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Abstract: A distributed Bragg reflector (DBR) composed of Y,03-doped HfO, (YDH)/SiO,
layers with high reflectivity spectrum centered at a wavelength of ~240 nm is fabricated
using radio-frequency magnetron sputtering. Before the DBR deposition, optical properties
for a single layer of YDH, SiO,, and HfO, thin films were studied using spectroscopic
ellipsometry and spectrophotometry. To investigate the performance of YDH as a material
for the high refractive index layer in the DBR, a comparison of its optical properties was
made with HfO, thin films. Due to larger optical bandgap, the YDH thin films demonstrated
higher transparency, lower extinction coefficient, and lower absorption coefficient in the UV-
C regime (especially for wavelengths below 250 nm) compared to the HfO, thin films. The
fabricated YDH/SiO, DBR consisting of 15 periods achieved a reflectivity higher than 99.9%
at the wavelength of ~240 nm with a stopband of ~50 nm. The high reflectivity and broad
stopband of YDH/SiO, DBRs will enable further advancement of various photonic devices
such as vertical-cavity surface-emitting lasers, resonant-cavity light-emitting diodes, and
resonant-cavity photodetectors operating in the UV-C wavelength regime.

Index Terms: Distributed Bragg reflector, thin films, ultraviolet.

1. Introduction

Highly reflective distributed Bragg reflectors (DBRs) in the ultraviolet (UV) wavelength regime are
important for UV-based photonic devices such as vertical-cavity surface-emitting lasers (VCSELS),
polariton lasers, light-emitting diodes (LEDs), photodetectors (PDs), and solar cells. DBRs can
be integrated into these devices as mirrors to enhance the light amplification. Typically, a DBR
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can be formed by repetitively stacking alternating high- and low-refractive index (RI) layers with
the thickness of each layer corresponding to a quarter-wave of the operating wavelength. In the
UV wavelength regime, group llI-nitride materials (e.g., GaN/AlGaN, AlGaN/AlInN, AlGaN/AIN,
and AlGaN(/air), and dielectric materials (e.g., TiO2/SiO2, TaoOs/SiO,, HfO./SiO,, and ZrO,/SiO,)
based-DBRs have been used in the design and fabrication of UV VCSEL [1]-[3], UV edge-emitting
laser [4], UV polariton laser [5], UV resonant-cavity LED [6], UV LED [7], and UV PD [8]. The
advantages of group lll-nitride DBRs is that they can be monolithically grown and doped with
desired n- or p-type dopants required for electrical pumping. However, obtaining dislocation- and
crack-free structures is challenging due to the limited crystal quality (e.g., lattice- and thermal
expansion-mismatch), growth complexity (e.g., composition- and growth temperature-fluctuation),
and the inadequate reflectivity (i.e., low RI contrast) of group llI-nitride materials. In contrast, for
dielectric DBRs, the choice of the materials and the growth method are more extensive and flexible.
Highly reflective DBRs exceeding 99% reflectivity can be easily obtained within a small number of
repetitions due to the high RI contrast, i.e., 10 to 15 periods typically [2], [5], compared to 30 to
50 periods for group IlI-nitride DBRs [9]. However, a complex device scheme, e.g., the intra-cavity
design, is required to realize electrical pumping for devices using dielectric DBRs [6].

Focusing on dielectric DBRs for the UV-C regime i.e., <280 nm wavelength, the use of fluorides,
e.g., LaF3s/AlF3 [10] and LaF3;/MgF, [11]; oxide-fluoride combinations, e.g., Al.O3/MgF, [12] and
Al>,O3/AlF3 [10]; and oxides only, e.g., Al,O3/SiO, [13] and HfO,/SiO, [14], [15]; have been reported.
The fluorides and oxides-fluorides based DBRs were developed for reflectivities at sub-200 nm
wavelengths [10]-[12]. For operating wavelengths above 200 nm, the oxides based DBRs were
used [13]-{16]. Although fluorides exhibit relatively low UV-C absorption, a high number (>40 pairs)
of DBR periods is required due to the small Rl contrast [10]. Furthermore, fluoride layers are
required to be deposited at high substrate temperature to obtain stable film structural and optical
properties. This condition promotes high tensile stress during the deposition due to the large thermal
expansion coefficient difference between the film and the substrate, which can lead to micro-cracks
for a thick DBR structure [10]. If using oxides only as in the case of Al,O3/SiO, DBR [13], around
42.5 periods were required to achieve a reflectivity of >99% in the UV-C regime due to insufficient
RI contrast. Replacing Al.O3 by HfO, as the high Rl layer for the DBR (with SiO, as the low Rl
layer) is attractive because of higher RI contrast. However, HfO, starts absorbing light below the
wavelength of 250 nm. Therefore, most of the reported HfO,/SiO, DBRs have been only designed
for wavelengths above 250 nm [13]-[16]. Recently, it has been shown that the material properties
of HfO, films can be improved by the incorporation of Y,Oj3 (also known as yttria). Compared with
HfO, films, the Y>O3-doped HfO, (YDH) films exhibited better structural stability [17], [18], higher
effective dielectric constant [19], lower leakage current density [17], and larger optical bandgap
[20]-[22]. Specifically, on the optical bandgap (E,), Noor-A-Alam et al. [20] and Chen et al. [21],
[22] reported that more than 6 eV could be achieved for YDH films with a certain composition.

Here, we demonstrate a YDH/SiO, DBR with a reflectivity higher than 99.9% operating in the
UV-C regime. This DBR exhibits a ~50 nm broad stopband centered at ~240 nm wavelength. Due
to the high Rl contrast and low absorption of the materials, the YDH/SiO, DBR requires only 15
periods to achieve the aforementioned reflectivity. We also compare the optical characteristics of
single layer YDH and HfO, thin films prior to the full DBR deposition. Recently, several AlGaN-based
lasers were reported for UV-C lasing at ~240 nm wavelength [23]-[26]. By having such as high
reflectivity around 240 nm wavelength with only 15 periods, YDH/SiO, DBRs can be used as a
mirror for these UV-C lasers and other UV-C photonic devices.

2. Depositions of DBRs and Thin Films

The YDH/SiO, DBRs were deposited onto UV-grade sapphire substrates by radio-frequency (RF)
magnetron sputtering. A single layer of YDH, HfO,, and SiO, thin films were also deposited onto
both UV-grade sapphire and silicon substrates to investigate the optical properties of these materi-
als. All substrates were cleaned using the standard solvents-ultrasonic cleaning and dried with N»
before being loaded into the vacuum chamber, which was initially evacuated to a base pressure
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Fig. 1. Measurements and analysis of the YDH, HfO,, and SiO thin films showing (a)—(c) modeled and
experimentally obtained SE spectra of each material with the SEM cross-section micrograph (left) and
optical stack model (right) as insets, (d)—(f) AFM surface scan for each material with the respective RMS
roughness value, (g) wavelength-dependent Rl spectra, (h) wavelength-dependent extinction coefficient
spectra, (i) absorption coefficient spectra, and (j) Tauc plot revealing the values of optical bandgap.

of ~10~7 torr. A commercial-ready 2-inch diameter YDH target composed of (Y203)02(HfO2)os,
SiO, target, and HfO, target with a purity of 99.9%, 99.995%, and 99.95%, respectively, were
used for the sputtering. The RF power applied to all targets were set to 75 W. The sputtering gas
was Ar with the gas flow maintained at 25 sccm. Before the actual deposition, all targets were
pre-sputtered for 10 min with the shutter above the sputter gun closed. All samples were sputtered
at room temperature with a working pressure of ~10~2 torr. The deposition rates were 2.4, 2.0, and
0.8 nm/min for HfO,, YDH, and SiO, thin films, respectively.

3. Material Characterizations of Thin Films

To design the YDH/SiO, DBR, measurements using spectroscopic ellipsometer (SE) were per-
formed to investigate the wavelength-dependent RI (n) of YDH and SiO thin films, and to study the
comparison of extinction coefficient (k) and E ; between YDH and HfO; thin films in the UV regime.
The deposited thickness of all samples was fixed to ~30 nm. Since the wavelength of interest is
in the UV regime, a phase modulated SE was used where the signals detected are in the form of
harmonics (symbolized as /s and /¢) that can be extracted to determine the ellipsometric angles
(L and A) as a function of energy [27]. Data were acquired at an incident angle of 70° over a
spectral range from 1.5 eV up to just beyond the respective E, for each material. To extract the
optical constants (n and k), film thickness, and the surface morphology information, the measured
harmonics were fitted to data generated from a model representing the sample structure. For the
SE modeling, the Tauc-Lorentz model [28] (which is suited for amorphous semiconductors and
Kramers-Kronig consistent) was used for the YDH, HfO,, and SiO, materials. A good fit to the
measured data indicated by the lowest possible mean squared error (MSE) based on Levenberg-
Marquardt regression algorithm is required across the measured spectral range. Fig. 1(a) to (c)
show the measured versus modeled SE spectra with a good fitting obtained (nominal MSE values)
for the YDH, HfO,, and SiO. thin films, respectively, and show the corresponding scanning electron
microscope (SEM) cross-section micrographs and optical stack models in insets. The thickness of
the single YDH, HfO,, and SiO, layers and the root-mean-square (RMS) roughness obtained from
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Fig. 2. Transmission spectra of the YDH and HfO» thin films deposited on UV-grade sapphire substrates.
The inset shows the absorbance spectra for both materials in the UV regime.

the SE modeling were in good agreement with the measured cross-sectional micrographs using
SEM and the surface scans using atomic force microscope (AFM). The AFM images for the YDH,
HfO,, and SiO thin films are shown in Fig. 1(d) to (f), respectively, for an area of 1 x 1 m?.

Fig. 1(g) and (h) exhibit the SE extracted wavelength-dependent optical constants (n and k) for
the YDH, HfO,, and SiO. thin films. It is found that n decreases slightly when Y,O3 is doped to
the HfO, material (i.e., YDH thin films). This can be attributed to oxygen vacancies (from Y»O3)
incorporated into the HfO, lattice, resulting in a reduced material density and hence in the n value.
At a wavelength of 350 nm, for comparison, the n values obtained here are in excellent agreement
with the results from the literature [15], [22], [29], with only deviations of +£0.58% for YDH, +1.12%
for HfO,, and +£2.55% for SiO; thin films. By using the measured k values of the YDH and HfO, thin
films, the absorption coefficient, o for each material is calculated [see Fig. 1(i)] from the following
relation of @ = 4sk/1. Subsequently, the E is estimated using the Tauc plot as shown in Fig. 1(j),
and is found to be ~6.21 and ~5.76 eV for the YDH and HfO, thin films, respectively. The E 4 value
of the YDH thin films is consistent with the finding reported by Chen et al. which is ~6.24 eV for
(Y203)0.26(HfO2)0.74 [22]. As for the HfO, thin films, the estimated E, is comparable with various
values reported in the literature [30]-[32]. It was assumed that the doping of Y>O3 changes the
chemical element, i.e., electron states (from Hf-O-Hf to Hf-O-Y) [21], and furthermore introduces
charge defects that increase the E, of HfO, material [33]. This has been shown using the first-
principles calculation that by adding Y,Oj3 to the HfO, material, the highest occupied defect level
will fall into the valence band rather than the energy gap, which explains the E, broadening [33].
The E4 can also be affected by the microstructure of the films. It has been shown that the degree of
crystallinity for YDH thin films can be improved (from amorphous to polycrystalline) for >8% doping
of Y>0j3 into the HfO, material [21]. This can be examined from the AFM surface scans shown in
Fig. 1(d) and (e) for the YDH and HfO, thin films, respectively. Irregular nanograins can be well
observed on the YDH thin films which are correlated with an increase in the RMS roughness to
~1.20 nm, compared to the RMS roughness of the HfO, thin films which is only ~0.65 nm. The
HfO, thin films exhibit more uniform surface, i.e., less and smaller nanograins, which is consistent
with reported amorphous HfO, thin films (i.e., similar AFM image and RMS roughness ~0.91 nm)
[34]. A change in films microstructure can increase the E, as a similar behavior was observed in
yttria-stabilized zirconia (YSZ) thin films [35]. Additionally, the increase in the lattice constant and
the development of strain in YDH thin films can also increase the E 4 [20].

The increase in E; that results in lower « and k values, indicates the transparency of the YDH films
in the UV-C wavelengths below 250 nm. This is proven by comparing the transmission measurement
of the YDH and HfO, thin films using spectrophotometer (see Fig. 2). Both materials were deposited
at the same thickness of ~30 nm on UV-grade sapphire substrates (thickness of ~430 um). The
transparency of ~80% in the visible regime exhibited by YDH and HfO, thin films is consistent
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Fig. 3. YDH/SiO, DBR characteristics showing (a) experimental and simulated reflectivity spectra for
various DBR periods, and (b) AFM surface scan for the DBR structure with 15 periods. The (c) reflectivity
and (d) stopband for various DBR periods.

with the literature [21], [29], [30], [32], [36]. Focusing in the UV regime, the YDH thin films is
more transparent compared to HfO, thin films. The absorbance spectrum (inset of Fig. 2) reveals
that the YDH thin films only start absorbing drastically for wavelengths shorter than ~225 nm.
In comparison, the HfO, thin films already show apparent absorption even in the UV-A regime.
Therefore, by doping Y»Og into the HfO, material, the newly formed YDH material is a promising
candidate as the high Rl layer for forming a UV-C dielectric DBR together with SiO, as the low RI
layer. Although the nvalue for the YDH decreases slightly compared to HfO, [as shown in Fig. 1(g)],
the Rl contrast is still high. Other materials being used as the high Rl layer for the oxide or fluoride
type UV-C DBRs (e.g., AloO3 [10] and LaF3 [13]) have even lower n values (>20% reduction). This
resulted in insufficient RI contrast and thus a high number of periods (>40 periods) were required
to achieve >99% reflectivity [13].

4. Design and Characterizations of DBRs

Next, various YDH/SiO, DBRs were deposited on UV-grade sapphire substrates with a target
center wavelength of 240 nm. The thickness of each layer in the DBR was designed at quarter-
wavelength and the deposition was calibrated with SE measurements. The number of periods
deposited was varied from 5 to 25 to compare the reflectivity and stopband of the DBR. The
reflectivity measurements were performed using a spectrophotometer equipped with an integrating
sphere and baselined with a UV certified MgF,-coated Al mirror. By applying the measured nand k
values for each material, the transfer-matrix method (TMM) simulations were used to calculate the
reflectivity spectrum and required layer thickness. The DBR stopband is approximated by [37]

AL 4 ny—n
— = —arcsin <¥> (1)
Ao T ny—+nNo

where 1, is the center wavelength, ny is the high RIl, and n, is the low RI. Fig. 3(a) shows the
experimental reflectivity spectra for YDH/SiO, DBRs of 5, 10 and 15 periods. The simulated
reflectivity spectrum for 15 periods DBR is also shown for comparison. The reflectivity spectra
of the experiment and simulation for YDH/SiO, DBR with 15 periods show good agreement in
terms of the reflectivity peak and position of the spectrum. However, the stopband of the experi-
mental spectrum is slightly narrower than in the simulation result. This might arise from a smaller
RI contrast in the actual case when taking into account the optical loss from material absorption
and interface scattering.

Fig. 3(b) shows the AFM surface scan of the 15 periods YDH/SiO, DBR. The RMS roughness is
~3.40 nm, which is rougher than the single layer films of YDH and SiO, shown in Fig. 1. The increase
in RMS roughness is associated with the interface roughness in the DBR stack, as evidenced in
the cross-sectional SEM shown in the inset of Fig. 4. These imperfect interfaces can introduce
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Fig. 4. The reflectivity spectrum for 15 periods YDH/SiO» DBR and the transmission spectrum for a
~29 nm thick YDH thin films. The inset shows the cross-sectional SEM of the DBR structure.

scattering loss to the DBR, which can degrade the device performance (e.g., device efficiency of a
VCSEL [38]). The absence of sideband interference fringes at shorter wavelength for the experiment
spectra is due to the onset of the fundamental YDH absorption edge. Fig. 3(c) exhibits that a high
reflectivity of >99.9% can be achieved with only 15 periods of YDH/SiO., DBR. For comparison,
more than 40 periods are required for Al,O3/SiO. DBR to achieve the same reflectivity in the UV-C
regime due to insufficient RI contrast [13]. Due to the high RI contrast, the stopband of YDH/SiO,
DBR is also considered broad (i.e., ~50 nm) as shown in Fig. 3(d), which can cover an extensive
spectrum of the UV-C regime. If Al,O3/SiO, DBR is used, the stopband achieved is only ~26 to
39 nm broad [13].

In Fig. 4, the reflectivity spectrum of 15 periods YDH/SiO, DBR is plotted with the transmission
spectrum of single layer YDH thin films (thickness of a quarter-wavelength, i.e., ~29 nm). The
reflectivity peak is obtained merely before the absorption of the YDH layers in the YDH/SiO, DBR
becomes dominant. The inset of Fig. 4 shows the cross-sectional SEM micrograph of the DBR
structure. The cross-sectional SEM sample was prepared using the focused-ion-beam (FIB) lift-out
technique with Pt-coated on top as a protection layer during the FIB milling. The cross-sectional SEM
shows a clear contrast between the individual YDH (bright) and SiO, (dark) layers. A homogeneous
layer sequence showing uniform period thickness distribution along the growth direction (bottom-
up) was observed. The thickness of the deposited YDH and SiO; thin films were highly precise and
in excellent agreement (<1% tolerance) with the thickness calculated from the TMM simulation. As
the number of periods deposited for YDH/SiO, DBR increases, the interfaces were less smooth
due to the accumulation of strain and the roughness introduced by each layer. This can potentially
be improved by further optimization of the deposition process (e.g., RF power, Ar pressure, reactive
sputtering of O2:Ar, and substrate temperature). For example, the RMS roughness decreased (from
2.97 to 2.10 nm) as the RF power was increased from 50 to 80 W during the sputtering of HfO,
films [29]. Also, by using reactive sputtering (example mixing O,:Ar), the RMS roughness can be
reduced. It is found that a smoother surface was obtained, i.e., RMS roughness reduced from 8.61
to 4.57 nm as the O,:Ar flow ratio increased from 0 to 0.2 for sputtered HfO, films [32]. All of the
above approaches are applicable for minimizing the interface roughness during the sputtering of
YDH/SiO, DBRs.

A summary of the key parameters achieved in this study is listed in Table 1. Compared with
the prior reported work of other oxides-based DBRs, the YDH/SiO, DBR features the highest
reflectivity at sub-250 nm operating wavelengths by using only 15 periods and demonstrates a
broad stopband of ~50 nm. By optimizing the deposition process as mentioned above, smoother
interfaces can be obtained, and higher reflectivity for the DBR can be achieved with fewer period
numbers. From the fabrication point of view, in addition to the RF magnetron sputtering, the DBRs
(taking HfO,/SiO, DBR for example) can be fabricated using various deposition methods such as
plasma ion-assisted deposition (PIAD) [15], ion plating (IP) [15], and ion-beam-assisted electron-
gun vacuum evaporation [16]. Although the RI values change slightly for HfO, and SiO, when
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TABLE 1
Comparison of the Performance of Oxides-Based DBRs for UV Wavelengths

Material Fabrication method Period Center Reflectivity =~ Stopband Ref.

system wavelength (nm) (%) (nm)

Al>O3/SiO2 RF magnetron sputtering 42.5 296 99.0 26 to 39 [13]

HfO,/SiO2 RF magnetron sputtering 10 311 97.0 65 [13]

HfO,/SiO2 Plasma ion-assisted 11.5 250 98.8 45 [15]
deposition

YDH/SiO2 RF magnetron 15 240 99.9 50 This work
sputtering

PIAD and IP deposition methods are used [15], the RI deviations for both materials are still <10%.
As above discussed, the RI value of our deposited YDH films (using RF magnetron sputtering)
only deviates +£0.58% compared to the RI values of YDH films deposited using electron beam
evaporation [22]. To compensate any significant Rl variation, additional period can be deposited
for the DBR to obtain the targeted reflectivity. In addition to the RI, other DBR related factors such
as thickness and interface roughness can be controlled through the optimization of the fabrication
process. Reveret et al. [16] reported that as long as the interface roughness is <5 nm, the DBR
reflectivity remain the same. Our AFM surface-scan indicates RMS roughness of ~3.40 nm for the
YDH/SiO, DBR. Moreover, the fabricated thickness is well-controlled (<1% fabrication tolerance)
as shown from the cross-sectional SEM.

5. Conclusion

In summary, a highly reflective >99.9% oxides-based DBR was demonstrated for the UV-C wave-
length regime by using 15 periods of YDH/SiO layers. The reflectivity spectrum was centered at
~240 nm with a relatively broad stopband of ~50 nm. A comparison between YDH and HfO. thin
films was made using the SE and spectrophotometry techniques. The YDH thin films exhibited
better transparency in the UV-C regime especially below 250 nm, making this material promising
as the high Rl layer in a DBR structure. The realization of highly reflective and broad stopband
YDH/SiO, DBR will benefit the UV photonic devices advancement for improved device efficiency in
the UV-C regime.
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