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ABSTRACT

Low resistivity and fully conformal ZrB, thin films are deposited by remote plasma
chemical vapor deposition using zirconium tetrahydroborate, Zr(BH,)s. The problems with
thermal CVD using this precursor -- excess B incorporation, oxygen contamination, and high
resistivity -- are eliminated by injecting atomic hydrogen from a remote microwave plasma
source onto the substrate. Using this technique, the films are stoichiometric, have ~ 40 uQ-cm
resistivity, < 4 at.% oxygen contamination, and are fully conformal in deep trenches and vias.
We show that a 50 nm thick ZrB; film on c-Si (100) prevents Cu in-diffusion after 1 hour
annealing at 650°C.

INTRODUCTION

Zirconium diboride has many useful properties: high hardness, high melting temperature,
resistance to wear and corrosion, chemical inertness, and excellent electrical conductivity. Thick
films are used as hard coatings for cutting tools, electrodes in aluminum extraction processes,
and coatings for high temperature nozzles and valves [1]. ZrB, is potentially useful as an
interconnect and diffusion barrier material for ultra large scale integrated (ULSI) circuits because
it has a lower resistivity (9 u€2-cm in bulk) and lower diffusivity for metal impurities compared
with TiN, which is the most widely used material in current metallization schemes. Recently, the
diborides ZrB, and HfB, have proven to make ohmic contacts, and to be good diffusion barriers,
for metallization of GaAs and SiC (2,3]. To develop the next generation ULSI technology, with
reduced feature size and increased aspect ratio, it is essential to develop a conformal CVD
method to deposit barrier and metal layers. ZrB, has the lowest resistivity among the materials
tried thus far as a diffusion barrier for Cu metallization. However, conventional CVD of ZrB,
uses ZrCl, as precursor, and the high deposition temperature and Cl contamination have been
serious problems [4].

Zirconium tetrahydroborate, Zr(BH,)4, appears to be an excellent precursor for ZrB;: it is
a single source, has high vapor pressure at room temperature, contains no undesirable impurities
such as C or Cl, and thermally decomposes at relatively low substrate temperatures. However,
previous attempts to deposit films by thermal CVD using Zr(BH,), had problems such as film
peeling, impurity contamination, and high resistivity [5,6]. In this work, we show that ZrB, films
with low resistivity (40-60 uQ-cm), excellent conformal coverage, and excellent diffusion
barrier properties against Cu can be obtained at a substrate temperature lower than 300°C by
injecting atomic hydrogen, generated by a remote microwave plasma discharge of Hj, into the
CVD process.
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EXPERIMENT

Fig. 1 shows a schematic drawing of the deposition chamber which has a base pressure of
1x10°® Torr. Zirconium tetrahydroborate is maintained at 0°C in an ice bath and the precursor
pressure in the chamber is controlled in the range 1.0x107 ~ 0.8x107 Torr by adjusting the flow
rate. The chamber is equipped with a differentially pumped mass spectrometer which is used to
determine the partial pressures of the precursor and stable reaction byproducts. The precursor is
injected into a reaction tube of 2.54 cm diameter which has one open end just above the
substrate; the spacing, and thus the gas conductance, can be varied in order to change the
relationship between precursor flow rate and deposition pressure. Atomic hydrogen is generated
in a 4" o.d. Pyrex tube by plasma dissociation of molecular H, using a 100 Watt microwave

power source, and injected into the center of the reaction tube at a variable distance from the
substrate. In the present experiments, the source pressure is low enough that only surface

reactions occur.

We use Si (100) and glass (Corning 7059) substrates and measure film thickness using a
stylus profilometer and by scanning electron microscopy (SEM). Average growth rate is
calculated by dividing the film thickness by deposition time. Film composition is measured
using Rutherford backscattering (RBS) with 2 MeV He", secondary ion mass spectroscopy
(SIMS), and X-ray photoelectron spectroscopy (XPS). X-ray diffraction (XRD) is used to
identify the phases present.

For annealing experiments, copper is deposited on top of ZrB, by thermal evaporation. A
diffusion sandwich consisting of Cu (100 nm) / ZrB, (50 nm) / Si (100) is annealed in a tube
furnace at 450, 550, and 650 °C for 1 hour in a N atmosphere. The depth profile of Cu is
measured by SIMS and RBS after annealing. The RBS data are fit using the RUMP software.
After measuring composition, the Cu and ZrB, films are etched and SEM is used to examine the
surface morphology.

For step coverage experiments, 0.3 micrometer diameter vias are fabricated in a 1.5 pm
thick SiO; layer on Si (100) by reactive ion etching [7]. After ZrB, deposition, the substrate is
cleaved, etched with 1% HF solution to accentuate the ZrB, / SiO, interface, and coated with 0.5
nm of gold. The microstructure is then resolvable by SEM.

RESULTS

ZrB, films are deposited using a variety of growth parameters with and without the
remote hydrogen plasma. Growth rate (Fig. 2), oxygen concentration (Fig. 3) and resistivity
(Fig. 4) data are shown. Growth rate is increased at a lower substrate temperature (< 300 °C),
and oxygen contamination and resistivity are significantly reduced by hydrogen remote plasma.
In thermal CVD, the overall reaction which leads to ZrB, deposition is [6]:

Zr(BH,), — ZrB, + B,H, +5H,. (1)

In practice, however, the reaction may not reach completion and excess borohydrate
radicals on the growth surface provide an adsorption site for oxygen, and may also become
incorporated into the film. Thus the formation and desorption of diborane and hydrogen
molecules is crucial to the growth of stoichiometric, high quality ZrB, films. t higher ZrB,
growth rates, borohydrates are trapped inside the film which produces peeling and blistering.
We find that borohydrate radical trapping is monotonically related to excess resistivity and

40



oxidation after growth. Even at T, = 800 °C of temperature, borohyrate elimination from the
growth surface is not sufficient, resulting in the oxidation after deposition.

To promote the completion of reaction at a relatively low substrate temperature, we use a
remote hydrogen plasma to generate H atoms which impinge on the growth surface. Because the
precursor partial pressure is ~ 10 Torr and the buffer gas pressure is ~ mTorr, essentially no gas
phase reactions occur. With the plasma on, the diborane intensity measured by the mass
spectrometer increases (Fig. 5). An increase of diborane intensity is observed at a low
temperature, and the effect of the remote plasma is reduced when temperature approaches 500
°C. The film resistivity is reduced from 120 ~ 250 (for thermal CVD) to 40 ~ 60 pQ-cm and the
oxygen contamination is reduced from ~ 10 to less than 4 %.
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Fig. 1 Schematic of deposition chamber.
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Fig. 2 Growth rate of ZrB,. Pyrecursor = 1.2X 10” Torr, Py,=2.3 mTorr, Inputpower =90W.
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Fig. 3. Oxygen contamination of ZrB; films; Plasma Py;=2.3 mTorr, Inputpower = 90W.
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Fig. 4. Film resistivity P___ = 1.2x1 0" Torr, P,,=2.3 mTorr, Input power = 90W.
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Fig. 5. RBS data: Cu 100 nm/ZrB, 50 nnv/Si structure. 1 hour annealing at N, atmosphere. ZrB2:
47 uQ-cm, grown at Ty, = 300 °C, Pprecursor = 1.2x 10°° Torr. Input power = 90 W

Fig. 6. SEM image of Via. 50 nm ZrB,. T = 300 °C, Pprecursor = 1.2x10” Torr. Input
power=90W,
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The RBS spectra of Cu/ZrB,/Si structure after annealing are shown in Fig. 5. The film used for
the experiment has 47 p€2-cm resistivity and appeared amorphous by X-ray diffraction. At 450
°C, no reaction is detected after | hour annealing. Intermixing between Cu and Zr starts from
550 °C. By RUMP simulation, it is found that surface of Cu is oxidized during annealing, which
shifts the onset of the Si and Zr edges. Note that main reason for the peak reduction is oxide
formation, not Cu or Zr diffusion. At 650 °C about 50 nm of Cu film is oxidized. The thickness
of the intermixed ZrB,-Cu layer is less than 20 nm, i.e., the penetration of Cu through the ZrB,
diffusion barrier is very small. And no etch pits are observed on the Si surface by SEM after
removing the metal layers.

Fig. 6 shows the step coverage via a fracture cross-section. It is excellent: the bottom
coverage is almost 100 %, and the side wall 75 %, compared with the top surface.

CONCLUSIONS

Using a remote hydrogen plasma and Zr(BH,)4 precursor, ZrB, films with low resistivity,
high conformality, and excellent diffusion barrier characteristics are deposited. The hydrogen
plasma promotes the removal of excess borohydrate radicals from the growth surface as
diborane. A 50 nm thick ZrB, film grown at 300 °C prevents Cu in-diffusion and silicide
formation after 650 °C annealing for 1 hour. Essentially 100 % bottom coverage is obtained in a
0.3 um diameter via of 5:1 aspect ratio. Thus, ZrB; films grown by remote hydrogen plasma
CVD are well suited for next generation ULSI metallization.
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