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A B S T R A C T

In this study, we fabricated high-quality beryllium oxide (BeO) films using discrete-feeding plasma-enhanced
atomic layer deposition (DF-PEALD). BeO has exceptionally high thermal conductivity (330 W/m-K), a large
bandgap energy, and a high dielectric constant, making it an optimal dielectric that can solve the thermal prob-
lems caused by the miniaturization of transistors. In atomic layer deposition (ALD), the physically adsorbed pre-
cursors and byproducts present during precursor injection act as a barrier to the full saturation of the substrate
surface. The discrete feeding method (DFM) is a process that divides the precursor feeding and purge steps into
several individual units without changing the overall process. This mitigates the effects of in-process screening
and suppresses the formation of interfacial layers and carbon impurities. The grain size of the BeO fabricated us-
ing DF-PEALD was found to be 31.3 % higher than that of BeO fabricated using plasma-enhanced atomic layer
deposition (PEALD) without the DFM, and its density (3.01 g/cm3) more closely matched that of the bulk. The di-
electric constant of the BeO films fabricated using DF-PEALD was 8.8, the bandgap energy was 8.1 eV, and the
leakage current density was 1.21 × 10−9 A/cm2 at −1 MV/cm.

1. Introduction

Three-dimensional (3D) structures such as fin field-effect transistors
(FinFETs) and gate-all-around (GAA) transistors have been developed
to address the limitations of conventional planar transistors, especially
in terms of their scaling and performance. These advanced architec-
tures have become commercially available, improving the overall effi-
ciency and functionality of complementary metal-oxide-semiconductor
(CMOS) devices [1–3]. However, 3D structures are more vulnerable to
self-heating because of the low thermal conductivity of the dielectric
surrounding the channel, which can increase the temperature and affect
the performance and reliability of the device [4–6]. Additionally, high-
k materials such as HfO2 and ZrO2, used as gate dielectrics in 3D struc-
tures because of their attractive electrical properties, have extremely
low thermal conductivities, exacerbating these thermal problems. For
instance, it was demonstrated that the utilization of Al2O3, which ex-
hibits relatively high thermal conductivity (29.0 W/m-K), in GAA not
only resulted in a 49 % reduction in thermal resistance in comparison
to HfO2 (0.5 W/m-K), but also led to an improvement in the On-Off ra-

tio by 29.6 % [7,8]. One potential method for addressing this issue is to
use a material with optimal electrical properties and high thermal con-
ductivity as the gate dielectric [9,10].

Beryllium oxide (BeO) with a wurtzite structure exhibits a high ther-
mal conductivity of 330 W/m-K at 300 K [11], along with excellent
thermal stability [12]. In addition to its unique properties, it has a large
bandgap energy of 10.6 eV [13] and a high dielectric constant of 6.9
[14]. Moreover, computational simulations have revealed that BeO
with a cubic structure can achieve a dielectric constant of ∼275 while
maintaining a bandgap energy of 10.1 eV [15]. This makes BeO an ap-
propriate material for mitigating unwanted leakage currents while ad-
dressing thermal issues in nanodevices.

Atomic layer deposition (ALD), based on a self-limiting reaction, is
suitable for depositing high-quality thin films because of its uniformity,
precise thickness control, and conformality [16,17]. BeO thin films fab-
ricated using ALD have been proven to have excellent dielectric proper-
ties in Si and various wide bandgap semiconductors such as SiC, GaN,
and β-Ga2O3 [18–20]. BeO has also been deposited via thermal ALD us-
ing various reactants such as H2O and O3 [21,22]. Recently, plasma-
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enhanced ALD (PEALD) has been used for the low-temperature growth
of BeO, which had better dielectric properties than that fabricated using
Thermal ALD (ThALD) [23,24]. However, there is still a lack of system-
atic research on the ALD of BeO, including methods to control the sur-
face reaction, compared with other materials [25,26]. This may hinder
the commercialization of BeO thin films.

The precursor reacts uniformly across the entire surface in an ideal
ALD reaction. However, during the actual ALD process, fully saturated
reactions do not occur because of steric hindrance and the “screening
effect,” which was the focus of this study [27]. When excess precursor
enters the chamber during the process, a screening effect occurs, which
results in both chemical and physical adsorption. The presence of the
physically adsorbed precursor hinders the reaction of active sites and
reduces the film density [28,29]. The discrete feeding method (DFM)
can enhance the quality of thin films while minimizing the consump-
tion of precursors [30–32] by implementing a cut-in purge process
without modifying the overall process duration. By repeating the pre-
cursor supply and purging processes, physically adsorbed precursors
and byproducts can be effectively removed, preventing screening ef-
fects and forming high-density thin films [33].

In this study, we systematically investigated the discrete feeding
PEALD (DF-PEALD) of BeO films and compared the results with those
using conventional PEALD (C-PEALD). The BeO films deposited using
the DFM exhibited enhanced crystallinity, which produced superior in-
terface properties, as revealed by a grazing incidence X-ray diffraction
(GIXRD) analysis. An X-ray reflectivity (XRR) analysis demonstrated
that the density of the BeO film was nearly identical to that of the bulk
material, indicating that a denser film was produced. X-ray photoelec-
tron spectroscopy (XPS) results corroborated the observation that the
formation of the interfacial layer was not only effectively prevented, as
evidenced by the XPS depth profile, but also that pure thin films with
almost negligible carbon content were fabricated. The electrical proper-
ties were evaluated using metal-oxide-semiconductor (MOS) capaci-
tors, and the superior quality of the BeO thin films fabricated using DF-
PEALD was demonstrated.

2. Experiment section

2.1. Sample preparation

P-type Si (100) substrates with a resistivity of ∼10 Ω cm were
cleaned with acetone, isopropanol (IPA), and deionized water for 5 min
each. After cleaning, the Si substrates were immersed in buffered oxide
etch (6:1) to remove the native oxide. BeO films were deposited on the
Si substrates using an ALD system (Lucida M100-PL, NCD Technology)
with Be precursor, diethyl beryllium (DEB, Be(C2H5)2) as the precursor
[19]. O2 plasma generated at a radiofrequency of 13.56 MHz served as
the reactant in the PEALD process. The O2 plasma conditions, including
a 5 s exposure time, a 50 sccm flow rate, and 100 W power, were previ-
ously investigated by our research group for PEALD BeO [34]. The sub-
strate temperature during the PEALD process was maintained at 150 °C,
while the precursor temperature was 30 °C. Ar gas maintained a work-
ing pressure of 0.25 Torr through a flow rate of 100 sccm to purge any
remaining precursor and reactant. Individual saturation curves in terms
of pulse time for the C condition and the three DF conditions (DF2, DF3,
and DF4), along with a saturation curve for purge time, are provided in
the Supporting Information(Fig. S1) to offer a more comprehensive rep-
resentation of the baseline characteristics for both the C and DF
processes.

2.2. Characterization

Ellipsometry (Elli-SE, Ellipso Technology) was used to evaluate the
thicknesses of the BeO thin films. GIXRD and XRR analyses were con-
ducted using Rigaku SmartLab systems equipped with an X-ray tube

that produced Cu Kα X-rays at 20–60 kV and 60 mA. The compositions
of the samples were analyzed via X-ray photoelectron spectroscopy
(XPS) using a Thermo Fisher Scientific K-ALPHA system. Al Kα X-rays
with an energy of 1486.6 eV were applied with a spot size ranging from
30 to 400 μm and an energy resolution of 0.085 eV. An XPS depth pro-
file analysis was conducted after the sample surface was etched using
Ar-ion etching to evaluate the carbon composition.

To fabricate a MOS capacitor, 200 cycles of BeO films were de-
posited on p-type Si using two different methods: DF-PEALD and C-
PEALD. Subsequently, 100 nm of W metal was deposited by DC sputter-
ing after the BeO film growth. A shadow mask with a 150 μm diameter
hole pattern was employed for the deposition of the top electrode. The
capacitance–voltage (C–V) and current–voltage (J–E) data were ana-
lyzed using a power device analyzer/curve tracker (Keysight B1505A
and Keithley 4200-SCS) with a preAMP.

3. Results and discussion

Fig. 1(a) illustrates the BeO deposition sequences using DF-PEALD
and C-PEALD. To demonstrate the impact of varying the number of di-
visions in the feed-purge step, the DF-PEALD sequence was modified to
divide the precursor feed-purge step into two, three, and four steps
without altering the total process time (D2, D3, and D4). As shown in
Fig. 1(b), in C-PEALD, the screening effect is caused by physically ad-
sorbed precursors and byproducts, owing to the lack of a purge, which
screens the reactive site. In contrast, the DF-PEALD process employs a
“cut-in purging” technique to remove residual DEB precursors and
byproducts [30] effectively. This technique exposes the active sites on
the surface, allowing a subsequent short feeding process to efficiently
fill the substrate, resulting in a higher-density BeO film deposition.
Moreover, the DFM applied to the PEALD process effectively reduced
the oxidation of the exposed substrates, thereby minimizing the forma-
tion of an undesirable interfacial layer [31].

The growth per cycle(GPC) of DF-PEALD and C-PEALD were mea-
sured using an ellipsometer (Fig. 2(a)). Both processes exhibited a lin-
ear increase in thickness because of the self-limiting nature of the sur-
face reaction involved in the ALD process. The GPC was determined to
be 1.35 Å per cycle for the C-PEALD process and 1.11–1.29 Å per cycle
for the DF-PEALD process, indicating that the GPC decreased as the
pulse purge steps became more divided. The effects of the DFM ap-
proach on GPC have been reported in the literature, with some studies
observing an increase in GPC due to the removal of screening effects,
while others report a reduction in GPC associated with the growth of
denser films through the removal of unreacted precursors and ligands
[28,37]. In this study, the DFM method for BeO thin films resulted in an
earlier saturation region and slightly lower GPC compared to C-PEALD.
The reduction in the GPC of the BeO layer indicated that it underwent
densification owing to the DFM method [35]. The ALD window and re-
fractive index of C-PEALD and DF-PEALD BeO films are shown in Fig.
S2.

The DFM method is expected to result in the deposition of denser
BeO films than the C-PEALD method, owing to the filling of the
screened active sites. XRR analyses were conducted to compare the film
densities of the C-PEALD and DF-PEALD films (Fig. 2(b)). The density of
BeO was 3.01 g/cm3 after DF-PEALD (D4), which was higher than that
after C-PEALD (2.70 g/cm3) and close to the density of bulk BeO
(3.00–3.01 g/cm3) [36]. Furthermore, the density increased with the
number of divisions, with C-PEALD producing the lowest density and
DF-PEALD (D4) producing the highest. This indicated that the precur-
sor engaged with more of the substrate and contained a reduced quan-
tity of impurities, such as carbon [37]. Based on these results, analyses
were performed focusing on DF-PEALD (D4) and conventional meth-
ods.

The crystal structures of BeO deposited on Si substrates using the
DFM and conventional methods were analyzed based on the GIXRD. A
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Fig. 1. (a) Process sequences of the C-PEALD and DF-PEALD divided into N steps: D2 (2), D3 (3), and D4 (4). (b) Schematic of the mechanism for the PEALD of
BeO films with a discrete feeding method. The screening effect was suppressed by the cut-in purging process.

Fig. 2. (a) Comparison of thicknesses of BeO films fabricated using C-PEALD and DF-PEALD with different numbers of cycles. (b) Measured XRR curve and calcu-
lated curves of BeO films fabricated using different sequences. The BeO density exhibited an increase in correlation with the intensification of the cut-in purge
process.

comparison was made with the ICDD XRD database and reference data-
base [38], and Fig. 3 shows a BeO (002) peak at 41.1° after C-PEALD
and 41.17° after DF-PEALD, indicating that wurtzite BeO grew along
the c-axis on Si(001) in both processes. To ascertain the degree of crys-
tallinity, the grain size was determined by the full width at half maxi-
mum (FWHM) of the GIXRD data. The equation for calculating the aver-
age grain size (Dp) of BeO on Si is as follows: Dp = (0.94 × λ)/
(β × cosθ), where λ, β, and θ represent the line broadening in radians,

Bragg angle, and X-ray wavelength [39,40], respectively. The Dp values
for the BeO (002) fabricated using DF-PEALD and C-PEALD were ap-
proximately 13.85 nm and 10.55 nm, respectively. In this study, the
grain size derived from GIXRD analysis represents the out-of-plane crys-
tallite size. While this provides valuable information about the vertical
crystallographic structure, it does not necessarily capture the in-plane
grain size, which is more directly influenced by nucleation density. Al-
though EBSD (Electron Backscatter Diffraction) could complement XRD
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Fig. 3. GIXRD patterns for BeO thin films on Si prepared using C-PEALD and
DF-PEALD. The BeO (0 0 2) planes were observed at 41.1°–41.17°, and the
grain size of the BeO film was found to increase through the application of the
DFM method.

by providing in-plane grain size for a more comprehensive evaluation,
it requires a thicker film than that of our ALD-depositied BeO films. In-
stead, we attemped azimuthal scans to assess in-plane crystallinity (Fig.
S4). This results supports the possibility of increased in-plane grain size
in BeO-on-Si as well. It can be concluded that the enhanced grain size of
the BeO films on Si is expected to improve their electrical properties by
reducing the defects associated with dangling bonds [41]. Furthermore,
a higher crystallinity for BeO thin films is anticipated to result in en-
hanced thermal conductivity [42,43].

Fig. 4 shows the chemical binding states of the BeO films, which
were analyzed using XPS. The core-level Be 1s and O 1s spectra indi-
cate that the chemical structures of both films were almost identical.
However, a significant difference was observed in the Si 2p core-level
spectra of the two thin films. In contrast to the DF-PEALD-deposited
BeO, a larger peak corresponding to Si-O bonding (SiOx) was observed
at 102.9 eV for the C-PEALD-deposited BeO [44]. The concentration of
Si-O bonds was calculated using the XPS Si 2P ratio. The Si-O bonding
ratio was 13.25 % when the DFM was used, significantly lower than
the 28.5 % obtained by conventional methods. The observed Si-O
bonding peak resulted from the interfacial layer [45], thereby demon-
strating that the DFM effectively prevented substrate oxidation. Re-
peated cycles of cut-in purging and subsequent DEB feeding not only
remove residual by-products but also ensure efficient filling of the ex-
posed Si substrate. This process significantly reduces the susceptibility
of the substrate to oxidation during subsequent steps. Such repeated
cycles mitigate oxidation effects over multiple DF cycles, resulting in
the observed suppression of the Si-O signal compared to the conven-
tional process. In conclusion, the DFM reduced the screening effect
and suppressed the interfacial layer formation.

Fig. 5 compares the elemental compositions of the films based on
the XPS depth profiles. The DF-PEALD produced a significantly lower
carbon impurities (0.35 %) than the C-PEALD (2.57 %). The BeO film
fabricated using DF-PEALD had a remarkably low carbon impurity con-
tent, suggesting that impurities such as byproducts were effectively
purged during the ALD process. In addition, the XPS depth profile was
used to measure the oxidized interfacial layer. The suppression of the
native SiO2 by the DFM, as illustrated in Fig. 4, could be substantiated
by the data presented in Fig. 5 [46] .

Notably, the Be concentration increased significantly when the DFM
was applied. The O/Be ratio was 0.94 for DF-PEALD compared to 1.03
for C-PEALD. The use of DFM during DEB precursor injection appears to
have facilitated the deposition of a denser layer, leading to an increase
in Be content relative to O content. A promising direction for future in-
vestigations could be the simultaneous application of a discrete reac-

Fig. 4. (a) Be 1s and (b) O1s core level XPS spectra of BeO films grown via C-PEALD and DF-PEALD processes and Si 2p core level XPS spectra of BeO films grown via
(c) DF-PEALD and (d) C-PEALD processes.
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Fig. 5. XPS depth profiles of Be, O, Si, and C after the (a) DF-PEALD and (b) C-PEALD of BeO films. The use of DF-PEALD resulted in notable reductions in the carbon
impurities and interlayer compared to C-PEALD.

Fig. 6. XPS O1s spectra of BeO films fabricated using the DF-PEALD and C-PEALD techniques. The band gap energies were calculated by subtracting the core level
binding energy from the inelastic collision energy.

tant feeding method to enhance the effectiveness of the O2 plasma ex-
posure step and potentially achieve a more balanced Be:O ratio [47].

The bandgap energy values, as determined from the XPS O1s spectra
of the BeO films produced by the DF-PEALD and C-PEALD methods,
were calculated by subtracting the inelastic collision energy from the
core-level binding energy, following the fitting of a line to the inelastic
loss spectra and background level [48]. Bandgap energy values of
8.1 eV and 7.9 eV were measured for DF-PEALD and C-PEALD, compa-
rable to the reference value obtained using the ALD method [21,23].

A comparative analysis of the electrical characteristics of the MOS
capacitors fabricated with BeO using DF-PEALD and C-PEALD is pre-
sented in Fig. 7. The C–V curves were measured at a frequency of
1 MHz for forward and reverse biases, as shown in Fig. 7(a). The dielec-

tric constant of the BeO film (8.8) fabricated using DF-PEALD was
higher than that of the BeO film (7.54) fabricated using C-PEALD. How-
ever, the C–V curve of the film fabricated using DF-PEALD exhibited a
positive shift, which could be attributed to the relative increase in Be
content induced by the DFM, as shown in Fig. 5. This occurred because
the higher Be:O ratio influenced charge compensation by reducing the
hole concentration, leading to the observed shift. [49]. A comparison of
the leakage currents is shown in Fig. 7(b). The film fabricated using DF-
PEALD showed a leakage current density of 1.21 × 10−9 A/cm2 at an
electric field of −1 MV/cm, which was less than that of the film fabri-
cated using PEALD (3.7 × 10−8 A/cm2). The improved electrical prop-
erties were attributed to the deposition of dense BeO films with lower
impurity concentrations, as well as the suppression of the formation of

Fig. 7. Electrical characteristics of MOS capacitors: (a) C–V curves measured at 1 MHz with forward and reverse biases and (b) current density–electric field curves.
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interfacial layers that cause leakage currents. BeO, with enhanced
chemical and electrical properties deposited by the DF-PEALD process,
is expected to be used as a dielectric in a variety of advanced devices in
the future.

4. Conclusion

In this study, we fabricated PEALD BeO thin films using a discrete
feeding method and investigated their physical and chemical qualities.
DF-PEALD facilitated the deposition of high-quality thin films by reduc-
ing the screening effect during the ALD process while maintaining the
total processing time. The density of the BeO film fabricated using DF-
PEALD increased to that of bulk BeO, thereby confirming the growth of
a high-density film. The BeO films fabricated using DF-PEALD had min-
imal carbon impurities of 0.35 % and higher crystallinity than those
fabricated using C-PEALD. The interfacial layer created during the ALD
process was suppressed, improving electrical properties. Following the
application of the DFM, the dielectric constant of the BeO film in-
creased to 8.8, accompanied by a reduction in the leakage current.
These results indicated that combining the PEALD method with the
DFM holds promise for the deposition of high-quality ultrathin BeO
films at low temperatures for next-generation three-dimensional tran-
sistors.
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