysis shows that the conformity of borazine-BN 
films is about 70 to 80 %, whereas those of diborane-BN are 
about 45 to 55% over 0.7 to 1.0 f~m structures with 1 to 1.2 
aspect ratio (Fig. ii). For diborane-BN films, higher NH3 
flow rates enhance the conformality of the films to 55 to 
70% over the same structure. A possible explanation for 
the better step coverage of films deposited by borazine de- 
composition is a more uniform sticking coefficient, and a 
higher surface mobility of the precursor being already in a 
more "complete" form. Using hydride chemistry, borazine 
is prepared in situ during the reaction sketched in Fig. 12. 

FTIR analysis shows the presence of B-N bonds at vari- 
ous modes (B-N transverse optical mode at 700 cm -I, 
hexagonal B-N-B vibration at 780 cm -I, B-N at 910 cm -I, 
hexagonal B-N at 1380 and 1580 cm i) together with B-H 
(2520 cm -~) and N-H (3340 cm -I bonds, ~8 as shown in 
Fig. 13, 14. The cubic B-N bonding (TO-mode at 1050 to 
Ii00 cm -~) is only observed when borazine is used as pre- 
cursor (Fig. 13). 

TEM, XRD, and FTIR show differences in boron nitride 
bonding phases, depending on the precursor chemistries. 
For BN films from borazine, the average bonding lengths 
are B-N = 1.61 A (vs. 1.42 A for hexagonal, and 1.56 A for 
cubic BN), and N-N = 2.53 A between ring planes (vs. 3.33 A 
for pure hexagonal structure). This suggests a defect struc- 
ture (Fig. 14) in which the ring planes (sp 2 hybrids) are 
linked statistically either by B-N or N-N bondings (sp 3 hy- 

Fig. 16. Selected area diffraction patterns (SAED) in TEM of boron nitride layers. 
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Fig. 17. Dielectric constant of BN vs. RF power (borazine chemistry). 
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brids). For  diborane as precursor, the films are strictly 
amorphous with hexagonal  bonding structure. With 
borzine as precursor, the layers have mixed bonding condi- 
tions (amorphous, hexagonal,  wurtzite, and cubic; see 
Fig. 13, 15). In both cases the hexagonal  structure is domi- 
nant  (Fig. 16). The phases confirmed are also consistent 
with the lower density of boron nitr ide films, as mentioned 
above. 

Careful MIM and MIS capacitance measurements of lay- 
ers 100 to 500 nm thick show that  the d.c. values of the 
stable plasma CVD boron nitr ide films range from about 4 
to 5, depending on deposition conditions (Fig. 17, 18). 
Boron nitr ide films, doped (i.e., oxidized, contaminated) 
with oxygen have lower d.c. values but  are too unstable as 
dielectrics due to the formation of hygroscopic B208 phases. 
In general, the dielectric constants of boron nitr ide films 
are strongly correlated to the composition, bonding struc- 
tures, degree of crystallinity, and deposition conditions. 
For boron-rich boron nitride, the d.c. values are approxi-  
mately 3.7 or smaller, because the boron-rich layers react in 
air  to form both BN/B208 phases, as in the case of oxygen- 
doped BN or oxygen-doped silicon boron nitr ide (SiBN). 2~ 

It should be noted that  the MIS measurement vs. capaci-  
tance can be misleading if n- type Si substrates are used. 
This is because the init ial  diffusion/implantat ion of excess 
boron during plasma nitr ide deposition, that  consequently 
forms a p -n  junction at interfaces (Fig. 18, 19). This p-n  
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Fig. 19. p-n Junction formation effect on capacitance measurements. 

junction causes inaccurate capacitance measurements and 
hence false d.c. calculated values. 1'7~18 In this case, d.c. val-  
ues below 3 or less may result. However, these wrong re- 
sults are generally irreproducible.  

Summary 
Boron nitride films were deposited in a single-wafer 

plasma-enhanced chemical vapor deposition (PECVD) sys- 
tem using two different reactant chemistries. Films de- 
posited with a 2:1 nitrogen/borazine ratio or high NHJ 
B2H6 ratios (>5) are highly stable, nearly stoichiometric, 
and have low hydrogen contents in the 7 to 8 a/o range. The 
deposited films are amorphous with hexagonal bonding 
phases for diborane-BN, or of mixed hexagonal, wurtzite, 
and cubic nanocrystallinity for borazine-BN. Magnetically 
enhanced RIE with CFJO2 (90% 02) of BN films show an- 
isotropic etch profiles, and selectivity up to 25:1 over oxide 
or nitride patterned films. The dielectric constant values of 
stable plasma boron nitride films are between 4 and 5, de- 
pending on deposition conditions. 

Overall, plasma boron nitride films deposited with both 
chemistries under suitable conditions are stable insulators, 
do not react with water vapor and show promising charac- 
teristics for high density ULSI fabrication. 
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