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Nanocomposite HfNx-BN thin films are deposited by chemical vapor deposition at substrate
temperatures of 350-800 �C using the single-source precursor hafnium borohydride, Hf(BH4)4, in
combination with ammonia, NH3. Below 350 �C, the product is metallic HfB2 with essentially no
incorporation of nitrogen. However, the presence of ammonia decreases the HfB2 deposition rate
considerably; this growth suppression effect is attributed to blocking of reactive surface sites by
adsorbed ammonia molecules. At substrate temperatures above 350 �C, film deposition occurs;
however, theHfB2 phase is completely absent. The resulting film stoichiometry isHfByN2.5; although
the value of y is difficult to determine precisely, it is about unity. X-ray photoelectron spectroscopy
(XPS) analysis detects Hf-Nand B-Nbonds but noHf-B bonds; thus the films are nanocomposites
that consist of a mixture of hafnium nitride, HfNxwith x>1 and boron nitride. The deposited films
are X-ray amorphous and Raman inactive. Compared to HfB2 films grown under similar precursor
pressure and substrate temperature, the HfNx-BN films are smoother and have a denser micro-
structure. The thermal activation energy for growth of HfNx/BN in the reaction-rate limted regime is
∼0.72 eV (70 kJ/mol), a value 0.3 eV larger than that for the growth of HfB2 from Hf(BH4)4 alone.
This difference in activation energy indicates that growth is governed by a different rate-limiting step;
we interpret that the Hf(BH4)4 precursor reacts with ammonia on the growth surface to generate
species with Hf-N and B-N bonds, which subsequently lose H2 and BHy to generate the
nanocomposite. The HfNx/BN films have resistivities∼10Ω 3 cm. Optical transmission and spectro-
scopic ellipsometry measurements indicate a bandgap of ∼2.6 eV.

Introduction

Nanocompositematerials often exhibit enhanced prop-
erties owing to synergistic interactions among their com-
ponent phases, and as a result such materials have great
technological potential. Particularly interesting are nano-
composites that combine materials with vastly different
electrical, mechanical, optical, magnetic, thermal, struc-
tural, or rheological properties. Here, we describe the
preparation of ceramic nanocomposite thin films by low
temperature chemical vapor deposition.
The transition metal diborides TiB2, ZrB2, and HfB2

are line compounds with the hexagonal AlB2 structure
and high metallic conductivities.1 In contrast, the corre-
sponding transition metal nitrides TiN, ZrN, and HfN
have wide phase fields with the cubic NaCl structure, and
their electrical conductivities depend sensitively on stoi-
chiometry. When substoichiometric in nitrogen, they are
highly metallic; when overstoichiometric, they are either
poor metals (TiNx) or insulators with bandgaps of 2-3

eV (ZrNx, HfNx).
1-3 The most nitrogen-rich materials in

the composition field are cubic M3N4 phases with the
Th3P4 structure and closely related materials of stoichi-
ometry MN1.35 with the NaCl structure; these phases are
insulating with bandgaps of 2.5 eV for Hf3N4

1,4,5 and
2.7 eV for HfN1.35.

6,7

There have been a few studies of ternary metal-
boron-nitrogen materials, MBxNy. Sputtering MB2 tar-
gets in an Ar/N2 atmosphere affords a mixture of the
phases MB2, MN, and BN, where M is Hf and Ti.8,9

Chemical vapor deposition (CVD) from a mixture of
MCl4, BCl3, N2, and H2 at substrate temperatures of
850-1350 �C affords a similar mixed phase product
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MBxNy (M = Ti, Zr).10,11 In some cases, the stoichio-
metry and distribution of local phases (M-B,M-N, and
B-N) are a function of the growth conditions, which
affords a means to enhance the mechanical properties.9

Our group reported the deposition of MBxNy films at
300 �Cby CVDusing the hafnium borohydride precursor
Hf(BH4)4 in the presence of nitrogen atoms generated by
a remote microwave N2 plasma.12 The films contain the
phasesHfB2,HfN, andBN, remain amorphous after high
temperature annealing and can be used to synthesize
multilayer HfB2/HfBxNy hard coatings whose hardness
and elastic modulus can be adjusted over a wide range.12

Thermal CVD from the Hf(BH4)4 precursor affords
metallic HfB2 thin films in the temperature range
200-1300 �C.13,14 Here, we show that CVD from Hf-
(BH4)4 in the presence of ammonia at temperatures above
350 �C changes the reaction pathway completely: noHfB2

is generated;indeed, no Hf-B bonds are present at all;
instead, the films consists of a mixture of amorphous
HfNx (x > 1) and BN phases. The spectroscopic, elec-
trical, and optical properties of these films are reported in
detail.

Experiment

Chemical vapor deposition is carried out in a UHV system15

with a base pressure of 10-8 torr,most ofwhich is hydrogen. The

solid Hf(BH4)4 precursor sublimes with a remarkably high

vapor pressure of ∼15 torr at room temperature. Before film

growth, the flow of Hf(BH4)4 is adjusted by means of a needle

valve so that the precursor pressure inside the chamber was

0.1 mTorr; no carrier gas is used. Ammonia (15 sccm) is

delivered to the chamber through a mass flow controller. The

total pressure (ammonia þ precursor) before initiation of film

growth is 0.8 mtorr as measured by a capacitance manometer.

Film thickness and microstructure are analyzed ex situ from

fracture cross-sectional images on a scanning electron micro-

scope. Growth rates are measured by dividing the scanning

electron microscopy (SEM) thickness by the growth time. The

growth kinetics and optical dielectric properties of the films are

also monitored in situ using spectroscopic ellipsometry (SE) in

the energy range 0.75-5.0 eV. For these experiments, as well as

for postgrowth determination of the optical constants, the

substrate is highly doped silicon that is dipped in hydrofluoric

acid to remove the native oxide before loading into the system.

To interpret the SE data, the surface roughness is modeled using

the Bruggeman effective medium approximation (EMA) as an

isotropic composite consisting of 50% film and 50%void, which

is a standard model assumption.16,17 The optical dielectric

response of the HfNx-BN nanocomposite is modeled using the

Tauc-Lorentz (TL) model given by

ε2TLðEÞ ¼ AEoCðE-EgÞ2
ðE2 -Eo

2Þ2 þC2E2
:
1

E

" #
, for E > Eg

¼ 0, for EeEg

ð1Þ

where ε2TL is the imaginary part of the dielectric function, A is

the fit parameter with unit of energy, E0 is the peak transition

energy, C is the peak broadening, and Eg is the bandgap.
18 The

real part of the dielectric constant in this model is calculated by

theKramers-Kronig integral.18 The pseudodielectric constants

Æε1æ and Æε2æ extracted from this procedure fit the data with a

mean square error of 5, which is well within the acceptable limit.

The model affords the refractive index n and the extinction

coefficient k of a bulk film with no surface roughness layer. For

an amorphous semiconductor, the bandgap Eg is determined

from the extrapolated intercept of the absorbance R = 4πk/λ
with the hυ axis on a Tauc plot, (Rhυ)1/2 vs hυ.19

For optical transmission measurements, films are grown on

Corning 7059 glass, and the normalized absorbance is calcu-

lated from R = log(T/To) where T is the transmittance of the

substrate/film combination, andT0 was the transmittance of the

glass substrate alone The absorbances calculated in this way are

approximate because they ignore the wavelength-dependent

reflectivity of the films; nevertheless, this simplified approach

is sufficient to afford an estimate of the bandgap.

For ex situ electrical measurements, the substrate is thermally

grown SiO2 (300 nm) on Si. After film deposition, two parallel

strips of aluminum (∼100 nm thick) are evaporated onto

the surface to enable coplanar resistivity measurements across

the gap between the electrodes; the applied bias (>10 V) is

large compared to the potential drop due to the nonohmic

contacts; hence, the measurement reveals the bulk resistivity

of the film.

Film crystallinity and composition are determined by ex

situ X-ray diffraction (XRD; Philips X’pert 2), X-ray photo-

electron spectroscopy (XPS; Kratos Axis ULTRA XPS), and

Rutherford Backscattering Spectroscopy (RBS) (High Voltage

Engineering Van de Graaff), respectively. RBS is also used to

measure the atomic density of Hf in the films. The XPS studies

are conducted without sputtering in order to avoid atomic

mixing and preferential removal of low atomic mass species

that make accurate phase identification unreliable.20

Results and Discussion

1. Deposition of Films from Hf(BH4)4 and NH3. At
temperatures below 350 �C, passage of a mixture of
Hf(BH4)4 and ammonia over Si, SiO2, or glass substrates
produces pure HfB2 films, with relatively little incorpora-
tion of ammonia (<5 at % N). As monitored by SE, the
growth rate at 250 �C decreases with increasing ammonia
pressure as GR [nm/min]= 16/(1þ 250pammonia [mtorr]).
Thus, in this low temperature regime ammonia acts as a
very effective growth suppressor for the chemical vapor
deposition of HfB2; at ammonia pressures near 1 mtorr,
growth is essentially arrested. We have shown else-
where, both experimentally and theoretically, that growth
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suppression enhances the conformal coverage of films
inside deep trench and via structures.21,22

For an ammonia pressure of 1 mtorr, as the substrate
temperature is raised, the suppression effect is eventually
overcome and film growth occurs. The onset temperature
for film growth under these conditions is 350 �C, but there
are very long nucleation delays (>5min) below substrate
temperatures of 450 �C on Si substrates and 500 �C on
SiO2 substrates. To deposit films at temperatures between
350 and 400 �C, it is advantageous to deposit a nucleation
layer at 450 �C, then lower the substrate temperature to
the desired value. As we will describe below, films grown
above 350 �C contain nitrogen and consist of a mixture of
hafnium nitride, HfNx (x > 1) and boron nitride, BN.
The atomic density of Hf in the films varies from 1.3 to
1.8 � 1022 cm-3 and reaches a maximum at 400 �C
(Figure 1). For comparison, the theoretical atomic den-
sity ofHf in bulkHfNassuming a cell constant of 4.52 Å is
4.2 � 1022 cm-3.23

Similar to other CVD processes, the growth rate is
reaction rate limited at low temperatures (350-500 �C)
and flux limited at high temperatures (Figure 1). The
apparent activation energy in the reaction rate limited
regime is ∼70 kJ/mol (0.72 eV), which is 1.7 times higher
than for thermal decomposition of Hf(BH4)4 alone.13

This result implies that the rate-limiting step for film
growth is different in the presence of ammonia. We sug-
gest that the higher activation energy is due to the
formation of Hf-NH2 species on the surface, which
decompose to produce the HfNx phase in the films. This
suggestion is supported by studies of the solution-phase
reaction of the analogous molecule Zr(BH4)4 with
ammonia, which affords adducts of stoichiometry

Zr(BH4)4(NH3)n, where n = 4, 6, or 8.24 These adducts
decompose near room temperature to form ammonium
borohydride, NH4BH4, and zirconium complexes
thought to contain Zr-NH2 bonds. At higher tempera-
tures, these species evolveH2 to give anX-ray amorphous
solid, which crystallizes above 1000 �C to give a mixture
containing ZrN and BN. Similarly, the reaction of the
halide precursors ZrX4 (X = Cl, Br) with ammonia
generates a complex ZrX4(NH3)n that affords cubic
Zr3N4 when annealed.4

2. Film Composition. XPS analysis is used to identify
phases present on the surface of the film. Often sputtering
is used to eliminate the surface oxide on air-exposed
samples. We avoid sputtering because it results in atomic
mixing and preferential removal of low atomic mass
species, which makes accurate phase identification diffi-
cult (impossible). XPS analysis of air-exposed films re-
veals significant differences between films deposited
below 350 �C and those deposited above this temperature
(Figure 2). For the low temperature films, the Hf 4f (4f5/2
and 4f7/2) region shows features for Hf-O and Hf-B
phases, but no features for Hf-N species. The results are
consistent with the growth of HfB2 films followed by
surface oxidation upon air exposure. TheHf-B feature is
absent for films deposited at higher temperature. Instead,
peaks corresponding to Hf-N andHf-O phases overlap
with one another and also with theN 2s peak at 16.7 eV.25

The shoulder in the 4f peak at∼16 eV arises due toHf-N
bonding and itsmagnitude indicates that theN/Hf ratio is
greater than one.26 These results support the conclusion
that CVD using Hf(BH4)4 and NH3 above 350 �C affords
composite films containing HfNx (x>1) and BN phases.
The area under B andHf XPS peaks from the film surface
are integrated to obtain the B:Hf ratio of 1.2.
Both theHfB2 andHfNx-BN films show aB(1s) peak at

192.25 eV corresponding to B2O3 (Figure 3, deconvoluted
in panel b). In the HfNx-BN film, the absence of a B(1s)
peak at 187.6 eV indicates the absence of HfB2; instead, a
peak at 190.30 eV indicates the presence of BN.8,27 RBS
analysis of a film deposited at 450 �C on Si (Figure 4)
provides a quantitative measure of the film stoichiometry
as HfByN2.5; the boron content y cannot be determined
accurately because the boron signal is superposed on the
large background due the Si substrate. This result is
consistent with the conclusion from the XPS results that
the film is composed of HfNx (x > 1) and BN phases.
3. Electrical and Optical Properties.At room tempera-

ture, the HfNx-BN films are highly resistive (F = 12
Ω-cm), in sharp contrast with HfB2 films, which are
metallic (F e 4 � 10-4 Ω 3 cm). The high resistivity is
due to the insulating nature of the HfNx and BN phases.
(In comparison, CVD grown HfN1.35 reported by Fix
et al. were insulators with resistivity>1Ω 3 cm

6 and those

Figure 1. Logof filmgrowth rate (left axis, closed squares) andHf atomic
density fromRBS (right axis, open triangles) vs inverse temperature. The
low-temperature, reaction-limited regime (dotted line) affords the appar-
ent activation energy.
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obtained from sputtering Hf in N2 atmosphere by Smith
had the highest obtained value of 10 Ω 3 cm

28).
Ellipsometric analysis of the HfNx-BN films grown at

450 �C indicates a bandgap Eg ∼ 2.8 eV (Figure 5). The
bandgap estimated from the optical transmission spec-
trum (Figure 6a) suggests Eg ∼ 2.6 eV (Figure 6b). The
value of bandgap obtained from both methods is close to
the range 2.5-2.7 eV reported for CVD Hf3N4 films6,7

and for sputtered HfNx films3 but is smaller than of the
range 3.6-7.1 eV observed for BN.29,30 As expected,
the properties of the HfNx-BN films are dominated by
the HfNx component because it has a smaller optical
bandgap and higher electrical conductivity than the BN
component.
4. Microstructure and Crystallinity. SEM fracture

cross sections of a HfNx-BN film grown at 450 �C reveal
a relatively smooth and homogeneous film microstruc-
ture (Figure 7a). In contrast, deposition from Hf(BH4)4
alone at the same temperature yields a very rough and
columnar HfB2 film microstructure.13 This difference in

microstructure is consistent with a smaller reactive stick-
ing probability (β) of the Hf(BH4)4 precursor when excess
ammonia is present (ammonia pressures used in our

Figure 2. (a) Hf 4f XPS spectrum of the HfNx-BN film surface. (b) Hf 4f
XPS spectrumof theHfB2 film surface. Arrows identify peak positions as
reported in literature references (text). Figure 3. (a) B 1sXPS spectrum (solid line) of theHfNx-BN film surface.

The peaks are deconvoluted using two Gaussians (dashed lines) that
correspond to the known oxide and nitride peaks. (b) B 1s XPS spectrum
of the HfB2 film surface.

Figure 4. RBS spectrum (dotted line) andmodel fit (continuous line) of a
HfNx-BN film.
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experiments are 10 times higher than Hf(BH4)4 precursor
pressure). Excess ammonia aids in blocking surface sites
for Hf(BH4)4 adsorption thereby reducing β. A lower β
has been shown theoretically31,32 to afford a smoother
surface, and we have reported very smooth surfaces
for HfB2 grown under conditions of extremely low β
(10-3-10-5) at 200-300 �C.33 The lowering of β is also
evident from the kinetic data: for the same Hf(BH4)4
pressure and substrate temperature between 350 and
500 �C, the growth rate of HfNx-BN film (in the presence
of ammonia; Figure 1) is smaller by a factor of 10 than
the growth rate of HfB2 (in the absence of ammonia13).
As growth temperature increases above 500 �C, the
microstructure becomes more columnar and rougher
(Figure 7b and c) without a significant change in film
composition. This change occurs because of two factors:
β for the Hf(BH4)4 precursor increases with temperature

and excess ammonia used should desorb more rapidly
from the surface at higher temperatures, thereby reducing
its surface coverage and its ability to act as a growth
suppressor.21,22 At all of the growth temperatures re-
ported here, the surface of the HfNx-BN film is smoother
and the microstructure is denser (a larger Hf atomic
density as measured by RBS) than for HfB2 films grown
at the same temperature.

Figure 5. (a)Bulkoptical constantsn andk for aHfNx-BNfilmgrownon
silicon at 450 �C obtained from ellipsometry data using a Tauc-Lorentz
model. (b) Tauc plot, (Rhυ)1/2 vs photon energy hυ. The extrapolated
linear region (dotted line) intercepts the hυ axis at the value of the effective
bandgap.

Figure 6. (a) Optical transmittance (solid line) of a HfNx-BN film grown
on Corning 7059 glass at 500 �C. The plot is normalized to the transmis-
sion of a bare substrate. (b) Tauc plot (as in Figure 5b).

Figure 7. SEM fracture cross sections of HfNx-BN films grown at
(a) 400, (b) 600, and (c) 800 �C on Si substrates.
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All the films grown at 350-800 �C are amorphous as
judged from XRD and transmission electron microscopy
(TEM) diffraction patterns. A film grown at 450 �C
remained amorphous even after being annealed in va-
cuum at 800 �C for 1 h. We previously reported that
amorphous HfBxNy films deposited from Hf(BH4)4 and
atomic N showed broad diffraction peaks at positions
corresponding to the HfB2 phase after a 700 �C anneal.12

Given the relatively low flux of atomicN generated by the
remote plasma source, it is possible that those films were
deficient in N and contained HfB2 inclusions. Further
experiments would be necessary to determine whether the
film growth with atomic N affords a fundamentally
different product than with NH3 due to the surface
reaction chemistry or whether the difference reflects the
difference in nitrogen flux at the growth surface and is
largely independent of the species.

Conclusions

The present results show that ammonia can suppress
the deposition of HfB2 from the single-source molecular
precursor Hf(BH4)4 at temperatures below 350 �C. At
higher temperatures, the nanocomposite material HfNx-
BN is formed instead. These effects most likely result
from a kinetic competition between different surface
reaction channels. Ammonia molecules adsorbed on the

growth surface may either (i) reside for a characteristic
time, during which they block the adsorption of the
precursor and thus reduce the film growth rate, then
desorb without decomposition, or (ii) dissociate on the
growth surface, which may also change the adsorp-
tion rate of the precursor, followed by N incorpora-
tion into the film. The suppression effect leads to the
growth of highly smooth films, both below and above
350 �C. The resulting nanocomposite HfNx-BN films are
amorphous, resist crystallization up to the maximum
temperature tested (800 �C), and are poor electrical
conductors.
The results demonstrate that surface chemistry during

CVD is a powerful means to control the reactive sticking
coefficient and resulting microstructure and comple-
ments the usual control parameters of substrate tempera-
ture and precursor flux.
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