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ABSTRACT

In this paper, we develop multilayer optical theory to model the real-time (in operando) optical response of a growing dielectric film being
deposited by chemical vapor deposition (CVD), with a particular emphasis on understanding the deposition mechanism through direct
detection of the adsorbates responsible for film growth by infrared reflection-absorption spectroscopy (IRRAS). The model involves a four-
layer stack consisting of a vacuum over a monolayer or submonolayer of molecules adsorbed on the surface of a dielectric thin film, which,
in turn, is growing on a metal substrate. It is well known that, in IRRAS, the sensitivity of p-polarized light to absorption by the molecular
adsorbates is a function of the incident angle of the IR beam: at high angles, the sensitivity is highest. We show that, for incident beam
angles above 70° (which are typically used in IRRAS experiments), the sensitivity also depends on the thickness and refractive index of the
insulating thin film; as a result, the sensitivity changes dynamically during the growth of the dielectric layer. Our analysis shows that, at inci-
dent beam angles of ∼60°–70°, the sensitivity to molecular adsorbates is somewhat lower, but is almost independent of the oxide thickness
from 0 to 100 nm and also independent of the oxide refractive index from 1.0 to 2.5. Despite the loss of sensitivity relative to that achievable
at higher incident beam angles, 1000 scans at an incident angle of 60° are sufficient to obtain IR spectra of the adsorbed molecules with rea-
sonable signal-to-noise ratios even at submonolayer coverages. Because the sensitivity at this incident beam angle is not thickness dependent,
it is not an issue (as it is at higher beam angles) that additional oxide grows during the time required to acquire 1000 scans. Experiments
can be performed using a conventional vacuum deposition system, in which the internal beam path is tens of cm. We demonstrate the use
of these smaller incident beam angles to study the mechanism of a CVD process in real time by polarization-modulation IRRAS, obtained
by subtracting the s-polarized from the p-polarized infrared spectra in order to eliminate the unpolarized component due to molecules in
the beam path and on windows. We explore the surface coverage of various adsorbed intermediates during CVD of HfO2 from tetrakis-
(dimethylamido)-hafnium (TDMAH) and water in the presence of the consumable inhibitor magnesium N,N-dimethylamino-diboranate
[Mg(DMADB)2]. We find that the addition of the Mg(DMADB)2 inhibitor causes a decrease in the IR absorption from the adsorbed
TDMAH precursor that correlates with the observed decrease in the HfO2 growth rate; this result indicates that the mechanism of inhibition
involves Mg(DMADB)2 acting as a dynamic site-blocker that lowers the surface coverage of TDMAH.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001328

I. INTRODUCTION

Since the pioneering work of Francis and Ellison,1 infrared
reflection-absorption spectroscopy (IRRAS) has widely been used to
study thin films,2 gas-liquid interfaces,3 Langmuir–Blodgett mono-
layers,4 and surface catalytic reactions5–10 on metallic substrates. For

example, IRRAS, which involves reflecting the IR beam from a
planar substrate, has previously been used to evaluate surface reac-
tions during film growth by atomic layer deposition (ALD).11–15 In
ALD, precursor molecules and coreactants are introduced sequen-
tially; after each pulse, the chamber is evacuated or purged and the
molecules adsorbed on the growth surface are quasistatic (they
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remain until the coreactant molecules are injected on the following
pulse). Measuring the IRRAS of molecules adsorbed on the surface
is relatively simple because a large number of interferometer scans
can be taken during the quasistatic period after the evacuation or
purge step, during which time there is no signal from molecules in
the gas phase; furthermore, spurious signals from species adsorbed
onto the chamber windows can be avoided by covering the windows
during the gas pulses.

In contrast, there are several reasons why it is experimentally
challenging to employ IRRAS to detect surface species in operando
during a chemical vapor deposition (CVD) process: (1) the adsorbed
species are present in submonolayer amounts so that the signal avail-
able is limited, (2) molecules in the chamber gas phase and adsorbed
onto chamber windows may contribute a large background signal
that swamps the signal due to species adsorbed on the surface, and
(3) continuous growth of the dielectric film on the substrate may
change the IR background or sensitivity to the adsorbates.

Owing to these issues, IRRAS has rarely been used to detect
surface adsorbates present during CVD processes in real time.
Instead, in the context of CVD, this technique has mostly been used
to detect gas-phase species,16–18 to study precursors dosed once (i.e.,
not continuously) onto surfaces,9,10,19–23 or to study processes in
which the gas-phase species do not absorb in the IR (such as atomic
species and symmetric diatomic molecules such as H2).

24,25 In a
previous study, we monitored—in real time—the progress of a
plasma CVD process by subtracting from each spectrum in the time
series a background spectrum taken before initiating film growth.26

In that system, however, the IR modes of the gas-phase species did
not overlap with those in the film; there was negligible window
coating, which eliminated problem (2); and we used a carefully
designed multilayer “optical cavity” substrate to eliminate problem
(3) for films up to 20 nm thick.27

An alternative way to solve the problem of absorption by mole-
cules in the gas phase and adsorbed onto windows is to use polarized
light at grazing incident angle, taking advantage of the fact that in
p-polarization (i.e., perpendicular to the surface plane) the superposi-
tion of incident and reflected waves enhances the surface electric field

and the absorption strength, whereas in s-polarization (i.e., parallel to
the surface plane) there is no surface electric field and no surface
absorption. Because absorption from molecules in the beam path and
from molecules adsorbed on windows is not polarization-dependent
(provided that the beam passes essentially perpendicularly
through the windows), subtraction of the s-polarized signal from
the p-polarized signal removes the unpolarized component and
affords signals due only to surface adsorbates.2,5,28 This alternative
approach is termed polarization-modulated infrared reflection-
absorption spectroscopy (PM-IRRAS). For PM-IRRAS studies of
adsorbates on metallic substrates in the absence of an intervening
dielectric (e.g., oxide) overlayer, it is well known that the maximum
absorption factor for p-polarization occurs at an incident angle of
the IR beam with respect to the surface normal of about 88° (i.e., a
grazing angle of 2°).9,10,29–28

But we now show that there is a problem associated with the
use of PM-IRRAS in operando, i.e., in real time, during CVD growth
of a dielectric film on a metallic substrate. We present a theoretical
analysis of PM-IRRAS for a metal/dielectric/adsorbate/vacuum stack,
in which the adsorbate is present in monolayer quantities, but the
thickness of the dielectric layer changes during the course of the
experiment owing to the CVD process. The analysis shows that, at an
IR incident angle of 88°, the sensitivity factor for detection of the
adsorbed monolayer in the p-polarized spectrum decreases by about
a factor of 10 as the thickness of the dielectric layer increases from 0
to 100 nm. To be sure, it may be possible to acquire data with an ade-
quate signal-to-noise ratio (SNR) in a time short enough that the
change in sensitivity factor is small enough to be neglected or can be
corrected for. But this dependence means that a significant correction
must be made when comparing spectra (and derived quantities such
as surface coverages) taken at different times in the growth process.
In contrast, we find that, at a less grazing incident angle of 60°–70°,
the sensitivity factor for p-polarization is smaller than at an incident
angle of 88° (i.e., the SNR is smaller), but it changes by only 0.5%
over this 0–100 nm thickness range, which allows a longer collection
time for each spectrum to compensate for the lower sensitivity factor.
This lower-angle variant of PM-IRRAS offers an experimental trade-
off: compared with operating at high incident angles, the sensitivity
factor is smaller but is constant over time as the film thickens. The
use of a smaller incident angle also eliminates the need to employ a
beam with a very small divergence.30

We apply this lower-angle variant of PM-IRRAS to study how
the addition of a consumable inhibitor affects the CVD of HfO2 at
120 °C from the precursor tetrakis-(dimethylamino)-hafnium, Hf
(NMe2)4 (TDMAH) and water; such inhibitors can be used during
trench filling to suppress rapid growth near to a trench opening, called
the “breadloaf” effect, and thus eliminate voids due to pinch-off.31

Previous work presented no direct evidence for the mechanistic role of
the inhibitor during growth; here we use PM-IRRAS to show that one
inhibitor, the magnesium N,N-dimethylamino-diboranate compound
Mg(DMADB)2,

32 inhibits HfO2 growth by reducing the dynamic
surface coverage of adsorbed TDMAH available for film growth.

II. EXPERIMENT

A schematic diagram of the turbo-pumped CVD chamber
used for the IR experiments is shown in Fig. 1; the chamber has a

FIG. 1. Schematic representation of the infrared reflection-absorption spectro-
scopy and CVD system.
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base pressure of 1 × 10−7 Torr. The substrate is prepared by depos-
iting 5 nm of Cr followed by 50 nm of Au onto Si(1 0 0) using an
e-beam evaporator; the Cr improves the adhesion of the Au layer.
The substrate is maintained at 120 °C by thermal conduction from
the substrate holder, which is heated by two embedded cartridge
heaters. The temperature is measured by a K-type thermocouple
attached to the sample holder.

A parallel IR beam, generated by a Michelson interferometer,
is focused by mirrors onto the substrate and collected by a cooled
HgCdTe (MCT) detector. The beam has a total divergence of ∼10°;
thus, at a reported incident angle of 60°, the angle actually varies
from 55° to 65°. A ZnSe wire grid polarizer, mounted on a motor-
ized rotational stage, is placed in the path before the detector to
select either p- or s-polarized light. The beam enters and exits the
chamber through IR transparent KBr windows. The external beam
path is enclosed in N2-purged plexiglass boxes to minimize stray
absorption from impurities such as CO2 and H2O in the atmo-
sphere. Nonetheless, weak features at 2340 and 2360 cm−1 due to
CO2 are present in all the raw spectra, and their intensities fluctuate
slightly due to variations in the residual concentration of CO2 in
the N2-purged external beam path.

The precursor TDMAH is obtained from Sigma-Aldrich and
used as received; the inhibitor Mg(DMADB)2 is synthesized by a
literature route.32 De-ionized water is used as the coreactant; the
water injection rate (partial pressure) is controlled using a needle
valve. All molecules are maintained at room temperature and deliv-
ered to the chamber without a carrier gas. TDMAH and water are
supplied through two separate 0.4 cm i.d. stainless steel tubes
aimed at the substrate to establish partial pressures in the chamber
of 0.70 and 0.15 mTorr, respectively. The TDMAH and H2O
partial pressures are chosen so that TDMAH is not consumed too
rapidly and the surface coverage is consequently high enough to be
detected by IR absorption. The inhibitor Mg(DMADB)2 is supplied
through a tube of the same i.d., but aimed toward the back side of
the chamber to establish an isotropic partial pressure of either 0 or
2 mTorr. By contrast, the forward-directed fluxes (TDMAH and
water) emerge from the dosing tubes over a narrow cone angle and
therefore impact the substrate over a relatively small area; hence,
the fluxes at the substrate surface are larger than indicated by their
isotropic partial pressures in the chamber.33 However, the addition
of the inhibitor at 2 mTorr will introduce some gas-phase scattering
and reduce the forward-directed fluxes at the substrate. During
experiments, the gate valve to the turbopump is slightly throttled to
establish the partial pressures stated above.

The bare substrate is used to collect both s- and p-polarized
background spectra; these spectra can be used when it is desirable to
cancel the background signal from the substrate, which is different in
p- and s-polarization (if one simply subtracts the s-polarized spectra
from the p-polarized spectra during CVD, large peaks due to the
substrate will be present). Afterwards ∼20 nm of HfO2 is deposited
from TDMAH and water to establish a continuous oxide surface, i.e.,
to avoid the changing morphology associated with initial nucleation
and coalescence. During the experiments, TDMAH and water are
continuously injected to grow HfO2, while IRRAS spectra in p- and
s-polarizations are taken alternately. The interferometer is set to
acquire data at a resolution of 8 cm−1; 1000 scans are averaged for
each spectrum, which takes about 2.5 min per spectrum (5min for a

pair of spectra). Whenever a growth condition is changed, e.g., upon
introduction of Mg(DMADB)2, data collection begins after a 2 min
waiting time. To extract the absorption signal due to the adsorbates
on the substrate surface, each s-polarized spectrum is subtracted
from the p-polarized spectrum.

The areal density of Hf atoms is measured ex situ by Rutherford
backscattering spectrometry (RBS) and then converted to equiva-
lent HfO2 thickness using the bulk density for the Hf sublattice in
HfO2 (9.68 g/cm

3). The growth rate is determined by the equiva-
lent film thickness divided by the growth time. Films grown by
CVD at low temperature typically have a lower density than
perfect crystalline materials; for example, at 200 °C the HfO2

density is only 86% of the bulk value.31 Thus, the physical thick-
ness is larger than the equivalent thickness reported here. The Mg
contents of films grown in the presence of Mg(DMADB)2 are ana-
lyzed by x-ray photoelectron spectroscopy (XPS, Kratos Axis
ULTRA using Al source).

The thickness of the deposited HfO2 layer can be determined
in situ from the height of the characteristic absorption peak at
∼700 cm−1. In calibration experiments (not shown), we found that
this peak scales almost linearly with the areal density of Hf atoms
determined ex situ by RBS. The peak height thus affords a stepwise
measurement of the HfO2 growth rate.

III. RESULTS AND DISCUSSION

A. Theoretical analysis of PM-IRRAS spectra of a metal/
oxide/adsorbate/vacuum stack

Before we describe our studies of the growth of HfO2 by CVD,
we consider the optical response expected from molecules adsorbed
on top of a thin dielectric layer, which itself is on top of a metal
substrate (Fig. 2). Because we are interested in adsorbate and dielec-
tric layers that are thin relative to the wavelength of the incident
light, interference effects will be phase coherent.

This “four-layer” problem in multilayer optics is more compli-
cated than the classical “three-layer” problem considered originally
by Greenler,30 which does not include the intervening oxide thin
film, but can be solved in the same way by applying the appropriate
boundary conditions to Maxwell’s equations and employing recur-
rence relations that connect the electric and magnetic field compo-
nents at each interface.30,34–36 We define dj, nj, kj, and θj to be the
thickness, refractive index, extinction coefficient, and IR beam inci-
dent angle for layer j, respectively. The vacuum is denoted as layer

FIG. 2. Schematic representation of two coherent layers on a semi-infinite
substrate.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 39(6) Nov/Dec 2021; doi: 10.1116/6.0001328 39, 063221-3

Published under an exclusive license by the AVS

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


0, the adsorbed monolayer as layer 1, and the oxide thin film as
layer 2; the substrate is denoted by subscript 3. Following
Greenler,30 let us further define the following parameters δj (a
phase shift term) and ηj (the complex refractive index resolved into
its p- and s-polarized components):

δ j ¼
2πdj
λ

(αjcosθj � iβj),

ηj ¼
(nj � ikj)

2

αjcosθj � iβj
for p polarization,

ηj ¼ αjcosθj � iβj for s polarization,

where λ is the wavelength of the incident light, the αj parameters
describe Snell’s law-type relations between the directions of propaga-
tion in adjacent layers, and the βj parameters are attenuation factors
in a direction normal to the interfaces.30 The αj and βj parameters
can be calculated from Snell’s law in absorbing materials,

n0sinθ0 ¼ αjsinθj,

α2
j � β2j ¼ n2j � k2j ,

βj(αjcosθj) ¼ njkj:

With these definitions, the coefficient of reflectance for the
four-layer assembly is given by Eq. (1) in the limit of coherent
interference,27

R ¼ ρρ*, where ρ ¼ η0 � C/B
η0 þ C/B

(1)

and the quantities B and C, which define the optical admittance of
the assembly, are calculated from the following matrix equation:

B
C

� �
¼

Yj¼2

j¼1

cosδj
isinδ j
ηj

iηjsinδ j cosδ j

0
@

1
A

2
4

3
5 1

η3

� �
: (2)

From Eq. (1), we can compute the absorption factor AF (equiva-
lent to a sensitivity), which indicates the signal-to-background ratio
of an infrared absorption band due to the molecular adsorbates:30

AF = (R0− R)/R0, where R is the measured reflectance and R0 is the
baseline reflectance in the absence of the molecular adsorbates (i.e.,
d1 = 0). Here, we are interested in determining how AF for an absorp-
tion band due to the molecular adsorbates depends, at a given inci-
dent angle (θ0), on the thickness of the oxide layer (d2), which is
changing during a CVD experiment.

We perform simulations using the following parameters. For
the layer of adsorbates, we assume a refractive index n1 of 1.3,30

which is similar to that of a light hydrocarbon, an extinction coeffi-
cient k1 of 0.1, which represents a moderately strong IR absorption
band, and a thickness d1 of 1 nm. For the underlying layers, we set
n2 = 2 and k2 = 0 for the oxide thin film and n3 = 7 and k3 = 32 for

the Au substrate; the former values are typical for bulk oxide37,38

and the latter are typical for metals in the IR range.30,38,39 The
wavelength is set to 4000 nm (corresponding to a frequency of
2500 cm−1), which is large compared with the thickness of the
oxide thin film and the molecular adsorbate layer, and close in
energy to the IR bands of interest in the current work.

With the values given above, Fig. 3(a) shows how the absorp-
tion factor of an IR band due to the molecular adsorbates depends
on the incident angle θ0 for several different thicknesses of the oxide
layer d2. The absorption factor for p-polarization, AF(p), is always
much larger at high incident angles (θ0 > 60°). For example, in the
absence of an intervening oxide thin film (i.e., when d2 = 0 nm), AF
(p) reaches a maximum at 88°, where it is about 5000 times larger
than that at 0°, as deduced originally by Greenler.30 Thus, for mole-
cules that are directly adsorbed onto metal surfaces, spectra with the
best signal-to-background ratio can be realized at this angle.

However, our calculations show that, at an incident angle of
88°, AF(p) is highly sensitive to the thickness of the underlying oxide
thin film [Fig. 3(b)]. For example, AF(p) declines by 20% when d2
increases from 0 to 10 nm and by 90% when d2 increases from 0 to
100 nm. This dependence makes it difficult to make quantitative
comparisons between spectra collected in the early stages (when the
oxide is thin) and later stages (when the oxide is thick) of a CVD
film growth process. Significantly, however, when the beam incident
angle θ0 is smaller, the dependence of AF(p) on d2 is less significant.
At an incident angle of 80°, AF(p) declines by only 40% when d2
increases from 0 to 100 nm, and at 60°, the decline is only 0.5%. For
s-polarization, the absorption factor is more sensitive to d2 at lower
incident angles [Fig. 3(c)], but at incident angles of 60° or greater
AF(s) is always negligible compared with AF(p). Thus, by using an
incident angle well below 88° (experimentally we use 60°, but angles
up to 70° can be considered), we can improve the constancy of the
absorption factor as a function of the thickness of the oxide thin
film, at the cost of losing some sensitivity. This protocol allows
better comparisons to be made about surface coverages and surface
compositions early and late in the CVD process.

We also calculated how the absorption factor AF(p) depends on
the incident angle θ0 for several values of the refractive index n2 of
the oxide layer (Fig. 4). For this set of calculations, d2 is kept cons-
tant at 10 nm, and the other parameters are as listed above. The
refractive index of bulk oxides (n2) typically lies in the range of 1.5–
2.5, and the growth conditions may affect n2, e.g., when the physical
density is below bulk.31 When θ0 is close to 88°, the absorption
factor AF(p) depends on the value of n2, especially for n2 close to 1
[Fig. 4(b)], but at incident angles less than 80, AF(p) becomes inde-
pendent of n2 within the range studied. In contrast, the absorption
factor AF(s) is almost independent of n2 no matter what incident
angle is chosen [Fig. 4(c)]. Therefore, using an incident angle well
below 88° results in AF(p) and AF(s) not only being independent of
the thickness of the oxide film but also independent of the exact
value of the refractive index of the oxide film. As a result, using a
smaller beam incident angle allows better comparisons even if the
thin film properties change during CVD growth.

Finally, we mention that interpretation of PM-IRRAS spectra
must take into account an important selection rule: only those
vibrational modes that have a nonzero projection onto the surface
normal (i.e., have a p-polarization component) are observable. The
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FIG. 4. Calculated p- and s-polarized absorption factors for the IR spectrum of
a molecular adsorbate for the four-layer stack, as a function of the incident
angle for several different values for the refractive index of the oxide thin film
(a); and as a function of the refractive index of the oxide thin film for several dif-
ferent values of the incident angle in p-polarization (b) and s-polarization (c).

FIG. 3. Calculated p- and s-polarized absorption factors for the IR spectrum of
a molecular adsorbate for the four-layer stack, as a function of incident angle for
several different values for the thickness of the oxide thin film (a); as a function
of the thickness of the oxide thin film for several different values of the incident
angle (b and c).
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intensity of a band relative to its intensity in an isotropic sample
(such as a multilayer or a bulk sample) often can give information
about the approximate average orientation of the mode, and thus
of the molecule, relative to the surface.35,40,41

B. Limitations of the low-angle PM-IRRAS method

One limitation associated with using an incident angle of 60°–
70° in PM-IRRAS is that the sensitivity is lowered relative to using
an incident angle closer to the 88° at which the technique is maxi-
mally sensitive to IR absorption by surface adsorbates. Equivalent
signal-to-noise ratios can be obtained, however, either by increasing
the data acquisition time or by lowering the spectral resolution.
Another solution to improve the sensitivity is to employ a slightly
higher incident angle (such as 80°). The sensitivity will then have
some dependence on the thickness and refractive index of the under-
lying oxide thin film; this effect will be partially compensated by the
shorter time required to achieve the desired SNR. Of course, there is
no problem with changing sensitivity if molecular adsorption occurs
directly on a metal surface; this would be the case for studies of
metal CVD when the metal is thick enough to be optically opaque.

Additional methods to increase the SNR include employing a
multireflection configuration, such as one in which two substrates
face each other,42 or a multiple internal reflection substrate.43

A final issue is the stability of the system between data acquisi-
tion in p- and s-polarization. Because data reduction requires the
subtraction of relatively large signals, minute instabilities can reduce
the SNR. This problem can be mitigated, however, by collecting a
pair of p- and s-polarized scans, which can be performed in less
than a second,2–4 repeating this data collection many times, and then
averaging the resulting difference spectra.

C. IR absorption from adsorbed TDMAH during CVD of
HfO2

Our group has developed several low temperature CVD pro-
cesses able to afford highly conformal and superconformal coatings
of thin films in deep trenches.33,44–47 Growth rate kinetics strongly
suggest that competitive adsorption between a precursor molecule
and a coreactant or a growth inhibitor on the film surface enables
these desirable coating morphologies. Microscopic mechanisms based
on Langmuir isotherms have been proposed to explain the observa-
tions;48,49 the actual coverage of the adsorbates on the surface during
deposition, however, has not been directly measured to date.

Here, we apply this lower-angle variant of PM-IRRAS to
study the effect of adding a consumable inhibitor, Mg(DMADB)2,
during the CVD of HfO2 at 120 °C from the precursor TDMAH
and water. Under the conditions employed in the present experi-
ments, the partial pressures of TDMAH and water (0.70 and
0.15 mTorr, respectively) are chosen to afford reaction-rate limited
growth with a high surface coverage of TDMAH. We find that
TDMAH does not react with water on the room-temperature
reactor walls or the KBr windows. Although Mg(DMADB)2 and
water can be used to deposit MgO films at 220 °C,50,51 no detecti-
ble deposition occurs at the 120 °C substrate temperature of the
current experiments. Here, as we will show, Mg(DMADB)2 func-
tions solely as an inhibitor for the growth of HfO2.

When the flows of TDMAH and water are started, an HfO2

thin film is deposited at a rate of 1.6 Å/min. When 2mTorr of
Mg(DMADB)2 is added, the growth rate slows to 0.30 Å/min,
showing that this latter molecule serves as a growth inhibitor, an
attribute that can lead to improved conformality.47 These growth
rates, which are somewhat slower than those of typical CVD experi-
ments, afford more time for PM-IRRAS acquisition so that the
resulting spectra have higher signal-to-noise ratios. As discussed
in Sec. III A, at the beam incident angles we have chosen, the
spectra are insensitive to changes in the thickness or refractive
index of the underlying oxide thin film.

The p- and s-polarized IR spectra taken before and after the
addition of Mg(DMADB)2 are shown in Fig. 5. These spectra are
dominated by absorptions due to gas-phase species, but those
absorptions can be canceled out by subtracting the s-polarized
spectra from the p-polarized spectra. The resulting IR difference
spectra (Fig. 6) contain absorptions only from surface-adsorbed
species. Before the addition of Mg(DMADB)2, multiple peaks assign-
able to surface-bound Hf-NMe2 groups can be detected (indicated

FIG. 5. IR spectra in p- (a) and s-polarization (b) for CVD of HfO2 from
TDMAH and water at 120 °C, in the absence and presence of Mg(DMADB)2.
Spectra are numbered from 1 for the first spectrum acquired to 8 for the last.
Each s-polarized spectrum is collected immediately after the p-polarized spec-
trum with the same number. Arrows indicate characteristic peaks for Hf-NMe2
groups at 2781 and 945 cm−1. Successive spectra are shifted vertically for
better visibility. Most of the peaks in these spectra are due to species present in
the gas phase.
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by arrows in spectrum 1 of Fig. 6): a CH3 symmetric stretch at
2781 cm−1, which is a Bohlmann-type band;52 C-H stretching bands
from 2870 to 3000 cm−1, a C-H bend at 1462 cm−1, a C-H rocking
mode at 1066 cm−1; and an NC2 symmetric stretch at 945 cm−1.
This spectrum is similar to that previously described for TDMAH
(Ref. 52) and also for its titanium analog.10

It has been reported that the reaction of preadsorbed TDMAH
with water leads to a reduction in the intensities of the peaks at
2781 and 945 cm−1 owing to conversion of the Hf-NMe2 groups to
dimethylamine, HNMe2.

52,53 In HNMe2, the CH3 symmetric stretch
occurs at a higher wavenumber (2810 cm−1); this latter band was
not seen in our experiments, however, presumably due to rapid
desorption of the amine.

The addition of Mg(DMADB)2 reduces the intensity of the
TDMAH peaks at 2781 and 945 cm−1 (arrows in Figs. 6 and 7).
This reduction in intensity, which correlates with the lower growth
rate from TDMAH and H2O seen in the presence of Mg(DMADB)2,
indicates that Mg(DMADB)2 reduces the surface coverage of
TDMAH. Introduction of Mg(DMADB)2 into the chamber also
results in the appearance of additional peaks in the PM-IRRAS spec-
trum due to adsorption of Mg(DMADB)2 onto the surface: C–H
stretching modes between 2900 and 3000 cm−1, broad B-H
stretching modes centered at ∼2450 and ∼2200 cm−1, and addi-
tional bands at ∼1140, ∼1020, and ∼900 cm−1.32 The bands due
to Mg(DMADB)2 decrease somewhat but do not vanish when the
flow of Mg(DMADB)2 is subsequently halted, indicating that Mg
(DMADB)2 or its adsorption products remain bound to the
surface or become incorporated into the film.

When the flow of Mg(DMADB)2 is halted while TDMAH and
H2O are still flowing, the intensities of the peaks at 2781 and
945 cm−1 due to surface-bound Hf-NMe2 groups gradually increase
to the same level seen before the introduction of Mg(DMADB)2.
Even after the flow of Mg(DMADB)2 is halted, however, the new fea-
tures due to species derived from Mg(DMADB)2 persist, suggesting
that the latter species have been incorporated into the oxide film. For

a 1.5 nm thick HfO2 film grown for 50min under these conditions,
XPS data (not shown) confirm that Hf is present; there is also a hint
of Mg at ≤5 at. %, but the signal-to-noise ratio is poor due to the
low XPS sensitivity factor for Mg and the thinness of the sample.

Figure 7 displays the heights of the characteristic NMe2 peaks at
2781 and 945 cm−1 for all the spectra in Fig. 6 (the peak areas show
the same behavior). In the absence of Mg(DMADB)2, these heights
do not change as the oxide film thickness increases from 0 to
1.6 nm. Considering that the optical sensitivity is constant in this
range, we conclude that NMe2 groups are not incorporated into the
film (they are only adsorbed on the surface). Upon the introduction
of Mg(DMADB)2, the heights of these Hf-NMe2 peaks are reduced
by approximately 50%, which correlates with a drop in the HfO2

growth rate by a factor of >5. We will comment on the nonlinear
response of the growth rate to the Hf-NMe2 surface coverage below.

It takes a few minutes (Fig. 7) for the surface coverage of
Hf-NMe2 groups to stabilize when the Mg(DMADB)2 flow is

FIG. 6. Difference IR absorption spectra of the surface adsorbates, obtained by
subtracting the s-polarized spectrum from the p-polarized spectrum, for CVD of
HfO2 from TDMAH and water at 120 °C, in the absence and presence of Mg
(DMADB)2. Spectra are numbered from 1 for the first spectrum acquired to 8 for
the last. Arrows indicate positions of characteristic peaks for NMe2 groups.
Successive spectra are shifted vertically for better visibility.

FIG. 7. Heights of absorption peaks at (a) 2781 and (b) 945 cm−1 due to
Hf-NMe2 groups for all spectra from Fig. 6.
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turned on or off; the first spectrum after a change in Mg
(DMADB)2 flow does not represent the steady-state. Because the
time required to deliver 1 L of molecules to the surface at 2 mTorr
of Mg(DMADB)2 pressure is ∼1/2000 s, the observed delay reveals
that Hf-NMe2 groups only slowly desorb from or react on the
surface at 120 °C.

If we assume that the growth rate of HfO2 is proportional to
the surface coverage of TDMAH (or Hf-NMe2 groups), then we
can conclude that the mechanism by which Mg(DMADB)2 inhibits
the HfO2 growth rate is by site blocking: Mg(DMADB)2 molecules
or their reaction products cover part of the oxide surface and block
adsorption of TDMAH. The strength of this effect—that the
surface coverage of Hf-NMe2 groups drops by a factor of 2 but the
growth rate falls by a factor of >5—may imply the importance of
effects beyond Langmuirian site blocking; potential mechanisms
include, but are not limited to, strong steric hindrance by the inhib-
itor, blocking of specific adsorption sites, or a higher-order depen-
dence of precursor reaction on the density of available sites. With
the present sensitivity, it is not possible to determine whether Mg
(DMADB)2 (or its reaction products) reacts directly with TDMAH
to form an intermediate with lower reactivity. We note that the for-
mation of low-reactivity surface intermediates is thought to be
important in area-selective deposition by CVD.54

IV. CONCLUSIONS

We use a low-angle variant of PM-IRRAS to characterize, in
operando, the submonolayer surface coverage of molecular interme-
diates during CVD of oxides on a metal-coated planar substrate.
To optimize the experiment, we calculated the optical sensitivity
expected from adsorbates on an oxide thin film growing on a
metallic substrate as a function of the incident angle and the thick-
ness and index of refraction of the oxide thin film. It is well known
that (1) the use of a metal-coated substrate at a high incident angle
affords enhanced sensitivity in p-polarization and suppressed sensi-
tivity in s-polarization; (2) the unwanted adsorption due to precur-
sor in the gas-phase beam path and adsorbed on the IR windows is
canceled out by subtraction of the s-polarized spectrum from the
p-polarized spectrum; and (3) the sensitivity for p-polarization is
maximized at an incident angle of 88°. Our theoretical calculations,
however, show that at incident angles larger than ∼70° the sensitiv-
ity toward IR absorptions from the molecular adsorbate is strongly
dependent on the thickness and refractive index of the underlying
oxide thin film. In contrast, at an incident angle of 60°, the sensitiv-
ity is constant for oxide thicknesses up to at least 100 nm and is
independent of the refractive index of the oxide thin film.

Using this low-angle variant of the PM-IRRAS technique, we
investigate the mechanism by which Mg(DMADB)2 inhibits CVD
of HfO2 from TDMAH and water. We find that coflow with
Mg(DMADB)2 results in a significant decrease in the surface cover-
age of TDMAH molecules. We conclude that the microscopic role
of the inhibitor is to block adsorption of the TDMAH precursor.
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