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ABSTRACT: The interaction between semiconductor materials and 0.4

electromagnetic fields resonating in microcavities or the light—matter

coupling is of both fundamental and practical significance for 03l

improving the performance of various photonic technologies. The

demonstration of light—matter coupling effects in the emerging § 02l

perovskite-based optoelectronic devices via optical pumping and

electrical readout (e.g, photovoltaics) and vice versa (e.g., light- ol

emitting diodes), however, is still scarce. Here, we demonstrate the

microcavity formation in vacuum-deposited methylammonium lead . ) , ,

Pbl, ,
iodide (CH;NH;Pbl;, MAPI) p-i-n photovoltaic devices fabricated CHgNHag \% 00%e 18 20 22 24
between two reflecting silver electrodes. We tune the position of the Energy (eV)
microcavity mode across MAPI’s absorption edge and study the effect

on the microcavity absorption enhancement. Tuning the microcavity mode toward lower energies enhances the absorption of the
lower energy photons and steepens the absorption onset which reduces the effective optical gap (Eg) of the devices. This leads to a
reduction in the open circuit voltage deficit.

KEYWORDS: light—matter coupling, microcavity device, hybrid organic inorganic perovskite, vacuum deposition, photovoltaic

he integration of a semiconductor material into a material properties such as low charge carrier recombination,

microcavity device architecture offers an attractive avenue ambipolar charge transport, high charge carrier mobility, and
to enhance its properties and performance in various band gap tunability, as well as strong light absorption across
optoelectronic applications." The above enhancement is the visible spectrum and efficient photoluminescence.’ Their
generated by light—matter interactions operating under the high oscillator strength, sharp absorption-edge, small Stokes
strong or weak coupling regime. In the strong coupling regime, shift, and low Auger recombination losses make them attractive
the coherent exchange of energy between the excited state and for exploring the advantages of light—matter coupling.7’8
the microcavity mode leads to the formation of hybridized Optically pumped lasing as well as efficient light-emitting
light—matter quasi-particles called polaritons, which possess diodes (LEDs) have been demonstrated using perovskites.”” "
different energies than the uncoupled resonant photonic mode While both strong and weak light—matter coupling have been
and excited state.” In the weak coupling regime, the rate of demonstrated in different perovskite materials, they were
exchange of energy between the exciton mode and the mostly exemplified via photoluminescence measurements

microcavity mode is lower than that of the dissipation
processes. As a result, the weak coupling primarily alters the
distribution of the optical density of states in the microcavity
volume. The optical density of states at the microcavity mode
are increased, which causes enhanced absorption (emission) of
the resonant photonic mode in (from) the coupled semi-
conductor material.>* The above modulation of the optical
density of states can be strategically exploited to achieve
spectrum selective photoabsorption in thin, low absorbing
films, which is beneficial for narrow-linewidth photodetector —
application,” or to enhance the absorption of light at the Received: March 14, 2021 (Pfstonics
weakly absorbing absorption-edge-region of the embedded Published: June 18, 2021 @
semiconductor material, which is favorable for photovoltaic 1
application.’

Lead halide perovskite materials are currently considered for
various optoelectronic applications due to their exceptional

only."* The investigation of light—matter coupling in perov-
skite optoelectronic devices via absorption/emission combined
with electrical and optical measurements in photovoltaic
devices and light-emitting diodes, respectively, still remain
scarce.'® In principle, both weak and strong light—matter
coupling can be achieved in a device having a configuration of
thin-metal/semiconductor-stack/thick-metal. Precise control
over the perovskite layer’s thickness and roughness is required

© 2021 American Chemical Society https://doi.org/10.1021/acsphotonics.1c00389
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Figure 1. (a) Schematic of the layout of the microcavity and the reference devices. The number in the parentheses denotes the thickness of the
corresponding layer in nm. (b) Transfer matrix method based simulated absorption of the MAPI layer in the microcavity device configuration
shown in panel a, for increasing thicknesses of MAPI layer. (c) Absorptance and photoluminescence (PL) spectra of the coevaporated ~195 nm
MAPI film used for fabricating the microcavity and reference devices. The absorptance spectrum on the left of the dotted line (~1.65 eV) marks

the absorption-edge region.

for obtaining high-quality factor microcavities. A preparation
process, therefore, must be employed that meets the above
requirements. Vacuum deposition of perovskite leads to the
formation of smooth and homogeneous films with a precise
control over the film thickness and is therefore ideal for
preparing perovskite films in the above microcavity device
configuration.

In this work, we investigate the microcavity effects (weak
light-matter coupling) in vacuum deposited, p-i-n methyl-
ammonium lead iodide (CH;NH;Pbl;, MAPI) photovoltaic
devices by integrating them into a planar Fabry-Pérot
microcavity formed between two silver electrodes. We fine-
tuned the position of the microcavity mode by modifying the
thickness of electron transporting Cg, layer. Tuning the
microcavity mode to the absorption-edge region of MAPI
enhances the absorption of the relatively low energy photons
and steepens the absorption onset of the device. The
microcavity devices do not suffer from significant additional
voltage losses, and they exhibit a reduced effective optical gap
compared to the control ITO-based device. Our study offers
important guidelines for selecting the spectral position of the
microcavity mode in perovskite based optoelectronic devices.

B RESULTS AND DISCUSSION

Thermal evaporation under a pressure of <1 X 107> mbar was
employed for the fabrication of complete MAPI based
photovoltaic devices as it offers control over the film thickness,
which is essential for the fine-tuning of the microcavity mode,
and because it allows the fabrication of optically flat layers.'®
Microcavity devices and the control reference device on ITO
were fabricated in the p-i-n configuration, as shown in Figure
la, where TaTm and BCP are N4,N4,N4”,N4’-tetra([1,1’-
biphenyl]-4-yl)-[1,1":4',1”-terphenyl]-4,4"-diamine and bath-
ocuproine, respectively.

The optimum thicknesses of the charge transport layers in
the ITO reference device were used as identified previously.'”
Silver (Ag) was used for fabricating both the semitransparent
and the opaque reflecting electrodes. A thickness of 35 nm was
selected for the semitransparent Ag electrode to achieve a
strong microcavity effect and consequently a high absorption
enhancement in the device. The absorption of light in the
MAPI layer was simulated using the transfer matrix method to
determine the microcavity absorption enhancement in the
device for increasing thicknesses of MAPI (see Experimental
Details). We note that, for the optical simulation, the thickness

2068

of the semitransparent electrode was set to 27 nm as the
simulated transmittance of the corresponding Ag thin film
matched well with the experimentally measured transmittance
of the 35 nm Ag film (Figure S1a). This discrepancy is ascribed
to the thickness and morphology dependence of the optical
constants of Ag films.”” From the simulation results (Figure
1b), it can be observed that microcavity absorption enhance-
ment can occur over the entire low photon energy range of
1.55 to 1.80 eV for multiple thickness-ranges of the MAPI
layer. The largest enhancement in the absorption, however,
mostly occurs at energies below ~1.65 eV where the
absorption of the MAPI film is very low (Figure 1c). We,
therefore, selected the above absorption-edge region for
studying the effect of microcavity absorption enhancement
on the photovoltaic performance of the devices. The first two
ranges of MAPI thicknesses that lead to the microcavity
formation in the above spectral region are approximately
centered at 50 and 190 nm. As the thickness of MAPI in the
first range is very low, we selected the second thickness-range
for our studies.

The separation between the two light reflectors, which in
our devices are the thick fully reflective, and the thinner
semitransparent Ag electrode, influences the spectral position
of the microcavity resonance in the device. Therefore, the
distance between these two Ag electrodes must be systemati-
cally controlled to fine-tune the position of the microcavity
mode across the MAPI absorption-edge. While the perovskite
thickness can be reasonably well controlled when deposited
through vacuum sublimation, it is not trivial to control its
thickness with an accuracy down to 10 nm as it involves the
sublimation and subsequent reaction of two precursors.”'
Hence, the tuning of the total stack thickness, and therefore of
the microcavity mode is easier when done by modulating the
thickness of either the hole transport material or the electron
transport material. To ensure minimum side effects, such as an
increase in the stack resistance, the Cg, layer was selected to
control the overall cavity length by a variation of its thickness
(d) as it has a much higher carrier mobility than the hole
transporting layer. Two microcavity devices were fabricated
with an average MAPI layer thickness of 195 + 5 nm and Cg,
thicknesses of 25 and 30 nm along with an ITO reference
device having an equally thick MAPI layer and a fixed, 25 nm
thickness of Cg,. Figure 1lc shows the photoluminescence
spectrum and the absorptance spectrum marking the
absorption-edge region of the 195 nm MAPI film.”

https://doi.org/10.1021/acsphotonics.1c00389
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To ensure that the microcavity devices employing the
semitransparent Ag electrode effectively work as photovoltaic
devices, we determine the current density—voltage (J—V)
characteristics of the photovoltaic cells under simulated AM
1.5G illumination (Figure 2a and Table 1). Due to the
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Figure 2. (a) Current density vs voltage scans for the reference and
microcavity devices when illuminated with a simulated AM1.5G
spectrum at an intensity of 100 mW/cm? (b) Plot of open circuit
voltage (V) vs the natural logarithm of short-circuit current density
(Ji) of the three devices. The average (In(J,.),V,..) coordinates of
each device type (filled square symbol) is calculated from the data of
5 to 12 devices per type. The standard deviation in the V,. and the
individual (V,,, J,.) data points (open sphere symbols) of each type of
device that were processed to obtain the above statistics are also
shown. The dashed line is extrapolated from the average V,,, In(J.)
coordinates of the above two microcavity devices.

reflective nature of the microcavity devices outside of the
cavity-resonance spectrum, they show lower short-circuit
current density (J,.) than the ITO reference device.
Importantly, we note that the J—V curves of all the microcavity
devices exhibit neat rectification characteristics with a fill factor
of >0.77, which is similar to that of the reference device
(~0.76). This suggests the absence of any significant additional
shunt and series resistance losses in the microcavity devices
relative to the ITO reference device (this implies that the
quality of the MAPI layer is similar on the semitransparent
metal electrode as on ITO). The reference device efficiency is
lower than what is usually obtained primarily due to the lower

Jsc caused by the thinner MAPI layer. The 25 nm Cg, device
exhibits slightly higher J;. than the 30 nm Cg, based device due
to the higher overlap between its external quantum efficiency
(EQE, shown below in Figure 3) and the AM 1.5G spectra.

The open circuit voltage (V,.) of the microcavity devices is
lower than that observed for the reference device. The V. in
any kind of solar cell increases linearly with In (J,.).”* To verify
that the reduced J is the only reason for the lower V,_in the
microcavity devices, we extrapolate a line passing through the
[Voo In(Ji.)] coordinates of the microcavity devices (Figure
2b). We observe that the extrapolated V,. value of the
microcavity devices at the In(J,) coordinate of the reference
device, is comparable to the observed V_ value of the reference
device. This implies that, at a similar current density, the V. of
the microcavity devices would be very similar to that of the
reference device, indicating the absence of any significant
voltage losses in the former. Hence, the observed lower V.
values of the microcavity devices with 25 and 30 nm Cg, as
compared to the reference device is exclusively due to their
lower J,. (due to their less transparent Ag front electrodes).

Having established that the microcavity devices behave
similar as the reference device, albeit with a lower J,, we now
investigate the effect of the microcavity on the spectral
response of the devices. The measured external quantum
efficiency (EQE) of the reference and the microcavity devices
are displayed as a function of the excitation energy in Figure
3a. At high photon excitation energies, the microcavity devices
exhibit a similar EQE spectral shape as that of the reference
device. The lower EQE of the microcavity devices in the above
spectrum is due to the low transparency of their front
semitransparent Ag electrode compared to ITO. The main
difference in the shape of their EQE occurs at photon energies
below ~2 eV. While the EQE of the reference device first
gradually decreases and then drops sharply upon reaching the
band-edge, the microcavity devices exhibit an increase in the
EQE at the band-edge region, leading to the formation of an
intense and narrow peak (Figure 3a). Moreover, upon zooming
in the spectra in the energy range of 1.55—1.70 eV, we find that
the microcavity devices having 25 and 30 nm Cy show a
slightly higher value of EQE than the reference device (Figure
3b). Furthermore, we observe a red-shift in the EQE peak
positions of the microcavity devices with the increase in the
thickness of the Cg4, layer. The EQE peak position in the
devices having 25 and 30 nm Cg, layer approximately lies at
1.633 and 1.623 eV, respectively. This successful modulation of
the peak position in the EQE spectra verifies the existence of
the microcavity effect in our devices. Moreover, the above
microcavity peak positions match well with the position of the
microcavity mode lying at 1.626 and 1.613 eV, respectively, in
the devices (explained below).

Figure 3b shows the microcavity peak position of the three
devices superimposed on the absorptance spectrum of the
MATPI film. The simultaneous decrease in the absorptance of
the MAPI film with the red-shift of the microcavity mode

Table 1. J—V Parameters of All the Photovoltaic Devices when Illuminated with a Simulated AM1.5G Spectrum at an Intensity

of 100 mW/cm?

device V,. (mV) J.. (mA/cm?) FF (%) PCE (%)
reference ITO 1116 (£7.26) 15.23 (+0.13) 76.46 (£0.59) 13.01 (+0.18)
25 nm Cg, 1090 (£10.28) 3.63 (£0.29) 79.50 (£2.26) 3.14 (£0.25)
30 nm Cg, 1087 (+£4.29) 3.20 (+0.05) 76.92 (£5.31) 2.68 (£0.15)
2069 https://doi.org/10.1021/acsphotonics.1c00389
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Figure 3. (a) External quantum efficiency (EQE) spectra of the reference and the microcavity devices. (b) Zoom-in of the EQE spectra of all the
devices in the energy range of 1.55 to 1.7 eV, along with the absorptance spectrum of the fabricated ~195 nm MAPI film (in arbitrary units, shown
in light-red color). The dotted lines indicate the microcavity peak positions in the devices. (c) Transfer matrix method based simulated absorption
of 195 nm MAPI layer in the microcavity architecture for increasing thicknesses of the Cy layer. (d) Normalized electroluminescence (EL) spectra
of the microcavity and the reference devices when driven in forward bias. The vertical dotted lines indicate the peak positions of the EL spectrum of

the devices.

increases the quality factor of the microcavity. As a result, the
microcavity absorption peak becomes more narrow (ie., the
linewidth, or full width at half-maximum, decreases) as the Cg,
thickness increases.”> The microcavity absorption enhance-
ment is governed by the transfer of energy from the
microcavity to MAPI via absorption. In the case of the device
with a 25 nm Cg, layer, the high-quality factor of the
microcavity and the sufficiently high absorptance of the film
allow an enhanced transfer of energy from the microcavity to
MAPI], resulting in the highest enhancement of the EQE. The
device with a 30 nm Cg, layer exhibits a high quality
microcavity, however, the reduced absorptance of the MAPI
limits the transfer of energy of the microcavity to MAPIL
Hence, in this device configuration, the enhancement of the
EQE is only moderate. We note that the optical simulation
result coincides with the observed trends of the microcavity
absorption enhancement in MAPIL The simulation, however,
predicts a smaller linewidth of the microcavity peaks for
slightly higher thicknesses of C4y (~27 nm to ~37 nm). This
minor discrepancy between simulated and experimental results
is most likely caused by small deviations in the used values of
the optical constants of MAPI film (Figure S1b). Additionally,
small errors in the thickness determination may have also
contributed to it.

The thickness of the semitransparent Ag electrode also
affects the spectral response of the microcavity devices (Figure
S3). We observe that the device with 20 nm Ag electrode
exhibits a lower microcavity absorption enhancement and a
wider-linewidth in the microcavity peak, compared to the
device with a 40 nm Ag electrode. The use of a less reflecting
20 nm Ag electrode results in the formation of a low-quality
factor microcavity which causes a smaller redistribution of the
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optical density of states, and hence a weak microcavity
absorption enhancement in the device.

The electroluminescence (EL) spectrum of a photovoltaic
cell can be observed when it is driven in forward bias.”* The
peak position in the EL spectrum of a microcavity diode
closely corresponds to the position of the microcavity mode.>
We, therefore, measure the EL spectrum of the microcavity
devices along the normal direction and observe that the EL
peak position or the microcavity mode in the devices having 25
and 30 nm thickness of Cg, layer lie at 1.626, and 1.613 eV,
respectively (Figure 3d). These EL peak positions are blue-
shifted with respect to that of the reference device by 16 and 3
meV, respectively. The microcavity devices exhibit a relatively
narrow-linewidth EL spectrum compared to the reference
device. Moreover, the EL peak position of the three
microcavity devices aligns well with the microcavity peak
position of their corresponding EQE spectrum (Figure 3b,d).
This further corroborates the existence of the microcavity
effect in these devices. As a final proof of the existence of the
microcavity, we performed angle-dependent EQE measure-
ments for the device with a Cg, layer of 25 nm. As shown in
Figure S4 of the Supporting Information, the position of the
microcavity mode blue shifts when the angle of incidence of
the light with respect to the sample surface decreases, hence,
again confirming the operation of the microcavity mode.

The effective optical gap (E,) of all devices can be calculated
as the maximum of the derivative of their EQE spectrum
(d(EQE)/dE; Figure $2),%° which corresponds to the energy
of the lowest energy photons that can lead to a significant
photocurrent.”” We observe that the reference device and the
microcavity devices with 25 and 30 nm Cq layer exhibit an E,
of 1.598, 1.582, and 1.577 eV, respectively. This indicates that
the E, values for these two microcavity devices are reduced

https://doi.org/10.1021/acsphotonics.1c00389
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with respect to the reference device. We recall that the lower
V. of the microcavity devices was solely due to a reduced J
(Figure 2b). The V,. deficit of a photovoltaic device is
generally defined as E;/q — V., where g is the elementary
charge. It quantifies the lower limit for the energy lost per
absorbed photon, and hence, its reduction is highly desired for
further improving the performance of photovoltaic devices.
Hence, as the V,_ is equal to the reference device when
corrected for the lower ] and the effective E, is reduced, it
implies that the V. deficit is reduced in these microcavity
devices. Finally, we determine the Urbach energy of all the
devices from their EQE tails (Figure $6),”® which is an
indication of the energetic-sharpness of the “band-edge” in a
photovoltaic cell. We observe that the microcavity devices
exhibit slightly lower Urbach energy values than the reference
device, which may also contribute toward minimizing the V
deficit in MAPI-based photovoltaic cells.”” To see the potential
of these microcavity devices for photodetectors, the dark
current was determined and is approximately one order of
magnitude lower than that of the reference device at a bias of
—1 V. We would like to stress, however, that the dark current
can be further reduced by employing different charge injection
layers, which is, however, outside the scope of this manuscript.

B CONCLUSION

In conclusion, we demonstrated a facile, vacuum deposition-
based method of integrating a perovskite photovoltaic device
into a planar, metallic Fabry-Pérot microcavity. This method is
easily extendable for fabricating perovskite based microcavity
photodetectors and light-emitting diodes. Tuning the micro-
cavity mode to the absorption-edge region of MAPI enhances
the absorption of the relatively low energy photons and
steepens the absorption onset, which reduces the E, of the
device. As a result, the V. deficit is reduced. We envisage that
such a microcavity absorption enhancement in the weakly
absorbing absorption-edge region could be exploited in
multijunction devices via the employment of the microcavity
device as a rear cell to further suppress the photon energy
losses occurring in the low-energy spectrum.

B EXPERIMENTAL DETAILS

Chemicals. MoO;, bathocuproine (BCP), Pbl,, and
methylammonium iodide (MAI) were purchased from
Lumtec. N4,N4,N4’,N4'-tetra([1,1'-biphenyl]-4-yl)-
[1,1':4,1'-terphenyl]-4,4’-diamine (TaTm) was provided by
Novaled GmbH. Fullerene (Cg4,) was purchased from Sigma-
Aldrich.

Fabrication of Reference ITO Device. Photolitho-
graphically patterned ITO-coated glass substrates were cleaned
by following a standard procedure using soap, water, deionized
water and isopropanol in a sonication bath, followed by UV
treatment for 20 min. For device fabrication, the cleaned
substrates samples were transferred to a nitrogen-filled
glovebox (H,0 and O, < 0.1 ppm) containing the vacuum
thermal evaporation chambers. All the films were thermally
evaporated following the order of the stack of the photovoltaic
devices (Figure 1a) in a pressure range of 10~° mbar, at room
temperature without any postannealing treatment. MoO; and
TaTm were evaporated at the rate of 0.5 A/s, while Cg, and
BCP were evaporated at a rate of 0.3 A/s. Ag cathode was
deposited at a rate of 0.4 and 1.0 A/s for the initial 15 nm and
the remaining 65 nm, respectively. MAPI film was grown by
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coevaporating Pbl, and MAIL Thickness of all the organic and
inorganic molecules were measured using quartz crystal
microbalance (QCM) by applying calibration factors for each
material. The latter was obtained by individually measuring the
actual thickness of each layer deposited on glass using a
mechanical profilometer (Ambios XP;) and then comparing it
with the corresponding value given by the QCM. The
thickness of the coevaporated MAPI film was measured after
the deposition using the profilometer.

Fabrication of the Microcavity Device. Glass substrates
were cleaned similar to the patterned ITO substrates except
that UV treatment was excluded. All the layers of the stack
from MoOj; to the Ag cathode were grown simultaneously,
together with the ITO reference device. A 5 nm MoOj layer
and 1 nm Cu seed layer were sequentially deposited on glass to
minimize the reflection losses, and to enhance the adhesion
and percolation of the above semitransparent Ag electrode,
respectively.”*” The active area for the microcavity devices and
the reference device was defined using a shadow mask and is
equal to 0.05 cm™

Material and Device Characterization. Transfer matrix
method based absorptance and transmittance simulations were
performed using a home-built code integrated with the tmm
package in a pyhton based IDE. The derivations of the
formulas and calculations implemented to develop the tmm
package can be found here.’’ The absorption and trans-
mittance spectrum were measured using a fiber optics based
Avantes Avaspec2048 Spectrometer. The photoluminescence
spectrum was measured with an Avantes Avaspec2048
spectrometer and films were illuminated with a diode laser of
integrated optics, emitting at 522 nm. The J—V curves for the
solar cells were recorded using a Keithley 2612A Source Meter
in a —0.2 and 1.2 V voltage range, with 0.01 V steps and
integrating the signal for 20 ms after a 10 ms delay,
corresponding to a scan speed of about 0.3 V s™". The devices
were illuminated under a Wavelabs Sinus 70 LED solar
simulator. The light intensity was calibrated before every
measurement using a calibrated Si reference diode.

For the EQE measurements, photocurrent response at
different wavelength (measured with a white light halogen
lamp in combination with band-pass filters) was measured,
where the solar spectrum mismatch was corrected with a
calibrated silicon reference cell (MiniSun simulator by ECN,
from Netherlands). For the measurement of effective optical
gap and Urbach energy of the microcavity and the reference
photovoltaic devices in the main text, the devices were
illuminated by a Quartz-Tungsten-Halogen lamp (Newport
Apex 2-QTH) through a monochromator (Newport CS130-
USB-3-MC), a chopper at 279 Hz and a focusing lens. The
device current was measured as a function of energy from 3.5
to 1.5 eV in 0.02 eV steps using a lock-in amplifier (Stanford
Research Systems SR830). In the peak region, the step size was
reduced up to 0.005 eV to resolve the peaks properly. The
system was calibrated and the solar spectrum mismatch was
corrected using a calibrated Silicon reference cell. The Urbach
energy was calculated from the linear fit of the slope of the
exponential decay of the measured EQE spectrum of the
devices.
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