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A B S T R A C T

We present a kinetic model for the reaction of diethylzinc (DEZ) adsorption in atomic layer deposition (ALD) of
ZnO from DEZ and water. The proposed model has been verified by comparing kinetic experimental data to the
prediction of the model in the temperature range of 60–200 °C. In this model, DEZ molecules are molecularly
adsorbed on the hydroxyl-terminated surface in the first elementary reaction. Then the molecularly-adsorbed
DEZs either desorb from the surface, or undergo an irreversible ligand exchange reaction and form mono-
ethylzinc (MEZ)-terminated surface by liberating ethane molecules. According to the integrated rate law of the
model, as the exposure time of DEZ increases, the growth per cycle (gpc) of ALD, i.e., the thickness increment per
cycle, rapidly increases and then saturates showing the self-limiting growth behavior. The required DEZ ex-
posure time to reach the saturated gpc value is shortened when the chemical equilibrium between the molecular
adsorption and desorption shifts toward the adsorption, as this leads to higher effective rate constant in the
overall mechanism of the DEZ adsorption. Although the saturated gpc value is primarily governed by the hy-
droxyl concentration on the ZnO surface, it is also heavily influenced by the steric hindrance due to the bulkiness
of the ethyl ligands. We have determined that the critical temperature at which the steric hindrance disappears is
around 150–200 °C, by investigating the variation of the hydroxyl concentration with temperature. At tem-
peratures lower than 150 °C, we have observed that the saturated gpc value is governed by the steric hindrance
rather than the hydroxyl concentration. However, the saturated gpc value at 200 °C has been achieved purely by
the hydroxyl concentration. In other words, all hydroxyl groups at 200 °C have been consumed and saturated by
the MEZ molecules of which the steric hindrance-free concentration has been evaluated to be ∼7.1 /nm2. In
addition, the effective activation energy was estimated to be ∼8.50 kJ/mol by using the effective rate constants
of all temperatures investigated.

1. Introduction

Recently, atomic layer deposition (ALD) method has been widely
utilized to grow thin films or nano-materials for various applications
such as electronic devices, solar cells, and catalysis due to its precise
controllability in atomic scale [1]. ALD is a thin film deposition method
in vacuum and a modified version of chemical vapor deposition (CVD).
In the CVD method, two (or more) precursor gases are simultaneously
supplied to a substrate at a high temperature to chemically deposit a
thin film, accompanying thermal decomposition of precursors. How-
ever, In the ALD, the two precursor gases are alternately pulsed onto the
substrate, and each pulse of precursors are separated by purging with
inert gas, in order to avoid the encounter and thermal decomposition of

both precursors. Consequently, the thin film growth in the ALD is ac-
complished by chemical adsorption of each precursor via two self-
limiting half-reactions. After adsorption sites in the surface are satu-
rated with one type of precursor molecules, the chemical reaction is
terminated showing self-limiting growth behavior. Additional precursor
molecules of the same type do not adsorb onto the surface, since all
available sites have been consumed. This self-limiting behavior enables
ALD to finely control the film growth in angstrom-scale. In addition, the
surface species formed by the chemical adsorption plays a role of ad-
sorption sites for the chemical adsorption of the other precursor in the
next half-reaction. Therefore, by repeating the ALD cycle which consists
of the first half-reaction, purge, the second half-reaction and purge, the
thickness of the thin film increases with the number of ALD cycles.
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Among ALD processes of various materials, ZnO has been ex-
tensively studied due to the existence of near-ideal precursors, i.e.,
diethylzinc and water for zinc and oxygen, respectively. ZnO is a
semiconducting material with a wide band gap of 3.37 eV. Its useful
properties such as tunable conductivity and transparency have led to
various ZnO applications, such as passivation layers in solar cells, [2,3]
channel layers in thin film transistors, [4–6] and photoelectrochemical
catalysis. [7–10] Piezoelectricity of ZnO also allows ZnO thin films to
be used in sensor applications to detect changes in pressure and gas
composition [11,12]. Combination with unique materials such as gra-
phene has also been studied in recent years [13] In these applications of
ZnO thin films, ALD is one of the favored deposition methods, due to its
ability to comply with the current market’s stringent demands for de-
vice fabrication [14,15].

Understanding the ALD mechanism is important because it allows
the user to finely tune the ALD process, which in turn leads to optimal
properties of the deposited films. Knowledge regarding the energetics
and kinetics of ALD reactions would also help optimize the ALD pro-
cesses, by reducing the amount of wasted precursors and shortening the
deposition process. Despite the intensive investigations, [16–18] the
mechanisms of many ALD reactions including the ZnO ALD process are
still under debate due to the complicated nature of the reaction en-
vironment [19–21]. In an ideal scenario of ALD, one ALD cycle would
deposit a monolayer of the target material. However, practical factors
such as steric hindrance exerted from ligands of precursors and/or the
lack of surface adsorption sites may prevent the realization of the
monolayer growth per cycle (gpc). Such deviations complicate the study
of kinetics and mechanisms.

In an effort to investigate the complicated mechanisms, theoretical
approaches which are based on first principles have been used
[20,22,23] Density functional theory (DFT) relies on the computation of
atomic interactions and bonds to calculate the energies and plausibility
of given chemical reactions. Despite its usefulness, the inherent sim-
plifications and assumptions (such as crystallinity, temperatures, etc.)
needed to achieve the calculations can yield over- or under-estimated
predictions which differ from actual experimental results. Thus, real
experimental data are required to confirm that the obtained calcula-
tions are valid.

Puurunen reported a theoretical close packing model for gpc in ALD
where she assumes that the steric hindrance between precursor mole-
cules determines the gpc of ALD reactions [24]. The model uses the
bulkiness of precursor ligands to calculate the area each precursor takes
up on the surface. The area taken up by one ligand is then used to
determine the number of precursor molecules able to adsorb on the
surface. This model explains the decreasing gpc at high temperatures
with the decrease in surface adsorption sites. However, it neglects the
effect of a change in temperature when the gpc value is determined by
the steric hindrance. In practice, the gpc value often increases in this
region as the temperature increases, since the number of molecules
having enough energy to overcome the energy barrier of adsorption is
also increased.

Here, we propose a simple kinetic model for the adsorption of die-
thylzinc (DEZ) on the surface of ZnO. In the proposed mechanism, the
reversible molecular DEZ adsorption step exists prior to the irreversible
chemisorption of DEZ. The integrated rate law from the model is well
matched with the kinetic data of the pre-saturation regions in the self-
limiting adsorption of DEZ. Among various factors such as the equili-
brium between adsorption and desorption of DEZ, surface hydroxyl
concentration, and steric hindrance, critical factors which govern the
gpc value are investigated in detail.

2. Experimental

ZnO films were deposited on boron-doped p-type Si (1 0 0) wafers
with a resistivity of 10.0Ω cm (LG Siltron, Inc., CASRN: 7440-21-3) in a
laminar flow type reactor (ATOMIC-CLASSIC, CN1 Co., Ltd.) by ALD.

DEZ (Nuri Tech Co., Ltd., CASRN: 557-20-0, 99.9999%) and deionized
water (CASRN: 7732-18-5, 18M-Ohm) were used as a precursor of zinc
and oxygen, respectively. In order to reduce the dose of DEZ, an orifice
with a diameter of μ300 m was installed at the outlet of the precursor
canister. The usage of the orifice extends the exposure time of DEZ
required to reach surface saturation, enabling the investigation of the
pre-saturation regions during DEZ adsorption. Before and after instal-
ling the orifice, the DEZ dose was decreased from ∼9.4×10−5 mol/s
to ∼8.4× 10−6 mol/s. To focus on the kinetics of DEZ adsorption, the
water dose (∼1.0× 10−4 mol/s) was held constant and in excess for all
kinetic experiments. Both precursors were vaporized at room tem-
perature without any carrier gas or external heating devices. The gas
lines were maintained at 100 °C to prevent precursors from condensing
before reaching the reaction chamber. The ALD sequence consisted of
DEZ exposure - purge (10 s) - water exposure (1 s) – purge (10 s) where
each pulse time was controlled by solenoid valves. The purging steps
with 400 SCCM of nitrogen (Daedong Seongdong Oxygen, CASRN:
7727-37-9, 99.999%) followed each precursor exposure to remove all
excess precursors and reaction byproducts existing in the gas phase. The
deposition temperature was varied from 60 to 200 °C which was cali-
brated with a thermocouple-implanted silicon wafer under N2 atmo-
sphere of 1 torr.

Prior to the ALD process, the thickness of native oxide of the silicon
wafer was measured by a spectroscopic ellipsometer (SE, MG-1000,
Nano-View Co., LTD.), and it was used as the thickness of the native
oxide in the structure model of ZnO/SiO2/Si for measuring the thick-
ness of the ZnO layer. Fig. 1 shows the kinetic data of the DEZ ad-
sorption reaction (i.e., the thickness variation of ZnO as a function of
DEZ exposure time) obtained at various ALD temperatures (60, 80, 100,
125, 150, and 200 °C).

3. Results and discussion

3.1. Kinetic model for DEZ adsorption

The ALD of ZnO can be broken down to two half-reactions which are
responsible for the deposition of zinc and oxygen atoms, respectively
[19,25]. The first (Eq. (1)) and second (Eq. (2)) half-reactions during
DEZ and water pulses are respectively represented by

⊩OH+Zn(CH2CH3)2(g)→⊩OZn(CH2CH3)+C2H6 (g) (1)

⊩Zn(CH2CH3)+H2O (g)→⊩ZnOH+C2H6 (g) (2)

where the symbol⊩ denotes surface species. The surface hydroxyls play
a role of the adsorption sites for DEZ. The monoehtylzinc (MEZ) formed
in the first half-reaction reacts with water vapor to recover the surface
hydroxyls in the second half-reaction. Among the two half-reactions, we
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Fig. 1. ZnO thickness variations as a function of DEZ exposure time at various
deposition temperatures. Each point represents the thickness resulting from 100
ALD cycles.
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will focus on the adsorption reaction of DEZ, because the kinetic data
(i.e., gpc values) of ALD are generally governed by the adsorption of the
bulkier precursor, due to its steric hindrance [24].

We propose a mechanism of the first half-reaction for the DEZ ad-
sorption which consists of three elementary reactions as listed below
(Eqs. (3)–(5))

⊩ + → ⊩OH DEZ OH:DEZ
ka (3)

⊩ → ⊩ +OH: DEZ OH DEZ
kd (4)

⊩ → ⊩ +OH: DEZ OZn(CH CH ) C H
k

2 3 2 6
b (5)

where the symbol : denotes long-range interaction by molecular ad-
sorption, and ka, kd and kb are the rate constants of each elementary
reaction. Note that the steric hindrance of the surface species is not
considered in this mechanism for simplicity (see the following sections
for the steric hindrance).

According to the DFT calculations by Weckman et al., DEZ mole-
cules form a pre-adsorbed state with the surface hydroxyl group [23].
The adsorption energy of this interaction is around − −0.7 to 0.5eV,
suggesting that the nature of the adsorption is not chemical, but rather
a weak molecular interaction (Eq. (3)). Since the molecular adsorption
is reversible, the molecularly-adsorbed DEZs either desorb from the
surface (Eq. (4)) or undergo the ligand exchange reaction (Eq. (5)) to
chemically adsorb on the surface. The ligand exchange reaction is
considered irreversible due to two reasons. First, during the ALD pro-
cess, the liberated ethane gas is rapidly purged from the reactor,
eliminating the possibility of a reverse reaction. Second, according to
the DFT calculation [23] the energy barrier for the reverse reaction
(1.16 eV) is much larger than that (0.24 eV) of the ligand exchange
reaction. The large energy barrier eliminates the possibility of the re-
verse reaction, even in the presence of nearby ethane.

For simplicity, the proposed mechanism is rewritten with Roman
and Greek letters for gas phase molecules and surface species, respec-
tively.

+ →α βD
ka

(3a)

→ +β α D
kd

(4a)

→ +β γ E
kb

(5a)

where α, β, γ, D and E represent the surface hydroxyls, molecularly-
adsorbed DEZ, chemically-adsorbed MEZ, gaseous DEZ, and ethane,
respectively. The proposed reaction pathway is simply summarized as
below

+ ⇄ → +α β γD E (6)

According to the proposed mechanism, the rate of change in the
concentration of the molecularly-adsorbed DEZ (β) is given by

= − −
d β

dt
k α k β k β

[ ]
[ ]P [ ] [ ]a d bDEZ (7)

where the symbols in square brackets indicate each concentration of
surface species of which the dimension is the number of the surface
species per unit area. PDEZ is the vapor pressure of DEZ and is around
0.14–0.18 torr in our kinetic experiments during the exposure of DEZ
with the orifice of 300 μm in diameter. We may assume that the rate of
change in [β] is negligibly small after an induction period (an interval
during which [β] rises from zero to a steady-state concentration) and
before the complete consumption of the surface hydroxyls (α). By using
the quasi-steady state approximation at the intermediate stage of the
progress of the reaction except for the initial and final stages, the
concentration of β is expressed as

=
+

β k α
k k

[ ] [ ]Pa

b d

DEZ

(8)

By setting a pressure constant (Π) as

= +k k
k

Π b d

a (9)

and

=β α[ ] [ ]P
Π

DEZ
(10)

Note that the pressure constant Π is a function of temperature, and
the dimension of Π is ‘pressure’, because the units of the rate constants
are s−1 for both kb and kd, and s−1 ∙torr−1 for ka. Furthermore, because
the initial concentration ([α]0) of the surface hydroxyls should be the
sum of [α], [β] and [γ], and PDEZ is approximately equal to the initial
vapor pressure of DEZ (P0,DEZ) owing to its continuous supply for the
DEZ exposure, [β] can be rewritten as

=
−

+
β

α γ
[ ]

P ([ ] [ ])
Π P

0,DEZ 0

0,DEZ (11)

Consequently, the rate law of the first-half reaction is expressed as

= =
−

+
γ

dt
k β

k α γd[ ]
[ ]

P ([ ] [ ])
Π Pb

b 0,DEZ 0

0,DEZ (12)

and, by integrating Eq. (12),

⎜ ⎟⎜ ⎟= ⎛

⎝
− ⎛

⎝
−

+
⎞
⎠

⎞

⎠
γ α

k
t[ ] [ ] 1 exp

P
Π P

b
0

0,DEZ

0,DEZ (13)

where t is the exposure time of DEZ. The integrated rate law (Eq. (13))
implies that all initial adsorption sites (α) are completely occupied by
MEZ at an infinitely long exposure time (i.e., [γ]= [α]0 at t=∞).
Thus, the first term ([α]0) of Eq. (13) can be interpreted as the con-
centration of the adsorption sites which can be potentially converted to
the MEZ-adsorbed sites under the assumption of no steric hindrance.
The second term represents the concentration of the adsorption sites
which is not occupied by MEZ and remains in the form of α or β at an
exposure time t. Therefore, if there is no steric hindrance between the
adsorbed molecules, the [γ] value should be primarily governed by the
[α]0 value. However, if steric hindrance does exist, the [γ] value will
secondarily be decided by the steric hindrance. Thus, the importance of
the degree of steric hindrance in DEZ adsorption becomes apparent.

In addition, the second term is a decaying exponential function of
which the decaying rate is determined by kb, P0,DEZ, and Π. Depending
on the values of Π and P0,DEZ, the integrated rate law can be approxi-
mated as

⎜ ⎟⎜ ⎟≅ ⎛
⎝

− ⎛
⎝

− ⎞
⎠

⎞
⎠

≫γ α
k

t[ ] [ ] 1 exp
P
Π

if Π Pb
0

0,DEZ
0,DEZ

(14)

and

≅ − − ≪γ α k t[ ] [ ] (1 exp( )) if Π Pb0 0,DEZ (15)

Consequently, the latter ( ≪Π P0,DEZ) may show a more rapid sa-
turation of [γ] compared to the former ( ≫Π P0,DEZ). According to Eq.
(9), for the pressure constant to become smaller, the rate constant of the
molecular adsorption (ka) should be higher than that of the ligand ex-
change reaction (kb) and/or that of the molecular desorption (kd). Eq.
(13) can be further simplified by setting keff as

=
+

k
k P

Π Peff
b 0,DEZ

0,DEZ (16)

and

= − −γ α k t[ ] [ ] (1 exp( ))eff0 (17)

where keff can be interpreted as the effective rate constant of the overall
first-half reaction.
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3.2. Application of the proposed kinetic model

As shown in Fig. 1, our kinetic data are plotted as thicknesses grown
for 100 cycles at various temperatures against the DEZ exposure time.
To verify the kinetic data with the proposed model, the growth per
cycle (gpc), which is defined as thickness increment per cycle at DEZ
exposure time t, can related with [γ] as below

=gpc M
ρN

γ[ ]
A (18)

where M , ρ, and NA represent the molar mass and density of ZnO, and
the Avogadro’s number, respectively [24,26]. It is reported that the
density of ZnO grown by ALD using DEZ and water is around 5.4 g/cm3

[27]. Combining Eqs. (17) and (18), the integrated rate law can be
rewritten as

= − −gpc α M
ρN

k t[ ] (1 exp( ))
A

eff
0

(19)

and gpc is a function of the DEZ exposure time and saturates at a long
exposure time. If there is no steric hindrance as assumed in this model,
the saturated gpc (gpcsat) is determined by the initial concentration of
surface hydroxyls ( =gpc α M ρN[ ] /sat A0 ).

Morishige, et al. performed a thermal desorption study of water
molecules which occurs from molecularly-adsorbed H2O or chemically-
adsorbed surface hydroxyl on ZnO [28]. However, they did not quantify
the surface hydroxyl concentration (i.e., OH/nm2) remaining on the
surface, but instead determined the number of hydroxyl groups per
1 nm2 which were removed from the ZnO surface by the thermal des-
orption. The total sum of hydroxyls removed during heating ZnO
samples from 40 to 400 °C was around 11–12 OH/nm2. By integrating
their thermal desorption spectra in a temperature range of interest and
subsequently subtracting the number of hydroxyls removed in the
temperature range from the total number of hydroxyls, we extracted the
surface hydroxyl concentration (i.e., [α]0) at specific temperatures as
shown in Fig. 2 (see Fig. S2 for the extended data in a wider tem-
perature range).

Using the surface hydroxyl concentrations of Fig. 2, the saturation
behavior of γ[ ] can be predicted by the proposed model (Eq. (17)), if the
value of keff is known at the temperature of interest. In Fig. 3, the
theoretical and experimental values of γ[ ] are plotted against the DEZ
exposure time (vide infra for the determination of the keff values). The
proposed model well depicts the saturation behavior of γ[ ] at 200 °C as
shown in Fig. 3a. It reveals that there is no steric hindrance at 200 °C.
However, there is a significant difference between the experimental and
theoretical γ[ ] values at 100 °C. The discrepancy originates from the
steric hindrance which is neglected in the proposed model. This

discrepancy becomes more severe as the growth temperature decreases
(see Fig. S3). This is due to the higher [α]0 values at lower tempera-
tures.

If steric hindrance exists, the maximum number of adsorbed MEZ
will not be decided by the initial concentration of surface hydroxyls.
Although unoccupied hydroxyl sites exist on the surface, the maximum
number of adsorbed MEZ will be decided by the degree of steric hin-
drance. Thus, the saturation of γ[ ] may occur at an earlier exposure time
(ts

') with a lower gpcs
' than those (tsat and gpcsat) predicted by the model.

However, even if steric hindrance persists, since the adsorption of DEZ
may follow the proposed pathway and the measured gpc cannot exceed
the gpcs

' value, we can express the saturation behavior in the normalized
form with gpcs

' as below

= −

−

−

−

gpc
gpc

e

e

1

1s

k t

k t'

eff

eff s
'

(20)

In our kinetic experimental data, the gpc nearly saturates at =t s3s
'

at all temperatures as shown in Fig. 1. Therefore, using the gpcs
' value at

=t s3s
' , we performed a nonlinear regression of the kinetic data with Eq.
(20) in order to determine the effective rate constant (keff ) at each
temperature. For example, from the nonlinear regression of the kinetic
data at 100 °C (Fig. 4), we have obtained the effective rate constant of
∼1.75/s. The other regression data at different temperatures are listed
in Table 1 (see Fig. S4 for other temperatures). The regression results
and experimental data are well matched at all temperatures, indicating
that the adsorption of DEZ follows the proposed kinetics.

Using the effective rate constants listed in Table 1, the effective
activation energy for the DEZ adsorption reaction was estimated to be
8.50 kJ/mol ± 0.67 (0.09 eV ± 0.01) from the Arrhenius plot (Fig. 5) in
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Fig. 2. Surface hydroxyl concentration on ZnO as a function of temperature.
The data used to plot this figure has been extracted from the thermal desorption
spectra of Ref. [28].

Fig. 3. Comparison of saturation behaviors of [γ] at 100 °C (a) and 200 °C (b)
against DEZ exposure time. The solid lines were calculated from Eq. (17):
keff=3.08/s and [α]0= 7.1/nm2 at 200 °C; keff=1.75/s and [α]0= 10.4/nm2

at 100 °C. The experimental data of [γ] were obtained from the gpc values by
using Eq. (18).
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the temperature range of 60–200 °C. There have been several studies in
which the growth per cycle data in the saturated region (i.e., gpcs

') were
used to calculate the apparent activation energy of DEZ adsorption
[19,29]. Yousfi, et al. reported the apparent activation energy of
16.7 kJ/mol in a temperature range of 50–140 °C using their in-situ
quartz crystal microgravimetric data [19]. However, the gpcs

' data does
not represent the kinetics during precursor adsorption, and only reflects
the saturated number of chemically adsorbed precursor molecules at
the end of the adsorption reaction. If their approach is applied to the
higher temperatures where the gpcs

' decreases with the increase in
temperature, the apparent activation energy should become negative.
Indeed, Yousifi, et al. excluded the data at temperatures higher than
140 °C for their calculations. However, by using the effective rate
constants obtained by our proposed model, it is possible to calculate the
effective activation energy while including the data obtained at tem-
peratures where the gpcs

' decreases with the increase in temperature.
(see Fig. S5. The gpcs

' begins to decrease at temperatures over 150 °C in
ZnO ALD). In addition, the apparent activation energy obtained from
the gpcs

' values cannot be considered as a suitable measurement of the

adsorption kinetics, as it does not encompass the kinetic aspect of the
reaction which can only be obtained in the pre-saturation region.

Using DFT calculation, Afshar et al. have suggested that the ad-
sorption of DEZ on the surface of a ZnO cluster must go through a
barrier of 1.35 eV [20] which is significantly larger than the effective
activation energy (0.09 eV) we have obtained. Jie et al. also has re-
ported an activation energy value of 0.67 eV for the DEZ adsorption
process [22]. These two works have used the ZnO cluster model for
their calculations, which could have led to the error in estimating the
barrier height. Weckman et al. have reported smaller activation en-
ergies ranging from 0.23 to 0.47 eV, depending on whether there is an
adsorbed DEZ next to the active site for adsorption [23]. They modeled
the surface using the common slab model with periodic boundary
conditions imposed, with the slab being six stoichiometric oxide layers
thick. Holmqvist et al. have reported the activation energy of DEZ ad-
sorption reaction to be 0.44 eV [30]. The last study includes experi-
mental results which were used to calculate the energy value, but their
work mostly focuses on the statistic optimization and reactor design,
rather than the ALD reaction itself.

The activation energy experimentally determined from the
Arrhenius plot in our study reveals that the DFT calculations using the
cluster model greatly overestimate the energy barrier of the precursor
adsorption step. This error is likely the result of using ZnO clusters as
substrates. Clusters and bulk layers differ significantly due to the co-
ordination number of the atoms on the surface, therefore the ZnO film
surface cannot be properly represented by a cluster model [23]. Other
models which use the slab or surface model also seem to overestimate
the value of activation energy. This could be due to the inherent lim-
itations of DFT calculations, as such calculations are often carried out at
0 K. In addition, while the activation energies from the DFT calculation
are the energy barrier of the elementary step in which β is converted to
γ, the effective activation energy from this model is the effective barrier
height in the overall mechanism. Therefore, it is reasonable that the
effective activation energy is smaller than those predicted by DFT cal-
culations. However, the resulting information from DFT calculations
may be useful as a reference and for comparison with experimental
data.

3.3. Comments on governing factors of gpcs
'

As mentioned in the previous section, the presence and the degree of
the steric hindrance play a critical role in achieving the theoretical
saturation value of gpc. Here we define a steric hindrance factor (δ) to
describe the degree of the steric hindrance as below

= −δ γ γ[ ] [ ]cal exp (21)

where γ[ ]cal and γ[ ]exp are the theoretical and experimental values of
[γ], respectively. Note that the δ is a function of temperature at given
conditions (i.e., t and P0,DEZ) and can be interpreted as the lost con-
centration of the MEZ that would have been adsorbed on the surface if
there was no steric hindrance. Fig. 6 shows the variation of δ with
temperature at our experimental conditions (t= 3 s and

≈ torrP 0.14 0.180,DEZ ) which was obtained from Fig. S3. As the tem-
perature increases, the steric hindrance factor monotonically decreases
and then disappears between 150 and 200 °C. Consequently, the ex-
perimental values and the theoretical prediction of [γ] match each
other well at 200 °C as shown in Fig. 3a. Furthermore, the concentration
of the surface MEZ at 200 °C is equal to the surface hydroxyl con-
centration of ∼7.1/nm2 at the temperature (Figs. 2 and 3a), owing to
the absence of steric hindrance. According to the DFT calculation by
Weckman, et al., the theoretical maximum number of MEZ on the
surface of ZnO is ∼7.1/nm2 due to the steric hindrance [23]. The
maximum value of the DFT calculation well agrees to that of our model.

By using the integrated rate law and the steric hindrance factor, we
can determine which factor is governing the gpcs

', at a specific ALD
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Fig. 4. Variation of gpc/gpcs
' against DEZ exposure time at 100 °C (see Fig. S4

for other temperatures).

Table 1
The effective rate constants and surface hydroxyl concentrations at various ALD
temperatures.

Temperature [°C] keff [s−1] Standard deviation [α]0 [nm−2]

60 1.30 0.08 11.5
80 1.38 0.11 10.9
100 1.75 0.09 10.4
125 2.23 0.11 9.6
150 2.36 0.22 8.9
200 3.08 0.42 7.1

0.0020 0.0024 0.0028
1.00

2.72

k ef
f

1/T (K-1)

Ea = 8.50 kJ/mol

Fig. 5. Arrhenius plot of the DEZ adsorption reaction.
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temperature. In overall, the governing factors of gpcs
' are the surface

hydroxyl concentration and the steric hindrance. At deposition tem-
peratures up to 150 °C, the steric hindrance determines the concentra-
tion of surface MEZ molecules. When the temperature reaches
150–200 °C, however, the surface hydroxyl concentration becomes
sufficiently low that it begins to dominate the value of [γ]. The effective
reaction rate constant (keff ) determines how fast the film growth
reaches saturation. When the rate constant becomes large, the satura-
tion time (ts

') required to reach the surface saturation becomes shorter,
as Π and kb affect keff as mentioned previously. It should be noted that
the equilibrium between the molecular adsorption and desorption of
DEZ is not a determinant of gpcs

' but one of factors to determine the
value of keff , because Π decreases as the equilibrium shifts toward ad-
sorption. Afshar claims that the increase in deposition temperature also
affects the equilibrium between adsorption and desorption of precursor
molecules. He suggests that the temperatures at which the gpcs

' di-
minishes coincide with the temperatures that the adsorption of DEZ and
water become thermodynamically unfavorabl [20]. However, as can be
seen from the integrated rate law, the equilibrium between adsorption
and desorption only affects the exposure time required to reach surface
saturation, not the gpcs

'.
In addition, since the steric hindrance is attributed to the bulkiness

of the precursor ligand and is detrimental to the gpcs
', the usage of

precursors with smaller ligands may be a viable strategy to achieve
higher gpcs

' values. For example, using dimethylzinc (DMZ) as a Zn
precursor yields higher gpcs

' than using DEZ at the same deposition
temperature (see Fig. S5). The smaller size of the methyl ligand allows
more Zn atoms to adsorb on the surface, leading to gpcs

' values which
are closer to the monolayer thickness of ZnO [31,32]. However, the
difference between the gpcs

' values from DEZ and DMZ becomes insig-
nificant when the ALD temperature increases to 200 °C, as the factor
determining the gpcs

' changes from the steric hindrance to the surface
hydroxyl concentration.

4. Conclusion

A kinetic model for the DEZ adsorption reaction during ZnO ALD
from DEZ and water was proposed. In this model, DEZ molecules first
weakly (molecularly) adsorb on the hydroxyl-terminated surface. The
molecularly-adsorbed DEZs then either desorb back into the gas phase
or undergo an irreversible ligand exchange reaction by producing
ethane molecules and forming MEZ-terminated surface. The proposed
model has been verified by comparing the theoretical predictions with
the kinetic experimental data in the temperature range of 60–200 °C.
According to the integrated rate law of the model, when the exposure
time of DEZ increases, the growth per cycle (gpc), i.e., the thickness
increment per cycle, rapidly increases and then saturates, showing the

self-limiting growth behavior. The DEZ exposure time required to reach
the saturated gpc value is shortened when the chemical equilibrium
between molecular adsorption and desorption shifts toward adsorption,
which results in the higher effective rate constant in the overall me-
chanism of DEZ adsorption. The saturated gpc value is primarily gov-
erned by the hydroxyl concentration on the ZnO surface. However, it is
also heavily influenced by the degree of steric hindrance, due to the
bulkiness of the ethyl ligands. By investigating the variation of the
hydroxyl concentration with temperature, we have determined that the
critical temperature at which the steric hindrance disappears is between
150 and 200 °C. At temperatures lower than 150 °C, the saturated gpc
value was governed by the steric hindrance, rather than the hydroxyl
concentration. When the temperature is raised to 200 °C, however, the
saturated gpc value was decided by the surface hydroxyl concentration.
That is, all hydroxyl groups on the surface were consumed and satu-
rated by MEZ molecules. This steric hindrance-free MEZ concentration
has been evaluated to be ∼7.1 /nm2. The effective activation energy
was evaluated from the effective rate constants of investigated tem-
peratures, which was found to be ∼8.50 kJ/mol.
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