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Owing to the wide application of metal oxides in energy conversion devices, the fabrication of
these oxides using conventional, damage-free, and upscalable techniques is of critical importance
in the optoelectronics community. Here, the authors demonstrate the growth of hydrogenated amor-
phous gallium oxide (a-GaO4:H) thin-films by plasma-enhanced chemical vapor deposition
(PECVD) at temperatures below 200 °C. In this way, conformal films are deposited at high deposi-
tion rates, achieving high broadband transparency, wide band gap (3.5-4¢V), and low refractive
index (1.6 at 500 nm). The authors link this low refractive index to the presence of nanoscale voids
enclosing H,, as indicated by electron energy-loss spectroscopy. This work opens the path for fur-
ther metal-oxide developments by low-temperature, scalable and damage-free PECVD processes.

Published by the AVS. https://doi.org/10.1116/1.5018800

I. INTRODUCTION

Gallium oxide (Ga,Os3) is a wide band gap semiconductor
with several crystalline phases; the most stable polymorph is
the f structure, which has a band gap (E,) of 4.5 to
4.9 eV,lf3 the second largest E, for semiconductors after dia-
mond.* If nonstoichiometric, this phase is conductive with
an electron mobility at 300K up to 150cm? V's ™15 p-
Ga,0j5 has potential applications as UV transparent electro-
des’ and field-effect transistors.'®!" Recently, amorphous
gallium oxide (a-GaOy) with an E, around 4 eV (Ref. 12)
has drawn increased attention and was proposed as a trans-
parent electron transport layer in Cu(In,Ga)Se, (Ref. 13) and

®Electronic mail: monica.moralesmasis@epfl.ch
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in Cuy0 (Ref. 14) solar cells as well as a passivation layer
for c-Si solar cells."”

f-Ga,0O3 can be deposited by several methods, including
molecular beam epitaxy'®'® and metal-organic chemical vapor
deposition."” In all cases, high temperatures around
900-1050°C are needed to obtain high-quality -Ga,O5 thin
films, limiting the choice of substrate. Gallium oxide can also
be deposited at lower temperatures using plasma-enhanced
atomic-layer deposition (PE-ALD),* yielding poorer crystalline
quality or amorphous films. Notably, the growth of a-GaO thin
films was achieved by PE-ALD at temperatures in the range of
170-250°C using trimethylgallium (TMG) and ozone (O3) as
reactants, with limited deposition rates though.z“;’26

Here, we demonstrate the use of plasma-enhanced chemi-
cal vapor deposition (PECVD) to grow a-GaO, using metal-
organic precursors as an alternative, scalable approach to

Published by the AVS. 021518-1
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these techniques. Compared to ALD, PECVD is a suitable
method for mass production, with high deposition rates and
scalability up to several square meters or even roll-to-roll.
PECVD is industrially widespread, notably to manufacture
amorphous silicon solar cells,”” passivating layers in Si het-
erojunction (SHJ) solar cells,?*3* and thin-film transistors of
flat panel displays.*® Importantly, PECVD tools developed
for other types of layers are also suitable to fabricate GaOy
films. We demonstrate that transparent a-GaOy films can be
deposited by this method at a temperature of 200°C. The
optical properties, microstructure, surface morphology, and
composition of the layers are studied, followed by testing
this film as an antireflective coating (ARC) in SHJ solar cell.

Il. EXPERIMENTAL SECTION

Substoichiometric hydrogenated a-GaOy (a-GaO:H)
films were deposited by PECVD using TMG as Ga precursor
and carbon dioxide (CO,) as oxidant in a custom-built
PECVD reactor (originally designed for thin-film silicon
deposition) operated at 70 MHz, 0.4 mbar, and 200°C. A
possible reaction between TMG and CO, is described as
follows:

2 [Ga(CH3)3} + 3[CO2}(g) — [Ga203](s) + 3[CO] ()

+ 3[C2H6}(g)' (1)

(©)

The oxidant (CO,) gas flow to total gas flow ratio, Qq,
was set to be in the range of 93%—-96%, with QO defined as

CO, gas flow

Qo = CO, gas flow + TMG gas flow

(@)

The film thickness was varied between 2 and 800nm
depending on specific experimental or characterization method
needs. The power-density of the plasma was 40 mW/cm?,
resulting in a deposition rate ranging from 0.7 to 1.1 nm/s for
Qo variations between 93% and 96%, respectively. For all
investigated Qo, all GaOy films presented an amorphous micro-
structure as confirmed by X-ray diffraction (D2 PHASER,
Bruker, data shown in supplementary material®").

The refractive indices (1) and extinction coefficients (k)
of a-GaO,:H films were determined with variable-angle
spectroscopic ellipsometry measurements using a UVISEL
ellipsometer (iHR320, HORIBA).*® Photothermal deflection
spectroscopy (PDS) with a custom-built system was used to
determine the E, and the absorption edge of the a-GaO,:H
films.>’® We used 800-nm-thick a-GaO:H films deposited
on fused silica to maximize PDS signal and avoid glass
absorption. Transmittance and absorptance spectra were
measured with a spectrometer (Lambda 900, Perkin Elmer).

The conformality and microstructure of 50nm-thick
layers of a-GaO,:H was assessed by transmission electron
microscopy (TEM). Cross-sections of the layer stack were
prepared using the conventional focused ion beam lift-out
method (sample prepared in a Zeiss NVision) after these
have been protected with evaporated carbon and sputtered
Au to prevent FIB-induced damages. The TEM analysis
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involved the acquisition of STEM high-angle annular dark-
field (HAADF) images that were combined with energy-
dispersive X-ray spectroscopy (EDX) to assess the chemistry
of the layers (in a FEI Tecnai Osiris microscope operated at
200kV). In addition, GaO.:H films with a thickness of
30nm were deposited directly onto electron transparent 10-
nm-thick SiN windows that were coated with Snm of C on
their backside to prevent charging under the electron beam.
Top view STEM dark-field (DF) images, electron energy-
loss (EEL), and EDX spectra were acquired simultaneously
to assess the composition of the film (using convergence and
EELS collection semiangles of 28 and 48 mrad, respectively,
in a FEI TITAN Themis at 80kV). Additionally, the compo-
sition was assessed by Rutherford backscattering spectrome-
try (RBS) and by elastic recoil detection analysis (ERDA) as
described in supplementary material.* The surface morphol-
ogy was characterized by atomic force microscopy (AFM,;
Dimension Edge Scanasyst, Bruker).

Standard silicon heterojunction (SHJ) solar cells were fab-
ricated using a-GaO,:H as a second antireflecting (AR) layer
to evaluate its effect in the optical performance of the solar
cells (the conventional SHJ design uses a transparent conduc-
tive oxide, e.g., tin doped indium oxide (ITO), as the first AR
layer).*** Details on the SHJ cells fabrication can be found
in Ref. 44. The a-GaO4:H was deposited on such metalized
devices using a shadow mask, covering the front-side ITO
and metal fingers. A reference SHJ solar cell was fabricated
with a thermally evaporated MgF, ARC. MgF, has been suc-
cessfully applied as AR coating® in several record devi-
ces.*®* The current—voltage characteristics of these 4-cm?
devices were measured under 1kW/m?> AM 1.5G illumina-
tion and their spectral response with a custom-built setup.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the transmittance and reflectance spec-
tra of the a-GaO:H films deposited on fused silica, from
which internal transmittance and absorptance are calculated
and shown in Fig. 1(b), indicating that these films are trans-
parent from the near UV to the near IR. This is confirmed by
the low absorption coefficient () values measured by PDS.
The o spectra of a-GaOy:H films with Q¢ from 93% to 96%
are shown in Fig. 2(a). « is very low and decreases with
increasing Qo. E, was extracted following the Tauc relation
o= (hv — E,)*, with hv the photon energy and x = /5, assum-
ing direct optical transitions.'*** E, varies from 3.5 to
4.1eV when Q¢ changes from 93% to 96% [Fig. 2(c)], indi-
cating that E, can be controlled by the oxidant gas flow dur-
ing the deposition. Overall, the observed E, of a-GaO:H is
slightly lower than that of f-Ga,05 (4.5-5.0eV)."

Figure 3 shows n and k of a-GaO,:H with O, from 93%
to 96% obtained by ellipsometry using a universal dispersion
model*® (experimental spectra and fits are displayed in Fig.
B.1 of the supplementary material). The static values of the
dielectric function (relative permittivity, corresponding to
only the electronic part of the dielectric response) of the a-
GaO,:H films with Qg of 93%, 94%, 95%, and 96% were
determined as 2.49, 2.42, 2.39, and 2.37, respectively. E,
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Fic. 1. (Color online) (a) Measured transmittance and reflectance spectra of
a-GaOy:H thin films with CO, gas to total flow ratios (Qp) of 93%, 94%,
95%, and 96% (800 nm thickness on fused silica substrates). (b) Internal
optical transmittance (7;,,) and absorptance (A) calculated from T, and
Rops BY Tine=Top/(100 — R,5) and A =100 — T,,s — R,ps. The inset in (a)
shows a photograph of the a-GaO,:H sample.

values extracted from ellipsometry are slightly lower than
those determined by PDS, which is attributed to the higher
accuracy of the PDS in the UV part of the spectra with
respect to the ellipsometry measurements.

The atomic content of Ga, O, C, and H in ¢-GaO,:H
films with Qp of 95% (400-nm-thick on mirror-polished
crystalline Si substrate) was analyzed by RBS and ERDA.
An O/Ga ratio of 1.40 = 0.10 was determined by RBS, indi-
cating that the a-GaO,:H films are slightly substoichiomet-
ric with respect to Ga,O3;. ERDA measurements indicated
a high H content of 31.7 = 3.1 at. %, and a C/O ratio of
0.167 £ 0.012, corresponding to a C content of 6.0 = 0.5 at.
% homogeneously distributed in the bulk of the film
(Fig. C.1. of supplementary material). The presence of H and
C most likely originates from the use of TMG [Ga(CHs);]
and CO, gases.

The microstructure of thick (50nm) and thin (2nm) a-
GaO,:H with a Qg of 95% was investigated by STEM imag-
ing and EDX mapping. The a-GaOx:H layers were deposited
on finished SHJ solar cells in two different configurations:
thick (50 nm) a-GaO,:H on top of ITO as ARC (Fig. 4) and
thin (2 nm) a-GaOx:H between the a-Si:H and the ITO (see
Fig. D1 of supplementary material®"), to test whether it
could be deposited as an electron transport layer, replacing
the doped a-Si:H films in traditional SHJ solar cells in a
dopant-free architecture.”® Figure 4 displays the cross-
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FiG. 2. (Color online) (a) PDS spectra, (b) Tauc plots, and (c) E, values of a-
GaOy:H thin films with CO, gas to total flow ratios (Qp) of 93%, 94%,
95%, and 96% (thickness of 800 nm, deposited on fused silica substrates).

section TEM and EDX maps of the thick a-GaO:H depos-
ited on a SHJ cell. Two regions of the pyramid shown in Fig.
4(a) are analyzed in more details; [(c) and (d)] showing one
facet of the pyramid and (e) the valley of the pyramid. Both
the electron micrograph and elemental distribution EDX
maps indicate that the deposition of the a-GaO,:H is mostly
conformal. However, while still continuous, the film
becomes thinner at the bottom of the valley between the pyr-
amids, presumably due to shadowing effects, or lower ad-
atom surface mobilities. The films are amorphous as shown
by the high-resolution TEM micrograph and the Fourier
transform shown in Fig. 4(d).

As suggested by the changes in contrast observed in Figs.
4(c) and 4(d), the top view DF image shown in Fig. 5(a) dem-
onstrates the presence of small voids within the GaO,:H film.
Indeed, the regions of dark contrast contain voids as neither
lighter elements in a solid form (see below) nor crystallites
could be detected by EDX [Figs. 5(b) and 5(c)] or high-
resolution TEM [as in Fig. 4(d)]. Interestingly, the regions
with a darker DF contrast observed in Fig. 5(a) exhibit a
small peak at 13.5eV in the EEL spectrum. This small fea-
ture is highlighted in Fig. 5(d) by subtracting to the signal
integrated in the range 12.5-15eV a polynomial background
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Fic. 3. (Color online) Optical constants of (a) refractive index n and (b)
extinction coefficient k derived from the universal dispersion model fits of
the ellipsometry measurements of a-GaO,:H thin films grown with a CO,
gas to total flow ratio (Qp) of 93%, 94%, 95%, and 96%, respectively.

fitted in the energy ranges 11-12 and 15.5-17.5eV. The proce-
dure is illustrated in Fig. 5(e) for the EEL spectra taken at the
positions of both a void/less dense region (red square on the
left hand side) and a denser region (blue square on the right).
Based on a comparison with literature data,”" this small peak
may correspond to the ionization K edge of the H, molecule

021518-4

(13.6eV). As demonstrated by the ERDA analysis detailed
above, the film contains 31.7 = 3.1 at. % of H. The EELS
data hence tend to indicate that it is present in the film in the
form H, trapped in (presumably) closed voids.

AFM was used to measure the surface morphology.
Average surface roughness (R,) and root-mean-square
roughness (R,,;) of a-GaO4:H films with Qg of 93%-96%
are shown in Table I and all below 1 nm, indicating that all
films are very smooth.

As previously observed, the a-GaO:H films presented in
this study show lower static n values (1.54-1.58) than -Ga,0O5
(1.89).5 We speculate that the low 7 originates from the pres-
ence of nanosize voids as indicated by the TEM data (Figs. 4
and 5). Consistent with this, the results of RBS/ERDA also
indicate a lower molecular density (1.3 x 10**cm ™) compared
to the theoretical density of 1.9 x 10*2cm ™ in p-Ga,05 cal-
culated from the film density of 5.95gcm 2.5 To further
study the effect of H,, we performed a series of depositions
introducing additional H, during growth. Figure 6 shows n
as a function of photon energy for the standard a-GaO4:H
films and films grown with 20 and 100 sccm additional H,
flows. A slight refractive index increase (from 1.58 to 1.6 at
2.5eV) is observed with increasing H, flow. As a tentative
explanation, the introduction of additional H, in the plasma
may etch the weak bonds at the growth surface of the film,
resulting in denser films similarly to a-Si:H growth.>* These
three films were annealed at 200 °C with no change in opti-
cal properties, and then at 500 °C leading to an n increase
of about 0.1 for all samples and a 20-nm thickness decrease.
This is attributed to film reorganization, with the
disruption of the nanosized voids resulting in a denser film

Fic. 4. (Color online) (a) Diagram of the layer stack. (b) STEM HAADF image and EDX map of one Si pyramid. (c)—(e) Higher magnification views of the
GaO,/ITO/a-Si:H stacks on [(c) and (d)] the flat side of the pyramid and (e) at the bottom of the pyramid, which show that a-GaOy:H is conformal up until
reaching the bottom of the valley, where it becomes thinner. The high-resolution TEM image of the a-GaO,:H film and corresponding Fourier transform

shown in (d) confirms the amorphous structure of the film.

J. Vac. Sci. Technol. A, Vol. 36, No. 2, Mar/Apr 2018
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FiG. 5. (a) (Color online) STEM DF micrograph and corresponding EDX mapping of (b) Ga K and (c) O K edges. (d) EEL spectrum image obtained by sub-
tracting a polynomial background to the EEL signal in the range 12—15.5eV as colored in (e) for the EEL spectra taken either at the position of a void [red
square on the left hand side in (a)] or a denser/brighter region (blue square on the right). The background-subtracted signals shown in (e) are magnified four

times with respect to the full EEL spectra.

(still amorphous and porous though, based on TEM
observations).

A straightforward application of the developed PECVD
a-GaO,:H—given the ideal combination of low refractive
index (n of 1.57 at 500 nm) and broadband transparency—is
its application as a dielectric layer for optoelectronic devi-
ces. For example, we investigated the potential of ¢-GaO,:H
as a second ARC layer on the front ITO of SHJ solar cells as
shown in Fig. 7(b), similarly to the use of Si0,.>>% SHJ
solar cells with different ARC architectures were manufac-
tured in CIC. The baseline SHJ cell without a second ARC
had a short circuit current density (J,.) of 39.1 mA cm 2, an
open circuit voltage of 722mV, a fill factor of 82.2%, and a
cell efficiency of 23.2%. The gain in J,. due to the PECVD

a-GaO,:H coating [thickness (7) varied from 40 to 140 nm]
on the front-side ITO layer ( = 65 nm) is shown in Fig. 7(a).
A cell with a thermally evaporated MgF, (t=65nm, n of
1.37 at 500nm)’’ second-layer ARC is also shown as refer-
ence. The 65-nm-thick a-GaO,:H improves the J,. by
0.47mA cm~ (0.27% efficiency gain in absolute), whereas
the 65-nm-thick layer of MgF, increases the J,. by 0.57 mA
em 2, (0.33% efficiency gain in absolute). This difference
originates from additional reflection in the 400 to 550 nm
wavelength range (external quantum efficiency and reflec-
tance spectra of the three cells shown in supplementary
material, Fig. E1) and is due to the less-adequate refractive
index of a-GaO,:H compared to that of MgF, for solar cells
measured in air.

TaBLE I. Summary of the properties of a-GaO:H films deposited by PECVD with thicknesses (¢) of 100 to 800 nm. The composition of the film grown with

Q() of 95% is G3202_3C0_46H2_44.

Qo

Parameter 93% 94% 95% 96%
Phase ( = 400 nm on glass) Amorphous Amorphous Amorphous Amorphous
Static refractive index (¢ = 100 nm on ¢-Si) 1.58 1.56 1.55 1.54
Static dielectric constant (¢ = 100 nm on ¢-Si) 2.49 2.42 2.39 2.37
Bandgap E, (r = 800 nm on fused silica) 3.49eV 3.76 eV 3.92eV 4.08 eV
O/Ga ratio (t = 400 nm on ¢-Si) N/A N/A 1.40 = 0.10 N/A

C content (r = 400 nm on ¢-Si) N/A N/A 6.0 = 0.5at. % N/A
H content (r = 400 nm on ¢-Si) N/A N/A 31.7 £ 3.1at. % N/A
Molecular density (+ = 400 nm on ¢-Si) N/A N/A 1.38 x 102 ¢cm 3 N/A
Average surface roughness R,, ( = 200 nm on glass) 0.350 nm 0.652nm 0.588 nm 0.510nm
Root-mean-square roughness R, (t = 200 nm on glass) 0.439 nm 0.794 nm 0.770 nm 0.648 nm

JVST A - Vacuum, Surfaces, and Films
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Fic. 6. (Color online) Refractive index (n) of a-GaOx:H films grown with
varying H, flows. n slightly increases with increasing H, flow, annealing in
air at 200 °C causes no change in n, whereas annealing at 500 °C results in a
clear increase of n for all samples.

IV. CONCLUSIONS

We introduced a PECVD process to deposit a-GaO4:H
thin films at low temperature (200 °C) and a detailed analysis
of the film properties. The films are hydrogenated, amor-
phous, dielectric, highly transparent, slightly substoichiomet-
ric with respect to f-Ga,03 and contain carbon, attributed to
the use of TMG and CO, as gallium and oxidant precursors.
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Fic. 7. (Color online) (a) Gain in Jy. of a SHJ cell as a function of the thick-
ness of the a-GaOy:H layer used as ARC on the front-side ITO
(tiro = 65 nm). The gain in current when using a thermally evaporated MgF,
ARC is marked by a cross. For each performance analysis, we measured the
J-V characteristic of all cells before and after the a-GaO,:H or MgF, ARC
deposition. The solid line is the least-square quadratic fit for the a-GaO,:H
cells. (b) Schematic view of the Si heterojunction solar cell structure that
employs a second ARC. All finger electrodes and contact electrodes are con-
nected to the front side ITO layer.
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A high oxidant content during PECVD was shown to
increase the E, up to 4.1eV. Continuous films were obtained
down to a thickness of 2 nm. The low refractive index below
1.6 could be linked to nanosized voids, which appear filled
with molecular H,. The potential of PECVD a-GaOx:H films
as a second layer ARC in SHJ solar cells is demonstrated,
and several other applications of PECVD a-GaO,:H may be
foreseen. For example, this material may also be used as an
electron-transport material for photovoltaics, provided that
extrinsic doping [e.g., Sn (Ref. 57) or Si (Ref. 58)] is added
to improve the conductivity of the a-GaO,:H. Alternatively,
a-GaO,:H with a low refractive index can replace MgF, as
the rear reflector in SHJ cells.’>®® Finally, the dielectric
characteristics of the PECVD layers shown in this study are
promising to apply as the dielectric in thin-film transistors.
Furthermore, several aspects make PECVD an attractive
method for the deposition of metal oxides, notably in the
field of solar cells: softness of the deposition, extensive con-
trol of doping and stoichiometry, thickness control from
nanometer to microns with the tunable deposition rate, and
scalability and reliability at the industrial level, and this
demonstration of PECVD-grown metal oxide could pave the
road to the development of other PECVD metal oxide
materials.
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