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ABSTRACT

Electrons can enhance SiO2 atomic layer deposition (ALD) at low temperatures using disilane (Si2H6) and either ozone (O3/O2) or water
(H2O) as reactants. SiO2 electron-enhanced ALD (EE-ALD) was demonstrated at 35 °C by exposing the sample to sequential electron,
oxygen reactant, and Si2H6 exposures. The reaction sequence was electron beam exposure for 3 s, purge for 5 s, O3/O2 or H2O exposure at
0.5–1.0 Torr for 3 s, purge for 10 s, Si2H6 exposure at 100 mTorr for 1 s, and purge for 15 s. The electron exposure was an electron current
of ∼150 mA for 3 s. The electrons were produced by a hollow cathode plasma electron source typically operating with a grid bias of
≈−300 V. These electrons could irradiate a sample area of ∼2 × 2 cm2. In situ spectroscopic ellipsometry measurements determined that
SiO2 EE-ALD films nucleated rapidly and deposited linearly versus number of EE-ALD cycles. The SiO2 EE-ALD growth rate was 0.89
Å/cycle using O3/O2 and 0.88 Å/cycle using H2O. The SiO2 growth rate was also self-limiting at higher electron and Si2H6 exposures. In
addition, SiO2 EE-ALD films were grown by changing the reaction sequence or codosing the electrons with the oxygen reactant. The SiO2

EE-ALD films could be grown on conducting silicon wafers or insulating SiO2 films. SiO2 EE-ALD is believed to be possible on insulating
SiO2 films because the secondary electron yield for SiO2 at electron energies of ∼100–300 eV is greater than unity. Under these conditions,
the SiO2 film charges positive during electron exposure and then pulls back secondary electrons to maintain charge neutrality. The SiO2

EE-ALD films had properties that were comparable with thermal SiO2 oxides. The refractive indices of the SiO2 EE-ALD films were similar
at n = 1.44 ± 0.02 for various process conditions and equivalent to the refractive index of a wet thermal SiO2 oxide film. In addition, all the
SiO2 EE-ALD films yielded etch rates in dilute buffered oxide etch solution that were only slightly higher than the etch rate of a thermal
SiO2 oxide film. SiO2 EE-ALD should be useful to deposit high-quality SiO2 films for various applications at low temperatures.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002726

I. INTRODUCTION

Electrons can provide a nonthermal means to enhance thin
film growth at low temperatures. The interaction between electrons
and surface species can lead to desorption of surface species via
electron stimulated desorption (ESD).1 This ESD can create reactive
sites on the surface that facilitate adsorption of reactants and thin
film growth.2 Electrons can also collide with gas phase species and
induce dissociation. This dissociation creates radical species that
can react with the surface and promote thin film growth.3

Most of the work on electron-enhanced growth has concen-
trated on focused electron beams.4,5 The field of focused electron
beam induced deposition (FEBID) has developed direct write

methods for patterned deposition and nanostructure fabrication.4,5

In contrast, there are very few reports of using broad electron
beams for thin film growth over large surface areas. Although
plasma atomic layer deposition (ALD) is widely employed for thin
film growth,6 there have been only a few investigations on
electron-enhanced ALD (EE-ALD).

EE-ALD has been demonstrated for GaN, Si, BN, and Co film
growth. GaN is a binary compound and GaN EE-ALD employed
Ga(CH3)3, NH3, and electrons as the reactants.7 Si is a single
element, and Si EE-ALD used only Si2H6 and electrons as the reac-
tants.8 Although BN is a binary compound, BN EE-ALD utilized
the single-source precursor borazine (B3N3H6) and electrons as the
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reactants.9 Co is a single-element film and Co EE-ALD employed
CoNO(CO)3 and electrons as the reactants.10 These films were
all grown at room temperature using electrons with an energy of
75–175 eV from an electron gun.7–10 The electron gun could only
provide limited electron currents of ≤100 μA and required low
pressures of ≤10−7 Torr.7–10

New electron sources have been developed for EE-ALD using
a hollow cathode plasma electron source (HC-PES).11 The HC-PES
can deliver much higher electron currents of >100 mA and can
operate at higher chamber pressures of ∼5 mTorr.11 Co EE-ALD
was recently demonstrated using the HC-PES with shorter cycle
times and larger growth areas compared with the earlier Co
EE-ALD studies based on the electron gun.10,11 In addition, TiN
EE-ALD was recently accomplished using tetrakis(dimethylamido)
titanium (TDMAT) and electron exposures in a continuous NH3

reactive background gas.12 The NH3 background gas at ∼1 mTorr
greatly improved the purity of the TiN EE-ALD film presumably
by providing •NH2 and •H radicals from electron impact dissocia-
tion of gas-phase NH3.

12

Silicon dioxide (SiO2) is one of the most common oxides.
SiO2 is an important dielectric material in semiconductor devices.
SiO2 is also used extensively as a transparent barrier coating mate-
rial and as a reflective optical coating. SiO2 is a widely employed
support for metals in heterogeneous catalysis. In addition, SiO2 is a
common substrate for the deposition of many other thin films.
Various ALD and chemical vapor deposition (CVD) methods have
been developed previously for gas-phase SiO2 deposition.

Thermal SiO2 ALD has been demonstrated at high tempera-
tures of 330–530 °C using SiCl4 and H2O as the precursors.13,14

Other studies have demonstrated thermal SiO2 ALD at >450 °C
using tris(dimethylamino)silane and H2O2 as the precursors.15

Catalyzed SiO2 ALD using various amines as the catalyst can reduce
the SiO2 deposition temperature to 25 °C.16–18 Plasma SiO2 ALD
using precursors such as bis(diethylamino)silane together with O2

plasma can also lower the deposition temperature to 25–50 °C.19,20

These plasma SiO2 ALD films may have high hydrogen content.21

Chemical vapor deposition (CVD) methods can also deposit
SiO2 at low temperatures. Catalyzed SiO2 CVD has been demon-
strated at 40–60 °C using SiCl4 and H2O with an NH3 catalyst.22

Plasma-enhanced CVD has also been performed at 40 °C using a
tetraethyl orthosilicate and O2 plasma discharge.23 Other demon-
strations of plasma SiO2 CVD have been reported at temperatures
from 100–350 °C.24,25 Electron-assisted SiO2 CVD has also been
achieved at temperatures as low as 150 °C when the electrons only
interacted with gas phase reactants.3 Lower temperatures down to
room temperature were possible when the electrons could also
interact with the substrate.26

This paper documents SiO2 EE-ALD at a low temperature of
35 °C using the HC-PES with Si2H6 as the silicon precursor and
O3/O2 or H2O as the oxygen reactant. This SiO2 EE-ALD is per-
formed without the need for plasma activation, halide precursors,
or catalysts. In situ spectroscopic ellipsometry (SE) measurements
are employed to measure the SiO2 film thickness in real time.
Because the HC-PES can deliver an electron beam into a chamber
with a background gas present at pressures up to ∼5 mTorr, SiO2

EE-ALD is also performed by codosing electrons and the oxygen
reactants. In addition, many properties of the SiO2 EE-ALD films

are characterized and shown to be comparable with thermal SiO2

oxide films.

II. EXPERIMENT

EE-ALD films were deposited in a V-shaped viscous-flow
reactor with in situ spectroscopic ellipsometry (iSE, J. A. Woollam)
capabilities at an angle of incidence of 70°. This V-shaped reactor
is similar in design to a previously reported V-shaped reactor.27

The reactor also had an HC-PES with electron optics to turn the
electron beam to remove the sputtering flux from the output of the
HC-PES as described previously.11 The aperture of the HC-PES
was ∼28 cm from the sample surface.

A computer-aided design (CAD) image of the main reactor
body is shown in Fig. 1. Gate valves on the end of each arm of the
V-shaped reactor were able to isolate the optical windows for spec-
troscopic ellipsometry. A gate valve also could isolate the hollow
cathode and electron optics from the sample chamber. The
chamber was pumped using either a turbomolecular pump (Pfeiffer
HiPace 300C) or a mechanical pump (Alcatel 2010 C1). The turbo-
molecular pump was employed during the electron exposures. The
mechanical pump was utilized for higher-pressure reactant expo-
sures and during purging. A baratron capacitance monometer
(MKS 121A) was also attached to the reactor to monitor pressure.

The sample was mounted to a metal plate with spring clips.
The plate was able to slide in and out of the reactor for ease of
sample transfer. The plate was also electrically isolated from the
main reactor for accurate sample current measurements. The
sample current was measured by a multimeter probe (Keithley,
DMM7510 7.5 Digit Multimeter) connected to the sample stage.

The stage temperature was measured with a thermocouple
probe inserted into the center of the stage. The temperature was
defined by proportional integral derivative (PID) Eurotherm
control (nanodac, Invensys) of four band heaters around the main
chamber. The inlet arm, exhaust arm, and precursor lines of the
reactor were also heated with additional band heaters, cartridge

FIG. 1. V-shaped reactor with a hollow cathode plasma electron source
(HC-PES) above the sample chamber. Gate valves at the end of each arm of
the V-shaped reactor isolate the windows for spectroscopic ellipsometry.
Pumping ports to either mechanical pump or turbomolecular pump connect
through a four-way cross.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 41(4) Jul/Aug 2023; doi: 10.1116/6.0002726 41, 042404-2

Published under an exclusive license by the AVS

D
ow
nloaded

from
http://pubs.aip.org/avs/jva/article-pdf/doi/10.1116/6.0002726/18007981/042404_1_6.0002726.pdf



heaters, and fiberglass heat tapes that were controlled by voltage
transformers (Variac).

The HC-PES delivered electrons to the sample surface. The
hollow cavity of the HC-PES was biased at −350 V relative to
the bias grid voltage.11 The bias grid voltage was biased relative to
the ground and could be controlled to change the electron energy
distribution. The bias grid voltage was variable between −50 and
−300 V. Argon (Ar, 99.999%, Airgas) flow through the hollow
cavity was 2.5 SCCM controlled by a mass flow controller (MFC)
(MKS, 14 SCCM range).

SiO2 EE-ALD was performed using the process sequence
shown in Fig. 2. For SiO2 EE-ALD, electrons were pulsed sequen-
tially with Si2H6 and either ozone (O3, 5 wt% in O2, LG-14 Corona
Discharge Laboratory Ozone Generator) or de-ionized water. In the
rest of this paper, the O3/O2 exposure will be designated as O3 for
convenience. The process sequence using O3 as the oxidation reac-
tant is displayed in Fig. 2(a).

No gas, other than the Ar gas used to sustain the hollow
cathode plasma, was flowing in the reactor during the electron beam
pulse. During and after the O3 (or H2O) and Si2H6 exposures, nitro-
gen (N2, 99.999, Airgas) was used as an inert carrier gas and purge
gas. The O3 (or H2O) pressure transients were 0.5–1.0 Torr. The
Si2H6 dose pressure transients were 50mTorr. N2 flow was con-
trolled by an MFC (MKS, 200 SCCM range) set to 100 SCCM. This
N2 flow resulted in a reactor base pressure of 0.7 Torr.

An alternate SiO2 deposition process consisted of codosing
electrons with the oxygen source, O3 or H2O, followed by sequen-
tial dosing of Si2H6. The process sequence using O3 as the

oxidation reactant codosing with electrons is displayed in Fig. 2(b).
The codose process had N2 flowing only during purging and the
Si2H6 exposure. The bias grid voltage was typically set to −300 V
for both the sequentially dosed and codosed processes.

Film growth was monitored with in situ spectroscopic ellips-
ometry (J. A. Woollam, iSE). SiO2 films were deposited onto Si
coupons with a native oxide. Ex situ spectroscopic ellipsometry
with multiangle scan capabilities (J. A. Woollam, M-2000) was
used to measure the SiO2 film thickness and index of refraction
using a Cauchy model.

Ex situ x-ray photoelectron spectroscopy (XPS, PHI 5600)
depth profiling was used to measure the composition of the SiO2

EE-ALD films. However, the Si:O ratio of the SiO2 EE-ALD films
could not be determined in the bulk due to preferential oxygen
sputtering during depth profiling.28 Atomic force microscopy
(AFM, NX10, Park Systems) was employed to measure the surface
roughness of the SiO2 EE-ALD films. Grazing incidence x-ray dif-
fraction (GIXRD, Bede D1, Jordan Valley Semiconductors) was
used to characterize the crystallographic structure of the deposited
films.

To assess film quality, SiO2 EE-ALD films were etched in a
diluted buffered oxide etch (dBOE) solution (5 ml buffered oxide
etch, 6:1 from Sigma-Aldrich in 95 ml DI H2O). Etching in the
dBOE solution occurred at 21 °C. Film thicknesses were measured
periodically by SE. Films were precleaned with acetone, isopropyl
alcohol, DI H2O rinse, and N2 dry before being dipped in the
dBOE solution for 10 s. Samples were then rinsed in a DI H2O
bath for 1 min, followed by further de-ionized H2O rinsing before
drying with N2. After this etching step, the film thickness was mea-
sured with multiangle SE. Subsequently, the films were dipped
again in the dBOE solution for another 10 s and the process was
repeated to progressively etch the SiO2 film for a total of 40 s.

III. RESULTS AND DISCUSSION

A. SiO2 EE-ALD using sequential electron beam, O3,
and Si2H6 exposures

SiO2 EE-ALD films were grown at 35 °C using the process
sequence shown in Fig. 2(a) with sequential electron beam, O3, and
Si2H6 exposures. Before SiO2 EE-ALD, the sample was rinsed with
acetone and IPA and dried with N2 prior to loading. A 1 min e−|O3

codose exposure was used to further clean the surface while under
vacuum. One SiO2 EE-ALD cycle consisted of an electron beam
exposure for 3 s, purge for 5 s, O3 exposure for 3 s, purge for 10 s,
Si2H6 exposure for 1 s, and purge for 15 s. There was an N2 gas
flow of 100 SCCM during the O3 and Si2H6 exposures and all
purges.

An SiO2 EE-ALD film was deposited on a Si sample at 35 °C
using a −300 V grid bias. Figure 3 shows the results for 500 SiO2

EE-ALD cycles. The iSE measurements were started 8 s after the
Si2H6 exposures. The iSE measurements were conducted for 7 s.
Consequently, the total purge time after the Si2H6 exposures was
15 s. The SiO2 EE-ALD growth is linear with time during the SiO2

EE-ALD cycles with a cycle time of 37 s per cycle. A growth rate of
0.89 Å/cycle was observed with no nucleation delay.

The proposed surface processes during SiO2 EE-ALD are as
follows: The electron exposure forms active surface sites by electron

FIG. 2. Processing sequence for (a) SiO2 EE-ALD based on sequential elec-
tron, O3, and Si2H6 exposures and (b) SiO2 EE-ALD based on codosing elec-
tron and O3 exposures in sequence with Si2H6 exposure. N2 flow is continuous
except during electron exposures.
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stimulated desorption (ESD). O3 can then react with the active
surface sites to form surface oxygen species. Subsequently, Si2H6 can
react with surface oxygen species or adsorb on active surface sites
remaining from the ESD. The next electron exposure can then desorb
hydrogen from SiH surface species resulting from Si2H6 adsorption
and form reactive Si dangling bond sites.8 O3 can then react with
these reactive sites to oxidize the silicon surface species and form
surface oxygen species. Si2H6 can again react with surface oxygen
species or adsorb on active surface sites remaining from the ESD.

The film thickness was mapped using multiangle ex situ SE.
This mapping revealed a slight thickness gradient resulting from a
minor misalignment of the electron beam from the center of the
sample. The index of refraction from the ex situ multiangle SE
Cauchy model fit was n = 1.457 + 0.00343/λ2 with a low mean
squared error (MSE) of 3.190. In addition, AFM measurements of
the surface roughness also confirmed smooth SiO2 EE-ALD films
with a root mean square (RMS) roughness of <2 Å.

The SiO2 growth rate versus electron beam and Si2H6 expo-
sure times during SiO2 EE-ALD using sequential electron, O3, and
Si2H6 exposures at 35 °C is shown in Fig. 4. Each growth rate point
is an average of the last 20 cycles of a deposition period lasting 25
cycles. The nominal sequence for one SiO2 EE-ALD cycle was: 3 s
electron beam exposure, 5 s purge, 3 s O3 exposure, 10 s purge, 1 s
Si2H6 exposure, and 15 s purge. The solid squares show the growth
rate dependence on the electron beam exposure time with the
Si2H6 exposure time fixed at 1 s. The solid triangles show the
growth rate dependence on the Si2H6 exposure time with the elec-
tron beam exposure time fixed at 3 s. The SiO2 EE-ALD growth
rate saturates readily at the larger electron beam and Si2H6 exposure
times.

The SiO2 EE-ALD growth rate was also examined versus the
O3 exposure time. However, SiO2 film growth was observed even
with no O3 exposure time. SiO2 film growth may occur with resid-
ual H2O desorbing from the chamber walls. The surface after the
electron beam exposure contained dangling bonds that were highly
reactive. Residual H2O may have been able to easily deposit on this
reactive surface. In contrast, earlier experiments on Si EE-ALD
using sequential Si2H6 and electron exposures were performed
under UHV conditions without using any oxygen sources during
the course of the Si EE-ALD experiments.8 Consequently, H2O
partial pressures were extremely low and the Si EE-ALD films were
deposited without oxygen impurities.

Additional experiments explored the dependence of SiO2

EE-ALD on the bias grid voltage. The voltage was varied from −50
to −300 V. The SiO2 EE-ALD growth rate versus bias grid voltage
is shown in Fig. 5. Each data point is an average growth rate from
deposition over 20 cycles with an SiO2 EE-ALD cycle consisting of:
3 s electron beam exposure, 5 s purge, 3 s O3 exposure, 10 s purge,
1 s Si2H6 exposure, and 15 s purge. The lower growth rates at
higher negative bias grid voltages may result from a small competi-
tive etch or selective desorption of oxygen at these higher negative
grid biases.

B. SiO2 EE-ALD using sequential electron beam, H2O,
and Si2H6 exposures

SiO2 EE-ALD films were also grown at 35 °C with a −300 V
grid bias using the process sequence shown in Fig. 2(a), where H2O
was the oxygen source instead of O3. Figure 6 shows the results for
180 SiO2 EE-ALD cycles. The sequence for one SiO2 EE-ALD cycle

FIG. 3. SiO2 thickness vs time during SiO2 EE-ALD based on sequential elec-
tron, O3, and Si2H6 exposures. The reaction sequence is electron beam expo-
sure for 3 s, purge for 5 s, O3 exposure for 3 s, purge for 10 s, Si2H6 exposure
for 1 s, and purge for 15 s. SiO2 growth rate is 0.89 Å/cycle over 500 ALD
cycles.

FIG. 4. SiO2 EE-ALD growth rate vs electron or Si2H6 exposure time based on
sequential electron, O3, and Si2H6 exposures. Si2H6 exposure was fixed at 1 s
when varying electron exposure. Electron exposure was fixed at 3 s when
varying Si2H6 exposure.
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was 3 s electron beam exposure, 5 s purge, 3 s H2O exposure, 10 s
purge, 1 s Si2H6 exposure, and 15 s purge. The iSE measurements
were collected 8 s after the Si2H6 exposure. The SiO2 EE-ALD growth
is linear with time during the SiO2 EE-ALD cycles with a cycle time

of 37 s per cycle. A growth rate of 0.88 Å/cycle was observed with no
nucleation delay. The results in Figs. 3 and 6 are nearly equivalent.
These results suggest that SiO2 EE-ALD is not sensitive to the oxygen
reactant. Since SiO2 EE-ALD was observed even with no O3 or H2O
exposure, another possibility is that the background H2O dominated
silicon oxidation in the SiO2 EE-ALD process.

C. SiO2 EE-ALD using different reaction sequences

SiO2 EE-ALD was also performed using a different reaction
sequence where the electron exposure was performed after the
oxygen reactant exposure. The results for SiO2 EE-ALD using the
sequence e−/Si2H6/O3 are shown in Fig. 7. The reaction sequence
was electron beam exposure for 3 s, purge for 5 s, Si2H6 exposure
for 1 s, purge for 15 s, O3 exposure for 3 s, and purge for 10 s.
Similar to the other SiO2 EE-ALD growth curves shown in Figs. 3
and 6, the SiO2 growth is linear and the nucleation of the SiO2 film
is immediate. This process sequence yielded a smaller growth rate
of 0.68 Å/cycle. In comparison, a growth rate of 0.89 Å/cycle was
obtained using the sequence e−/O3/Si2H6 shown in Fig. 3. Likewise,
a growth rate of 0.88 Å/cycle was obtained using the sequence
e−/H2O/Si2H6 shown in Fig. 6.

The SiO2 growth rate was measured to be higher when the
electron exposure was directly after the Si2H6 exposure. This
sequence may result in the desorption of the most hydrogen from
SiH surface species.8 This hydrogen desorption would result in the
most reactive silicon dangling bond sites for the following O3 expo-
sure. Similar experiments were performed with the sequence
e−/Si2H6/H2O. This sequence yielded an even smaller SiO2

EE-ALD growth rate of 0.52 Å/cycle.

FIG. 6. SiO2 thickness vs time during SiO2 EE-ALD based on sequential elec-
tron, H2O, and Si2H6 exposures. The reaction sequence is the electron beam
exposure for 3 s, purge for 5 s, H2O exposure for 3 s, purge for 10 s, Si2H6
exposure for 1 s, and purge for 15 s. The SiO2 growth rate is 0.88 Å/cycle over
180 ALD cycles.

FIG. 7. SiO2 thickness vs time during SiO2 EE-ALD based on sequential elec-
tron, Si2H6, and O3 exposures. The reaction sequence is the electron beam
exposure for 3 s, purge for 5 s, Si2H6 exposure for 1 s, purge for 15 s, O3 expo-
sure for 3 s, and purge for 10 s. The SiO2 growth rate is 0.68 Å/cycle over 240
ALD cycles.

FIG. 5. SiO2 EE-ALD growth rate vs bias grid voltage on the hollow cathode
plasma electron source. SiO2 EE-ALD was based on sequential electron, O3,
and Si2H6 exposures.
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D. SiO2 EE-ALD by codosing electron beam with
oxygen reactant

Additional SiO2 EE-ALD films were grown by codosing the
electron beam and either O3 or H2O together with Si2H6 using the
process sequence shown in Fig. 2(b). These SiO2 EE-ALD films
were also grown at 35 °C with a −300 V grid bias. Figure 8 shows
the results for 195 SiO2 EE-ALD cycles using O3 as the oxygen
reactant for electron beam/O3 codosing. During the codose expo-
sures, the oxygen source pressure was ≤5 mTorr. The codose cycle
consisted of a 3 s codose e−|O3 exposure (or e

−|H2O exposure), 10 s
purge, 1 s Si2H6 exposure, and 15 s purge. The iSE measurements
were collected 8 s after the Si2H6 exposure.

The SiO2 EE-ALD growth with electron beam/O3 codosing in
Fig. 8 is linear with time during the SiO2 EE-ALD cycles with a
cycle time of 29 s per cycle. A growth rate of 0.73 Å/cycle was
observed with no nucleation delay. Similar results were obtained
when performing SiO2 EE-ALD using H2O as the oxygen reactant
for electron beam/H2O codosing. There was no nucleation delay
and the growth rate was 0.59 Å/cycle.

During codosing of the electron beam with the oxygen reac-
tant, the electron beam can interact with the oxygen reactant in the
gas phase. Electron impact could lead to the dissociation of O3 or
H2O. O2 is the main component of the O3/O2 exposure. The cross
section for O2 dissociation by an electron impact at 200 eV is
3 × 10−17 cm2.29 The cross section for H2O dissociation by an elec-
tron impact at 300 eV is 1 × 10−16 cm2.30 Similar cross sections are
also observed for the ionization of O2 or H2O.

30,31 The radical or
ion species from this electron impact could adsorb on the growing
SiO2 film. However, the lower growth rate for SiO2 EE-ALD when
codosing the electron beam with the oxygen reactant indicates that

the possible adsorption of these reactive species does not increase
the growth rate for SiO2 EE-ALD.

The self-limiting nature of the SiO2 growth versus codosing
electrons/O3 and Si2H6 was also explored using the process sequence
in Fig. 2(b). The SiO2 growth rate versus e−|O3 and Si2H6 exposure
times at 35 °C is shown in Fig. 9. The nominal process conditions
were 3 s e−|O3 (or e−|H2O) codose, 10 s purge, 1 s Si2H6 dose, and
15 s purge. Each data point represents the growth rate determined
from an average of 20 cycles. The solid squares show the growth rate
dependence on the codose e−|O3 exposure time with the Si2H6 expo-
sure time fixed at 1 s. The solid triangles show the growth rate
dependence on the Si2H6 exposure time with the codose e−|O3 expo-
sure time fixed at 3 s. N2 at 100 SCCM was used as the inert carrier
gas during the Si2H6 exposure and the purges. No N2 was flowing
during the electron beam codosing with O3 or H2O.

Figure 9 shows that the SiO2 growth rate saturates with increas-
ing exposure time of either the e−|O3 exposure or the Si2H6 exposure.
In these experiments, the SiO2 growth rate was self-limiting at 0.55–
0.60 Å/cycle. These growth rates are slightly lower than the growth
rate of 0.73 Å/cycle measured for the results in Fig. 8. The growth
rates may be lower because they were determined using only 20 SiO2

EE-ALD cycles. Similar experiments were performed to explore the
self-limiting nature of SiO2 growth versus codosing e−|H2O and Si2H6.
These experiments also revealed that the SiO2 growth was self-limiting
versus the codosing e−|H2O exposures and the Si2H6 exposures.

E. SiO2 growth rates, refractive indices, and etch rates
for different process conditions

The SiO2 EE-ALD growth rates for the different process con-
ditions are given in Table I. The highest growth rates of 0.88–0.89

FIG. 8. SiO2 thickness vs time during SiO2 EE-ALD based on codosing elec-
tron and O3 exposures in sequence with Si2H6 exposures. The codose cycle
was codose e−|O3 exposure for 3 s, purge for 10 s, Si2H6 exposure for 1 s, and
purge for 15 s. The SiO2 growth rate is 0.73 Å/cycle over 195 ALD cycles.

FIG. 9. SiO2 EE-ALD growth rate vs exposure time based on codosing electron
and O3 exposures in sequence with Si2H6 exposures. Si2H6 exposure is fixed at
1 s when codosing electron and O3 exposures. Codosing e−|O3 exposure is
fixed at 3 s when varying Si2H6 exposure.
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Å/cycle were observed for the sequential electron beam, oxygen
reactant, and Si2H6 exposures as shown in Fig. 2(a). The lowest
SiO2 EE-ALD growth rates of 0.52–0.73 Å/cycle were observed for
the process sequence where the electron exposures were after the
oxygen reactant exposure or when the electron beam and oxygen
reactant were codosed as shown in Fig. 2(b).

The refractive indices were also measured for each process
condition after SiO2 EE-ALD using ex situ multiangle SE. The
refractive index values were similar for all the process conditions.
The refractive index was measured to be n∞ = 1.44 ± 0.02. This
refractive index is nearly identical to the refractive index measured
for the SiO2 film prepared by thermal oxidation of a silicon wafer
using H2O. These wet SiO2 thermal oxide films were prepared by
University Wafer at a process temperature of 900–1050 °C.

SiO2 films were analyzed with ex situ XPS to characterize film
purity. XPS depth profile elemental analysis showed high-quality
SiO2 films as deposited by EE-ALD. The carbon atomic percent in
the bulk of the films was below the detection limit of the instru-
ment. Nitrogen was present in the bulk of the film at ∼1 at. %. The
remaining 99 at. % of the film contained only silicon and oxygen.
Based on the ratio of Si at. % and O at. %, the films were SiO1.2.
These apparently substoichiometric films may be caused by prefer-
ential O sputtering.28 The Si 2p binding energy was 102.4 eV as
expected for SiO2. In addition, ex situ GIXRD was used to analyze
the crystallographic structure of the SiO2 EE-ALD films. The SiO2

films were determined to be amorphous.
The dilute buffered oxide etch rates were also measured for all

of the SiO2 EE-ALD films. The etch rates are shown in Fig. 10 and
also included in Table I. Each SiO2 EE-ALD film had a starting
thickness of ∼125 Å. The wet thermal oxide had a starting thick-
ness of 3248 Å. The SiO2 films were etched in the dilute buffered
oxide etch (dBOE) solution for 10 s at a time. The SiO2 films were
etched for a total time of 40 s. The SiO2 film thicknesses were eval-
uated by spectroscopic ellipsometry measurements after etching for
20, 30, and 40 s. The SiO2 film thicknesses versus etch time were fit
to obtain the SiO2 etch rates. The Cauchy values for the fits to the
ellipsometry results were kept constant versus thickness and
between the samples.

The dBOE rates for all the SiO2 EE-ALD films were consistent
across the various process sequences. The lowest SiO2 etch rate was

2.166 ± 0.019 Å/s for the e−/O3/Si2H6 process sequence. The
highest SiO2 etch rate was 2.786 ± 0.004 Å/s for the codose e− and
H2O/Si2H6 process sequence. The etch rate for the wet thermal
oxide was 0.943 ± 0.068 Å/s. SiO2 EE-ALD films have slightly faster
etch rates than wet thermal oxide SiO2 films. However, these
slightly larger etch rates are consistent with high-quality SiO2 films
for all SiO2 EE-ALD processes.

F. EE-ALD on insulating SiO2 substrates

These studies revealed that electron currents on insulating
SiO2 substrates can grow SiO2 EE-ALD films. This behavior may
be surprising because the initial expectation is that primary electron
currents on an insulating substrate may charge the substrate nega-
tively. This negative charge would then establish a voltage that
would repel additional electron current and prevent EE-ALD.
However, if the secondary electron yield, δ, is greater than unity,
the sample would emit more secondary electrons than impinge on
the sample from the primary electron beam. These competing
primary and secondary electron fluxes would establish a positive
charge on the sample surface.32 This positive charge would create a
voltage that pulls back enough secondary electrons to maintain a
constant low surface charge.32,33

For a continuous electron current, the insulator with δ > 1
would charge to a voltage where the number of secondary electrons
having enough energy to escape would equal the number of inci-
dent primary electrons.32 Under these conditions, there is no addi-
tional charging and SiO2 EE-ALD can proceed without
complication. Only the primary incident electron energy may be
increased slightly resulting from the positive voltage determined by
the constant low surface charge on the insulating SiO2 substrate.

33

TABLE I. Growth rate, refractive index, and dilute buffered oxide etch (dBOE) rates
for various SiO2 EE-ALD films. The SiO2 EE-ALD films are indicated by a sequential
(s) or codose (c) reaction sequence. The refractive index and dBOE rate for a wet
thermal oxide film with a thickness of 300 nm is given for comparison.

Sample
Growth rate
(Å/cycle) Refractive index dBOE (Å/s)

s. e−/O3/Si2H6 0.89 1.457 2.166 ± 0.019
s. e−/H2O/Si2H6 0.88 1.443 2.378 ± 0.109
s. e−/Si2H6/O3 0.68 1.445 2.670 ± 0.129
s. e−/Si2H6/H2O 0.52 1.438 2.316 ± 0.137
c. e−&O3/Si2H6 0.73 1.417 2.377 ± 0.052
c. e−&H2O/Si2H6 0.59 1.437 2.786 ± 0.004
Wet thermal SiO2 − 1.447 0.943 ± 0.068

FIG. 10. Etch rate of SiO2 EE-ALD films in dilute buffered oxide etch solution
for all SiO2 EE-ALD process conditions. SiO2 thermal oxide (TO) is also
included for comparison. Sequence (s) or codosing (c) conditions are indicated
and electron exposures are not designated explicitly. Si2H6 exposures are also
not designated explicitly for the codosing conditions.
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Measurements for SiO2 reveal that δ is greater than 1 for primary
electron energies from ∼100 to 1000 eV.34,35 These secondary elec-
tron yields greater than unity allow EE-ALD to be performed on
SiO2 and other insulating substrates.

In addition to maintaining a low constant surface charge, the
high secondary electron yields from SiO2 may also influence the
surface chemistry during SiO2 EE-ALD. Earlier studies of the effect
of low energy electron bombardment on O2 oxidation of silicon
observed the largest enhancement of silicon oxidation at electron
energies that produced the highest secondary electron yields.36 A
previous demonstration of SiO2 electron-induced CVD using Si2H6

and O2 as the reactants also observed larger SiO2 growth rates at
electron energies that yielded the largest secondary electron
yields.26

IV. CONCLUSIONS

This study explored the ability of electrons to enhance SiO2

ALD at low temperatures using disilane (Si2H6) and either ozone
(O3/O2) or water (H2O) as the reactants. SiO2 electron-enhanced
ALD (EE-ALD) was demonstrated at 35 °C by exposing the sample
to sequential electron, oxygen reactant, and Si2H6 exposures. SE
measurements revealed that the SiO2 EE-ALD films nucleated
rapidly and deposited SiO2 films linearly versus the number of
EE-ALD cycles on silicon coupons with a native oxide. The SiO2

EE-ALD growth rates were independent of the oxygen reactant.
The measured SiO2 EE-ALD growth rates were 0.89 Å/cycle using
O3/O2 and 0.88 Å/cycle using H2O. The SiO2 growth rates were
also self-limiting at higher electron and Si2H6 exposures. The SiO2

EE-ALD films could also be grown by codosing the electron and
oxygen reactant exposures in sequence with the Si2H6 exposure.

The SiO2 EE-ALD films could be deposited on conducting or
insulating substrates. The SiO2 EE-ALD films were grown on either
conducting silicon wafers or insulating SiO2 films. The secondary
electron yield can explain the ability to perform EE-ALD on insu-
lating substrates. SiO2 EE-ALD may occur on insulating SiO2 films
because the secondary electron yield for SiO2 at electron energies
of ∼100–300 eV is greater than unity. When the secondary electron
yield is greater than unity, the SiO2 film charges positive during
electron exposure and then pulls back secondary electrons to main-
tain a small positive bias of a few volts.

The measured properties of the SiO2 EE-ALD films were com-
parable with thermal SiO2 oxide films. The refractive indices of the
SiO2 EE-ALD films were similar at n = 1.44 ± 0.02 for the various
process conditions. This refractive index is equivalent to the refrac-
tive index of a thermal SiO2 oxide film formed by the oxidation of
a silicon wafer using H2O. For wet etching in dilute buffered oxide
etch solutions, all the SiO2 EE-ALD films yielded etch rates that
were only slightly higher than the etch rate of a thermal SiO2 oxide
film. The ability to deposit SiO2 on both conducting and insulating
substrates at low temperatures will lead to new possibilities for SiO2

deposition on thermally sensitive substrates.
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