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ABSTRACT: Here we demonstrate, via a modified transfer-
printing technique, that electrochemically fabricated porous
silicon (PSi) distributed Bragg reflectors (DBRs) can serve as
the basis of high-quality hybrid microcavities compatible with
most forms of photoemitters. Vertical microcavities consisting
of an emitter layer sandwiched between 11- and 15-period PSi
DBRs were constructed. The emitter layer included a polymer
doped with PbS quantum dots, as well as a heterogeneous
GaAs thin film. In this structure, the PbS emission was
significantly redistributed to a 2.1 nm full-width at half-
maximum around 1198 nm, while the PSi/GaAs hybrid
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microcavity emitted at 902 nm with a sub-nanometer full-width at half-maximum and quality-factor of 1058. Modification of PSi
DBRs to include a PSi cavity coupling layer enabled tuning of the total cavity optical thickness. Infiltration of the PSi with Al,O,
by atomic layer deposition globally red-shifted the emission peak of PbS quantum dots up to ~18 nm (~0.9 nm per cycle), while
introducing a cavity coupling layer with a gradient optical thickness spatially modulated the cavity resonance of the PSi/GaAs
hybrid such that there was an ~30 nm spectral variation in the emission of separate GaAs modules printed ~3 mm apart.

KEYWORDS: silicon photonics, vertical cavity emitter, silicon/III—V hybrid, gradient refractive index, distributed Bragg reflector

P orous silicon (PSi) is formed by electrochemically etching
silicon in a hydrofluoric acid-based electrolyte, with the
resultant porosity (i.e., void fraction) determined by the applied
current density, etch solution chemistry, and silicon doping.'
This material first drew considerable attention for its visible
photoluminescence at room temperature,”’ leading to
consideration of Si-based light sources for optoelectronics.*
But, the research that followed was unable to advance PSi light-
emitting technology to a level of performance meriting
widespread implementation. PSi was, however, found to be a
very versatile optical material, in particular for sensing
applications,”® because its effective refractive index, and thus
optical properties, can be modulated by foreign materials that
enter the porous network.” "' Porosity variations induced by
time-varying etching currents enable the formation of high-
quality superlattices'> with pronounced optical signatures,
including high quality-factor (Q-factor) microcavities''* with
the potential to function as resonant cavities for lasers.'®

The versatility and optical properties of PSi microcavities,
coupled with highly efficient emitters, may provide a new
platform for realizing the strong light emission manipulation
required for lasers,'® displays,’” and quantum information
processing.ls’19 However, to date, emission modification efforts
using PSi microcavities have relied heavily on the limited scope
of emitters that can be either embedded into the mesoporous
structure®® > or implanted into the Si wafer used to fabricate
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the PSi.”® While these efforts have showed promise, lack of
spatial control of the emitter distribution may lead to
fluorescence quenching due to energy transfer among the
emitters or between the emitters and the PSi surface.”” >’
Fabrication of hybrid structures composed of a well-defined,
high-quality emitting cavity layer introduced between PSi
distributed Bragg reflectors (DBRs) can address the above
issues, potentially bridging the gap between PSi photonics and
optoelectronic devices. Prior to the work here, realization of PSi
hybrid microcavities has been hindered by difficulties in
transferring fragile PSi films from a donor substrate to an
acceptor substrate without damage. Methods of assembling PSi
photonic devices have been proposed, including dry-removal
lithography®® and biofunctionalization-driven self-assembly.>"
However, these techniques have been geared toward the
formation of PSi-based sensing arrays that lack the optical
properties required for emission modification.”>**> Recently,
approaches based on transfer-printing have successfully enabled
a broad variety of hetero%eneously integrated optoelectronic
and photonic systems.>*™>’ In these methods, the kinetically
controlled adhesion between the elastomeric stamp and the
object to be transferred allows for high-quality assemblies over
a large area. Here, we demonstrate that high-quality PSi hybrid
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Figure 1. Schematic illustrating the general process flow for the assembly of PSi-based hybrid microcavities. The process features sequential printings
of an SU-8 photoresist and a free-standing PSi DBR atop an as-fabricated PSi DBR. The result is a PSi/polymer hybrid microcavity with the cross-

sectional structure depicted at the right.
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Figure 2. (a—d) Optical micrographs displaying the top view of the PSi/polymer hybrid microcavity at different stages of the assembly process
shown in Figure 1 including (a) the as-fabricated PSi DBR (green region), (b) after printing an SU-8 polymer film atop the PSi DBR and the
surrounding Si substrate, (c) after picking up a detached PSi DBR with a silane-treated PDMS stamp, and (d) the final PSi/polymer/PSi sandwich
structure. (e) Scanning electron microscope (SEM) image of a cross-section of the final PSi/polymer hybrid structure; (inset) higher magnification
SEM image focusing on the cavity layer showing the high quality of the interfaces.

microcavities can easily be constructed using a modified
transfer-printing technique, enabling strongly controlled
emission from any variety of emitters, from quantum dots to
solid-state thin films. By introducing a PSi cavity coupling layer
in addition to the PSi DBR mirrors, the hybrid microcavity
resonance can be both globally tuned and spatially modulated.

B RESULTS AND DISCUSSION

Printing Hybrid Porous Silicon Microcavities. Transfer-
printing assembly is a pick-and-place method that uses an
elastomeric stamp, commonly polydimethylsiloxane (PDMS),
as the carrier element.*® Our initial efforts to transfer-print free-
standing PSi were unsuccessful due to the strong adhesion of
PSi to the PDMS stamp, making damage-free transfer of the
PSi film to a new substrate in an optically flat, planar
configuration difficult. The adhesion strength was decreased
by a standard silanization procedure®®*® to the surface of the
PDMS stamp. The treated stamp still offers sufficient
viscoelasticity s to enable successful retrieval and printing of a
free-standing PSi DBR film (Figure 1).

A A/2 PSi-based hybrid microcavity was constructed by
assembling a PSi/polymer hybrid (Figure 1). The polymer, an
~500 nm thick SU-8 photoresist film, was printed onto a PSi
DBR consisting of 15 pairs of alternating high (~2.4) and low
(~1.7) refractive index layers (Figure 2a,b). Next, another PSi
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DBR with the same index contrast, but only 11 lattice periods,
and thus slightly lower in reflectivity, is transfer-printed onto
the SU-8 cavity layer (Figure 2c,d). Figure 2e displays a cross-
section of such a hybrid microcavity, showing that the printed
SU-8 layer forms smooth, distinct interfaces with the PSi.

The hybrid microcavity is characterized by its reflectance
spectrum (Figure 3a), and a sharp (average full-width at half-
maximum (fwhm) = 2.1 nm) cavity mode near the center
(1500 nm) of the 300 nm wide DBR stop band is observed.
Compared to a monolithically etched PSi microcavity with a
similar refractive index profile (Figure 3b), the cavity mode of
the printed microcavity is only 0.3 nm wider. The small
broadening in the line width relative to the monolithic structure
is perhaps caused by thickness variations of the SU-8 cavity
layer over the measurement spot. Figure 3c shows the
measured cavity mode and mode line width across a 9 mm
line of the printed SU-8 cavity. The small deviations in mode
position (~6.8 nm) and line width (~0.3 nm) demonstrate the
ability of this method to assemble large-area, high-quality
microcavities.

Incorporating External Emitters. The high optical quality
of the hybrid microcavity makes it a strong candidate for
controlling the emission of a light emitter. The polymer cavity
can serve as a host to any emitters that can be dispersed in a
polymer matrix (e.g., organic dye molecules, colloidal quantum
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Figure 3. (a) Optical reflectance spectrum of the PSi/polymer hybrid
microcavity exhibiting a sharp dip in the middle of the DBR stop band
around 1500 nm, confirming the presence of the cavity mode. (b)
Comparison of the resonant cavity mode of the printed microcavity
with a monolithic PSi microcavity showing the similar optical response
of the printed and monolithic devices. (c) Position and line width of
the cavity mode at different positions across the sample. The variation
in the spectral position and line width of the cavity mode are only ~6.8
and ~0.3 nm, respectively.

dots, and rare earth nanocrystals).***" As an example, a PSi/

polymer microcavity is formed with PbS quantum dots (QDs)
dispersed in the SU-8 cavity layer (Figure 4a). The microcavity
resonance (Supporting Figure S1) strongly influences the
original, broad emission (fwhm ~100 nm) of the embedded
PbS QDs (Figure 4b), significantly redistributing the emission
spectrum in the normal direction to a ~2.1 nm fwhm at 1198
nm (Supporting Figure S1). This assembly method clearly
permits the construction of high-quality structures containing
spatially localized emitters in a specifically controlled chemical
environment. Because formation of the emitter layer is
decoupled from the assembly process, the emitters can be
dispersed in a preferred matrix for controlling the physical
dispersion to avoid undesirable energy transfer processes that
lead to fluorescence quenching,”’ >

Another major attribute of printing-based assembly is the
ease of incorporating a solid-state thin film emitter, such as a
group II-V compound semiconductor. Although promising
hybrid light-emitting devices consisting of Si and group III-V
semiconductors have been demonstrated,*®**~** they primarily
operate below the Si band gap (4 > 1100 nm) to reduce the
absorption loss from Si. The use of PSi can broaden the spectral
range of operation, as it exhibits considerably less absorption
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Figure 4. (a) Schematic of a transfer-printed PSi microcavity
containing an SU-8 cavity layer doped with PbS QDs. (b) Emission
of SU-8 doped with PbS QDs within a hybrid cavity compared to a
bare, QD-doped SU-8 film.

above the Si band gap due to the reduced absorbing volume
and the increased effective electronic band gap.45 For example,
the calculated absorption losses in the top 11-pair DBR at 870,
900, and 980 nm are only 1.5%, 1.2%, and 0.4%, respectively
(Supporting Information). Here, we provide a demonstration
of a PSi/III-V hybrid microcavity light-emitting module that
operates at energies above the Si band gap. Figure Sa illustrates
the structural layout of a hybrid microcavity featuring an ~1200
nm thick heterogeneous GaAs film. The interfacial SU-8 layers
in the structure ensure the complete printing of both the GaAs
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Figure S. (a) Schematic of transfer-printed PSi/GaAs hybrid emitting
structure. (b) Emission data from the bare GaAs structure and the
GaAs structure after incorporation in two different cavities, showing a
clear modification of the emission of the GaAs by the microcavity.
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layer and the top PSi DBR (Supporting Figure S2), allow
control over the total cavity length, and provide extra optical
confinement in the emitting layer due to their high refractive
index contrast with respect to GaAs. Figure Sb compares the
emission spectrum of bare GaAs with those from two separate
hybrid microcavities possessing different cavity lengths. The
first microcavity’s emission peak is near the center of the GaAs
emission spectrum (fwhm ~30 nm) and features an 8.4 nm
fwhm at 870 nm. The second microcavity structure is
constructed with a larger SU-8 thickness that shifts the
microcavity resonance to the tail of the GaAs emission
spectrum. This leads to a strongly modified emission with a
0.85 nm fwhm at 902 nm (Supporting Figure S3),
corresponding to a Q-factor (Q = 4o/A4) of 1058. Assuming
no absorption in the cavity layer, the calculated mode line
widths of the two microcavities are 0.7 nm (first) and 0.5 nm
(second), respectively, suggesting that the broader line width of
the first microcavity is likely dominated by the reabsorption of
emitted photons within the GaAs layer at 870 nm and not a
result of the printing process or absorption by the PSi DBRs.

Microcavity Resonance Tuning. The ease with which the
effective refractive index of PSi can be modulated not only
enables the formation of microcavity structures but also
provides a simple route to cavity tuning.’”** To add tuning
to a nonporous polymer or a solid-state cavity layer, the top and
bottom DBRs are modified by introducing an additional,
monolithic PSi layer above and below the cavity layer. We term
this layer the cavity coupling layer (CCL), as it couples with the
cavity layer to produce a resonant mode spectrally positioned at
mA = md, + nyd, + n3d;, where m is a half-integer multiple,
representing the order of the cavity mode, and nd, is the optical
thickness of the ith layer. The CCL provides a facile route to
tune the resonant mode of the assembled hybrid microcavity
through gradual infiltration of its mesoporous structure with a
conformal deposition tool such as atomic layer deposition
(ALD). Figure 6a illustrates a 24 microcavity consisting of two
CCLs and an SU-8 layer doped with PbS QDs. ALO; is
deposited into the top half of the structure at 1.2 A per ALD
cycle (the solid emitter layer blocks deposition of Al,O; into
the bottom half of the structure). The Al,O, deposition
gradually increases the CCL optical thickness, causing the
position of the emission peak to red-shift ~0.9 nm per cycle
from its initial position at 1145 nm. The peak eventually settles
around 1163 nm after 20 cycles (Figure 6b), suggesting that the
mesoporous network has undergone pinch-off.*® AL,O,
infiltration of a simple 15-period DBR structure confirms that
the stopband shift does not occur at the expense of the DBR
photonic strength (Supporting Figure S4), and thus Al,O4
infiltration does not broaden or diminish the strength of the
resonant mode of a microcavity structure.

The magnitude of this spectral shifting is linearly propor-
tional to the product of the optical thickness fraction of CCL
(ie, CCL optical thickness relative to total cavity optical
thickness) and the refractive index of the material introduced
during ALD. Using a three-component effective medium model
it is determined that, at pinch-off of the microcavity structure,
the CCL is composed of 14% AL, O; by volume (Supporting
Information). This corresponds to a change in the effective
refractive index of the CCL from ~1.7 to ~1.83. A larger tuning
range could be attained either by increasing the CCL fraction
(currently the top CCL accounts for 18% of the total cavity
optical thickness) or by infiltrating the CCL with higher
refractive index materials such as HfO,, TiO,, or Si (Supporting
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Figure 6. (a) Schematic of a hybrid microcavity containing a CCL
(green) and a PbS QD-doped SU-8 layer (gray with red circles). (b)
AlL,O; ALD is used to gradually increase the optical thickness of the
PSi CCL, globally red-shifting the emission of the hybrid cavity until
the porous network is pinched off (~20 ALD cycles).

Figure SS). While techniques such as ALD permanently shift
the cavity mode, reversible tuning based on dynamic control of
the infiltration may be possible. Reversible shifts in the optical
response of PSi films have, for example, already been
demonstrated by infiltration with various solvent vapors.*”**
The microcavity resonance can be spatially modulated by
using a CCL with a gradient optical thickness (GROT),
providing spatial variation of the cavity mode. Because both the
refractive index and formation rate of PSi are determined by the
local current density,* a simple GROT CCL can be produced
by a spatially varying current density that is introduced through
the electrode configuration used to form the CCL.>° Here, a Pt
ring electrode that resides ~25 mm from the sample is first
used to generate a uniform current density distribution during
the formation of the PSi DBR. This electrode is then replaced
by a Pt wire ~1 mm above the sample, giving rise to a strong
radial variation in the current density that produces the GROT
CCL. In this design, the PSi DBR and the GROT CCL form a
continuous, monolithic structure. Figure 7a is the optical image
of one such monolithic structure prior to PSi microcavity
assembly. The optical thickness variation is apparent from the
CCL side, as visually manifested by the interference fringes. We
note that the DBR should be electrochemically etched before
the GROT CCL is etched, because the spatially nonuniform
formation of the GROT CCL will result in a nonuniform DBR.
A microcavity with symmetric GROT CCLs is fabricated on
a glass substrate via double-printing (Supporting Information)
and consists of a top DBR (11 pairs) with a GROT CCL
component, a 500 nm thick SU-8 layer, and a bottom DBR (15
pairs) with a GROT CCL component (Figure 7b, inset). Figure
7b shows the spatial distribution of the cavity mode across the
entire sample. The two GROT CCLs have identical, radially
varying optical thickness profiles and, together with the SU-8
layer, produce a 34/2 microcavity at the center of the sample.
The spatial resonance modulation is designed so that the

dx.doi.org/10.1021/ph500230j | ACS Photonics 2014, 1, 1144—1150
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Figure 7. (a) Optical image of a PSi CCL formed with a GROT to
spatially modulate the cavity resonance. The GROT is apparent from
the appearance of the radially symmetric fringes seen from a GROT-
containing PSi CCL and underlying PSi DBR that has been retrieved
with a PDMS stamp for printing. (b) Optical response of a GROT PSi
CCL in a cavity configuration showing spatial modulation of the
spectral position of the cavity resonance by ~140 nm. A schematic of
the structure is shown in the inset.

optical thickness of the microcavity decreases when moving
away from the center, eventually blue-shifting the cavity mode
~140 nm from the center to the edge.

An interesting aspect of a GROT CCL is the possibility for
introducing different solid-state emitters specifically designed
for the local microcavity resonance where they are placed. As a
simple demonstration, three separate GaAs thin film emitters
are printed ~1 mm apart (Figure 8a) in a microcavity
containing a GROT CCL. The emission is collected at the
center of each module, which shows that the GROT CCL blue-
shifts the modified emission peaks as the total cavity optical
thickness decreases from module 1 to module 3 (Figure 8b).

B CONCLUSION

We have demonstrated that a modified transfer-printing
technique enables the formation of high-quality, PSi-based
hybrid microcavities compatible with several classes of light
emitters. The versatility of this assembly method was
demonstrated by applying it to a hybrid structure of PSi
DBRs containing a PbS QD-doped polymer cavity and a PSi/
II-V hybrid microcavity light-emitting module operating at
energies above the band gap of bulk Si. Using a properly
designed gain medium, such as a III-V multiquantum-well
structure,®® we speculate that it may even be possible to realize
coherent light sources in the 900—1100 nm wavelength regime
using PSi hybrid microcavities. Using a PSi CCL, PSi’s inherent
index modulation capabilities provided a mechanism for
manipulating the hybrid microcavity’s resonant cavity mode
and emission spectrum. Global tuning of the emission of a
hybrid microcavity containing PbS QDs over a spectral range of
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Figure 8. (a) Optical image of a GROT PSi CCL structure containing
three distinct GaAs emitter modules. (b) The GROT CCL spatially
modulates the emission modification, resulting in spectrally distinct
emission from each module.

18 nm was possible by using Al,O; ALD to infiltrate and thus
change the effective optical thickness of the homogeneous
CCL. The conformal, atomic-scale infiltration also offers a
powerful knob to finely control the spectral shift of the
resonant mode. Spatial porosity variations in the form of a
GROT CCL enabled spatial resonance modulation generating
three emission peaks at distinct spectral positions from each of
three GaAs emitter modules located at distinct spatial positions
in the hybrid microcavity. The generality of the transfer-
printing method, coupled with the unique optical properties of
PSi, may offer a new paradigm in the assembly of Si-based
photonic architectures for optoelectronic and energy-harvesting
applications.

B METHODS

PSi Fabrication. The PSi DBR was formed from double-
side polished, highly doped (p ~0.01—0.03 Q cm) p-type Si
(University Wafers). Etching was carried out in a polypropylene
cell with an exposed etch area of ~1.20 cm® Contact to the
back of the Si was established with a stainless steel electrode.
Current was delivered to the cell by an SP-200 research grade
potentiostat/galvanostat (Bio-Logic Science Instruments) and
pulsed with a duty cycle of 33% at a frequency of 1.33 Hz
(unless specified otherwise). The high (low) refractive index
layer was formed using a current density of 50 (250) mA cm 2,
with the applied etching time varied to achieve the appropriate
layer optical thickness for the designed stop band position.
After etching, all samples were sequentially rinsed with ethanol
and hexanes. The electrolyte comprised a 1:1 volume ratio of
48% hydrofluoric acid(aq) (Sigma-Aldrich) and 100% ethanol
(Decon Laboratories). A S mm diameter Pt—Ir inoculating loop
(Thomas Scientific) served as the counter electrode and was
located at the center of the cell ~25 mm from the etch surface
to provide a uniform current density across the sample.

The radial GROT CCLs were formed using an electrolyte
comprising a 1:3 volume ratio of 48% hydrofluoric acid(aq) and
100% ethanol. A current density of 15 mA cm™ was applied,
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with the Pt—Ir pin electrode placed ~1 mm from the etch
surface.

Electropolishing was carried out with an electrolyte
comprising a 1:3 volume ratio of 48% hydrofluoric acid(aq)
and 100% ethanol. The 5 mm Pt—Ir ring served as the counter
electrode, and a current density of 300 mA cm™> was applied
with a duty cycle of 20% at a frequency of 0.40 Hz. Before the
electrochemically induced detachment, a stainless steel syringe
needle was used to mechanically score and release the edges of
the PSi film to allow the film to remain flat for printing. After
the electropolishing process, all samples were sequentially
rinsed with ethanol and hexanes in a gentle fashion in order to
avoid causing the film to be displaced on the Si substrate.
Rinsing was followed by drying on a hot plate at 60 °C.

Transfer-Printing. PDMS stamps (Dow-Sylgard 184) were
cast onto flat substrates and cut to dimensions 2.5 cm X 2.5 cm
X 5 mm. To transfer the SU-8 film, the stamp was treated with
oxygen plasma (600 mTorr, SO W, 80 s) and subsequently spin-
coated with SU-8 2000.5 (MicroChem Corp.) at 2000 rpm for
30 s. The SU-8-PDMS stamp was prebaked in a conventional
oven at 65 °C for S min and then laminated against the receiver
substrate (PSi or GaAs). To facilitate the release of the SU-8
layer, both the PDMS and the receiver substrate were heated at
65 °C for 20 min, followed by slow removal of the stamp. To
transfer the PSi DBR, the PDMS stamp was treated with
oxygen plasma and then exposed to a fluorinated silane vapor
for 1 h. The stamp was laminated against the lifted-off PSi film
and rapidly peeled away from the donor substrate. The PSi film
was subsequently printed onto the receiver substrate (SU-8
film) following the above printing procedure.

QD/SU-8 Composite. PbS core QDs (10 mg mL™ in
hexane) were purchased from Evident Technologies. A 0.2 mL
amount of the QD solution was slowly added to 0.75 g of a
2000.5 SU-8 solution. The resulting solution was subsequently
spin-casted onto an oxygen plasma-treated PDMS stamp at
2000 rpm for 30 s. The composite layer was prebaked at 65 °C
for 5 min and finally printed onto the PSi substrate following
the procedure described previously.

GaAs Thin Films. An AlGaAs/GaAs/AlGaAs double
heterostructure (DH)>' was formed by growth on a gallium
arsenide (GaAs) substrate via metal—organic chemical vapor
deposition (MOCVD). The detailed structure (from bottom to
top) included the GaAs substrate, a S00 nm AlygsGagosAs
sacrificial layer, a 5 nm GaAs protection layer, a 100 nm n-
Aly3Gag,As (n =3 X 10" ecm™) layer, a 1000 nm p-GaAs (p =
S x 10" cm™) layer, a 100 nm p-Aly;Gay,As (p = 3 X 10'®
cm™) layer, and another 5 nm GaAs protection layer. Zn and
Si served as p-type and n-type dopants, respectively. The DH
devices (size 400 ym X 400 pm) were lithographically
fabricated, using H;PO, (85 wt % in water)/H,0, (30 wt %
in water)/H,0 (3:1:25) to etch the GaAs and Aly;Ga,,As
layers. After removing the AljgsGaggsAs sacrificial layer in an
ethanol-rich hydrofluoric acid (HF) solution (ethanol/HF =
1.5:1 by volume), individual DH devices were released from the
GaAs wafer and then bonded onto PSi DBR by transfer-
printing with a flat PDMS stamp.”> A layer of 500 nm SU-8
acted as an adhesive to facilitate printing.

Optical Characterization. The reflectance spectrum was
collected by a Bruker 70 FTIR system with a 4X objective and
1.8 mm aperture at the image plane, corresponding to a 200 ym
field of view. Both PbS QDs and the GaAs thin films were
excited by a 785 nm continuous wave laser diode. The emission
of PbS QDs was recorded by a homemade system with a 4X
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objective and a NIR CCD detector (Horiba, Symphony). The
emission of GaAs was measured by a Horiba confocal Raman
imaging microscope with a 4X objective and a 200 ym aperture.

B ASSOCIATED CONTENT

© Supporting Information

High-resolution emission peaks for PbS quantum dot emitter
and GaAs emitter microcavity samples, as well as optical
micrographs of a single GaAs emitting module and a double-
printed, symmetric PSi microcavity with GROT CCLs.
Detailed calculations of silicon-based absorption losses in the
PSi DBR, the Al,O; content of the CCL used for global tuning,
and the double-printing procedure for symmetric PSi micro-
cavities with GROT CCLs. This material is available free of
charge via the Internet at http://pubs.acs.org.
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