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ABSTRACT

We show that growth of the metallic ceramic HfB2 by CVD from Hf(BH4)4 at 220 °C is inherently selective on Al2O3 over SiO2: a 10.4-nm
film grows on Al2O3 in 16 min, whereas only 0.07 nm of HfB2 grows on SiO2 in 18 min. Nucleation occurs on both SiO2 and Al2O3;
however, the Al2O3 surface has a much higher density of nuclei such that HfB2 islands quickly coalesce to form continuous films, followed
by steady-state growth of HfB2. On SiO2, nucleation is sparse and coalescence of the islands takes much longer; as a result, the overall
growth rate is slower. Sparse nucleation on SiO2 also leads to a rough layer with a broad height distribution function: for a deposit contain-
ing 1.6 × 1015 Hf atoms/cm2 (equivalent to a bulk thickness of 0.5 nm for HfB2), the rms roughness is 3.8 nm on SiO2 but only 1.3 nm on
Al2O3. The difference in the formation rate of nuclei (and thus the area density of nuclei) is attributed to the different acid-base character of
hydroxyl groups on these oxide surfaces. We also found that, when growth on SiO2 is desired, the surface can be modified by exposure to
tetrakis(dimethylamido)hafnium, which adsorbs to saturation at ∼1 monolayer. Subsequent exposure of this pretreated surface leads to an
increased density of HfB2 nuclei, a reduced coalescence time, and a smaller roughness of the resulting surface from 3.8 to 1.7 nm. By
contrast, a similar pretreatment on Al2O3 has little effect on the roughness of subsequently grown HfB2 films, which are already relatively
smooth when grown on untreated alumina surfaces.

Published under license by AVS. https://doi.org/10.1116/6.0000691

I. INTRODUCTION

Chemical vapor deposition (CVD) is a powerful technique for
depositing very thin films.1,2 One of the current challenges is devel-
oping CVD processes that deposit films on one surface but not
another, called area-selective deposition (ASD). Such processes in
principle guarantee pattern registry and as a result are likely to
become increasingly important for the fabrication of future genera-
tions of integrated circuits. ASD occurs when the formation and
growth of nuclei are kinetically rapid on one surface but very slow
on another. An important goal is to understand the reasons why
the nucleation process differs on different surfaces.

The most elementary kinetic description of nucleation
includes three parameters: the area density of possible nucleation
sites, the rate at which nuclei form on these sites, and the rate of

film growth on those nuclei. Additional factors, such as island shape
and surface diffusion,2–4 can also affect the nucleation process. To
achieve ASD, the quantity of film deposited on the intended non-
growth surface should be acceptably small—where the allowable
limit is set by the device and fabrication process in question—during
the time required to nucleate and grow the required thickness of film
on the intended growth surface.5 A challenge is to assure a suffi-
ciently small density of nuclei on the nongrowth surface and, if pos-
sible, a small growth rate of those nuclei.

In addition, to achieve very smooth films on the intended
growth surface, the precursor should have a high probability of
reaction with the surface (a high nucleation rate) relative to the
probability of reacting with the nuclei (a low growth rate). Under
these conditions, a high areal density of small nuclei forms on the
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substrate and then growth of these nuclei—possibly accompanied
by continuous formation of additional nuclei—affords complete
coalescence at a small thickness with low surface roughness.3,4,6,7

We have previously described techniques to modify the rate of
nucleation of Co films from the precursor Co2(CO)8. That work
showed how to achieve two opposite goals: (i) to suppress nucle-
ation so that film nucleation and growth occur only on some sub-
strate materials and not on others;9 and (ii) to enhance nucleation
so that the resulting films are ultrasmooth.8

Here, we consider the same goals for the nucleation of HfB2
on oxides by CVD from the precursor Hf(BH4)4.

10 HfB2 is a metal-
lic ceramic material with good electrical conductivity, high hard-
ness, low friction and wear, and excellent diffusion barrier
properties.11 At temperatures below 300 °C, film growth from this
precursor is highly conformal in deep trenches and can coat and
infill porous materials.12 We previously described a method to
enhance the nucleation density of HfB2 on c-Si, based on remote
plasma treatment of the substrate surface,13 and a method to limit
the growth rate of HfB2 islands on SiO2, based on coflow of a
molecular inhibitor.14

The present work introduces two new effects: first, we show
that deposition of HfB2 can be achieved selectively on acidic oxides
substrates but not on basic oxides, e.g., nucleation and growth on
Al2O3 is fast but on SiO2 is slow; and second, pretreatment of an
SiO2 surface with tetrakis(dimethylamido)hafnium (TDMAH)
greatly enhances nucleation on this surface, and thus enables the
growth of ultrasmooth films.

II. EXPERIMENT

CVD experiments are performed in a cold wall turbopumped
growth chamber of high vacuum construction described elsewhere;
the base pressure is 5 × 10−8 Torr, most of which is H2.

10,15 The
precursor Hf(BH4)4 is synthesized from LiBH4 and HfCl4 by a liter-
ature route originally developed for the zirconium analog.16 The
precursor is maintained in a stainless steel container immersed in a
water bath and delivered to the chamber without a carrier gas
through a 0.4 cm i.d. stainless steel tube aimed at the substrate to
sustain a chamber pressure of 0.05 mTorr. The forward-directed
gas stream produces a flux at the substrate surface that is approxi-
mately a factor of 2 higher than indicated by the isotropic back-
ground chamber pressure, which is measured by a capacitance
manometer. TDMAH is supplied by Sigma-Aldrich and used as
received. It is maintained in a separate metal container and is sup-
plied at room temperature without carrier gas through a separate
stainless steel tube aimed at the substrate. The pressure of precur-
sors in the chamber is below the detection limit of the manometer
(∼10−6 Torr). Substrates are radiatively heated to 220 °C, as mea-
sured by a K-type thermocouple attached to the front of the sample
holder. For the samples with the pretreatment step, the SiO2

surface is exposed to TDMAH for 2 min at a temperature of
220 °C. In another study (manuscript in preparation), we investi-
gate a dosing time of 30 s to 10 min on CVD of cobalt (manuscript
in review). The adsorption saturates fast on the oxide (<30 s).
When the dosing time is larger than 30 s, we did not observe any
difference on film roughness and nucleation rate. HfB2 deposition
is performed 8min after the pretreatment, so that residual

TDMAH molecules that desorb from the room temperature
chamber walls are pumped away.

Substrates are microelectronic grade Si wafers with 300 nm
thermal SiO2 or 10 nm Al2O3 deposited by atomic layer deposition
(ALD) from trimethylaluminum and water at 80 °C. They are
degreased by washing successively with acetone, isopropyl alcohol
(IPA), and de-ionized water, and then cleaned by UV ozone treat-
ment for 10 min before the substrates are loaded into the chamber.
From our previous work,9 this cleaning process affords a reliable
starting surface for deposition.

To detect and quantify areal densities of nuclei, we use two
tools: in situ ellipsometry and ex situ atomic force microscopy
(AFM). Spectroscopic ellipsometry (SE) has proved to exhibit
reproducible changes when nuclei form on the surface with suffi-
cient size and density.17 Because the initial morphology is highly
anisotropic, it is not physically meaningful to fit data using simple
assumptions in an effective medium theory, and thus, we report
change in the ellipsometric angle Ψ at a single energy, 2.65 eV,
which provides the greatest sensitivity to the onset of nucleation, as
discussed previously. However, AFM is able to detect a very low
density of islands, even on surfaces for which ellipsometry detects
nothing. Nuclei densities are obtained by counting islands in
500 × 500 nm AFM images of SiO2 substrates and in 250 × 250 nm
images of Al2O3 substrates. The counting was carried out in qua-
druplicate for each sample to calculate a standard deviation. Note
that tip convolution effects set a limit on the ability to resolve
islands as separate when they are very close to each other. Film
roughness is also measured by AFM.

The areal density of metal atoms is measured ex situ by
Rutherford backscattering spectroscopy (RBS); we report an equiv-
alent film thickness by fitting the areal atomic density of Hf atoms
and converting it to film thickness using the bulk density of Hf
atoms in stoichiometric HfB2. Unless stated otherwise, all thick-
nesses are equivalent film thicknesses; in a previous work, we
found that the density of HfB2 grown in this temperature range is
∼30% less than bulk.12 For samples that have been pretreated with
TDMAH, the resulting density of Hf atoms on the surface8 is
∼4.6 × 1014 /cm2; this number is subtracted from the areal density
of Hf atoms after exposure to Hf(BH4)4 to obtain the amount of
film deposited from the latter molecule.

The growth of thick films, i.e., beyond the nucleation and coa-
lescence stage, is measured by SE. Data versus time are fit using a
Lorentz oscillator model18 for the optical properties of bulk HfB2,
and a multilayer optical model (in the COMPLETEEASE® software) to
extract the film thickness. The model includes an effective medium
representation of surface roughness; the thickness of the roughness
layer varies from 1 to 5 nm in order to minimize the mean squared
error of the fit.

III. RESULTS AND DISCUSSION

A. ASD of HfB2 on SiO2 and Al2O3

When Al2O3 substrates are exposed to Hf(BH4)4 for various
times at 220 °C, SE detects the onset of HfB2 deposition in <2 min
(Fig. 1), i.e., the nucleation delay is relatively short. The deposition
rate increases with time and, following coalescence of the nuclei
into a continuous film at ∼5 min, stabilizes at ∼1.5 nm/min (from
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SE) or ∼1 nm/min (from RBS). (The disagreement between RBS
and SE measurements of thickness is expected due to the reduced
physical density and the surface roughness of the films; RBS is
quantitative in terms of Hf coverage per area.) A 10.4 nm film
(from RBS) is grown on Al2O3 in 16 min.

The conclusion that nucleation is fast on Al2O3 is confirmed
by AFM images, which show that there are ∼4300 nuclei per μm2

after 3.5 min of exposure to Hf(BH4)4 (Table I). The surface
quickly reaches coalescence, after which the maximum height—
which then represents the peak to valley roughness—is relatively
constant.

In contrast, when SiO2 substrates are exposed to Hf(BH4)4 for
various times at 220 °C, the nucleation delay (from SE) is more
than 15 min and only 0.07 nm of HfB2 (by RBS) is deposited in
18 min. Thus, deposition of HfB2 is inherently selective on Al2O3

over SiO2, as shown by the ratio of deposited material of ∼150:1
for these conditions.

Although SE detects no nucleation on SiO2 over the first
15 min, some islands are formed on the surface during this time as
shown by RBS and AFM: for a deposition time of 10 min, the RBS
equivalent thickness is 0.015 nm, and AFM reveals the presence of
110 ± 35 nuclei per μm2 having a maximum height of ∼8 nm
(Fig. 2 and Table I). The AFM-determined density of nuclei
increases linearly with deposition time (Table I and Fig. S2 in the
supplementary material19), and extrapolation back to zero density
suggests that nucleation begins at ∼6 min. Because islands with
height≤ 2 nm are generally not detectable by AFM because they
are comparable to fluctuations in the substrate height, nucleation
probably commences in less than 6 min.

At any one time, the number of islands decreases monotoni-
cally with height [Figs. S3(c) and S3(d) in the supplementary
material19], a dependence that corresponds to continuous forma-
tion of nuclei over time.20 If, instead, nucleation had occurred in a
narrow time interval (e.g., near t = 0), then the height distribution
would exhibit a peak that shifts to greater heights as deposition
proceeds. The maximum height increases linearly with growth
time, with an intercept close to t = 0 (Fig. 3); this time depen-
dence21 indicates that nucleation commences almost immediately
upon exposure of the SiO2 surface to the Hf(BH4)4 precursor.
There is also a linear correlation between island radius, as calcu-
lated from the projected area, and height [Figs. S3(a) and S3(b) in
the supplementary material19], consistent with conservation of
island shape. Of course, the maximum height in AFM represents
an island height only when the lowest point(s) in the image corre-
spond to the bare substrate, i.e., before coalescence. That is the case
for these data.

These results show that, between t = 0 and coalescence, the net
HfB2 growth rate (accumulation of material) is much faster on Al2O3

than on SiO2 due to the higher nucleation rate and the higher
density of nuclei on the former surface. For example, on Al2O3, it
takes only 3.5min to reach an equivalent thickness of 0.59 nm,
whereas on SiO2, it takes 24.5 min to reach an equivalent thickness
of 0.39 nm. A possible means to further enhance the selectivity for
growth on Al2O3 would be to perform a periodic etch, which would
remove the small number of stray nuclei on SiO2; such a protocol
would also remove tall islands on the Al2O3 surface (e.g., 8 nm),
which are undesirable for many applications.22–24

In addition to the faster nucleation on Al2O3, the growth rate
of individual islands is faster on Al2O3 than on SiO2: on Al2O3, the
tallest islands reach ∼8 nm in only in 3.5 min, whereas on SiO2, the
tallest islands reach ∼8 nm after 10 min of deposition. The mecha-
nism responsible for this difference is unknown, but it may involve
the rate at which adspecies—either precursor or by-product—can
be transported between the island surface and the bare substrate by
diffusion.

There is a temperature “window” for successful ASD; for that
reason, the present work utilizes a fixed temperature of 220 °C. At
higher temperatures (such as 250 °C), deposition of HfB2 is fast on

FIG. 1. (a) In situ ellipsometry parameter Ψ, at a photon energy of 2.65 eV, vs
time for HfB2 deposition from Hf(BH4)4 on SiO2 and Al2O3. (b) HfB2 equivalent
film thickness measured by RBS vs deposition time. The RBS fit assumes bulk
film density.
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both Al2O3 and SiO2. At lower temperatures (such as 200 °C), dep-
osition is very slow and the total growth time is unacceptably long
[Fig. S1 in the supplementary material19]. Furthermore, at low tem-
perature, a large fraction of the Hf(BH4)4 precursor molecules are
wasted (i.e., they pass through the chamber without reacting)
during growth due to their lower reactivity.

B. Film roughness on Al2O3 and SiO2

In power spectral density (PSD) analysis, the amplitude at
high spatial frequencies corresponds to short-range roughness on

the surface, and the amplitude at low frequencies corresponds to
long-range roughness; the integral over the PSD distribution in a
limited frequency range is related to the square of the rms roughness
of the surface.25 For the ∼0.5 nm thick HfB2 sample in Fig. 4, the
PSD distribution exhibits a plateau at low k (i.e., distances longer
than about 10 nm) that is an order of magnitude smaller on Al2O3

than on SiO2 (Fig. 5). This distribution indicates that the initially
formed HfB2 nuclei are significantly smoother on Al2O3 than on
SiO2, consistent with our previous work on film morphology as a
function of nucleation density and island growth rate.8,14 The similar
magnitudes of the PSD at high k (i.e., distances shorter than 10 nm)

TABLE I. Deposition of HfB2 at 220 °C on SiO2 and Al2O3, in some cases after pretreatment with TDMAH.

Substrate
Deposition time

(min)
Equivalent thickness

(nm)
rms roughness

(nm)

Nuclei
density
(μm−2)

Average nucleation rate
(μm−2 min−1)

Al2O3 3.5 0.59 1.3 4300 ± 360 1230
SiO2 10 0.015 0.3b 110 ± 30 11
SiO2 18 0.07 1.7 520 ± 30 29
SiO2 24.5 0.39 3.8 730 ± 60 30
SiO2 34 5.8 4.6 1000 ± 60 30
SiO2

a 16.5 0.42 1.7 2600 ± 80 156
Al2O3 7.3 1.9 1.4 Continuous films
Al2O3 16 10.4 1.1 Continuous films
Al2O3

a 8.3 1.9 1.7 Continuous films

aWith TDMAH pretreatment.
bBefore coalescence of nuclei, the roughness is dependent on the equivalent thickness (deposited atoms per area) and roughness is meaningful only when
similar thicknesses are compared between samples. The rms roughness on the SiO2 substrate with a 10-min growth time (second row in the table) is very
low because most of the surface is bare; hence, the roughness is dominated by the very smooth SiO2 surface.

FIG. 2. AFM images of HfB2 films on SiO2 after 10 min of deposition at 220 °C.

FIG. 3. Maximum height of HfB2 islands on SiO2 as a function of deposition
time at 220 °C. The solid line is a least squares fit; the line has a slope of
0.91 nm min−1 and intercepts the x axis at 0.6 min. These data show that the
island growth rate is constant, independent of the island size.
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indicate that short-range (local) smoothing mechanisms, such as
diffusion of adspecies on the film surface, are likely active.

Oxide surface is typically covered by hydroxyl groups (OH)
unless annealing in dry environment at high temperature.26 And
these hydroxyl groups have a basic or acidic character.27,28

Nucleation of HfB2 likely takes place on these hydroxyl (ZOH)
groups. [In our previous work on Co growth, we indicated that
siloxane rings are also good nucleation sites for Co2(CO)8, but the
density of these sites is significant only on highly dehydroxylated

SiO2 surfaces.] On fully hydroxylated Al2O3, the density of OH
groups29 is ∼107 μm−2 and on fully hydroxylated SiO2, it is26

∼4.6 × 106 μm−2. For the samples described above, the density of
HfB2 nuclei is 4300 ± 362 μm−2 on Al2O3 and 730 ± 65 μm−2 on
SiO2. Both densities are more than 3 orders of magnitude smaller
than the respective hydroxyl densities; therefore, there is no deple-
tion of available sites as nucleation occurs (Fig. S3 in the supple-
mentary material19).

If we define the average nucleation rate as the density of nuclei
divided by the growth time, then the rate (nucleation probability)
on Al2O3 is 40 times higher than on SiO2 (Table I). Although the
cause of the higher nucleation probability on Al2O3 is not known,
we believe that the basicity of the oxide surface (hydroxyl groups)
plays a significant role. First, Lewis bases are known to induce the
decomposition of Hf(BH4)4 to generate hafnium hydrides and
borane-base adducts.30,31 Because the Al2O3 surface is more basic
than SiO2, similar decomposition reactions should be more favored
on alumina than on silica. The net result would be that Hf(BH4)4
precursor will transform to a nonvolatile reaction product; once the
precursor can no longer desorb from the surface, it becomes a
potential nucleation center. Second, when M(BH4)4 (M = Zr and
Hf) molecules are adsorbed on alumina and silica, the surface-
bonded M(BH4)x species decompose at lower temperature on
Al2O3 than on SiO2.

32

C. Effect of TDMAH on HfB2 nucleation

The above results show that HfB2 growth on SiO2 is slow to
nucleate, which makes it difficult to grow a continuous thin film
and the surface is very rough. We find that nucleation can be
greatly accelerated on SiO2 by pretreatment of the surface with
TDMAH. At 220 °C, adsorption of TDMAH is self-limiting, result-
ing in the formation of surface-bound M(DMA)x(OZSiv)

FIG. 4. AFM images and height distribution functions for HfB2 films of similar
mean thicknesses (0.39 vs 0.59 nm) grown at 220 °C on Al2O3 and SiO2 for
deposition times of 3.5 and 24.5 min, respectively. On Al2O3, there is no sub-
strate contribution to the data. On SiO2, the sharp peak is mainly from the sub-
strate surface and the broad shoulder is from the HfB2 islands.

FIG. 5. Power spectral density of surface roughness from AFM data for the
samples in Fig. 4 and for an SiO2 substrate that had been pretreated with
TDMAH. All samples have similar thicknesses (from top to bottom: 0.39, 0.42,
and 0.59 nm). Deposition times are 24.5, 16.5, and 3.5 min.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 39(2) Mar/Apr 2021; doi: 10.1116/6.0000691 39, 023415-5

Published under license by AVS.

https://avs.scitation.org/journal/jva


intermediates.33–35 HfB2 growth on top of these intermediates is
fast: a sample with an equivalent thickness of 0.42 nm is deposited
in 16.5 min, which is 8 min shorter than the time required to grow
a similarly thick film on a nontreated SiO2 surface under otherwise
identical conditions. Deposition of HfB2 onto the pretreated
sample affords a higher density of nuclei, ∼2580 ± 82 μm−2 (Table I
and Fig. S4 in the supplementary material19), compared with
733 ± 65 μm−2 without pretreatment, leading to a much smaller
roughness, 1.7 vs 3.8 nm. As judged from the PSD function, only
long-range roughness is reduced whereas short-range roughness
remains unchanged (Fig. 5). Thus, pretreatment of SiO2 by expo-
sure to TDMAH enhances nucleation and reduces the roughness of
HfB2 films grown by CVD from Hf(BH4)4. HfB2 on the pretreated
surface are, however, still not as smooth as on a native Al2O3

surface.
In contrast to pretreatment of SiO2, TDMAH pretreatment of

the Al2O3 surface has little or no effect nucleation. It takes slightly
longer (8.3 vs 7.3 min) to grow a film of similar thickness (1.9 nm)
and the film is slightly rougher (1.7 vs 1.4 nm) (Table I and Fig. S5
in the supplementary material19).

One advantage of TDMAH is that it exhibits self-limiting
adsorption when used as a precursor for ALD. This property
means that nucleation enhancement by pretreatment of SiO2 with
TDMAH should also work in deep features.

IV. SUMMARY AND CONCLUSIONS

Selective deposition of HfB2 on Al2O3 over SiO2 is demon-
strated from the precursor Hf(BH4)4 at 220 °C. Interestingly, nucle-
ation occurs readily on both Al2O3 and SiO2, but on Al2O3, the
density of nuclei is a factor of 40 higher and the islands appear to
grow twice as fast as on SiO2. The higher density leads to a
smoother film on Al2O3: in the PSD, the low-frequency roughness
is significantly lower for initially grown HfB2 on Al2O3 than SiO2.
At an equivalent thickness of ∼0.5 nm, the rms roughness is
∼1.3 nm on Al2O3 and ∼3.8 nm on SiO2. Pretreatment of SiO2 sur-
faces by exposure to TDMAH increases the density of nuclei by a
factor of 5 and reduces the rms roughness. However, TDMAH pre-
treatment of Al2O3 surfaces does not improve (in fact, slightly
degrades) the morphology of the films.
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