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ABSTRACT: We describe the design, fabrication, and characterization of
mechanically stable, reproducible, and highly reflecting distributed Bragg
reflectors (DBR) composed of thermally evaporated thin films of calcium
fluoride (CaF,) and zinc sulfide (ZnS). CaF, and ZnS were chosen as the low
and high refractive index components of the multilayer DBR structures, with n =
1.43 and n = 2.38 respectively, because neither material requires substrate
heating during the deposition process in order to produce optical quality thin
films. DBRs consisting of seven pairs of CaF, and ZnS layers, were fabricated
with thicknesses of 96 and 58 nm, respectively, as characterized by high-
resolution scanning electron microscopy (HR-SEM), and exhibited a center
wavelength of 4. = 550 nm and peak reflectance exceeding 99%. The layers
showed good adhesion to each other and to the glass substrate, resulting in
mechanically stable DBR coatings. Complete optical microcavities consisting of
two such DBR coatings and a CaF, spacer layer between them could be
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fabricated in a single deposition run. Optically, these structures exhibited a resonator quality factor of Q > 160. When a CaF,/
ZnS DBR was grown, without heating the substrate during deposition, on top of a thin film containing the fluorescent dye
Rhodamine 6G, the fluorescence intensity showed no degradation compared to an uncoated film, in contrast to a MgF,/ZnS
DBR coating grown with substrate heating which showed a 92% reduction in signal. The ability to fabricate optical quality CaF,/
ZnS DBRs without substrate heating, as introduced here, can therefore enable formation of low-loss high-reflectivity coatings on
top of more delicate heat-sensitive materials such as organics and other nanostructured emitters, and hence facilitate the
development of nanoemitter-based microcavity device applications.
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1. INTRODUCTION

A distributed Bragg reflector (DBR) is a mirror-like coating
based on dielectric materials. DBRs are commonly incorporated
in optical devices such as waveguide lasers and microcavity
resonators in order to obtain high reflectivity at a specific center
wavelength, A, or over a range of wavelengths centered around
A.. DBRs are composed of pairs of dielectric materials, with
each pair consisting of a high and low refractive index, ny and
ny, respectively. Please note that the refractive index is in
general wavelength dependent. For a given A, the thickness of
each layer is chosen to satisfy the “Bragg condition” in analogy
to crystal diffraction: d; = A./4n, which results in constructive
interference of the beams that are reflected from each interface
and an overall reflectivity, R, that can approach unity. For a
DBR, R is given by the following equation:

R = |:”o("L)2N - ”s("H)ZN]

”0("L)2N + ns("H)ZN

(1)

where N is the number of pairs of layers in the stack, and n, ny,
ny and ng are the respective refractive indices of the originating
medium (typically air), the high and low index materials, and

-4 ACS Publications  © 2014 American Chemical Society

474

the substrate. Increasing the number of layers and/or the index
contrast between them will increase the reflectivity of the DBR.
DBRs can be made of any two transparent materials with an
index contrast, including traditional semiconductors,””> metal-
oxic}esl,:’7 chalcogenides,g_10 fluorides, and combinations there-
of "'~

The choice of materials for a DBR can depend on several
factors such as (1) compatibility of the deposition process with
other device materials, (2) adhesion between the layers and to
the substrate, (3) environmental safety, (4) reproducibility, (5)
required reflectivity, (6) spectral range, and (7) spectral width.
To date, various techniques and materials have been used for
DBR fabrication depending on the above considerations: SiO,/
Si;N, by plasma-enhanced chemical vapor deposition
(PECVD),"* AlAs/GaAs and ZnMgSe/ZnCdSe by molecular
beam epitaxy (MBE),"*'° $i0,/ZrO, by reactive helicon-wave-
excited-plasma sputtering (R-HWPS) method,'” ZnO/MgO by
RF sputtering,'® TiO,/SiO, by electron-beam evaporation,'*?’
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and GeSbSe thin films grown at different evaporation angles by
thermal evaporation.”'

Thermal evaporation has the benefit of being a relatively
gentle deposition technique because material is deposited on
the substrate with comparatively low kinetic energy, without
introducing plasma in the chamber or corrosive chemical
reactions. Thermal evaporation is therefore suitable for
deposition on more delicate materials such as organics. For
example, high quality organic microcavities were fabricated by
thermally evaporating tellurium oxide (TeO,) and lithium
fluoride (LiF) DBRs on top of fluorescent organic thin
films, 1422

A common combination of materials for thermally
evaporating DBRs is zinc sulfide (ZnS) and magnesium
fluoride (MgFZ).n‘m_25 ZnS serves as the high refractive
index material with n;; = 2.38 at 4 = 550 nm,*® and MgF, as the
low refractive index material with n, = 1.37 at A = 550 nm.*®
According to eq 1, a DBR made of only six pairs of MgF,/ZnS
on a glass substrate (n, = 1.5) can produce a reflectivity R =
99.2% at A, = 550 nm, making such mirrors attractive in
photonics applications.”* In practice, careful temperature
control is required in order to obtain optical quality MgF,/
ZnS DBRs with good adhesion between the layers and to the
substrate. For MgF, the substrate needs to be heated to
approximately 200 °C*” to prevent delamination of the layer,
whereas for ZnS, the substrate should be held at room
temperature.”® These constraints increase fabrication time
because of the time required to heat or cool the substrate in
vacuum, and the relatively high temperatures of the MgF,
deposition can damage soft materials, by pyrolysis, re-
evaporation, or uncontrolled annealing.

Here, we demonstrate the design and fabrication of
mechanically stable, highly reflecting DBRs based on the
combination of thermally evaporated CaF, and ZnS layers. We
chose these materials for their large refractive index contrast
and because CaF,, like ZnS, can be deposited on substrates that
are at room temperature. Both materials have been studied and
reported on extensively for a variety of thin film deposition
techniques and substrate conditions. Thin films of CaF, can be
grown via atomic layer deposition®”*° or molecular beam
epitaxy,®"*> but these approaches require high temperature.
Deposition of CaF, without heating the substrate was reported
using electron beam evaporation,'® however this technique is a
high energy method, unsuitable for deposition on soft materials.
Thermal evaporation of CaF, thin films was reported at
different substrate temperatures, including room temperature.*

Single layers of ZnS have been deposited using a number of
techniques including chemical bath deposition,**** spray

. 36 . 37 : 38
pyrolysis,”™ sputtering,”” and electron beam evaporation;
however, for multilayered coatings, thermal evaporation
appears to have been applied most extensively.'>***>>%3
Consequently, we chose to thermally evaporate CaF, and ZnS
without substrate heating, in order to form multilayer structures
via a low-energy process. To the best of our knowledge, no
previous reports have been published on deposition of CaF,
and ZnS together to obtain DBR structures.

Our design goal for the DBR growth was to achieve
reflectivity exceeding 99% with a minimum number of layers for
a center wavelength of 1. = 550 nm. ZnS is the high index
material, with ny = 2.38, and CaF, is the low index material,
with n, = 1.43. The target thicknesses of the CaF, and ZnS
layers are 96 and 58 nm, respectively. According to eq 1, the
reflectivity will exceed R = 99.5% for DBRs having at least seven
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pairs (ie., at least 14 layers). By changing the thicknesses of the
layers, these structures can be resonantly tuned to wavelengths
throughout the visible spectrum, and hence can be useful for
thin film microcavity lasers and next-generation photonic
devices.

2. EXPERIMENTAL SECTION

Multilayered Coating. DBRs were grown in a Nano 36 vacuum
thermal evaporation system by KJ. Lesker. The system has two
thermal sources, which enabled sequential deposition of different
materials in a single vacuum cycle. During deposition, thickness and
deposition rate were monitored and maintained using an Inficon SQC-
310C rate controller and quartz crystal monitors. The base pressure of
the evaporator was 3 X 1077 Torr.

DBR coatings were deposited on thoroughly cleaned double-side
polished glass microscope slides. The cleaning procedure was as
follows. First, the substrates were sonicated for 5 min in a Micro-90
solution (1% concentration in water), then twice with deionized water,
twice with acetone, and then soaked for 10 min in boiling isopropyl
alcohol. The substrates were then dried in a stream of nitrogren and
treated with oxygen plasma, which served to activate the surface and to
promote adhesion before being introduced into the evaporator.

Before growing DBRs, it was necessary to calibrate the crystal
monitors for each material. First, single layers of MgF,, CaF,, and of
ZnS were deposited on glass substrates. Then, the thickness of the
layers was measured using a profilometer (Veeco, Dektak 150),
ellipsometer (Nanofilm), and a high-resolution scanning electron
microscopy (HR-SEM, Zeiss 982) instrument.

To fabricate multilayered structures, we used the two thermal
sources of the evaporator and deposited high and low refractive index
layers sequentially on clean substrates. Most DBR coatings were
composed of CaF, and ZnS and consequently were deposited without
substrate heating. For comparison purposes, a few DBRs composed of
MgF, and ZnS were also deposited, with substrate heating (120 °C) or
without. For all DBRs that were grown, the center wavelength was
chosen to be 4. = 550 nm, and the thickness of each layer was chosen
to be a quarter wavelength (d; = A./4n;), as required to satisfy the DBR
Bragg condition, namely, 100 nm for MgF,, 96 nm for CaF,, and 58
nm for ZnS.

To form DBRs, we repeated the deposition of the high and low
refractive index layers as described previously. For the CaF,/ZnS
DBRes, first, a single pair composed of one layer of CaF, and one layer
of ZnS was grown and tested. Then, DBRs composed of six and seven
pairs of CaF, and ZnS layers were grown (Figure 1). Finally, a
complete optical microcavity resonator was deposited that consisted of
two 6-pair CaF,/ZnS DBR coatings and a CaF, spacer layer separated
between them. The thickness of the spacer was grown to be d = 385
nm, which corresponds to one wavelength of path length at the center
wavelength of the mirrors (d = A./n), with 4. = S50 nm and n = 1.43

Figure 1. Schematic of a DBR structure (left) and a microcavity
resonator structure (right). The structures are composed of alternating
CaF, and ZnS thin films on a glass substrate.
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Figure 2. Application of the “Scotch-tape test” to a MgF,/ZnS DBR (a) resulted in delamination of the layers. Mechanical instability was also
observed without applyning the “Scotch-tape test”, as shown in the SEM images (b). In contrast, no delamination was observed for the CaF,/Zn$
DBR (c), demonstrating the good adhesion between the CaF, and ZnS layers and between them and the substrate.
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Figure 3. Electron microscope cross-sectional images of a multilayered DBR structure composed of six pairs of CaF, and ZnS. In the HR-SEM image
(a), the different layers are marked by arrows, with green and red representing CaF, and ZnS layers, respectively. In the TEM image (b), the bright
bands correspond to CaF, and the dark bands to ZnS. The HRTEM image (c) of the ZnS and CaF, layers suggests a more gradual transition in
composition across the interfaces than shown by HR-SEM and regular TEM in panels a and b.

for CaF,. For the MgF,/ZnS DBRs, six pairs of MgF, and ZnS layers
were grown.

For all materials, the deposition rate was set to be 1 A/s by
regulating the electrical current passing through the evaporation
source. The materials were outgassed before evaporation. All
depositions were performed at a pressure below 5 X 107 Torr.

To characterize the structures, we used high-resolution scanning
electron microscopy (HR-SEM, Zeiss 982), focused ion beam (FIB,
Helios 600), X-ray diffraction (XRD, Rigaku Smartlab), transmission
electron microscopy (TEM, JEM 1400), and high-resolution TEM
(HR-TEM, JEOL-2100) with a Noran System Six energy dispersive X-
ray spectrometry (EDS) system for elemental analysis. Optical
transmission spectra were obtained for thin film, DBR, and microcavity
samples using a spectrophotometer (Cary 100 UV—vis, Agilent
Technologies Inc.), whereas reflection spectra were measured in a
home-built optical scanner.*” Measurements were taken at normal
incidence.
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Organic Film Fabrication. To characterize the effects of coating
such DBRs onto soft materials, with and without substrate heating,
thin films of fluorescent organic dye were prepared and then coated
with DBRs. The films were composed of poly(methyl methacrylate)
(PMMA) doped with the dye rhodamine 6G (R6G). The PMMA and
R6G were dissolved in dimethylformamide (DMF) in a ratio of
99.95% polymer to 0.05% dye (weight/weight). Then, the solution
was spin-cast onto glass substrates, at 2000 rpm for 90 s with a ramp
acceleration of 1000 rpm/s (using a Headway Research PWM32 spin-
coater), yielding films of approximately 1 ym thickness, as measured
by profilometry.

After the organic films were prepared, DBR coatings of MgF,/ZnS
and CaF,/ZnS were deposited on top of the layers, with and without
substrate heating, respectively, as described above in the DBR
fabrication section. Photoluminescence (PL) spectra were then
measured and compared using a micro-PL setup (HORIBA Scientific
LabRAM HR) in air at room temperature. The samples were excited
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by a laser with an excitation wavelength of A, = 405 nm, and the
fluorescence signal was collected with high spectral resolution.

3. RESULTS AND DISCUSSION

The adhesion of the DBR coatings was examined by
performing the “Scotch-tape test”, which is a commonly used
method for ascertaining the adhesion strength of thin films to
substrates.* ™* In the test, we applied adhesive tape to the
surface of the DBR coating and slowly pulled off the tape by
hand. The coating fails the test if any of it delaminates from the
substrate and remains on the adhesive tape.

For the MgF,/ZnS DBR samples that were grown at room
temperature, adhesive tape easily separated the upper MgF, and
ZnS layers from the lower layers and from the glass substrate
(Figure 2a). For these coatings, delamination and cracking
occurred occasionally even without applying the “Scoth-tape
test” (Figure 2b). The instability of the MgF,/ZnS coatings is
likely due to high surface tension between the layers, and it can
be mitigated by heating the substrate during deposition to 120
°C, but this solution renders MgF,/ZnS incompatible for
application on soft materials. For CaF,/ZnS coatings, strong
adhesion was observed between the CaF, and ZnS layers and
with the glass substrate. Even after repeating the “Scotch-tape
test” multiple times, the tape remained clean and no damage to
the DBR coatings was apparent (Figure 2c).

The “Scotch-tape test” was effective in demonstrating the
stark difference in adhesion between CaF,/ZnS and MgF,/ZnS
DBR coatings when both were grown without substrate
heating. In addition to the “Scotch-tape test”, which was
essentially qualitative, we quantified the force of adhesion
between the Scotch tape and the different samples and found
that the force to pull the tape from a CaF,/ZnS DBRis 5 times
greater than from the MgF,/ZnS DBR (Figure S1 and Table
S1; see the Supporting Information).

The structure of the DBRs was determined by high-
resolution scanning electron microscopy (HR-SEM). Figure
3a shows a cross-sectional image of the alternating layers of
CaF, and ZnS in the DBR structure. The layers appear to be
distinct, smooth, and homogeneous. We measured the
thicknesses of the layers to be 96 nm +1.6% (+1.54 nm)
and S8 nm +2.8% (+1.62 nm) for the CaF, and ZnS layers,
respectively. The thicknesses of the deposited films are quite
consistent. We then performed transmission electron micros-
copy (TEM) to observe the detailed microstructure. Figure 3b
shows the cross-sectional TEM image of the DBR structure
with the alternating layers of CaF, and ZnS. In the TEM image,
the bright bands represent CaF, and the dark bands represent
ZnS. The image shows that the layers are distinct and well
separated, with nanovoids observed within each layer,
indicating a smooth yet nanoporous structure.

The interface between the ZnS and CaF, layers is shown in
the HR-TEM image of Figure 3c. The image indicates the
presence of a small transition region between the layers in
which the composition is changing between being only CaF, to
only ZnS. The HR-TEM image suggests that the transition
occurs more gradually than shown in the HR-SEM and regular
TEM images.

To gain greater insight into the composition of the layers, we
performed XRD on single layer and multilayered structures.
The crystalline phases of CaF, and ZnS are shown in Figure 4
for a six-pair DBR. The structures were polycrystalline in all
cases. A cubic phase of CaF, (fcc) with estimated lattice
constants a = b = ¢ = 5.463 A, and a hexagonal phase of Zn$S
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Figure 4. XRD analysis (a) and indexed microbeam electron
diffraction patterns (b) demonstrate the presence of (A) cubic CaF,
and (B) hexagonal ZnS phases. The lattice parameters are cubic a = b
= ¢ = 5463 A, and hexagonal with a = b = 3.83 A, ¢ = 6.26 A for the
CaF, and ZnS layers, respectively.

(wurtzite) with estimated lattice constants a = b = 3.83 A, ¢ =
6.26 A were determined. These results correspond to standard
lattice parameters.*® The XRD pattern for the CaF,/ZnS DBR
of Figure 4a exhibits pristine phases for both CaF, and ZnS. No
additional peaks or secondary phases were observed in the
combined phases of the CaF,/ZnS DBR, which confirms that
lattice diffusion did not occur during fabrication of the
composite system. Moreover, no impurity peaks were found
in the XRD pattern. The crystallinity of the DBR layers was
further supported by selected area electron diffraction (Figure
S2; see the Supporting Information), and by microbeam
electron diffraction performed with a convergent electron probe
below 7 nm (Figure 4b). The diffraction patterns, obtained
from both the CaF, and ZnS layers (A and B in Figure 4b,
respectively), demonstrate the presence of cubic CaF, and
hexagonal ZnS phases, in agreement with the XRD results.
We then fabricated a complete microcavity structure from
CaF, and ZnS, and characterized its morphology by HR-SEM
and TEM (Figure S). In the HR-SEM cross-sectional image
(Figure Sa), the entire microcavity structure can be seen, which
consists of top and bottom DBRs, and a CaF, spacer in
between them. Each DBR has six pairs of CaF, and ZnS layers.
From the HR-SEM image, the thickness of the CaF, cavity
spacer layer was determined to be approximately 395 nm +5%
(£20 nm), which is in agreement to the target value of d = 385
nm, as described in the Experimental Section. The TEM image
(Figure Sb) shows the region of the microcavity structure in the
vicinity of the CaF, spacer. The dark bands represent ZnS
layers and the bright bands represent CaF,. From the electron
microscopy images, we see that the thicker CaF, spacer layer
exhibits bigger pores compared to the DBR layers, and is also
less smooth. These characteristics affect the morphology of the
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Figure S. HR-SEM (a) and TEM (b) cross-sectional images of a CaF,/ZnS microcavity structure. The HR-SEM image (a) shows the entire
structure of 25 layers: 12 for each DBR and the CaF, spacer layer between them. The TEM image (b) is focused on the CaF, spacer. The bright and

dark bands represent the CaF, and ZnS layers, respectively.

Zn#

Counts

000  4000m |

Figure 6. EDX analysis and mapping from a TEM cross section of the microcavity structure show the presence of the elements that compose the
structure (Ca - green, F - red, Zn - blue, and S - yellow) and their distribution across the layers.

top DBR coating, which also appears to be rougher than the
bottom DBR. Nevertheless, the layers in the microcavity
structure are distinct and well-separated.

To further ascertain the composition of the layers, we
performed energy-dispersive X-ray (EDX) analysis on the
microcavity structure. EDX indicated the presence of Ca, F, Zn,
and S elements within the multilayered stack and also showed
no trace of an impurity. The dispersion of the elements over the
layers is shown in the mapping EDX analysis (Figure 6). The
dispersion confirms that the two different layers are indeed
composed of CaF, and ZnS, with good separation between
them.

Next, we characterized the optical properties of the thermally
evaporated CaF,/ZnS DBR and microcavity structures. Figure
7 shows the transmission curves versus wavelength. The
transmission spectrum of a CaF, (100 nm) layer is shown in
Figure 7a, which exhibited a nearly constant transmittance of
~95% from 300 to 800 nm. The transmission spectrum of a
thin (50 nm) ZnS layer is shown in Figure 7b. The
transmittance increases for longer wavelengths and reaches a
maximum of 85% at 800 nm. In Figure 7c, the transmission
spectra are shown for multilayered structures composed of one
pair and seven pairs of CaF,/ZnS. For one pair of CaF,/ZnS,
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the transmission decreases to almost 70% in the wavelength
range from 500 to 800 nm, because of the optical interference
between the CaF, and ZnS layers. The seven-pair structure of
CaF,/ZnS exhibited a typical transmission curve of a DBR. In
the wavelength range between 500 and 600 nm, the
transmission is T = 0.5%. This range of wavelengths is where
the structure is most reflective. As mentioned above, the layer
thicknesses were chosen to produce a maximum reflectivity at a
center wavelength of 550 nm. At 4. = 550 nm, the measured
reflectance is R = 99.3% (Figure S3; see the Supporting
Information for the full curve), which is close to the predicted
value of R = 99.5%. From the reflection and transmission
measurements, we can quantify the absorption and scattering
losses at A. = 550 nm to be A = 0.2% (R + T + A = 100%). The
stopband of the DBR has a full width at half-maximum (fwhm)
of 204 nm. A theoretical calculation predicts a stopband with a
fwhm = 176 nm for the same center wavelength. The deviation
of 8% can be attributed to variation in the refractive index of
the layers versus wavelength, which was not accounted for in
the calculation.

The transmission curve for a complete microcavity structure
is shown in Figure 7d. The thickness of the CaF, spacer layer
between the two DBRs enables a specific wavelength to be

DOI: 10.1021/am506531p
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Figure 7. Optical transmission was measured versus wavelength for thin films of 100 nm of CaF, (a), and S0 nm of ZnS (b), for multilayered
structures (c) of 1 pair and 7 pairs of CaF, and ZnS layers, shown as dashed-red and blue lines, respectively, and for a complete optical microcavity
(d) containing 25 layers. From the width of the cavity resonance peak, a resonator quality factor of Q = 167 was derived.

resonantly transmitted, which in this case is A = 553 nm. The
fwhm of the transmitssion peak is observed to be A4 = 3.33
nm. From the fwhm and the wavelength of the transmission
peak, the quality factor (Q) of the microcavity can be calculated
using the equation that Q = 4/AJ, which in our case gives Q =
167. Although an increase in transmission is observed at 1 =
553 nm, typically one would expect values approaching 99%,
given the mirrors are highly reflecting and low loss in this
wavelength range. The reason we observed only a modest
increase in transmission can likely be attributed to inhomoge-
neity in the spacer layer thickness across the sample, as was
observed in the HR-SEM image of Figure Sa. This spread leads
directly to a distribution in the resonant transmission
wavelength. Because the transmission measurement performed
in the spectrophotometer samples this distribution simulta-
neously, the result is a blurring of the observed resonant
transmission wavelength, a corresponding increase in the fwhm
of the transmission resonance, and also a pronounced reduction
in the peak transmission.

To illustrate the beneficial effects of growing CaF,/ZnS DBR
coatings without substrate heating, PL was measured for a
fluorescent organic thin film of PMMA:R6G and then for an
identically prepared PMMA:R6G film with a six-pair CaF,/ZnS
DBR coated on top. A laser with an excitation wavelength of 4,
= 405 nm was used to excite the samples, and PL spectra were
obtained by exciting the samples and collecting signal from the
substrate side of the structures. As shown in Figure 8, the PL
spectrum of the DBR coated film was nearly twice as intense as
the thin film by itself, because the reflection from the DBR
causes twice as much light to be collected. It is also apparent
that the process of coating the CaF,/ZnS DBR did not quench
the fluorescence of the underlying PMMA:R6G film, because if
such damage had occurred then less enhancement would have
been observed. For comparison, an identically prepared
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Figure 8. Photoluminescence spectra were obtained from three
samples: a thin film of the fluorescent dye Rhodamine 6G doped into a
PMMA matrix without a DBR coating on top (red curve), and
identically prepared R6G:PMMA films with a CaF,/ZnS DBR grown
on top (blue curve), and with a MgF,/ZnS DBR on top (green curve).
The CaF,/ZnS structure, which does not involve substrate-heating,
shows nearly twice the signal of the uncoated film, due to reflection
from the DBR. In contrast, the MgF,/ZnS based structure, which
required substrate heating to 120 °C, showed a decrease in fluoresence
intensity due to thermally induced damage.

PMMA:R6G layer was coated with a MgF,/ZnS DBR that
was grown with substrate heating to 120 °C. As shown in
Figure 8, the PL intensity decreased in this case by 5.5 times
relative to the uncoated film, and by 11 times compared to the
CaF,/ZnS DBR. These results illustrate the instability of some
organic films to higher temperatures and also the ability to
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overcome this problem by depositing CaF,/ZnS DBRs without
substrate heating.

4. CONCLUSION

Mechanically stable, reproducible, and highly reflecting DBRs
were realized based on thermally evaporated CaF, and ZnS
multilayered coatings. These two materials were found to
adhere well to the substrate and to each other even though the
deposition was performed on an unheated substrate. The layers
are distinct and well-separated, as was shown in HR-SEM and
TEM images. Due to the large refractive index contrast, CaF,/
ZnS DBRs exhibited excellent optical characteristics in terms of
transmission stop band, high reflectivity, and low optical loss.
This room temperature process, which results in stable high-
reflectivity structures, could be useful for fabrication of
photonic devices based on organics or other nanomaterials
such as organic vertical cavity surface emitting lasers
(VCSELs)*~* or perovskite VCSELs,*® where it is beneficial
to grow a DBR directly on top of a soft film, and simultaneously
preserve the optical properties of the active layer.

B ASSOCIATED CONTENT
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Measurements of the force of adhesion between adhesive tape
and several coatings are described. The tensile strength test
apparatus is shown in Figure S1, and the results of the testing
are summarized in Table S1. Selected area electron diffraction
patterns taken for a CaF,/ZnS DBR are shown in Figure S2.
The reflection spectrum of a CaF,/ZnS DBR is shown in
Figure S3. This material is available free of charge via the
Internet at http://pubs.acs.org.
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