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ARTICLE INFO ABSTRACT

We report low optical loss germanium oxide (GeOs) thin films which have been deposited by low pressure ion-
assisted alternating current dual magnetron sputtering of germanium targets in an oxygen plasma environment.

The germanium oxide films ranging from DIZZNONIMONUNEHNICK were fabricated at [GIAtCTIperaturelandinigh
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Thil:l ﬁllT The refractive index of the
gll::tf)aniczss films was determined through variable angle spectroscopic ellipsometry and found to be 1.6051 on average at a
Dual alternate current sputtering wavelength of 638 nm.

Waveguide spectroscopy analysis and displayed sub-nanometer roughness when measured with atomic force microscopy!

char-
acterized the attenuation of the GeO, thin films from visible to near-infrared wavelengths and observed it to be
asrlowras 0:1"dBy/cmyat 638 nm for deposition ratesof 8 nmy/min: This deposition technique provides com-
plementary metal-oxide-semiconductor compatible GeO, thin films suitable for integrated photonics applica-

tions and is promising for the fabrication of other dielectric waveguide materials.

1. Introduction

Germanium oxide (GeO,) is a material that is widely used in pho-
tonic applications because of its advantageous structural and optical
properties. GeO, first gained interest in its applications in doped optical
fibers due to its structural similarities to silica, allowing for ease of
integration into fiber cores [1]. GeO, glass has strong inter-ionic forces
between the Ge** and O?~ ions which provide high thermal stability
and mechanical'strength [2]. It has a higher refractive index (n = 1.6)
than silica and is used to increase the numerical aperture of optical
fibers. GeO, possesses a high Raman gain coefficient when compared to
other oxide-based glasses [3], making it a strong candidate for Raman
based amplification. Itfalsorshowsipromiserasrathostiforrarerearthndo=
pants amplifiers and lasers due to its high rare-earth solubility [4]. Its
low nonlinearity and absorption allow for long-distance optical trans-
mission in fibers [5]. GeO, glass possesses strong opto-refractive effects
allowing for permanent shifts in refractive index when exposed to UV
radiation [4-7]. This property is used to write Bragg gratings in optical
fibers by UV laser exposure for applications, including fiber lasers,
sensors, and dispersion compensators [8-11].

GeOy’s high refractive index and low loss also make it a promising
material for planar waveguide applications. Because it is a

* Corresponding author.
E-mail address: millej29@mcmaster.ca (J.W. Miller).

https://doi.org/10.1016/j.tsf.2020.138165

complementary metal-oxide-semiconductor compatible material al-
ready extensively used in silicon foundries for high-k gate dielectrics
[12,13], it is particularly attractive for silicon photonics platforms [14].
Its high rare-earth (RE) solubility motivates its use in on-chip amplifiers
and lasers. Optical gain and lasing have been demonstrated in germa-
nosilicate'glass [15] and several authors have reported efficient pho-
toluminescence in RE-doped germinate alloys such as lead-, antimony-,
and bismuth-germinate glasses [16-20]. The UV sensitivity of GeO,
suggests it might be useful for grating structures or as a UV-sensitive
cladding material for post-process trimming to increase yield in silicon
photonics devices [21].

While the physical and material properties of GeO- thin films have
been explored, there has been limited investigation towards the fabri-
cation of low loss thin films. GeO, thin films have been previously
fabricated by radio frequency (RF) sputtering and reactive direct cur-
rent (DC) sputtering [2, 22-24]. Both of these techniques have been
able to achieve high deposition rates; however, they have not been able
to produce films with as-deposited losses of less than 1.9 dB/cm at
638 nm. The losses in these films have been reduced by post-deposition
annealing or laser annealing, which adds processing steps and increases
fabrication complexity [2]. Germanate based alloy waveguide struc-
tures have achieved losses ranging from around 0.6 to 2.2 dB/cm at
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2. Experimental methods

2.1. Ion-assisted AC dual magnetron sputtering of GeO, thin films
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Fig. 1. Schematic of the ion-assisted dual AC sputtering system applied to de-
posit GeO, thin films. The position of the ion source and neutralizer are not
representative of the actual position and the system is not drawn to scale.
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Fig. 2. Target bias hysteresis for varying oxygen flow under ion-assisted de-
position.
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Fig. 3(a) shows the experimental RBS spectra and corresponding
simulated fit for a GeO, thin film grown with an O, flow rate of 60
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Fig. 3. (continued)

Fig. 3(b) shows the ERDA spectrum measured for the same GeO,
film in order to characterize the hydrogen content. The simulated
model suggests a hydrogen concentration of 1.1 at.% spread evenly
throughout the thickness of the film. The source of this hydrogen is not

certain. A possible explanation is the instruction of hydrogen into the
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Fig. 3. a) RBS experimental spectra (red dots) and fits based on a simulation
model for a GeO, thin film. The yellow, purple, and green fit lines represent
oxygen, silicon, and germanium, respectively. The composition of the GeO, is
stoichiometric within the uncertainty in the simulated model. b) ERDA ex-
perimental spectra (red dots) with fit based on simulation model for 1.1 at.%
hydrogen content uniformly distributed throughout the film.(For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

and ERD measurements. We note that the presence of hydrogen in the

films can be useful for specific applications. It is proposed that the
presence of OH groups can contribute to defect sites such as germanium
electron trap centers and these centers contribute to the photorefractive
properties of GeO, when exposed to UV light [35,36].

. The film loss was characterized using the Urbach absorption
model. For this model, the parameters of the silicon substrate were
taken from Herzinger [37]. Fig. 4(a) shows the Cauchy dispersion
model and Urbach absorption as well as the Sellmiere model for a 60-
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Fig. 4. a) Material dispersion of GeO, thin film deposited with 60-sccm O, flow
measured with VASE and prism coupler. b) Height of GeO, thin film in nm
using the Cauchy model measured across 3 inch silicon wafer.
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Fig. 4. (continued)

scem O, flow GeO, film. Overlaid on top of the dispersion curves are
direct refractive index measurements obtained using prism coupling at
three separate wavelengths. These overlap with the Cauchy and Sell-
meier dispersion model except for the measurement taken at 1550 nm
in which the Cauchy model overestimates the index. This difference is
expected as the Sellmeier model is considered better over large wave-
length ranges. The Cauchy model serves as a reasonable approximation
across the visible region and is defined by the three-term function:

n=A+BA?%+ C1™* (@)

where the fitting parameters A, B and C are the material-dependent
Cauchy coefficients, n is the refractive index of the film and A is the
wavelength. Likewise, a 2-term Sellmeier model was used given by the
formula:

2
Blll _ E/12

2 _
n? = g(o0) + Z-C2 @

where ¢(o) is the index offset, B; and C; are the experimentally de-
termined Sellmeier coefficients and E is the position of the pole in the
infrared. The values for the dispersion models shown in Fig. 4 are
presented in Table 1. The refractive indices reported here are similar to
those reported elsewhere using other deposition techniques [2,23].
Fig. 4b) shows the height map of a 3-inch silicon wafer coated in GeO,
positioned mid-way between the center and the edge of the sample
stage. The film shows high uniformity across a large area with a relative
deviation in thickness (Max-Min)/average of 0.8% across the 437.7 nm
thick GeO, thin film with a standard deviation from the mean of 0.2%.

This increase in deposition rate primarily can be attributed to the lower
O, partial pressure, reducing target surface oxidation, thus increasing
the germanium sputtering probability at lower O, flow rates [31].
There a noticeable trend in the thin film losses deposited at different

Table 1
Cauchy and Sellmeier dispersion parameters coefficients obtained through
VASE.

Cauchy A B (um) 2 C (um) ~*
1.587 6.310 2.278
x1072 x 1074
Sellmeier g(o0) B; (um) 2 C; (um) 2 E (um) 2
1.665 8.63 1.5447 8.84
x1071 x 1071 x1073
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Fig. 5. a) GeO, thin film deposition rate vs. O, flow rate under ion-assisted
growth. b) As deposited film loss at 638 nm measured by the prism coupling
method of TE mode light vs. deposition rate. Insert shows 638 nm red streak
from prism coupler coupling into GeO, film.
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Fig. 5. (continued)

deposition rates. Those films deposited at lower rates in the poisoned
regime showed low losses that were at the measurement limit of 0.1 dB/
cm at 638 nm across the wafer for both the fundamental TE and TM
modes! Films that were grown in the knee of the hysteresis with de-
position rates around 25 nm/min showed losses around 0.2 dB/cm at
638 nm, and films grown in the metal sputtering region showed losses
around 0.5 dB/cm at 638 nm, for both the fundamental TE and TM
modes.

AFM was used to study whether surface roughness could account for
the higher losses at 638 nm seen in the films with higher deposition
rates. The RMS surface roughness of films deposited with between 60
and 80 sccm of O, and with deposition rates below 10 nm/min was
typically 0.5 to 0.8 nm. This is consistent with other films grown
through PARMS [38]. Annealing selected films in the range of 200 to
400 °C, as shown in Fig. 6, did not yield a noticeable difference in
roughness compared to the as-deposited films. It can be noted that there
appears to be a correlation between surface roughness and loss, shown
in Table 2. The film with an RMS surface roughness of 0.92 nm ex-
hibited the highest loss with 0.5 dB/cm at 638 nm. Conversely, the film
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Fig. 6. a) AFM profile for a 1-um-thick GeO, thin film annealed at 400 °C with
RMS roughness of 0.45 nm and peak to peak roughness of 3.8 nm. b) Height
profile taken from AFM scan in a).
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Fig. 6. (continued)
Table 2
Deposition parameters, atomic concentrations obtained through RBS, refractive

index obtained through VASE, RMS roughness and peak to peak roughness for
films obtained through AFM, losses obtained from prism coupling.

0O, flow rate Ge (at. O (at. N @ Loss, Rrums Peak to
(sccm) % * % + 638 nm 638 nm (dB/ (nm) Peak
0.1) 0.8) cm) (nm)
40 31.0 69.0 1.603 0.5 0.92 9.2
55 31.0 69.0 1.600 0.2 0.73 6.2
60 325 67.5 1.605 0.1 0.54 4.1
65 32.5 67.5 1.605 - 0.53 5.1
70 32.8 67.2 1.605 - 1.21 8.6
75 33.0 67.0 1.605 - 0.77 8.9
80 32.8 67.2 1.605 - 0.45 3.8
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4. Conclusions

We have demonstrated low-loss GeO, thin films fabricated by
PARMS AC sputtering and show an improvement in losses for the as-
deposited GeO, films compared to previous deposition techniques. The

The film
composition and refractive index were found to be constant for dif-
ferent O, flow rates. Small amounts of hydrogen were present in the
films, which might not be considered detrimental as hydrogen is known
to sensitize GeO, to change its refractive index through the photo-

refractive effect.

_. The films also had high uniformity across a 3-inch wafer
with a relative thickness deviation of 0.8%. The low surface rough-
nesses and losses demonstrate ion-assisted dual AC sputtering to be
especially attractive for the deposition of optical waveguide materials.
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