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While extensively investigated in thin film form for energy materials applications,
this work investigates the formation of APbBr; structures (A = CH3NH3z* (MA), Cs*) in
silicon and oxidized silicon nanotubes (SiNTs) with varying inner diameter. We
carefully control the extent of oxidation of the nanotube host and correlate the
relative Si / Si oxide content in a given nanotube host with the photoluminescence
quantum efficiency (PLQE) of the perovskite. Complementing these measurements
is an evaluation of average PL lifetimes of a given APbBr3z nanostructure, as evaluated
by time-resolved confocal photoluminescence measurements. Increasing Si
(decreasing oxide) content in the nanotube host results in a sensitive reduction of
MAPDBrz; PLQE, with a concomitant decrease in average lifetime (tave). We interpret
these observations in terms of decreased defect passivation by a lower concentration
of oxide species surrounding the perovskite. In addition, we show that the use of
selected nanotube templates leads to more stable perovskite PL in air over time
(weeks). Taken in concert, such fundamental observations have implications for

interfacial carrier interactions in tandem Si/perovskite photovoltaics.

Introduction

Investigations of the fundamental properties of perovskites continue at a frantic pace, coupled with
dedicated efforts in potential commercialization directed toward applications in light emitting diodes
(LEDs),1-11 lasing,12-16 photodetectors,17-20 and most notably, photovoltaics.21-26 These materials have the
general structure ABX3; where A is an organic/inorganic cation (e.g. methylammonium (MA),
formamidinium (FA), cesium (Cs)), B is a metal cation (e.g. Pb2+, Sn2*) and X is a halide anion (e.g. Cl-, Br-, [).
The optical and electronic properties of a given perovskite most sensitively depend on the ABX3; composition

and domain size.2?

The most promising photovoltaic designs to date employ a tandem silicon / perovskite

configuration, reaching efficiency values now at 28%.25
Nevertheless, a fundamental understanding of interfacial
charge carrier recombination between perovskite and
silicon components is lacking, especially as layer
thicknesses diminish and the two semiconducting moieties
come into closer proximity. To interrogate such
interactions in the absence of an active recombination
layer, we evaluate here the interaction of perovskites with
elemental Si based on APbBr; (A= MA or Cs) formed within
the interior of hollow silicon nanotubes of well-defined
morphology and composition (Figure 1), using
photoluminescence (PL) as an experimental probe.
Perovskites such as MAPbBrz possess a number of ideal
properties in this regard: a direct bandgap (Eg ~2.3 eV) and
associated strong luminescence (~530 nm) with significant
quantum efficiency, along with a relatively facile
processability.28
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Figure 1. [llustration of a MAPbBr3 perovskite
formed within the interior of a Si NT, and the
corresponding approximate band level
energetics (neglecting interfacial effects). Si
values are taken from ref. 29, those for
MAPDBTs3, ref. 30 .



Figure 2. SEM of Si NTs loaded with MAPbBr3,a) 30 nm ID Si NTs, b) 70 nm ID Si NTs and c¢) 200 nm ID Si NTs.

An additional consideration is the potential stability of a given perovskite structure and
morphological control (during its fabrication) provided by structurally well-defined porous
templates such as these SiNTs. The decomposition of perovskites can be catalyzed by moisture,3!
applied voltage,32 light, 33 and high temperatures, 33 all of which can seriously affect their operational
stability. The stability of perovskites can be improved with the addition of surface passivating
protecting layers34 or by perovskite encapsulation in porous materials to avoid environmental
degradation, as reported in the use of alumina,35 mesoporous titanium oxide,36 porous GaN,37 porous
silica3® and silicon nanotubes (SiNTs) 3941 for this purpose. SiNTs are an appealing option, as they
provide sensitive size tunability in terms of inner diameter, Si shell thickness, as well as nanotube
length, along with the fact the associated fabrication process of this material is compatible with
current semiconductor industry manufacturing processes.

In this paper we describe the formation of APbBr; nanostructures in Si and oxidized (SiO2) NTs as
templates of varying inner diameter. We carefully control the extent of oxidation of the nanotube
host and correlate the relative Si content in a given nanotube host with the PL quantum efficiency of
the perovskite. Complementing these measurementsis an evaluation of average PL lifetimes of a
given MAPDbBr3; nanostructure, as evaluated by confocal PL decay measurements. It is found that the
PLQE clearly increases with decreasing Si / increasing oxide content, with an associated lengthening
of average PL lifetime. We also see an improvement in stability of the steady state PL intensity as a
function of storage time in air for selected nanotube templates (relative to non-stabilized bulk films).

Results and discussion

Using a silicon nanotube fabrication process previously established by our group,42we selected
three different inner nanotube diameters (ID) for perovskite incorporation: 30, 70, and 200 nm ID Si
NTs, with TEM images of these structures shown in Supporting Information (Supp Info) Figure S1. A
straightforward precursor infiltration procedure, followed by removal of excess reagents and mild
annealing (90 °C, 30 min), is used to achieve the formation of MAPbBr3 (for example) within a given
SiNT, with a number of complementary
experimental methods (SEM, TEM, as well as EDX
point and linescans for each) confirming successful
perovskite encapsulation. In Figure 2, SEM images
of 30, 70 and 200 nm ID Si NTs loaded with
MAPDbBr; are shown, with the perovskite
nanostructures visibly evident at the nanotube
tips; corresponding TEM images are shown in Supp
Info Figure S2. Associated energy dispersive X-ray
(EDX) measurements (Table S1) are consistent
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with the theoretical stoichiometric 1:3 ratio for I N A
Pb:Br, and EDX line scans (Figure 3, 70 nm ID il
SiNTs infiltrated with MAPbBr3; others in Supp Info Figure 3. (a) EDX linescan and (b) associated TEM

Fig S3) are consistent with the MAPDbBr; imageof 70 nmID SiNTs infiltrated with MAPbBrs.
nanostructures being confined within the tube.



Finally, X-ray powder diffraction (XRD) measurements of these MAPbBr3;/SiNT films confirm the
presence of the perovskite in the cubic phase, with requisite reflections (and relative intensities)
clearly evident (Supp info Figure S4) and consistent with the literature.43 Selected d-spacing values
are also observable by high resolution (HR) TEM; Lattice spacings for MAPbBr3 in 70 nm ID Si NTs,
with d = 0.410 nm and d = 0.290, consistent with (110) and (200) orientations, respectively, can be
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Figure 4. TEM images of (a) as-prepared 30 nm ID SiNTs; (b) partially-oxidized (6000C, 6 hrs) 30 nm ID SiNTs, with
crystalline Si domains circled; (c) thermally-annealed 30 nm ID SiNTs (700 oC, 2 hrs, inert atmosphere). For (a) and (b), insets
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containing the FFTs associated with a given image are included.

observed in high resolution TEM (Supp Info Figure S5). Importantly, the interfacial boundary
between the perovskite and SiNT host can be visualized in these images.

Prior to perovskite infiltration/formation, 70 nm ID Si NTs were oxidized in air at high
temperature (600 °C) under carefully-controlled durations (3 or 6 hrs) to obtain different ratios of
0:Si (at %) ranging from 0.4 to 2.3 (EDX-TEM, Table S1). Selected SiNTs of 30 and 200 nm inner
diameter were also transformed immediately/completely to fully oxidized material (SiO2) by
annealing at 700 °C for 7 hrs (herein referred to as ‘SiO./perov’). Irrespective of template, these
oxidative processes did not change the initial nanotube morphology (Supporting Info Figure S3).
However, from a microstructural perspective, the as-formed Si shell appears amorphous, as gauged
by a lack of observed lattice spacings in high resolution TEM imaging (Figure 4a) and an associated
Raman spectrum for this type of sample with a broad feature near 490 cm-! (Supp Info Figure S6),
consistent with amorphous Si (a-Si).44 After intensive annealing in oxygen for several hours at >650
oC, nanocrystalline Si domains are observable in the nanotube shell (Figure 4b). While the as-formed
Si NTs expose an amorphous character, we can also create well-defined crystalline Si - perovskite
interfaces by annealing a nanotube sample in an inert atmosphere, followed by MAPbBr; precursor
infiltration and perovskite formation (Figure 3c); lattice spacings associated with both crystalline Si
as well as perovskite are readily observed, and the Raman spectrum sharpens considerably with a
shift to a maximum near 518 cm-! (classic signature for crystalline Si) 44 (Supp Info Figure S6).

In terms of photophysical properties, typical UV-visible absorption and PL spectra, along with a
confocal PL image, of 70 nm ID SiO; NTs loaded with MAPbBr3 (herein referred to as perov/SiO2) are
shown in Figure 5. The band gap of this type of perovskite nanostructure was estimated from an
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Figure 5. 70 nm ID SiOz NTs loaded with MAPbBr3: a) Normalized absorption and PL spectra (Aex = 370 nm) and b)
Confocal PL image of 70 nm ID SiO2 NTs loaded with MAPbBr3. (Aex = 458 nm; 45 um x 45 um area)



analysis of the onset of absorption or PL maximum (Supp Info Figure S7b) show a value of 2.3 eV for
Si0z/perov formed within 30, 70 and 200 nm ID NTs, in agreement with values reported previously
for MAPDbBr3 in silica.45 In the case of MAPbBr;templated by 30, 70, and 200 nm ID SiNTs (herein
referred to as perov/Si), a slightly smaller bandgap is found (2-2.1 eV) (Supp info Figure S7a-b).
Normalized PL spectra for 30, 70, 200 nm ID perov/SiO. & perov/Si are shown in Supporting Info
Figure S7, with an emission maximum observed for all samples at 533 + 3 nm. Using confocal PL
imaging of the perov/Si formed within the 70 nm ID NTs (as well as 200 nm ID NTs), it is possible to
observe the wire-like morphology of the emissive perovskite species (Figure 4b; Supporting info
Figure S8).

Using an established integrating sphere technique6 PL. quantum efficiency (PLQE) was evaluated
for MAPbBr; housed within 70 nm ID nanotubes with different amounts of Si, tuned by careful
oxidation of the as-formed SiNT films. Importantly, a plot of perovskite PLQE versus Si content
(expressed as the ratio O:Si, varied from 0.4 to 2.3) for a fixed nanotube diameter reveals a linear
increase in PLQE with decreasing amount of Si / increasing oxide content (Figure 6).

There are three possible factors to consider in interpreting this relationship: 1) increased oxide
passivation of defects or wider bandgap material in the perovskite phase,47-50 resulting in an
enhanced PL QE; 2) charge transfer quenching of photo-excited charge carriers in the perovskite at
the interface with the silicon, resulting in a reduction in PL QE; 3) non-radiative energy transfer from
the MAPDbBr; to the Si nanocrystals.5152 The relationship between composition of the nanotube
template and perovskite PL QE can be interpreted in terms of a Perrin-type static quenching
model,53 where the total volume of the quenching species can be viewed as an ensemble of
interfacial defects (perhaps induced by elemental Si nanocrystals present in the cylindrical sheath of
silicon oxide; i.e. the higher concentration of Si NCs, the lower the MAPbBr3; PL QE). Thus from this
perspective the greater concentration of oxide at a given interface, the stronger the intrinsic
emission associated with the MAPbBrs.

While one could propose Auger-like
quenching processes>* for MAPbBr; based
on an interaction of perovskite carriers with 14 1
Si carriers photogenerated in the Si 1
nanostructures, or some type of energy
transfer contribution between perovskite
and elemental Si, the dominant role of free
carriers and associated coulombic
interactions in MAPbBr; photophysics likely
reduces these contributions relative to an
oxide passivation mechanism

®  SiNTs with MAPbBr,
® Annealed Si NTs with MAPbBT,
A SiO, NTs with CsPbBr,
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There is a wide variety of PLQE values ]
reported in the literature for MAPbBr3 in 2]
general and this material formed within ] u]
mesoporous silica in particular.4345 These o4 ' ' '
values range from ~2% for MAPbBTr3 films*3 0.0 05 10 15 2.0 25
to values >50% for MAPBr3 and CsPbBrs3 in ratio (O:Si)

very small diameter silica.45 We do observe
a Figure 6. a) PLQE for MAPbBr3 loaded into thermally oxidized

70 nm ID SiNTs as a function of increasing oxide content. All

samples were exposed to a modest vacuum (ca. 10-2 torr) at room
temperature for 10-12 hrs immediately prior to PLQE

measurements. hex = 405 nm at ~30 mJ/cm2.
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significant boost in perovskite PL QE when we replace methylammonium with cesium, as in the
case of CsPbBr3 housed within 70 nm ID SiO; NTs, with a corresponding QE of ~11.3 % (Figure 6).
While our samples here are treated with a modest vacuum prior to QE measurements, it is noted
that our perovskite precursor infiltration into SiNT structures occurs in ambient air and not in a
controlled environment. We note that the PLQE values here are external values as measured and do
not take into account the outcoupling efficiency of photons from the structures;5> given we are not
significantly changing the diameter of the tube and hence optical properties as we change the O:Si
ratio at the interface, we do not expect the trends to be influenced by any outcoupling changes.

To complement the above PLQE measurements, confocal time-resolved (TR) PL microscopy
mapping was performed on the MAPbBr3 / nanotube platforms. In Figure 7 we compare the samples
corresponding to 70 nm NT, either made of Si (Figure 7a and d) or SiO; (Figure 7b and e). We see
that they both present a large spatial heterogeneity in PL intensity and PL lifetimes. We show the
distribution of intensity and lifetimes in Figures 7c and f, respectively. We see that the PL lifetimes
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Figure 7. a) PL intensity map for perov/Sihoused within 70 nm ID NTs. b) PL intensity map for perov/SiOz housed within 70 nm
ID NTs. c¢) Histogram of PL intensities extracted from maps shown in panels a and b. d) PL lifetime map for MAPbBr3 housed within
70 nm ID Si NT film. e) PL lifetime map of perov/SiOz housed within 70 nm ID NTs. f) Histogram of PL lifetimes extracted from maps
shown in panel d and e. PL lifetime is defined here as the time taken to fall to 1/e of the initial intensity. g) PL lifetime decay curves
extracted from the points marked in panels d) and e). Measurements were performed with pulsed 405-nm excitation (2 MHz

repetition rate, 0.4 mJ/cm? fluence).



(Figure 7f) for the Si sample range between 0 and 5 ns, while the lifetimes for the SiO, sample are
significantly larger, with values between 5 and 15 ns. Additionally, we see that the PL intensities
(Figure 7c) are globally larger for the SiO» than the Si one, with values ranging between 500 and
1000 counts instead of 100-300 counts. Therefore, we see that the change between SiO; and Si and
clearly induces a quenching of the PL, affecting both the PL intensities and lifetimes. We show
lifetime decays from representative points in the Si and SiO; based NT samples in Figure 7g. All of
the samples show a large fast decay in the early times and this dominates the values shown in the
lifetime maps. However, the SiO; based samples show a larger contribution from a long lived decay
at the longer times, whereas this is not observed in the Si based nanotubes. As seen in Supp Info
Figure S10, we also observe a decrease of the PL lifetimes when the diameter of the SiO, NT
decreases from 70 to 30 nm, with lifetime values decreasing from 8 ns (70 nm) to to 3 ns (30 nm).
These microscopic results confirm the previous discussion and the interpretation of the PLQE values
above; furthermore, such changes in average lifetime are consistent with a relative increase in
fraction of non-radiative recombination due to charge carrier confinement within the nanotube
dimensions.

Finally we address the impact of nanotube template identity on observed stability of MAPbBr; PL
as a function of time. For a given template, along with a bulk film composed of micro-sized MAPbBr3
cubes, we track the normalized changes in perovskite emission intensity using a PL microscope for
samples ranging from freshly-prepared to 35 days old (with storage between measurements in a
desiccator). From an analysis of the data (Figure 8), it is clear that MAPbBr3; formed within a 70 nm
ID nanotube is stabilized most effectively over a 35 day period (retaining ca 90% emission for SiOz;

E— 70% for Si) compared to the bulk, non-templated
mmormDSo. N control (~40% PL remaining). Another point of

I 70 nm ID SiNTs . . . o
EmrommsoNts  emphasis is the significantly smaller standard

Ezéﬁ:::ggg:“s“ deviations observed for nanotube-templated
perovskite emission measurements relative to the

large values for the bulk, which degrades in a rather
heterogeneous manner (i.e. uniform emission for
the former, and bright spots dispersed across
mostly dark regions for the latter). Within the
nanotube template samples, it is also clear that the
70 nm ID nanotube is superior with regard to
stability to the 30 nm and 200 nm inner diameter
nanotubes, similar to that observed previously for
the mixed MAPDIi«Bryx class of perovskites
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Figure 8. Changes in normalized emission intensity for MAPbBr3 formed within various silicon nanotube templates
as a function of time. Data for a bulk film composed of micro-sized MAPbBrs3 cubes is also included for control purposes.

within SiNTs of varying diameter.4! Such a trend is presumably related to a structural ‘sweet spot’
for exposure of the perovskite to the surroundings. Of the three SiNT inner diameters employed in
these experiments, the 200 nm value templates formation of a perovskite that acts structurally bulk-
like (that is, for MAPDI;3, a typical tetragonal to orthorhombic phase transition occurs at 110K). This
is not the case for the 70 nm ID SiNT, where the phase transition is suppressed in the resultant
perovskite that is formed.4 For the smallest Si NT template (30 nm ID), capillary forces interfere
with efficient filling of a given nanotube with perovskite precursor, resulting in even smaller
perovskite nanostructure domains with greater surface areas and, given the porous sidewalls,
exposure to deleterious moisture, oxygen, etc.4l Thus this structure is significantly less stable than
the 70 nm one. In general, we propose that the greater retention of PL intensity for MAPbBr; formed
within a given nanotube is a reflection of the ability of these Si-containing nanoscale platforms to
stabilize the perovskite against moisture and environmental degradation.



Conclusions

Taken in concert, these experiments establish a clear correlation between interfacial Si/oxide
content and (encapsulated) perovskite PLQE; the longer average PL lifetimes for the perovskite
housed in oxidized Si NT interfaces (‘perov/SiO:’) relative to the Si rich nanotube (‘perov/Si’)
evaluated via confocal PL microscopy are consistent with these PLQE measurements. While it is not
yet possible to cleanly decouple the role of oxide passivation from Si carrier-induced quenching of
perovskite PL, this sensitive influence of nanotube composition on perovskite photophysics and
associated stability affirms the utility of such relatively well-defined SiNT constructs to house and
direct the properties of encapsulated semiconductors such as these of the APbX;3; family. Further
investigations of the properties and utility of more complex compositions, including mixed cationic A
sites as well as halide species, are underway.

Experimental methods

Materials and Instrumentation. Lead Bromide (PbBrz), Zinc Nitrate (Zn(NO3)2), and
Hexamethylenetetramine (HTMA) were purchased from Sigma-Aldrich. Methyl ammonium bromide
(MABr) was purchased from Great Solar. Morphological characterization was done with field
emission scanning electron microscopy (FESEM) using a JEOL-J]SM-7100F operating at 15 kV with an
energy-dispersive X-ray (EDX) detector; Transmission electron microscopy (TEM), using a JEOL
JEM-2100 operating at 200 kV. Absorption spectra were recorded using a Cary 60
spectrophotometer; PL properties were measured with a Nikon Optiphot Fluorescence microscope
with a 100W Hg lamp and excitation filter centered at 370 nm and interfaced to an Ocean Optics
spectrometer with 2048-element linear CCD-array detector. PL. quantum efficiency was measured
with an integrated sphere from Newport using a laser excitation wavelength of 405 nm at 18 mW
cm-2. Selected confocal imaging was carried out at TCU using a Zeiss LSM710 laser scanning confocal
microscope with a laser excitation wavelength of 458 nm (15 mW). Confocal time resolved
photoluminescence images and single decays were measured using a confocal microscope setup
(PicoQuant, MicroTime 200). The excitation laser was a 405 nm pulsed diode (PDL 828-S“SEPIA 11",
PicoQuant, pulse width of ~100 ps) was directly focused onto the perovskite surface with an air
objective (100x, 0.9 NA). The photoluminescence signal was separated from the excitation light (405
nm) using a dichroic mirror (Z405RDC, Chroma). The PL response was then focused onto a SPAD
detector for the single photon counting (time resolution of 100 ps) through a pinhole (50 pm), with
an additional 410 nm longpass filter. Laser repetition rates of 2 MHz were used for the PL maps, with
a 0.4 m]/cm?2 fluence.

Silicon / Silicon oxide nanotube fabrication. ZnO nanowire templates were growth on a previously
treated substrate (FTO glass, Silicon wafer, Quartz glass slide) with ZnO nanocrystal seeds.42 These
substrates were immersed in a solution containing Zn(NO3), and HTMA. As Si NTs inner diameter is
dictated by the ZnO NW diameter, in order to obtain 30 nm and 70 nm diameter nanowires, the
concentration of Zn(NO3)2 and HTMA was 0.005 M and 0.02 M, respectively, for 3 hrs duration at 95
°C. For the formation of 200 nm diameter ZnO NWs, a concentration of 0.1 M was used for 9 hrs at 95
°C. Silicon deposition was achieved on these ZnO nanowire-containing substrates by the exposure of
a given ZnO NW/substrate sample in a quartz tube at 530 °C for 5 min to a dilute (0.5%) SiH4 in
Helium. Finally, in another quartz reactor, this Si-coated / ZnO sample was exposed to vapor from
heated ammonium chloride at 500 °C for 2 hr was used to etch the ZnO core, yielding a final product
of Si nanotubes. Silicon oxide (Si02) nanotubes were obtained by oxidation of silicon nanotubes,
achieved by heating a given SINT sample in a quartz tube in an oxygen atmosphere at 700 °C for 6 hr.

Perovskite loading / formation. In a manner similar to our previously published procedure,39-41
silicon/silicon oxide nanotubes were soaked for 2 hr at 60 °C in a solution containing a 1:1 mol ratio
of MABr (or CsBr) and PbBr; in DMF at a concentration of 200 mM. The samples were then spun at
7000 rpm for 40 s (to remove excess reactant solution), and finally the sample was baked for 30 min
at 95 °C.
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