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Large-scale efficient mid-wave infrared optoelectronics
based on black phosphorus ink
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The mid-wave infrared (MWIR), ranging from 2 to 5 micrometers, is of substantial interest for chemical sensing,
imaging, and spectroscopy. Black phosphorus (bP)–based MWIR light emitters and detectors have been shown
to outperform the state-of-the-art for commercial devices due to the low Auger recombination coefficient of bP.
However, the scalability of these devices remains a challenge. Here, we report a bP ink formula that preserves
the exceptional MWIR optoelectronic properties of bP to deposit centimeter-scale, uniform, and pinhole free
films with a photoluminescence quantum yield higher than competing III-V and II-VI semiconductors with
similar bandgaps at high excitation regime. As a proof of concept, we use bP ink as a “phosphor” on a red com-
mercial light-emitting diode to demonstrate bright MWIR light emission. We also show that these films can be
integrated into heterostructure device architectures with electron and hole selective contacts for direct-injected
light emission and detection in MWIR.
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INTRODUCTION
Black phosphorus (bP), the most stable allotrope of phosphorus, is
promising for numerous electronics and photonics due to its
unique properties. For example, the high carrier mobility and
high hole saturation velocity in bP have enabled the realization of
bP-based high-speed field-effect transistors (1). In addition, bP
has a direct bandgap, which can be tuned between 0.3 and 2 eV de-
pending on its thickness (2). The bandgap of bP in the bulk form,
0.3 eV, allows for room temperature operation of bP photodetectors
in the mid-wave infrared (MWIR). Furthermore, bP photoconduc-
tors have been shown to have a specific detectivity higher than the
commercially available MWIR detectors (3, 4). The bP photodetec-
tors also bring polarization sensitivity without external optics
because of the anisotropic crystal structure of bP (5). Furthermore,
the bandgap of bP shows strong strain tunability that can be used for
actively variable-spectrum optoelectronics in the MWIR (6). BP
light-emitting diodes (LEDs) have also been shown to have out-
standing efficiencies compared to state-of-the-art MWIR LEDs
based on III-V and II-VI semiconductors (7). This superior perfor-
mance is primarily driven by the low Auger recombination coeffi-
cient in bP, which results in higher photoluminescence (PL)
quantum yield than the traditional compound semiconductors of
similar bandgap (2, 8, 9). However, most of the prior work on bP-
LEDs and photodetectors are based on small-size, mechanically ex-
foliated flakes, with a lateral dimension of less than 100 μm. This is
because large-scale deposition of highly crystalline bP thin films
with high quantum yield is challenging.

As an alternative to the most used method of mechanical exfo-
liation, previous studies have also explored liquid-phase exfoliation
techniques to produce bP flakes (10), but, because of poor

dispersibility of bP in most solvents or/and high boiling point of
the solvents, the solution containing bP does not culminate in
large-scale uniform films with drop casting or spin casting, resulting
in the device area again being limited by the size of the bP flake, as in
the case of mechanical exfoliation. Other works have shown large-
scale bP-based solar cells but require the addition of another key
component of the active layer to the solution, reducing the applica-
bility of the solution (11, 12). The development of two-dimensional
(2D) “inks” in the recent years has enabled scalable approaches to
deposit 2D materials (13). Their formulation consists of a solvent,
binder, surfactants, and other additives apart from the material
itself. Considering the relevance of these materials for electronics
and photonics, some of these 2D inks are now commercially avail-
able products such as graphene inks for screen printing and MoS2
ink for spin and spray coating. The use of bP ink for inkjet printing
has also been explored (14, 15). However, the focus of previous
works has been transistor applications, and realization of large-
scale efficient MWIR optoelectronics has not yet been attempted.

In this work, we show a formulation of bP ink, which can be
either spin-coated or dip pen–printed onto a desired substrate for
MWIR applications, as represented in Fig. 1A. The enabled films are
formed with tunable user-defined thickness (~1.5 to 10 μm), con-
sisting of stacked small flakes that are 5- to 150-nm thick with a
lateral area of less than 1.5 μm2. This bP ink film has no pinhole
in millimeter scale if it is thicker than 1.5 μm, so that the vertical
heterostructure device can operate well without a current leakage.
Thin films deposited using this optimized bP ink produce bright
PL with a high quantum yield (~0.9%, internal) in MWIR. As a
proof of concept, we show that this ink can be used as a “phosphor”
on commercial red LEDs to produce bright MWIR emission. In ad-
dition, large-scale heterojunction devices based on bP films with se-
lective electron/hole contacts are demonstrated for MWIR emission
with peak intensity at ~0.3 eV, corresponding to the bandgap of bP.
Last, we show that bP heterojunction devices can be configured in a
reverse-bias condition as MWIR photodetectors at room
temperature.
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RESULTS AND DISCUSSION
The first step of the formulation process of the ink is to crush bulk
bP crystals (Smart Elements) into powder form in a mortar and
pestle. The powder was then added to N-methyl-2-pyrrolidone
(NMP) in a vial that was ultrasonicated to further reduce the size
of the bP particles. The particle size of the ink is important. Specif-
ically, if the particles are too small, then the bandgap is increased,
which is no longer of interest for MWIR applications. On the other
hand, if the particles are too large, then the bP particles accumulate
on the bottom and the resulting film is nonuniform. In this regard,
bP particle thickness ranging from 5 to 150 nm and flake lateral area
of less than 1.5 μm2 was found to be optimal (supporting informa-
tion S1). NMP, a commonly used solvent for liquid exfoliation of 2D
materials, was chosen as the solvent due to its suitable Hansen sol-
ubility parameters and surface tension for dispersing and stabilizing
2D materials (16). The solution of bP in NMP cannot be spin-
coated at room temperature because of the high boiling point of
NMP of 202°C. Therefore, after the sonication, NMP was separated
from the solution by centrifugation; the precipitate containing the
bP particles was redispersed in toluene; and a small amount of
binder, oleyl amine, was added. Oleyl amine, a commonly used
capping agent in studies related to nanomaterials and quantum

dot research, enhances the stability of bP particles in the solution
and modifies ink viscosity and surface tension properties to aid
uniform film deposition with spin-coating and drop-casting
methods (17). Toluene dissolves oleyl amine, and its high vapor
pressure facilitates faster drying during spin coating. Excess
binder in the solution was washed with another centrifugation
step, and the remaining material was redispersed in toluene and
lastly spin-coated on a quartz substrate sized ~5 mm by 5 mm.
More details on the formulation and spin-coating process are dis-
cussed in Materials and Methods. Images of the ink in a vial and an
example film on a quartz substrate are shown in Fig. 1 (B and C),
respectively. The thickness of these films can be varied depending
on the loading of the bP in the ink (supporting information S3). The
ink can be also printed with a dip pen directly on any substrate such
as paper or flexible plastics like polyethylene terephthalate and poly-
dimethylsiloxane, as shown in Fig. 1 (D to F).

Top-view and cross-sectional view images of the film obtained
with a scanning electron microscope (SEM) are shown in Fig. 1
(G and H), respectively, which provide a magnified view of the
film microstructure at the micrometer level. The large-scale dark-
field microscope and SEM images of the bP film are included in
supporting information S4 and suggest full coverage of bP particles

Fig. 1. Material characterization and applications of bP ink. (A) Schematic showing deposition techniques and applications of bP ink. (B) Photograph of bP ink. (C)
Image of bP filmmade using spin coating of the bP ink on a ~ 5mm–by–5mmquartz substrate. Scale bar, 5mm. Image of “Cal” calligraphedwith dip pen on (D) paper, (E)
polyethylene terephthalate (PET), and (F) polydimethylsiloxane (PDMS). Scale bars, 25 mm. (G) Top-view of SEM image of bP film on 50 nm SiO2/Si. Scale bar, 10 μm. (H)
Cross-sectional view of SEM image of bP film on 50 nm SiO2/Si. Scale bar, 10 μm. (I) Raman spectrum for exfoliated 50-nm bP and bP ink. (J) Raman map of intensities at
468 cm−1, IðA2gÞ with 5-μm spatial step on a ~1 mm–by–1 mm area of bP film. Scale bar, 250 μm.
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on a millimeter scale, with no coffee-ring effects or pinholes visible.
Comparison of the Raman spectra in Fig. 1I demonstrates that the
crystal structure of the bP in the ink is intact and matches that of a
mechanically exfoliated ~50-nm bP flake, showing typical bP char-
acteristics peaks at 363, 441, and 468 cm−1, attributed to the A1

g , B2g,
and A2

g phonon modes in bulk bP. The comparison of the film was
done with a thicker bP flake because the film consists of bulk-bP–
sized particles, and the Raman peak positions and relative intensi-
ties depend on the number of layers in the bP flake (18). Raster scan-
ning was performed on the bP film to generate a Raman intensity
map at the 468 cm−1 peak IðA2

gÞ for a 1 mm–by–1 mm area with a
step size of 5 μm, illustrated in Fig. 1J.

Normalized spectrally resolved PL of the bP film also matches
that of the exfoliated ~50-nm bP flake, whose bandgap is ~0.3 eV
and the full width half maximum is ~520 nm, as depicted in Fig. 2A.
This corroborates our hypothesis that the bP flakes in the ink are
thick enough to be considered bulk (more than 10 layers). If they
were thinner, then the PL peak would occur at a greater energy
(shorter wavelength). This hypothesis is consistent with the
Raman spectra of Fig. 1I. These spectra were collected using a
double-modulated lock-in detection technique, as described in Ma-
terials and Methods. The spectra were obtained at different pump
powers, enabling the internal PL quantum yield of the bP film to be
found as a function of generation rate (Fig. 2B). The internal PL
quantum yield (ηQY) of the film is defined as the ratio of the

Fig. 2. bP ink PL properties. (A) Normalized spectrally resolved PL of bP flake and bP ink. (B) Internal PL quantum yield of bP ink film as a function of generation rate,
compared with internal PL quantum yield for exfoliated bP flakes from (9). (C) MWIR absorption of bP ink with and without oleyl amine. (D) PL intensity mapmeasured on
an area of ~3.7 mm by 3.7 mm with a step size of 50 μm. Scale bar, 500 μm. (E) Drift measurement of PL for ~5.5 hours at a pump power of 9 mW in air.
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number of photons emitted to the number of carriers generated in
the film

ηQY ¼
number of photons emitted
number of carriers generated

ð1Þ

The PL quantum yield can be calculated according to the ABC
model shown in the following equation

ηQY ¼
Bðnp � n2

i Þ

A ðnp� n
2
i Þ

p þ Bðnp � n2
i Þ þ 2Cnðnp � n2

i Þ
ð2Þ

where A, B, and C are the Shockley-Read-Hall, radiative bimolecu-
lar, and Auger recombination coefficients, respectively; and ni and n
(p) are the intrinsic and total electron (hole) concentrations, respec-
tively. In Fig. 2B, the measured ηQY of the bP film is shown in con-
trast to the ηQY of exfoliated bP, calculated using Eq. 2 and data
reported in previous studies (9). The efficiency of bP film is
found to be higher than the compound semiconductors at higher
generation rates because of its property of lower Auger recombina-
tion coefficient (6, 8, 9, 19–23). The ηQY of the film increases from
~0.68 to 0.91% at low carrier concentration of 1–5 × 1025 cm−3. At
higher carrier concentration, ηQY decreased due to Auger recombi-
nation (24). The peak ηQY of bP film is lower to that of a exfoliated
bP flake (600 nm thick, ηQY ~ 2%), which is attributed to bP oxida-
tion and induced defects during ink formulation process (9). The
PL spectrum is independent on the polarization angle and the PL
intensity is constant within the measurement error, as shown in
fig. S5. The reflection and the transmission profiles in the MWIR
region at 10 different spots on the bP film are included in support-
ing information S6. The reproducible spectra at different spots
prove film uniformity and negligible spot-to-spot variation. The ab-
sorbance of the bP film, calculated from the averaged reflection and
transmission, is shown in Fig. 2C. It can be deduced from this figure
that bP ink film absorbs wavelengths longer than ~4.2 μm (0.29 eV),
which is the band edge of bulk bP and a property of thick bP flake
(5). As evidence of the presence of a minor quantity of oleyl amine
in the film, its characteristic absorption peaks at ~3 μm (3231 cm−1),
~3.4 μm (2927 cm−1), and ~3.5 μm (2850 cm−1) are observable in
these data (25). The absorption profile of bP solution without oleyl
amine is also presented for comparison to find no signature of oleyl
amine peaks. To investigate the PL uniformity, the sample was
raster-scanned over an area of ~3.7 mm by 3.7 mm with a step
size of 50 μm. The integrated PL (total counts of the spectrum) at
each of those spots was normalized such that 0 and 1 indicate zero
(no PL) and maximum signal (of all the data points), respectively.
These data are illustrated in Fig. 2D, substantiating film uniformity
over a large scale. Because bP is air-sensitive, the PL of bP ink film
was checked for several hours to examine the drift in air (Fig. 2E).

Because the bP ink has high emitting efficiency, it was used as a
MWIR phosphor on a red commercial LED that has electrolumines-
cence (EL) peak energy higher than bP bandgap and can serve as a
pump to the bP film, schematically shown in Fig. 3A. To illustrate
this concept, bP was drop-casted on millimeter-sized LEDs emitting
at a peak wavelength of 660 nm, as presented in Fig. 3B. The EL
spectrum is shown in Fig. 3C, which is consistent with the PL spec-
trum (Fig. 2A). The EL spectra were collected using a similar lock-in
detection technique to the PL spectrum, as described in Materials
and Methods. The spectrum intensity increases as more current is
injected into the device, with an external quantum efficiency (ηEQE)

of ~0.27%. ηEQE is defined as the ratio between the number of de-
tected photons and the number of electrons injected into the device

ηEQE ¼
number of detected photons
number of injected electrons

¼
P=ðhc=λÞ

I=q
ð3Þ

Here, h is Planck’s constant, c is the speed of light, P is total detected
optical power, I is the injected current, and λ is the wavelength of the
emitted photons. The total power output from this integrated bP
ink/LED device was also analyzed as a function of the input
power and is plotted in Fig. 3D. When excited with a high power
laser instead of LED, the PL quantum efficiency monotonically in-
crease up to the generation rate of 6 × 1025 cm−3 s−1 (Fig. 2B), al-
though it turn to decrease at even higher generation rate due to the
Auger recombination. Thus, the output power of bP-phosphor LED
could saturate at such a high excitation regime.

To make large-scale efficient heterostructure LEDs based on
charge injection, we used an electron transport layer (ETL) and a
hole transport layer (HTL) along with the anode and cathode, a
concept common in organic LEDs and quantum dot LEDs (QD-
LEDs) (26). We have demonstrated proof of concept of MWIR
large-scale bP-LEDs by spin coating large areas with poly(3,4-ethyl-
enedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and zinc
oxide (ZnO) selected as HTL and ETL, respectively. This is in
stark contrast to the design structure conventionally used for bP-
LEDs constituting of vertically stacked heterojunction with the elec-
tron injection layer of mechanically exfoliated MoS2 or WS2, whose
active area was limited to a micrometer scale. For the hole (bottom)
and electron (top) contact, Au and indium tin oxide (ITO) were
chosen, respectively. A thin film of ITO was used as the top elec-
trode due to its optical transparency in the bP emission region.
The schematic representation of the LED structure is shown in
Fig. 4A, and the energy band diagram in Fig. 4B is represented
using energy levels documented in previous studies (26–28). De-
tailed device fabrication procedure and SEM cross-sectional
images are included in Materials and Methods and supporting in-
formation S7, respectively. An image of a typical chip with devices is
shown in Fig. 4C, where the three gold lines are the bottom hole
contacts for three different devices. The emitting device area is ~1
mm by 1 mm, where the Au lines overlap with bP film and visible to
the naked eye, unlike a typical bP-LED that has an emitting area less
than 1000 μm2. Figure 4D shows typical current-voltage (I-V ) char-
acteristics exhibited by one of these devices. The LED produces EL
when forward-biased, with increasing output intensity as the inject-
ed current density is increased, as shown in Fig. 4E. The variation of
ηEQE from device to device was found to be low and ranged between
0.02 and 0.05%. These efficiencies of the champion device and the
bP ink–phosphor LED are benchmarked against the state-of-the-art
QD-LEDs emitting in the bP energy range, based on materials such
as Pb-CdS, InAs-ZnSe, Pd, PbSe, and HgTe (29–39). As shown in
Fig. 4F, these LEDs have efficiencies comparable to the QD-LEDs
with similar design and peak emission region. Admittedly, the effi-
ciency is lower compared to the state-of-the-art QD-LED, but given
the high roughness of the bP film, the light outcoupling efficiency is
one of the constraining factors, apart from the optimization of the
device structural design. The internal quantum efficiency (ηIQE) of
this charge-injection device, which is the number of internally gen-
erated photons, is determined to be ~0.9% by accounting for losses
in light outcoupling using optical simulations discussed in
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supporting information S8, along with the experimental results

ηIQE ¼
number of total photons

number of injected electrons
ð4Þ

Because of the light-absorbing properties of bP film, the device
shown in Fig. 4A for LED application can also be used as a photo-
detector but in reverse-bias configuration. This is validated from the
spectrally resolved photoresponse of the device at different reverse
bias conditions, shown in Fig. 5B. The peak MWIR photorespon-
sivity of the device is found to be 22 and 47 mA/W at a reverse bias
of 2.5 and 5 V, respectively. The responsivity monotonically in-
creased as the applied reverse bias (Fig. 5C). The photoresponsivity
as a function of incident light intensity (η = 638 nm) was examined
at reverse biases of 1, 3, and 5 V, as shown in Fig. 5D. The respon-
sivity decreased as the incident light intensity increase, which cor-
roborated that the higher light power results in lower
photoresponsivity attributed to electron-trap saturation and in-
crease in nonradiative recombination. Here, note that the film
thickness was optimized to 1.5 to 10 μm to prevent the pinholes
that is critical for the vertical structure, although further process op-
timization will be desired to achieve the film thickness of several
tens to hundred nanometers optimal for the detector performance
suppressing the dark current. The details on photodetector-related
measurements are discussed in Materials and Methods.

In conclusion, we have demonstrated a formulation of bP ink
that can be dip pen–printed or spin-coated. We show that these
films match the high optoelectronic performance attributes of a
bP flake while also offering a substantial advantage of scalability.
We fabricate multiple device structures to demonstrate the opto-
electronic properties of this large-area bP film including a bP-phos-
phor LED as well as a MWIR direct light emitter based on the
integration of bP ink with carrier transport layers. Moreover, we
present photodetectors based on these bP inks that show high re-
sponsivity to infrared light due to the high absorption of these
films. For future work, other ETLs or HTLs that will further
improve the LED efficiency and strategies to improve light absorp-
tion in the photodetectors should be explored. Encapsulation tech-
niques to prevent degradation of air-sensitive bP ink with oxides,
2D materials, and organics can prove to be useful as well (40, 41).
The future topics should be valuable given the tremendous potential
of bP to serve as the leading candidate for next-generation MWIR
electronics.

MATERIALS AND METHODS
Formulation of bP ink and spin-coating process
A schematic of the ink formulation process is shown in fig. S1. First,
the bP (Smart Elements) crystal was crushed in a mortar and pestle
into a powder form, of which around 5 to 20 mg was added to a glass

Fig. 3. bP ink as MWIR phosphor. (A) Schematic of bP as phosphor on red LED. (B) Image of bP ink film as a phosphor on a commercial-red LED. (C) Electroluminescence
(EL) from the bP-LED shown in (B) at injected currents 10, 25, and 50mA at the bP emission peak of ~0.33 eV. a.u., arbitrary units. (D) Optical power output from the bP-LED
as a function of total electrical power injected.
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vial along with anhydrous NMP (1.5 ml). The solution was ultraso-
nicated with the 150-W Cole Parmer Ultrasonic Processor for a total
duration of 30 min at a 60% amplitude and 50% duty cycle. The
solution was then subjected to centrifugation at a speed of 8000
rpm for 30 min in 5-ml-sized plastic vials. The supernatant was
removed, and 2.5 ml of toluene was added to the vial. An important
note here is that not all the supernatant is removed. A few microli-
ters of bP in NMP is left intentionally to improve the dispersibility
of bP in the final solution. Removal of most of supernatant revealed
that the bP particles start crashing in toluene. Following addition of
0.25 ml of toluene, 150 μl of oleyl amine (Sigma-Aldrich) was added
to the same vial and then bath-sonicated for 30 s. This solution was
again centrifuged at a speed of 8000 rpm for 3 min, and, then, the
supernatant was removed to add 0.25 ml of toluene. This was fol-
lowed by final bath sonication of the ink for 30 s, and, then, the ink
was ready to be spin-coated. The bP flake thickness in the ink ranges
between 5 and 150 nm with a lateral area of less than 1.5 μm2, as
shown in fig. S2. Quartz substrates sized ~5 mm by 5 mm were man-
ually cut using a scriber and precleaned using deionized water,
acetone, and isopropyl alcohol (IPA) before the spin coating. Ink
was then spin-coated on the chip at a constant speed of 300 rpm
and was allowed to dry for 1 to 5 min at room temperature. The
slow speed during the spin coating enabled for the solution to
stay on the chip.

PL and EL characterization
A laser diodewith an emitting wavelength of 638 nm (Thorlabs) was
used as the excitation source for the PL measurements, which was
controlled by a laser diode controller (LDC500, Thorlabs). Voltage
generated by a function generator (Agilent 81150) at a frequency of

5 kHz and 50% duty cycle was sent to the laser diode controller to
modulate the excitation light. The light from the laser was then re-
flected by a mirror installed at the obscured center of the reflective
objective and focused onto the sample. The light from the sample
was directed to a Fourier transform infrared (FTIR) spectrometer
(iS50, Thermo Fisher Scientific) through the 15× reflective objec-
tive. A HgCdTe (MCT) detector (liquid N2–cooled) was used to
detect the infrared signals together with a beam splitter of CaF2.
The signal from the detector was then locked-in using a lock-in am-
plifier (SR865, Stanford Research Systems) at the modulation fre-
quency of the excitation laser. The output signal from the lock-in
amplifier (separated signal from the thermal background) was
then sent to a low-noise voltage preamplifier (SR560, Stanford Re-
search Systems) and then lastly to the oscilloscope. Thereafter, the
data were acquired from the oscilloscope and processed using fast
Fourier transform in a custom-built LabView program. In the
program, the raw signal as an interferogram in the time domain
was converted to the frequency domain to collect the spectrally re-
solved PL.

For EL, same process was carried out, with the difference that
instead of the red excitation laser. To modulate the EL device, a
voltage-controlled current source (CS580, Stanford Research
Systems), which was modulated by the function generator, was
used to inject the current into the device. For the EL measurements,
devices were wire-bonded in a 24-pin chip carrier in a Janis cryostat
evacuated to a base pressure < 10−2 torr.

Further details on the measurement and calibration of output
power can be found in our previously published work (6, 7). The
absorption of the bP ink film at around the laser excitation wave-
length of 638 nm was measured to be 80%. The internal quantum

Fig. 4. LED based on heterostructure with bP ink. (A) Schematic showing the top-emitting LED cross section. (B) Energy band diagram showing electron and hole
transport. (C) Photograph of the chip containing three devices. Scale bar, 1 mm. The device emitting area (~1 mm by 1 mm) is marked with a yellow boundary line and
located in the area where the bottom gold electrode overlaps with the bP film. (D) I-V characteristics of the device. (E) EL from the device at a peak emission of 0.33 eV at
injection currents of 2, 4, 6, and 8 mA. (F) External quantum efficiency (ηEQE) of the MWIR emitting bP heterostructure and bP-phosphor LED benchmarked against state-
of-the-art QD-LEDs.
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yield (ηQY) was calculated using the external quantum yield (ratio of
the detected photons to generated carriers) and the 4n2 light trap-
ping factor (42). The red LED used for bP-phosphor experiment in
Fig. 3 was purchased from Digikey (Luminus SST-20-DR Gen 2).

Device fabrication
The devices were made on quartz substrates sized ~5 mm by 5 mm,
which were first cleaned with water, acetone, and IPA. Ti (10 nm)
and Au (100 nm) were evaporated on the chip for electrodes and
patterned on the chip using shadow masking. The spin-coating
process of PEDOT:PSS (Clevios P VP AI 4083) was a two-step
one, with 2500 rpm for the first 30 s and 4000 rpm for the next 1
min. It was seen that this process resulted in a thickness of 20 nm.
The chip was then annealed at a temperature of 170°C for 15 min.
Then, the bP ink was spin-coated at 300 rpm, and the chip was then
annealed in a N2-filled glove box at 100°C for 1 hour. Then, Kapton
tape was used to mask the bottom Au electrodes. Subsequently, ~1
ml of ZnO (Sigma-Aldrich) was dynamically spin-coated on the
chip at a speed of 2000 rpm, which resulted in a thickness of ~1.8
μm. Last, 20 nm of ITO was sputtered followed by removal of
the tape.

Photodetector characterization
The photodetector measurements were done with the devices in a
vacuumed chamber with the internal light source of the FTIR
focused onto the emitting area with a 15× Schwarzschild objective.

The photocurrent from the devices was inputted to a current ampli-
fier (Stanford Research Systems), which also provided the bias
voltage. The photodetector response at different light intensities
was done using a red laser of 638 nm (Thorlabs), focused onto
the device emitting area, and modulated at 5 kHz. The photocurrent
from the device was directed to the current amplifier and locked-in
at the laser frequency. The responsivity was calibrated using a Na-
tional Institute of Standards and Technology (NIST) traceable Ge
photodiode (Thorlabs) with known responsivity in place of the
devices for all the measurements.
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