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For atomic layer deposition (ALD) of doped, ternary, and quaternary materials achieved by combining
multiple binary ALD processes, it is often difficult to correlate the material properties and growth
characteristics with the process parameters due to a limited understanding of the underlying surface
chemistry. In this work, in situ Fourier transform infrared (FTIR) spectroscopy was employed during
ALD of zinc-oxide, tin-oxide, and zinc-tin-oxide (ZTO) with the precursors diethylzinc (DEZ),
tetrakis(dimethylamino)tin (TDMASn), and H2O. The main aim was to investigate the molecular
basis for the nucleation delay during ALD of ZTO, observed when ZnO ALD is carried out after
SnO2 ALD. Gas-phase FTIR spectroscopy showed that dimethylamine, the main reaction product
of the SnO2 ALD process, is released not only during SnO2 ALD but also when depositing ZnO
after SnO2, indicating incomplete removal of the ligands of the TDMASn precursor from the
surface. Transmission FTIR spectroscopy performed during ALD on SiO2 powder revealed that
a significant fraction of the ligands persist during both SnO2 and ZnO ALD. These observations
provide experimental evidence for a recently proposed mechanism, based on theoretical calculations,
suggesting that the elimination of precursor ligands is often not complete. In addition, it was found
that the removal of precursor ligands by H2O exposure is even less effective when ZnO ALD is carried
out after SnO2 ALD, which likely causes the nucleation delay in ZnO ALD during the deposition of
ZTO. The underlying mechanisms and the consequences of the incomplete elimination of precursor
ligands are discussed. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961459]

I. INTRODUCTION

Atomic layer deposition (ALD) is a method for thin film
deposition that has attracted much attention in the past decade
due to atomic-level control of the film thickness and high
conformality on nanostructured surfaces.1,2 Thus far ALD has
mostly found applications in the field of microelectronics,
which generally involves binary metal-oxide ALD processes.
A typical metal-oxide ALD process consists of alternating
exposure of a surface to a metal-organic precursor and to an
oxidizing agent as the co-reactant. With the maturing of ALD
technology, and with the exploration of novel applications in
renewable energy technologies,3,4 there is increasing interest
in ALD processes that go beyond the deposition of binary
materials to allow for the synthesis of alloyed, doped, ternary,
or quaternary materials.5,6

These multi-element materials are typically deposited by
combining the cycles of two or more binary ALD processes
in a so-called supercycle. This approach allows for tuning
the composition of the material by selecting an appropriate
cycle ratio of the constituent binary processes. However, the
composition and combined growth rate during multi-element
ALD typically deviate from what is expected from the growth
rates of the binary processes, an observation that has been
explained in many cases by nucleation effects when switching
from one binary process to the other.6–11 Various theories
for these deviating trends have been proposed, such as the

a)E-mail: sbent@stanford.edu

contribution of etching reactions,9 differences in reactive site
densities between the two binary metal-oxide surfaces,12 or
the occurrence of ligand exchange from an adsorbed precursor
molecule to a metal surface atom.13

The deposition of zinc-tin-oxide (ZTO) by ALD has
been investigated more extensively than most ternary ALD
processes because of its potential applications. Hultqvist et al.
applied the material as a buffer layer in CIGS solar cells,14,15

Heo et al. investigated its use as a channel material in
amorphous oxide thin film transistors,16 and our previous
work was motivated by the potential application of ZTO as
a transparent conducting oxide (TCO) for solar cells.7,17 In a
previous study, it was reported that ZTO is deposited by ALD
with a lower growth rate than would be expected based on the
binary growth rates of SnO2 ALD from TDMASn and H2O
(0.70 Å/cycle at 150 ◦C) and of ZnO ALD from DEZ and
H2O (1.85 Å/cycle at 150 ◦C).7 It was additionally found that
the films contained a relatively high amount of Sn.7 Based
on these observations, it was hypothesized that ZnO ALD
experiences a nucleation delay when carried out directly after
SnO2 ALD. It was estimated from spectroscopic ellipsometry
data that when switching from SnO2 to ZnO, the growth rate
of ZnO is reduced to half of the steady-state ZnO growth rate,
but is restored in approximately three ALD cycles.7

In the present work, a deeper understanding of the
ZTO ALD process is developed by studying the underlying
surface chemistry using in situ gas-phase and surface Fourier
transform infrared (FTIR) spectroscopy. These FTIR studies
provide an explanation for the deviating growth characteristics
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of ZTO ALD. In addition, they shed light on the reaction
mechanisms of the binary SnO2 and ZnO ALD processes
by showing that both processes suffer from incomplete
elimination of the precursor ligands. It will be shown that
a fraction of the ligands persists after the H2O half-reaction,
which can influence the surface reactions during subsequent
cycles.

The possibility of having persisting ligands has recently
been described in several theoretical studies.18–21 So far,
experimental evidence for the incomplete removal of precursor
ligands has only been reported for Al2O3 ALD using
trimethylaluminum (TMA) precursor.22 In this work, it will
be established that SnO2 ALD from an alkylamido precursor
(TDMASn) and ZnO ALD from an alkyl precursor (DEZ)
also show the presence of persisting ligands after the H2O
half-reaction. These observations have broad implications
beyond the nucleation effects during ALD of ternary
materials.

II. EXPERIMENTAL DETAILS

ALD of ZnO, SnO2, and ZTO was carried out in a
homebuilt warm-wall reactor, constructed from a 2 3/4 in.
six-way conflat cross. This reactor is equipped with two KBr
infrared-transparent windows, which can be separated from
the chamber by two gate valves to prevent coating of the
windows. A chemical series rotary pump ensured a base
pressure of ∼30 mTorr. Infrared spectra (100 scans with a
resolution of 4 cm−1) were measured using a Bruker Vertex 70
FTIR spectrometer with an external liquid-N2 cooled HgCdTe
(MCT) detector.

The reactor wall was heated to 150 ◦C during the gas-
phase FTIR measurements. FTIR spectra of the gas-phase
reaction products were recorded during one of the ALD
half-reactions after closing the valve between the chamber
and the pump and dosing either the metal-organic precursor
or H2O. The FTIR measurement was started directly after
closing the precursor/H2O valve. The trapping of the resultant
gas-phase species allows for sufficient measurement times.
As an example, the measurement procedure for detecting the
reaction products of ZnO ALD is illustrated in Fig. 1(a).
The differential spectra were referenced to a background
measurement taken after isolating the chamber, but before
the dosing of the precursor. Typical ALD cycles consisted of
5 s DEZ (precursor not heated) pulses and 10 s H2O pulses
for ZnO ALD, and 5 s TDMASn (precursor heated to 50 ◦C)
pulses and 10 s H2O pulses for SnO2 ALD, each separated
by 60 s purge steps (∼260 mTorr N2 purge gas). See Fig.
S1 in the supplementary material for spectra demonstrating
the saturation of the half-reactions. ZTO was deposited by
supercycles of sequential ZnO and SnO2 ALD cycles. The
H2O pulse of 10 s corresponds to an exposure of 4 × 105 L
(1 L = 1 × 10−6 Torr s). The saturation of the half-reactions of
SnO2 ALD in this reactor was verified by determining the film
thickness as a function of pulse lengths using spectroscopic
ellipsometry.

To identify the species present on the surface during
ALD, transmission FTIR spectroscopy was performed on
high-surface-area Aerosil OX50 SiO2 powder. The SiO2

FIG. 1. (a) Schematic representation of the experiment to measure the gas-
phase reaction products during the H2O pulse of ZnO ALD. Five complete
ZnO ALD cycles plus one DEZ pulse were carried out. Subsequently the
chamber was isolated from the pump and a background IR measurement
was taken, then H2O was pulsed, followed by a second IR measurement.
(b) Gas-phase IR spectra recorded during the H2O pulses of ZnO (top) and
SnO2 (bottom) ALD. These spectra show ethane and dimethylamine as the
main gaseous reaction products for the ZnO and SnO2 processes, respectively.

particles have a diameter of 10–100 nm and a specific surface
area of 35-65 m2/g, as determined by the manufacturer by
transmission electron microscopy and BET, respectively. The
SiO2 powder was pressed on a tungsten mesh (Alfa Aesar,
woven from 0.002 in. wire) using a manual press. For the
experiment described below, 20 mg of SiO2 powder was used.
The tungsten mesh with SiO2 powder was mounted on a rotary
sample manipulator by using two Ta clamps, which facilitate
the electrical and thermal contact. The SiO2 powder was
heated to a temperature in the range 100–300 ◦C by passing a
current through the tungsten mesh, regulated by a DC power
supply (HP-Agilent 6010A, 200V/17A) and a PID temperature
controller (Eurotherm 3504). A thermocouple was attached
to the grid using Omega CC high temperature cement. The
reactor wall was heated to ∼100 ◦C during these surface
FTIR experiments. The FTIR spectroscopy measurements
were taken after sufficient purging of the reaction products
(typically 60 s) and with the valve between the chamber and
the pump open.

Most of the FTIR spectroscopy data of surface-adsorbed
species (Figures 5–9) were collected on one sample to ensure
that there were no discrepancies due to variations in the
contact of the thermocouple and the mesh or in the amount
of powder pressed into the grid. Two types of experiments
were performed. During the first type of experiment, the
precursor and H2O dosing pulses were divided in “sub-
pulses” to check the saturation of the two half-reactions
(data of Figures 5–8). For example, TDMASn was dosed
using six sub-pulses of 5 s, separated by FTIR measurements.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-002797
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By comparing the measured FTIR spectra, it can be deduced
when the half-reaction reaches saturation. To minimize the
contribution of possible precursor decomposition reactions,23

precursor doses that are just sufficient for saturation were
employed (see Figs. S2 and S3). The H2O half-reaction was
divided in ten sub-pulses of increasing duration (0.5 s, 1 s,
. . . , 600 s). During the second type of experiment (Fig. 9,
and Fig. S5), the focus was on the evolution of the surface
species as a function of the number of cycles. Typically, four
sub-pulses of precursor dosing were carried out (to confirm
that saturation was reached), followed by a 300 s H2O dose.
To obtain information about persisting ligands, most of the
spectra presented in this work are referenced to a background
measurement taken before a cycle/a series of cycles, which
is different from the conventional way in the ALD literature
of presenting difference spectra, as explained in more detail
in Sec. III B. To allow for the collection of a large part
of the data (Figures 5–9) on the same powder sample, it
was necessary to clean the surface in between the different
experiments. Each set of measurements was preceded by a
300 s H2O dose at 300 ◦C to remove the ligands remaining from
earlier cycles. This results in a surface covered with hydroxyl
groups.

To quantify the amount of ligands present on the surface,
the spectra of surface-adsorbed species were integrated from
2740 to 3060 cm−1, which contains the C–H stretching
vibrations of the adsorbed DEZ and TDMASn ligands.
These values were corrected for variations in the baseline
absorbance by subtracting the average of the absorbance
values at 2740 and 3060 cm−1 multiplied by the width of the
range.

III. RESULTS

A. Gas-phase FTIR spectroscopy

As a first step, gas-phase FTIR spectra were recorded
during the binary ZnO and SnO2 ALD processes. Figure 1(b)
shows spectra measured during the two ALD processes. The
spectrum obtained during the H2O pulse of the ZnO process
is dominated by the C–H stretching modes around 2900 cm−1,
indicating that ethane is the main reaction product. This
spectrum further confirms that the H2O half-reaction has
reached saturation, as revealed by the stretching modes near
3700 cm−1 from unreacted H2O in the gas-phase (see also Fig.
S1 in the supplementary material). Ethane was also observed
as the reaction product of the DEZ half-reaction (data not
shown), which is in agreement with the reaction pathways
reported in the literature,23

OH∗ + Zn(CH2CH3)2 → O–Zn(CH2CH3)∗ + C2H6, (1)
O–Zn(CH2CH3)∗ + H2O → O–ZnOH∗ + C2H6, (2)

where ∗ denotes species adsorbed on the surface. During
SnO2 ALD, dimethylamine (DMA) was detected as the
main reaction product of both half-reactions (Fig. 1(b)).
The absorbance around 2960 cm−1 can be attributed to CH3
stretching modes, while the peak at ∼2800 cm−1 is due to
the symmetrical stretching of N–(CH3)2.24 The formation of

dimethylamine is also in agreement with the literature25,26

(OH)x∗ + Sn(N(CH3)2)4
→ OxSn(N(CH3)2)4−x

∗ + x HN(CH3)2, (3)
OxSn(N(CH3)2)4−x

∗ + (4 − x) H2O
→ (O)xSn(OH)4−x

∗ + (4 − x) HN(CH3)2, (4)

where x denotes the variable extent to which TDMASn
precursor molecules react with surface hydroxyl groups.25

Subsequently the gaseous reaction products during the
growth of ZTO were measured. When SnO2 ALD cycles
were performed after ZnO ALD cycles, only dimethylamine
was observed as the reaction product, similar to the data
presented above for the binary SnO2 ALD process. However,
the results for ZnO after SnO2 were different: reaction products

FIG. 2. (a) Schematic representation of the experiment performed to measure
the gas-phase reaction products during the H2O pulse of the 1st ZnO ALD cy-
cle after five cycles SnO2 ALD. (b) Gas-phase FTIR spectra recorded during
the H2O pulses of the 1st, 2nd, 3rd, and 10th ZnO cycle after SnO2 ALD.
The spectra show a mixture of dimethylamine and ethane reaction products
in addition to gas-phase H2O. (c) Ethane to dimethylamine ratio as a function
of the number of ZnO ALD cycles, based on deconvolution of the C–H
stretching features of (b). The deconvolution was done by fitting a function
y = a× f +b×g in which f and g are the datasets from Fig. 1(b) representing
the ethane and dimethylamine peaks, respectively. The ethane/dimethylamine
ratio plotted in (c) is equal to a/b.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-002797
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associated with not just the ZnO ALD process but also with the
SnO2 ALD process were observed. Spectra recorded during
the H2O pulse of the 1st, 2nd, 3rd, and 10th cycle of ZnO
ALD after performing five SnO2 ALD cycles are shown in
Fig. 2. The spectra contain overlapping absorbances of ethane
and dimethylamine species, which indicates that a mixture of
these reaction products is released when depositing ZnO after
SnO2. Figure 2(c) shows the ratio of ethane to dimethylamine;
with mainly dimethylamine present during the first cycle, but
with a contribution from ethane becoming more dominant
with increasing number of ZnO ALD cycles. The different
behavior for ZnO after SnO2 is consistent with the observed
nucleation delay, which occurs when carrying out ALD cycles
in this order.

The observation of dimethylamine—a product that
originates from the -N(CH3)2 (dimethylamino, DMA)
precursor ligands—when performing ZnO ALD after SnO2
ALD suggests that the ligands of the TDMASn precursor are
not completely removed during the H2O pulses of the SnO2
ALD process. Additional experiments were carried out to
investigate the elimination of ligands during this H2O pulse
(as schematically shown in Fig. 3(a)). Figure 3(b) shows
IR spectra recorded after increasingly long H2O exposures
following 5 SnO2 ALD cycles. Release of dimethylamine
was observed even after a H2O exposure of 900 s (at a
partial pressure of 40 mTorr), corresponding to an exposure
of 4 × 107 L (note that a typical value for the H2O exposure
pulse during an ALD cycle is only 104 L).27 It should be
emphasized that the measurement procedure (Fig. 3(a)) is

FIG. 3. (a) Schematic representation of the experiment performed to study
the removal of the remaining DMA ligands after five SnO2 ALD cycles.
The duration of the last H2O exposure step was extended. Subsequently, the
gas-phase reaction products released during a short H2O pulse of 1 s (with the
chamber isolated from the pump) were detected to probe the amount of DMA
ligands left at the surface. (b) Gas-phase FTIR spectra recorded during a 1 s
H2O pulse after five SnO2 ALD cycles and an extended H2O exposure.

not representative of the typical conditions employed during
ALD, as the surface is exposed to a high pressure of
H2O (4 Torr for ∼30 s, corresponding to ∼108 L) during
the closure of the valve between the chamber and the
pump which is not accounted for in the above exposure
estimate. Therefore it is likely that many more ligands are
removed during such a measurement as compared to a
steady-state H2O exposure of the same duration. Nonetheless,
the release of dimethylamine during these measurements
clearly demonstrates that even the extended water pulses
are not sufficient for the complete removal of the precursor
ligands.

B. Surface FTIR spectroscopy measurement for SnO2
and ZnO ALD

Transmission FTIR spectroscopy measurements were
performed on SiO2 powder to investigate the adsorbed species
and surface chemistry of the SnO2 and ZnO ALD processes.
In the ALD literature, surface FTIR spectroscopy data are
typically presented by referencing the spectrum of a specific
half-reaction to a spectrum taken after the previous half-
reaction (see Fig. 4(a)). These so-called “difference spectra”
show the changes of the surface upon exposure to the precursor
or co-reactant.23,28–31 However, information of persisting
ligands and other nucleation effects is lost when representing
the data in this way, especially when FTIR spectra are only
recorded after conditioning the reactor/coating the powder.
This will be illustrated with the dataset for SnO2 ALD shown
in Fig. 4.

FTIR spectra were collected after the TDMASn and H2O
half-reactions during several consecutive SnO2 ALD cycles.
Fig. 4(b) shows the data as difference spectra (using the
spectrum of the previous half-reaction as the reference).
The TDMASn pulses lead to a loss of absorbance in
the 3670–3770 cm−1 wavenumber range corresponding to
O–H stretching vibrations from surface hydroxyl groups.
Concurrently, there is a gain of absorbance in the range
2700–3000 cm−1, which is due to the C–H stretching
vibrations from absorbed TDMASn ligands.32 Positive
features in difference spectra indicate the formation of new
surface species, while negative features are caused by the
removal of species from the surface. In this case, the
data suggest that surface hydroxyl groups are replaced by
-N(CH3)2 surface species during the TDMASn half-reaction,
and that these -N(CH3)2 species are exchanged for hydroxyl
groups again during the subsequent H2O half-reaction. This
is consistent with the reaction pathways of Equations (3)
and (4). Qualitatively, the spectra of the TDMASn and H2O
half-reactions for cycle 2 or 3 appear to be mirror images of
each other, which would imply that the surface is returned
to its initial state after the two half-reactions. Figure 4(d)
shows the same dataset, but with all the spectra referenced to
a background spectrum taken before the first TDMASn dose
(see Fig. 4(c)). The spectra therefore show the changes as
compared to the initial state of the surface. The data reveal
that the TDMASn ligands are not completely eliminated
during the H2O step, as indicated by the presence of C–H
stretching vibrations around 2700–3000 cm−1. This is more
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FIG. 4. Surface FTIR spectra recorded during three consecutive SnO2 ALD cycles at 130 ◦C. The experiments were performed after cleaning the surface using
a 300 s H2O dose at 300 ◦C. Each spectrum in (b) is referenced to the spectrum of the previous half-reaction as schematically illustrated in (a). The spectra in
(d) and (e) are referenced to a background spectrum recorded before the first cycle as schematically illustrated in (c). Graph (e) shows the C–H stretching modes
in the spectra of the first cycle in more detail with the spectrum of the H2O half-reaction multiplied by ten for clarity.

clearly illustrated in Fig. 4(e), which shows the C–H stretching
vibrations of the remaining ligands multiplied by a factor ten.

The removal of TDMASn ligands by H2O was studied in
more detail in a subsequent experiment. Figure 5(a) depicts
FTIR spectra for various exposures of H2O, as well as a
spectrum representing the adsorption of a saturated amount
of TDMASn in the preceding half-reaction. See Fig. S2
in the supplementary material for spectra demonstrating the
saturation of the TDMASn half-reaction. The data of Fig. 5(a)
confirm that a fraction of the TDMASn ligands remains at
the surface, even after >1000 s H2O dosing corresponding to
6 × 107 L exposure.

Figure 5(a) further shows large negative O–H features
in all spectra. In Fig. 4(b) the negative O–H feature
is only observed for the first TDMASn pulse, whereas
the following cycles in this figure show the alternating
positive and negative features that are characteristic for FTIR
studies of ALD processes.23,28–30 The sharp negative O–H

peak at 3740 cm−1 is predominantly caused by free OH
groups,33,34 while previous ALD literature typically shows
a broad O–H feature around 3670 cm−1, which can be
attributed to hydrogen-bonded OH groups. As shown in Fig.
S4 in the supplementary material, a mixture of free and
H-bonded OH groups is generated during the first H2O pulse.
Please note that in the presence of persisting ligands, it can
be expected that more OH groups form hydrogen bonds,
explaining the decrease of free OH groups. Consequently,
the amount of free OH is not regenerated, which results in
the negative peaks at 3740 cm−1 in Fig. 5(a). It appears that
the sum of free and H-bonded hydroxyl groups generated
during the H2O pulse (Fig. S4) is not significantly smaller
than the amount of free hydroxyl groups present before
the first cycle (after the H2O pre-treatment). In addition, a
small reduction of the amount of hydroxyl groups can be
explained by the occupation of surface sites by persisting
ligands.

FIG. 5. (a) Surface FTIR spectra recorded during the TDMASn and H2O half reactions of SnO2 ALD at 150 ◦C. The percentages of remaining ligands relative
to a saturated amount of TDMASn are indicated on the graph. The cycle was performed after cleaning the surface using a 300 s H2O dose at 300 ◦C. All spectra
are referenced to a background spectrum recorded before this ALD cycle. (b) Integrated absorbance of C–H stretching peaks as a function of the water dose for
SnO2 ALD at 100, 150, and 200 ◦C. These graphs are normalized to the integrated absorbance of the saturated precursor signal from the TDMASn half-reaction
at 150 ◦C. (The TDMASn half-reactions for the cycles performed at 100 and 200 ◦C were not completely in saturation.) The lines serve as guides to the eye.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-002797
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-002797
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FIG. 6. (a) Surface FTIR spectra recorded during the DEZ and H2O half reactions of ZnO ALD at 150 ◦C. The percentages of remaining ligands relative to
a saturated amount of DEZ are indicated on the graph. The cycle was performed after cleaning the surface using a 300 s H2O dose at 300 ◦C. All spectra are
referenced to a background spectrum recorded before this ALD cycle. (b) Integrated absorbance of C–H stretching peaks as a function of the water dose for
ZnO ALD at 100, 150, and 200 ◦C. The individual graphs are normalized to the integrated absorbance of the saturated precursor signal from the preceding
half-reaction. The lines serve as guides to the eye.

To quantify the amount of persisting ligands, the peaks
related to the C–H stretching vibrations of the TDMASn
ligands were integrated and the results are plotted as a function
of the H2O dose in Fig. 5(b). This graph also shows data
for SnO2 ALD cycles carried out at 100 and 200 ◦C. The
trends for SnO2 at 100 and 150 ◦C indicate that most of the
ligands are removed during the first minute of H2O exposure
(corresponding to 5 × 106 L), after which the removal of the
remaining ligands proceeds very slowly. Almost complete
elimination of ligands was observed for SnO2 ALD at 200 ◦C.
The amount of persisting ligands after the full dose of 6 × 107 L
depends strongly on the temperature, with 14% remaining at
100 ◦C, 7% at 150 ◦C, and 1% at 200 ◦C.

Similar datasets were collected for ZnO ALD. Figure 6(a)
shows the spectrum for a saturated uptake of DEZ (see also
Fig. S3) and spectra for various doses of H2O. The spectrum
representing the DEZ half-reaction shows a loss in absorbance
in the 3670–3770 cm−1 wavenumber range due to the O–H
stretching vibrations of surface hydroxyl groups and a gain
in absorbance around 2800–3000 cm−1 caused by the C–H
stretching vibrations of the adsorbed DEZ precursor.23 This
spectrum suggests that the DEZ precursor molecules adsorb at

OH surface species, consistent with the reaction pathways in
Equation (1). As illustrated in Fig. 6(a), also during ZnO ALD
a significant part of the DEZ ligands persists after long H2O
dosing. Integration of the C–H stretching vibrations reveals
that about 16% of the ligands remain after a H2O dose of
6 × 107 L, which is larger than what is left after the same
H2O dose during SnO2 ALD (7%). In Fig. 6(b), the integrated
absorbance of C–H stretching modes is plotted as a function
of the H2O dose for ZnO at 100, 150, and 200 ◦C. Like for
SnO2, the elimination of ligands during the ZnO ALD cycle
is dependent upon the temperature, giving 29% remaining
ligands after dosing 6 × 107 L H2O at 100 ◦C, 16% at 150 ◦C,
and 6% at 200 ◦C. A comparison with the trends in Fig. 5(b)
indicates that, for the range of temperatures investigated, the
ligands are less effectively removed during ZnO ALD than
during SnO2 ALD.

C. Surface FTIR measurement for ZTO ALD

The cases of performing ZnO after SnO2 and SnO2 after
ZnO, representative of ZTO ALD, were also investigated.
Figure 7(a) shows spectra recorded during the H2O pulse of

FIG. 7. Surface FTIR spectra recorded during the (a) DEZ and H2O half reactions of the first ZnO ALD cycle after one cycle of SnO2 at 150 ◦C, and (b) the
TDMASn and H2O half-reactions of the first SnO2 ALD cycle after one cycle of ZnO at 150 ◦C. The percentages of remaining ligands relative to a saturated
amount of precursor are indicated on the graphs. Both experiments were performed after cleaning the surface using a 300 s H2O dose at 300 ◦C. All spectra are
referenced to a background spectrum recorded before the first ALD cycle.
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FIG. 8. Integrated absorbance of C–H stretching peaks as a function of the
water dose for SnO2 ALD, ZnO ALD, the first cycle of ZnO ALD after
SnO2 ALD, and the first cycle of SnO2 ALD after ZnO ALD at 150 ◦C. The
individual graphs are normalized to the integrated absorbance of the saturated
precursor signal from the preceding half-reaction. The lines serve as guides
to the eye.

the first ZnO ALD cycle after SnO2 ALD. When we compare
this dataset for ZnO after SnO2 to Fig. 6(a) for ZnO, it can
be concluded that a larger fraction of the ligands remains
when ZnO ALD is carried out after SnO2 ALD. On the other
hand, for the case of SnO2 after ZnO, shown in Fig. 7(b), the

ligands are eliminated by H2O almost as effectively as during
SnO2 ALD itself (Fig. 5(a)). The differences in how efficiently
the precursor ligands are eliminated by H2O exposure for
the four different cases are illustrated in Fig. 8. For ZnO,
SnO2, and SnO2 after ZnO, only a relatively small fraction
(7%–16%) persists after the longest exposure of 6 × 107 L
H2O. The black line for ZnO after SnO2 shows a much higher
fraction (40%) persisting ligands. The reduced elimination
of ligands for ZnO after SnO2 is likely the explanation for
the observed nucleation delay when performing cycles in that
order.

A second dataset was measured for ZnO after SnO2
for which five ZnO ALD cycles were performed after one
SnO2 ALD cycle. Figure 9(a) confirms that a large part
of the ligands persists, and Fig. 9(b) suggests that it takes
several ALD cycles to recover to the normal growth of ZnO
ALD. This dataset is also plotted as difference spectra in
Fig. 9(c). The C–H peak for the DEZ pulse of cycle 2 is
slightly larger as compared to the peak for the DEZ pulse
of cycle 3, caused by the persisting ligands. Apart from that,
the data look very similar to previously reported data for
ZnO ALD (with the DEZ and H2O spectrum being mirror
images of each other),23 which illustrates the difficulty of
detecting these persisting ligands by FTIR when the data
are plotted as difference spectra. A comparable dataset for
SnO2 after ZnO can be found in the supplementary material
(Fig. S5).

FIG. 9. Surface FTIR spectra recorded during six consecutive ALD cycles representing ZnO after one cycle of SnO2 ALD at 150 ◦C. The experiments were
performed after cleaning the surface using a 300 s H2O dose at 300 ◦C. The spectra in (a) were recorded after the H2O pulses and are referenced to a background
spectrum recorded before the SnO2 ALD cycle. (b) Integrated absorbance of C–H stretching peaks for the spectra shown in Fig. 9(a) as a function of cycle
number. Each individual data point is scaled to the integrated absorbance of the saturated precursor signal from the preceding half-reaction. (c) Spectra recorded
during the first three cycles. Each spectrum in (c) is referenced to the spectrum of the previous half-reaction.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-002797
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IV. DISCUSSION

A. Surface FTIR on SiO2 powder

The influence of the SiO2 powder upon which ALD
is carried out must be considered in the analysis of the
FTIR data. Given the high surface area of the sample,
we must ask whether the employed H2O dose is sufficient
to reach saturation on this 3-dimensional surface. Based
on the four experimental observations described below, we
conclude that saturation throughout the powder surface is
reached.

First, large H2O exposures (up to 6 × 107 L) were
employed in this work, much larger than most other studies.
In a previous FTIR study of ZnO ALD on BaTiO3 powder, a
H2O dose of ∼3 × 106 L was shown to be sufficient to detect
no C–H stretching vibrations (using difference spectra) after
the H2O pulse.23 Furthermore, nearly uniform ZnO ALD has
been demonstrated on anodic alumina (AA) membranes with
an aspect ratio of ∼103 using 30 s pulses of ∼0.2 Torr H2O,
corresponding to an exposure of 6 × 106 L.35 The exposures
used in the current study are at least one order of magnitude
higher than those required to saturate porous surfaces in the
earlier literature reports.

Second is the absence of diffusion-related behavior, which
would be expected if the removal of surface ligands were
not saturated due to diffusion limitations. If diffusion of
H2O into the powder is the limiting factor, the coverage
of ligands on the SiO2 powder should follow a square-
root-dependence on the exposure time.35 The trends in
Fig. 8, characterized by a decrease to an asymptotic value,
cannot be explained with such a square-root-dependence.
Instead, they resemble the trends recently reported for the
coverage of persisting methyl (CH3) ligands as a function
of H2O dose during Al2O3 ALD.22 In that work, the curves
were fitted using an exponential function (describing the
reaction kinetics) with an offset to account for the persisting
ligands.22

Third, the differences between the amounts of persisting
ligands observed for the four different cases in Fig. 8 reveal
a strong dependence on the underlying surface chemistry.
This argues against an explanation based on insufficient H2O
diffusion in the SiO2 powder because such an effect would not
be expected to depend on surface chemistry. Finally, we note
that the gas-phase FTIR spectroscopy experiments, which
involved deposition only on the reactor walls and not on a
high-surface-area powder, also yield results showing that the
ligands are not completely removed by H2O, consistent with
those observed on the powder.

B. Incomplete elimination of precursor ligands during
ALD of SnO2 and ZnO

Previous work on the characterization of the SnO2 ALD
process demonstrated self-limiting behavior of the TDMASn
and H2O half-reactions, and the deposition of carbon and
nitrogen-free films.36 This may seem in contradiction to
the observation of incomplete removal of the -N(CH3)2
(dimethylamino, DMA) ligands. However, we propose the
following explanation: Density functional theory (DFT)

calculations by Shirazi and Elliott for a similar ALD process,
HfO2 ALD from TDMAHf and H2O have shown that H2O
molecules are not dissociated on a surface with a low density of
Hf-N(CH3)2 species, whereas H2O readily reacts on a surface
cluster of Hf-N(CH3)2 species.18,19 This finding suggests that
near the end of the H2O pulse, when most of the ligands have
been removed and the density of remaining ligands is low,
the surface reactions reach saturation before all the ligands
are eliminated. Similarly, a low reactivity at the end of the
H2O pulse may explain the incomplete removal of DMA
ligands during SnO2 ALD. The high purity of the deposited
SnO2 films suggests that the ligands are only present on the
growing surface during ALD and do not become incorporated
as impurities.

It can be expected that the persisting ligands would
also have an effect on the growth rate of the SnO2 ALD
process. Previously, it was reported by Elam et al. that the
growth rate of SnO2 ALD using TDMASn as the precursor is
strongly dependent on the employed co-reactant; using H2O2
a growth rate of 1.3 Å/cycle was obtained, and 0.89 Å/cycle
for O3, but only 0.61 Å/cycle for H2O.26 These results were
explained by the different concentrations of surface hydroxyl
groups generated by these co-reactants. Here, we propose that
another contributing factor may be the degree in which the
co-reactants are able to eliminate the DMA ligands. H2O2 and
O3 are more reactive than H2O, and differences in removal
of the ligands could in turn contribute to the different growth
rates.

Our data for ZnO ALD indicate that ALD processes
based on alkyl precursors can also suffer from incomplete
elimination of precursor ligands. Like that of SnO2, the ZnO
ALD process from DEZ and H2O has been demonstrated
to proceed via self-limiting surface reactions leading to
ZnO films with low impurity levels.37–39 To the best of
our knowledge, the incomplete elimination of ligands has
not been studied for ZnO ALD, so the literature on other
alkyl precursors has to be considered. Shirazi and Elliott also
calculated for the Al2O3 ALD process (from Al(CH3)3 + H2O)
a high barrier for the elimination of isolated ligands.19 Similar
results were also reported for Al2O3 ALD by Weckman and
Laasonen.20 Recently, it has been experimentally observed by
broadband sum frequency generation (BB-SFG) spectroscopy
that a low coverage of methyl ligands remains at the
surface after the H2O pulse during ALD of Al2O3 when
the deposition is carried out at substrate temperatures
of 200 ◦C or lower.22 Based on these literature reports,
it can be expected that ALD processes involving other
alkyl precursors may also show incomplete removal of
precursor ligands, explaining our experimental observation for
ZnO ALD.

The data for both SnO2 and ZnO ALD show that the
amount of persisting ligands after the H2O pulse depends
strongly on the temperature, suggesting that there is a kinetic
barrier to ligand elimination by H2O that is overcome at
higher temperatures. At the end of the H2O pulse, only
isolated ligands are expected to be present on the surface.21

It is therefore likely that the barrier for H2O dissociation at
isolated ligands determines the amount of persisting ligands
after the H2O pulse.
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C. Surface poisoning during ALD of ZTO

With both the SnO2 and ZnO ALD processes showing
persisting ligands after the H2O half-reaction, the surface
chemistry that occurs when switching between the two binary
processes during the ALD of ZTO becomes more complex.
Figure 8 demonstrates that the removal of ligands is less
effective during ZnO after SnO2 as compared to ZnO itself,
which likely explains the observed nucleation delay during
the growth of ZTO. A large fraction of the ligands (40% of
a saturated dose) is still present on the surface after the first
cycle of ZnO following SnO2 deposition, much higher than
the amount of persisting ligands observed during pure ZnO
ALD (16% of a saturated dose). Two things differ at the start
of the H2O pulse of the first ZnO ALD cycle after SnO2, as
compared to a H2O pulse during ZnO ALD (see Fig. 10(a)):
(i) the oxide surface layer consists of SnO2 instead of ZnO
and (ii) persisting DMA ligands are present on the surface.
Either or both of these factors could drive the observed
behavior.

Here we consider each possibility in turn, starting with
the composition of the surface. It is possible that the surface
composition is the cause of the different growth behavior if,
for example, it is more difficult to remove the Et ligands
from a ZnO/SnO2 surface than from a purely ZnO surface.
This could occur if the Et ligands undergo ligand exchange
reactions13 such that they become bonded to surface Sn atoms,
and subsequently show a lower reactivity for the reaction with
H2O as compared to when bonded to Zn. Based on the
data currently available in the literature, however, we cannot
conclude whether such a ligand exchange reaction takes place
in this specific case. Additional experiments will need to be
performed to decide whether the surface composition could
be the determining factor.

A second explanation for the reduced elimination of
ligands for ZnO after SnO2 is that the persisting DMA ligands
from the TDMASn precursor may influence the removal of
Et ligands. At the start of the H2O pulse, both DMA and Et
ligands are present on the surface. An important question to
address is whether the DMA ligands are still attached to the
surface at the end of that H2O pulse. As mentioned, in previous
work it was deduced that the growth rate for SnO2 ALD is

FIG. 10. Schematic representation of the H2O pulse (of the first cycle) of (a)
ZnO ALD after SnO2 ALD and (b) SnO2 ALD after ZnO ALD. The DEZ and
TDMASn ligands are represented by Et= ethyl and DMA= dimethylamido.
Please note that this represents the configuration of the first cycle after
switching from one ALD process to the other.

lower during the first ∼3 SnO2 ALD cycles after switching
from ZnO ALD.7 Also Fig. 9(c) suggests that several ALD
cycles have to be carried out to obtain the normal growth
rate of ZnO ALD. This implies that the DMA ligands have
to persist for at least a few ALD cycles, during which they
could possibly influence the elimination of Et ligands. The
DMA and Et ligands are expected to have different reactivities
in their elimination from the surface via H2O. In general,
alkyl ligands are more reactive towards elimination by H2O
than alkylamido ligands,13,40 and it has been shown that the
desorption of dimethylamine (HN(CH3)2) requires transfer
of more protons.18 This suggests that when both ligands
are present, the elimination of Et ligands is favored over
elimination of DMA ligands; hence, it is possible at the end
of the H2O pulse that a significant fraction of DMA ligands is
still there.

In addition to these persisting DMA ligands, there is a
large fraction of persisting Et ligands. For the binary SnO2
ALD process, a fraction of 7% persisting DMA ligands was
determined, while 40% persisting ligands were observed for
ZnO after SnO2, implying that the majority of these ligands
(i.e., ∼33 out of 40%) are Et ligands. In agreement with this,
the C–H stretching feature in the FTIR spectrum in Fig. 7(a)
for ZnO after SnO2 largely resembles the C–H features in
Fig. 6(a) for ZnO ALD.

The next question to address is how the DMA ligands
could potentially influence the elimination of Et ligands and
cause the large difference in the amount of persisting ligands
for the ZnO after SnO2 system relative to ZnO alone. As
discussed before, it has been proposed that isolated ligands
are not reactive because they do not dissociate incoming H2O
molecules. It has been shown that these inert ligands can
become reactive when more molecules absorb at neighboring
sites.19 In case there is a cluster of ligands, H2O molecules
are readily dissociated, resulting in the elimination of a part
of these ligands.18,19 The influence of neighboring ligands
on ligand elimination was referred to as a “cooperative”
mechanism.19 Unfortunately, the system in which two different
types of ligands are present on a growing surface has not been
investigated theoretically so far. Our experimental data suggest
that it cannot simply be assumed that a cluster of mixed DMA
and Et ligands exhibits similar cooperative effects to that
described for a cluster of DMA ligands in the case of HfO2
ALD.18,19 The observed fraction of 40% persisting ligands
implies that the surface becomes inactive long before reaching
the stage at which only isolated ligands are present.

Tanskanen et al. previously proposed another explanation
for the growth delay of ZnO after SnO2 during ALD of
ZTO.12 By using DFT calculations, it was shown that the
surface reaction site density is reduced during SnO2 ALD as
a consequence of the TDMASn precursor having four ligands
(as opposed to two ligands for DEZ), which in principle
results in a lower adsorption of DEZ precursor molecules
during subsequent ZnO ALD cycles. It was assumed in these
DFT calculations that the ligands are completely removed at
the end of the cycle. The presence of a surface with persisting
ligands complicates such an analysis. We note, however,
that the observations presented here are consistent with the
mass-spectrometry data reported in that earlier study in which



052802-10 Mackus et al. J. Chem. Phys. 146, 052802 (2017)

the amount of reacted H2O is reduced during the first few ZnO
ALD cycles after SnO2 ALD.12

Two causes were discussed above for the reduced
elimination of precursor ligands during the H2O pulse of
ZnO after SnO2: (i) a difference in surface composition and
(ii) interactions between dissimilar ligands. Based on the
current dataset, we cannot conclude which one of the two is a
better description of the actual mechanism. Future experiments
will focus on the surface-dependence of (Et) ligand elimina-
tion by H2O exposure. Furthermore, it would be valuable
to perform theoretical calculations focusing on cooperative
effects in clusters with two different types of ligands.

The results of this work have implications for other
ALD systems. Nucleation effects have been reported for
many different ternary ALD processes. The observation of
persisting ligands for both SnO2 and ZnO ALD raises the
question of whether surface poisoning by precursor ligands
can also explain the deviating trends observed for other
ternary ALD processes. Persisting ligands previously also
have been observed for Al2O3 ALD,22 while theoretical
calculations suggest that TDMAHf and HfCl4 precursors give
similar effects.19 Based on these literature reports, we expect
that incomplete elimination of precursor ligands may cause
nucleation delays during the growth of many other ternary
ALD processes with similar precursor chemistries.

V. CONCLUSIONS

The reaction mechanisms of binary ZnO, SnO2, and
ternary ZTO ALD processes were investigated by in situ
gas-phase and surface FTIR spectroscopy. The gas-phase
FTIR results establish that the ligands of the TDMASn
precursor are not completely eliminated during typical H2O
exposure steps of the SnO2 ALD process, and not even
after 10 subsequent ZnO ALD cycles. Transmission FTIR
spectroscopy performed on high-surface-area SiO2 powder
revealed that both SnO2 and ZnO ALD suffer from incomplete
elimination of precursor ligands. In addition, it was found that
more ligands persist when ZnO ALD is carried out after SnO2
ALD, an effect which is likely related to the occurrence of
nucleation delays observed during the deposition of ZTO. The
TDMASn ligands were almost completely eliminated when
the deposition was performed at 200 ◦C, suggesting that ZTO
can be deposited without nucleation delays by using a higher
substrate temperature.

The presence of persisting ligands has not been detected in
previous FTIR studies due to the type of analysis performed.
Instead of the conventional approach of presenting FTIR
data as difference spectra, most spectra in this work were
referenced to a background spectrum recorded before the
experiment, revealing the changes as compared to the initial
state of the surface. This approach may be more suited for
the investigation of nucleation effects and the detection of
persisting species.

The data presented for the binary ZnO and SnO2 ALD
processes provide evidence for the cooperative mechanism
that has been described previously in theoretical studies.
So far, the presence of persisting ligands has only been
detected experimentally for Al2O3 ALD. Based on the

current observations, representing both alkyl and alkylamido
precursors, it can be expected that the elimination of precursor
ligands is incomplete for many more ALD processes. This
has broad implications, possibly clarifying other previously
reported experimental observations, such as differences in
binary ALD growth rates depending on the employed co-
reactant. Moreover, it can be theorized that similar poisoning
reactions due to persisting ligands play an important role
during other multi-element ALD processes, which can explain
some of the deviating growth characteristics that have been
reported.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional FTIR
spectra.
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