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High quality, stoichiometric thin films of hafnium diboride are deposited by chemical vapor
deposition from the precursor Hf�BH4�4 at deposition temperatures as low as 200 °C. An activation
energy of 0.43 eV�41 kJ/mol� is obtained for the overall process as monitored by temperature
programmed reaction studies. Films deposited at low temperatures ��500 °C� are structurally
amorphous to x-ray diffraction; a 12 nm thick film is sufficient to prevent copper diffusion into
silicon during a 600 °C anneal for 30 min. Films deposited above 500 °C are crystalline, but have
a columnar microstructure with low density. All the films are metallic, but the low temperature
amorphous films have the lowest resistivity �440 �� cm. The process is also highly conformal,
e.g., a 65 nm wide trench with a 19:1 depth-width aspect ratio was coated uniformly. © 2005

American Vacuum Society. �DOI: 10.1116/1.2049307�
I. INTRODUCTION

Hafnium diboride is a metallic-ceramic material with at-
tractive properties for microelectronic, hard coating, and
other applications: it has a melting temperature of 3250 °C,
a bulk resistivity of 15 �� cm,1,2 and a bulk hardness of
29 GPa.1 The related transition metal diborides ZrB2 and
TiB2 have comparable properties and perform well as copper
diffusion barriers for microelectronics;3–6 they also have
good corrosion resistance, e.g., ZrB2 is resistant to molten
zinc and aluminum.7 ZrB2 thin films have been grown epi-
taxially on Si�111� substrates and used as templates �buffer
layers� for the epitaxial overgrowth of GaN and AlGaN
films.8–10 All of the transition metal diborides have a hexago-
nal crystal structure. There is a 0.6% mismatch between the
in-plane lattice constants of GaN and ZrB2; the mismatch
between GaN and HfB2 is comparable at 1.4%, suggesting
that HfB2 could also serve as a buffer layer on Si�111�
substrates.

Despite these favorable properties, there has been rela-
tively little use of transition metal diboride thin films in tech-
nological applications. The properties of transition metals di-
borides can degrade sharply when the composition is
nonstoichiometric.11,12 This phenomenon is consistent with
the narrow compositional range for MB2 alloys in equilib-
rium phase diagrams, which implies that nonstoichiometric
films will tend to phase segregate.13 �By comparison, the
phase field for TiN is several percent wide, which allows

off-stoichiometric films to retain useful properties. Also, ex-
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cess nitrogen on the growth surface can presumably be re-
leased as molecular N2.� In physical vapor deposition tech-
niques such as sputtering, there is no mechanism available to
remove a nonstoichiometric excess of metal or boron atoms
from the growth surface; resputtering may be introduced, but
this mechanism does not intrinsically drive the film towards
the desired MB2 composition. Thus, very precise control
over the incident flux ratio must be maintained, which is
difficult due to differences in the target angular emission and
gas scattering effects for M and B atoms, convoluted over
the reactor geometry. Nonetheless, magnetron sputtering has
been used to obtain good TiB2, ZrB2, and CrB2 coatings14–18

and sputtered HfB2 has been used as the resistive heating
element in ink-jet printers.19

Chemical vapor deposition �CVD� can afford stoichio-
metric MB2 films if the surface reactions during growth re-
move excess atoms as volatile by-products. Several CVD
studies have used halogen-based precursors,20–22 but the in-
corporation of residual halogen atoms has proven to be det-
rimental to film properties.23,24 The single source precursor
tetrakis�tetrahydroborato�hafnium, Hf�BH4�4, and its zirco-
nium analog Zr�BH4�4, were reported as viable CVD precur-
sors in 1988, but the growth kinetics were not studied in
detail.25,26 These molecules contain only the transition metal,
boron, and hydrogen atoms, and thus obviate any complica-
tions associated with organic or halogen species. The ideal-
ized growth reaction for HfB2 is Hf�BH4�4�g�→HfB2�s�

+B2H6�g�+5H2�g�; the reaction for ZrB2 is analogous.
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Hf�BH4�4 has also been used in a plasma-enhanced CVD
process to make hard coatings, however, the films were over-
stoichiometric in boron.27 We attribute the latter to the exten-
sive precracking of the precursor by the plasma, such that
surface reactions were unable to form volatile boron-
containing species at a sufficient rate. This conclusion is
plausible in view of the entropic demands in forming B2H6

from small fragments.
In this work, we deposit HfB2 by thermal CVD from

Hf�BH4�4 and report the film growth kinetics, microstruc-
ture, and composition as a function of the substrate tempera-
ture and precursor flux. We also test the performance of
12 nm thick amorphous HfB2 films as diffusion barriers to
separate copper from silicon.

II. EXPERIMENT

HfB2 thin films were deposited in a turbopumped cham-
ber of UHV construction that has a base pressure of 5
�10−9 Torr, most of which is hydrogen.28 The precursor
Hf�BH4�4 is solid with a convenient vapor pressure of
�15 Torr at 25 °C.29 The precursor was maintained at
−5 °C in a stainless steel container immersed in a liquid
bath; the flow was regulated by a needle valve and delivered
to the chamber through a 0.6 cm o.d. stainless steel tube
aimed at the substrate. The distance between the end of the
tube and the substrate was 7 cm, and could be adjusted by
substrate translation. The absolute mass flow rate was cali-
brated as follows. A capacitance manometer attached down-
stream of the needle valve was used to monitor the pressure
drop in the delivery tube. With the chamber valved off �un-
pumped�, the rate of pressure rise in the chamber was deter-
mined as a function of the line pressure, and converted to a
mass flow rate using the known chamber volume. The mass
flow rate was found to be linear in line pressure drop; a
throughput of �1.6�1014 molecules/ s was calculated for
1 mTorr line pressure. For the present experiments, the pre-
cursor pressure in the chamber �not line-of-sight with the
delivery tube� ranged from 10−4 to 10−3 Torr. Highly con-
ductive ��=0.01 � cm� n-type silicon �100� was used as a
substrate for film growth. The substrate dimensions were
20 mm�12 mm; prior to loading in the chamber, the sub-
strates were degreased in acetone, isopropyl alcohol and
deionized water for 10 min each in an ultrasonic bath. In
order to measure the sheet resistance of the HfB2 film using
a four point probe, we occasionally used silicon substrates
coated by PECVD with 100 nm of silicon dioxide. The sub-
strates were heated by passing dc electrical current through
them. An infrared pyrometer was used to measure the surface
temperature; the pyrometer had been calibrated in earlier
tests using a thermocouple in contact with the substrate. An
in situ spectroscopic ellipsometer was employed to identify
the onset of film growth, which was especially useful at low
substrate temperatures.30–32

Temperature programmed reaction �TPR� studies were
performed to analyze the precursor reaction rate as a function
of substrate temperature. TPR was performed in an ion-

−10
pumped UHV system �base pressure 5�10 Torr� which is
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connected to the growth system by a transfer tube. The
set-up includes a differentially pumped quadrupole mass
spectrometer with a 0.4 cm diameter sampling orifice located
5 cm in front of the sample surface. The precursor was in-
troduced through an obliquely-placed delivery tube 5 cm
from the sample surface. A rapid temperature ramp rate,
20 °C/s, was used to minimize the temperature rise of sur-
faces other than the substrate. During the TPR experiments,
the chamber pressure did not exceed 10−6 Torr.

Film thickness and microstructure were determined by ex-
amining the fracture cross-sections in a secondary electron
microscope. Film stoichiometry was measured ex situ by
x-ray photoelectron spectroscopy; the B/Hf atomic ratio was
calculated using the handbook instrumental sensitivity fac-
tors, which do not account for the loss of boron relative to
hafnium at the sample surface during sputter depth profiling.
Data were obtained from both the as-grown surface and the
bulk, and from multiple areas on each sample. To determine
the hafnium atomic density, the area density of hafnium was
determined using Rutherford backscattering spectrometry
�RBS� and divided by the film thickness measured by SEM.
RBS was also used to detect copper diffusion when the films
were tested as a diffusion barrier. The film crystallinity was
analyzed by x-ray diffraction.

III. RESULTS AND DISCUSSIONS

A. Growth kinetics and microstructure

Films were deposited at a precursor pressure �established
prior to film growth� of 1�10−4 Torr and substrate tempera-
tures of 250–900 °C. The growth rate curve �Fig. 1� appears
to show a reaction limited exponential increase at low tem-
peratures followed by a flux limited regime; however the
growth rate decreases again at temperatures above 400 °C.
The fall in growth rate at high temperatures cannot be ex-
plained by an etching reaction because there is no volatile
Hf-bearing species except for the precursor itself. Rather, the
fall is due to a reduction in the net flux impinging on the
substrate, which is the sum of the direct flux from the doser
tube and an indirect flux due to the background precursor

FIG. 1. Log of film growth rate �open squares� and hafnium atomic density
from RBS �open triangles� versus inverse absolute temperature. The data
from the epitaxial film are indicated by the solid square and solid triangle.
The temperature axis is labeled in centigrade for convenience.
pressure in the chamber. At high substrate temperatures, the
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sample manipulator and other surfaces inside the chamber
are heated radiatively. These surfaces need to attain a tem-
perature of only �200 °C before film starts growing on
them, which lowers the precursor partial pressure in the
chamber. This is the reason that growth rate decreases at high
temperatures. These observations led us to establish a fast
ramp rate for TPR experiments, as noted above.

The hafnium atomic density as a function of growth tem-
perature �Fig. 1� shows a drop of �70% for intermediate
temperatures; therefore the macroscopic growth rate overes-
timates the quantity of material being deposited and should
not be used as a measure of growth kinetics. Figure 1 also
shows the hafnium density in an epitaxial HfB2 film that was
deposited at a very low rate ��0.5 nm/min� on Si �111� at
900 °C, which matches the value �3.3�1022 cm−3� calcu-
lated from the lattice constants. Our epitaxial growth of
�0001� HfB2 on Si �111� �Fig. 3� is very similar to the result
observed by Tolle et al. for the growth of ZrB2 on Si �111�
using Zr�BH4�4.9 The evidence for epitaxial growth was ob-
tained by x-ray rocking curve measurements; the �0001�
rocking curve for the epitaxial HfB2 film on Si �111� had a
FWHM of 0.4°. Detailed investigations of the crystalline tex-
ture and epitaxy of HfB2 films on Si are reported in a sepa-
rate work.33

The microstructures of films grown at 250 and 400 °C

FIG. 2. SEM fracture cross sections of the HfB2 films on silicon substrates
deposited at �a� 250 °C; �b� 400 °C; �c� 700 °C.
�Figs. 2�a� and 2�b�� are strikingly different. The low tem-
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perature film is dense and smooth, but the one obtained at
higher temperature is columnar and rough. X-ray diffraction
confirmed the amorphous nature of both these films. Films
deposited at 500 °C and above are crystalline and highly
textured �Fig. 3�. The x-ray diffraction spectrum shows one
strong peak corresponding to the preferred orientation of the
film—�0001� at growth temperatures below 700 °C and
�1010� at 800 °C. The films have a faceted columnar micro-
structure full of voids along the column; this result is consis-
tent with the low Hf atomic density observed by RBS �Fig.
1�. The deposition temperatures are very low compared with
the melting point of HfB2�T /Tm=0.13–0.3�. It is therefore
not surprising that at these temperatures we deposit either
amorphous or low density crystalline films, the latter being
the result of limited surface diffusion.34,35

B. Temperature programmed reaction

TPR experiments provide quantitative data concerning the
growth kinetics. The mass spectrum of the precursor �Fig. 4�
consists of three envelopes corresponding to BHy�y=1–3�,
B2Hy�y=1–6�, and HfBxHy�x=1–4� fragments. Here the
BHy and B2Hy intensities arise from precursor decomposi-
tion in the mass spectrometer. During film deposition the
precursor intensity falls, but these species will be generated
as reaction by-products; note that the cracking of B2H6 will
also produce BHy. Thus the change in BHy and B2Hy inten-

FIG. 3. XRD profile of HfB2 at different deposition temperatures. Boric acid,
B�OH�3 crystals form when surface boron oxide adsorbs moisture.
FIG. 4. Precursor cracking pattern in the mass spectrometer.
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sities is the difference between precursor decomposition and
surface generation rates. In contrast, the fall in the HfBxHy

intensity is directly proportional to the rate of the growth
reactions.

In our TPR studies, the silicon substrate was ramped from
room temperature to 800 °C at a rate of 20 °C/s as its sur-
face as continually dosed with the precursor. The precursor
mass peak at m /z=208 was monitored during the ramp pro-
cess. Above a threshold temperature, the HfBxHy intensity
decreases due to consumption of the precursor by growth
reactions �Fig. 5�a��. The intensity reduction, i.e., the precur-
sor consumption rate, consists of an Arrhenius reaction-rate-
limited regime with an apparent activation energy of
0.43 eV�41 kJ/mol� and a reactant-flux-limited regime �Fig.
5�b��. The low activation energy is consistent with the low
reaction onset temperature of �190 °C �Fig. 5�a��. Note
that, for this flux, a temperature of only 400 °C is sufficient
to saturate the reaction rate.

The reaction onset temperature for a clean Si surface
�dipped in 10% HF solution to remove the native oxide� is
100 °C higher than for a surface coated with HfB2 in previ-
ous TPR ramps �Fig. 5�a��. We attribute the delayed onset to
a nucleation barrier on Si. Supporting evidence was obtained
using the in-situ ellipsometer to detect the onset of film
growth at fluxes similar to the TPR experiments
��10−5 Torr�; for a substrate temperature of �300 °C, a
time delay of a few minutes was observed for the formation
of any film on Si; but for a temperatures of �250 °C, no
film growth was detected during the observation period of
30 min. An even larger barrier was observed on a clean SiO2

FIG. 5. Precursor intensity variation at m /z=208 during TPR experiments:
�a� precursor intensity versus substrate temperature; �b� natural logarithm of
precursor consumed versus inverse absolute temperature.
surface: a higher temperature or flux was needed to observe
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the onset of film growth. The existence of a nucleation bar-
rier has been observed in related systems such as tungsten
CVD from the precursor WF6.36–38

C. Film stoichiometry

XPS reveals the presence of boron oxide �Fig. 6�a�� and
hafnium oxide �Fig. 6�b�� at the film surface.39 Oxide forma-
tion is unavoidable because the samples are transported in air
from the growth system to the XPS chamber. Upon sputter
profiling, the oxygen signal rapidly drops below the instru-
mental detection limit for the films grown at 300 °C and
lower. However, the films grown at 400–600 °C contain
bulk oxygen. We attribute this finding to the presence of
interconnected pores, which allow oxidation of the column
boundaries throughout the film thickness. The bulk B/Hf
atomic ratio calculated using handbook instrumental sensi-
tivity factors appears to be less than 2 �Fig. 7�; this result is
an artifact of the preferential sputtering of boron with respect
to hafnium during the depth profiling. The apparent B/Hf
atomic ratio in the epitaxial HfB2 film deposited at 900 °C is
similar at 1.3. The epitaxial film has a high degree of crys-
talline perfection, as evidenced by the sharp XRD peaks,
and HfB2 has a narrow equilibrium phase width; therefore,
the epitaxial film should be essentially stoichiometric. Scat-
ter in the film stoichiometry data is within the instrumental
resolution, as confirmed by statistical analysis �single factor
analysis of variance, �=0.05�.40 Together, these facts indi-
cate that all the films are close to the ideal stoichiometry of

FIG. 6. �a� Boron 2p peak in the XPS; �b� Hf 5p3/2 peak in the XPS. The
top panel in both the figures is the signal from the surface and the bottom
panel is the signal from the bulk. The surface signal contains contributions
from both the hafnium boride and the respective oxide phases.
B/Hf=2.



1623 Jayaraman et al.: Hafnium diboride thin films by chemical vapor deposition 1623
D. Resistivity and copper diffusion barrier

The room temperature resistivity is 440 �� cm for HfB2

films deposited at 300 °C. At deposition temperatures above
350 °C the resistivity increases sharply as a result of the
development of columnar microstructure and the fall in film
density. For advanced microelectronic applications, where
the growth temperatures should remain below 400 °C the
CVD process yields suitable films �Fig. 8�.

To test the performance of our HfB2 films as impurity
diffusion barriers, a 12 nm film was deposited at 250 °C on
a planar silicon substrate �the native oxide was removed us-
ing 10% HF solution� at a precursor pressure of 2
�10−4 Torr. This film was coated with 30 nm of copper film
in a bell jar evaporator. Two pieces were cleaved from the
substrate and annealed for 30 min in vacuum at 600 °C and
700 °C, respectively. RBS of the film annealed at 600 °C
showed no mixing of copper and silicon and was identical to
the spectrum of the unannealed sample. After the sample had
been annealed at 700 °C, however, interdiffusion did occur
�Fig. 9�. X-ray diffraction of this sample showed Cu3Si peaks
and a diffuse peak from �101�0�HfB2. Grain boundary diffu-
sion is hence a possible failure mechanism.

RBS studies of films grown under the same conditions
showed that the Hf atomic density was �2.3�1022 cm−3.

FIG. 7. Apparent B/Hf atomic ratio in the film surface �squares� and bulk
�triangles� from XPS. The data points at 900 °C represent the epitaxial film.

FIG. 8. Film resistivity from four point probe measurements plotted versus

deposition temperature.
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Although this is only �70% of the theoretical value for a
single crystal, 3.3�1022 cm−3, the diffusion barrier still per-
forms well.

E. Conformal coverage

CVD can produce highly conformal coatings over nonpla-
nar substrates if the surface reaction probability of the pre-
cursor is well below unity.41,42 Conformal coverage is re-
quired for the metallization of trenches and via holes in
microelectronic applications, and future generation technolo-
gies will involve very high aspect ratio �deep and narrow�
features. The reaction limited regime of our CVD process
occurs at Tsub�300 °C; this corresponds to a surface reac-
tion probability less than unity. The reaction probability will
also diminish with increasing precursor flux if surface ad-
sorption sites become blocked by chemisorbed fragments of
the molecule �analogous to a Langmuir adsorption isotherm�.
Here, there is a distinct possibility of site blocking by BHx

groups from the bulky Hf�BH4�4 molecule. A combination of
low substrate temperature and high precursor flux thus yields
a very low surface reaction probability and excellent confor-
mal coverage.

Highly conformal films of HfB2 resulted from a deposi-
tion temperature of 200 °C and a precursor pressure in the
chamber of 1 mTorr �Fig. 10�a��. On a trench in SiO2 that is

FIG. 9. RBS from a multilayer sample �30 nm�Cu/ �12 nm�HfB2/Si, as-
deposited �top�, vacuum-annealed at 600 °C for 30 min �middle� and
vacuum annealed at 700 °C for 30 min �bottom�.
170 nm wide and 290 nm deep, the film thickness on the
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lower sidewalls is 85% of the thickness on the top. To coat a
more demanding feature, a trench which is 65 nm wide and
1200 nm deep �an aspect ratio of 19:1�, we increased the
precursor pressure to 80 mTorr and slowly increased the
temperature to �200 °C until the onset of the growth reac-
tion was just detectable by ellipsometry. �This surface tem-
perature was below the lower limit measurable by our py-
rometer.� The film thickness on the lower sidewalls is nearly
100% of the thickness on the top �Fig. 10�b��. This result is
competitive with the conformal coverage afforded by atomic
layer deposition �ALD�.43 The CVD growth rate was
0.7 nm/min. An even higher growth rate can be achieved if
the aspect ratio of the feature is not very large; for the trench
shown in Fig. 10�a�, the growth rate was 2.7 nm/min.

IV. CONCLUSIONS

A simple CVD route to deposit stoichiometric HfB2 films
at low temperatures is demonstrated. Low temperature films
are dense, amorphous, and highly metallic while those de-
posited at higher temperatures ��500 °C� are crystalline and
columnar. Highly conformal films can be obtained by grow-
ing the films in a reaction-limited regime, especially at a
temperature close to the reaction onset ��200 °C�. A 12 nm
thick film of amorphous HfB2 performed well as a diffusion
barrier, preventing copper and silicon from intermixing when
annealed at 600 °C for 30 min.
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