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ABSTRACT: To date, defect-tolerance electronic structure of lead halide
perovskite nanocrystals is limited to an optical feature in the visible range.
Here, we demonstrate that IR sensitization of formamidinium lead iodine
(FAPI) nanocrystal array can be obtained by its doping with PbS
nanocrystals. In this hybrid array, absorption comes from the PbS
nanocrystals while transport is driven by the perovskite which reduces the
dark current compared to pristine PbS. In addition, we fabricate a field-effect =
transistor using a high capacitance ionic glass made of hybrid FAPI/PbS

—PbS
R light . — FAPIPbS
3 S FAPIPbS
'-oa +resonator|
IR absorbing perovskite 51 | \
: 21~
R S N
— = r T\
Guided mode resonator L\

1 2
Wavelength (um)

nanocrystal arrays. We show that the hybrid material has an n-type nature
with an electron mobility of 2 X 107> cm?® V™' s™'. However, the dark current reduction is mostly balanced by a loss of absorption.
To overcome this limitation, we couple the FAPI/PbS hybrid to a guided mode resonator that can enhance the infrared light

absorption.
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B eyond their bright luminescence in the visible, nanocryst-
als (NCs) have raised interest for the design of
optoelectronic devices and especially for infrared (IR)
sensors.' ™ Particularly, lead chalcogenides have attracted
much attention for the design of solar cells collecting the
near-infrared (NIR) part of the solar spectrum.*”® However,
over recent years solar cells based on PbS colloidal quantum
dots (CQDs) have been challenged by the growing
competition of perovskite materials. While PbS CQD solar
cells achieved competitive short circuit current, the trap states
lead to a reduced open circuit voltage”® (0.6 V which is half of
the band gap), limiting their power conversion efficiency.

Lead halide perovskites present a defect-tolerant electronic
structure, which accommodates the presence of dangling
bonds on the NC surface. This property facilitates solar cells
with large open circuit voltageg_11 (>1 V) and leads to high
photoluminescence efficiencies without shells passivating the
surface.'”'” Despite this success, the band gap of lead halide
perovskite solar cells remains large which prevents the
absorption of the NIR part of the solar spectrum. Alternatively,
replacing lead by tin allows the reduction of the band gap, but
it also reduces the material stability.'* So far, reducing the band
gap of perovskite materials to enable their absorption in the IR
range appears as a major limitation in the field.

To address the IR range using formamidinium lead iodine
(FAPI) perovskite NCs we incorporate PbS NCs. The strategy
of mixing PbS CQDs with thin films (bulk) of perovskite has
already been explored,"” ™" either to push the absorption'®™**
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of the material toward the IR or as a way to achieve NIR light-
emitting diodes.”* Here, we use an all-nanocrystals-based
approach and push the final material absorption up to the
short-wave IR (1.5 ym at the absorption peak). By pushing the
IR sensitization toward longer wavelength (1.7 ym) compared
to previous work (around 1.2 pum), we can anticipate a greater
role of the interface band offset between the two
materials.'>~*’ In addition, coupling of PbS CQDs with
perovskite (bulk) matrix was achieved via epitaxial connection
between two materials;'® thus, wave function in the PbS was
leaking into the perovskite, affecting the optical spectrum.
Here, by mixing two populations we can independently tune
their band gap. To benefit from such hybrid structures, the loss
of absorption that originated from the FAPI needs to be
balanced by lower dark current. To reach this goal, we
demonstrate that the ratio of FAPI needs to be above the
percolation threshold of the PbS CQDs. In this case, the
transport is driven by the “wide” band gap of FAPI that
reduces the dark current with respect to pristine PbS.

To probe transport in this hybrid material, we use a field-
effect transistor (FET) configuration. However, so far there is
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Figure 1. (a) Transmission electron microscopy (TEM) image of FAPI NCs. (b) Absorption spectra of FAPI and PbS NCs. (c) TEM image of
PbS NCs with a band edge at 1500 nm (after synthesis). (d) High-angle annular dark-field STEM image of a FAPI/PbS mixture. FAPI have a
characteristic square shape, while PbS are small spheres. (e) Absoprtion spectra of FAPI/PbS mixture with various PbS ratios. (f) Photoemission
signal relative to the valence band for FAPI, PbS, and FAPI/PbS (35% PbS content). Inset is a band diagram for FAPI and PbS NCs. The Fermi

energy is set at 0 eV.

no report for perovskite NC-based FET. Conventional
dielectrics have been unsuccessful to displace the Fermi level
close to the valence and conduction band, likely due to the
Fermi level position located at the middle of the gap.***°
Alternative attempts based on electrolyte gating result in the
dissolution of the ionic perovskite NCs. Here, we use a high
capacitance gate made of ionic glass, enabling us for the first
time to extract the field effect mobility of a perovskite NC film.
Finally, we introduce a plasmonic resonator based on guided
modes to improve the IR absorption in FAPI/PbS hybrid film.
Introduction of such guided mode resonators”” (GMRs) not
only enhances the absorption of the film above the one of
pristine PbS but also generates electrical gain.”® Therefore we
are able to improve the detectivity by 1 order of magnitude,
compared to the film of pristine PbS.

We demonstrate IR sensitization of a perovskite NC array by
doping them with PbS NCs. FAPI has been selected as the
perovskite host matrix. This choice is a good trade-off between
the material stability and the band gap value. The latter needs
to be larger than the one of the IR absorbing PbS NCs to
reduce the thermally activated carrier density associated with
dark current. However, a wide band gap will prevent an
efficient charge transfer from the IR sensitizer to the perovskite
host matrix due to the presence of large energy offset. FAPI is
synthesized using the procedure given by refs 24 and 29,
leading to a 750 nm (1.65 eV) band edge energy with a bulk
like absorption spectrum; see Figure 1b. The FAPI particles
show a cubic shape according to transmission electron
microscopy (Figure la).

PbS NCs are grown’’ with a band edge appearing at 1.5 ym
(0.82 eV), which is slightly bluer than the targeted detection
wavelength (1.55 ym) to account for the redshift occurring
when the material is processed under film form and its ligands
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are stripped off. PbS NCs have a spherical shape; see
transmission electron microscopy (TEM) image in Figure Ic.

When a fresh solution of FAPI is mixed with PbS NCs, we
observe an absorption (Figure le) which presents contribution
from the two materials with both an edge in the short wave
infrared (SWIR) at 1.5 ym and a slope disruption resulting
from the FAPI host matrix around 750 nm. This confirms that
the two materials are preserved after mixing. Electron
microscopy (Figure 1d) and energy dispersive X-ray spectros-
copy (Figures S1 and S2) results also support the mixing of the
two materials at the nanoscale.

To further explore the electronic structure of the hybrid
material, we use X-ray photoemission spectroscopy. A
complete analysis of the core levels for the pristine materials
and the hybrid material is given in Figures S3—8. No shift of
the core level binding energy has been noticed, revealing that
(i) material integrity is preserved after mixing and (ii) no
charge transfer occurs between the two materials under dark
condition.

The PbS prepared under such condition is found to be quasi
n-type degenerated’’ (i.e, Fermi level lies very close to the
conduction band), while for FAPI the Fermi level is deep into
the band gap.”* We determine it here to be located on the n-
side (i.e., upper part of the conduction band) suggesting some
degree of fluctuation from sample to sample. The band
alignment between PbS and FAPI is found to be type I, see the
inset of Figure 1f. The probing of the valence band state by
photoemission clearly indicates that the valence band state in
the mixture corresponds to PbS, see Figure 1f.

We then deposit the materials onto electrodes in order to
measure their transport properties and demonstrate the IR
sensitization of the perovskites. The ligands of the hybrid
material are exchanged by dipping the film into a solution of
lead acetate in ethyl acetate."”** I-V curves under illumination
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Figure 2. (a) I-V curves under illumination for a low (10%) PbS content film made of FAPI/PbS NCs. The inset provides the power dependence
of the photocurrent. (b) I-V curves under illumination for an intermediate (35%) PbS content film made of FAPI/PbS NCs. The inset provides
the power dependence of the photocurrent. (c) I—V curves under illumination for a PbS NC film. The inset provides the power dependence of the
photocurrent. (d) Photocurrent spectra for films made of FAPI/PbS NCs with various PbS contents. (e) Dark current and responsivity as a
function of the PbS content for films made of FAPI/PbS NCs. (f) Ratio of the photocurrent over the dark current for films made of FAPI/PbS
nanocrystals as a function of the PbS content. For panels a—c, e, and f, the illumination is done by a 1.55 um laser diode.

at 1.55 pm are given in Figure 2a—c for various PbS content.
As expected from its band gap value, the pristine PbS is
photoconductive under IR illumination (Figure 2c). Similarly,
when the PbS ratio becomes low, almost no current
modulation is obtained in the IR (Figure 2a). This picture is
consistent with the photon energy (0.8 eV) being smaller that
the band gap of the perovskite (1.65 eV). For intermediate PbS
content, we observe a clear IR photocurrent modulation
(Figure 2b). The PbS content also affects the material time
response, and we found that the very low PbS content has a
slow response, consistent with a bolometric effect. Once PbS is
introduced, the response fastens, see Figures S9 and S10, but
while the pristine PbS also presents a slow contribution (likely
from traps) the hybrid response only presents a single fast
contribution. To confirm that the response is induced by the
PbS absorber, we measure the photocurrent of the hybrid
material for various PbS contents and we clearly observe that
the IR photoconduction follows the absorption of PbS, see
Figure 2d.

In Figure 2e,f, we follow how the dark conduction, the
responsivity, and the light-to-dark current ratio are influenced
by the PbS content in the FAPI host matrix. Two regimes are
clearly observed. When FAPI is introduced into pure PbS, we
observe a reduction of the dark conductance due to the wider
band gap nature of FAPI which has less thermally activated
carriers. The material also contains less absorbers which lead to
a decrease of the responsivity. Nevertheless, responsivity does
not drop as fast as the dark current. At very low PbS content,
the IR absorption becomes too weak due to the lack of
absorbing dopants. As a result, there is an optimal doping

4001

value, maximizing the light to dark current modulation, see
Figure 2f,, with the latter being around 35%. In the following,
this PbS ratio will be used for the hybrid material.

To further understand the electronic structure and charge
transfer into this hybrid material, we then design a FET
configuration. While FET has been reported for perovskite thin
films,”* ™ this tool is still lacking for perovskite NCs.

To obtain a high capacitance gate, we use an approach based
on ionic glass. In such glass, the application of an electric field
on the substrate can displace vacancies to the surface of the
material and generates a polarization.”® Here, we utilize a LaF,
glass which has been successful for the gating of 2D
materials’*** and narrow band gap NCs films.””*’ This
gating approach combines two key advantages with respect to
the colloidal perovskite material. First, it is a high capacitance
(400 nF.cm™) method®® with a sheet capacitance 30 times
larger than the one of a conventional dielectric and only a
factor 2—5 weaker than the one obtained from electrolyte
gating. It consequently allows strong modulation of the relative
position of the band with respect to the Fermi level. Second, it
is an all solid-state approach which prevents the perovskite
from any exposition to dissolving solvent.

Using this approach, we obtain an FET in which the scheme
is depicted in Figure 3a and whose channel is made of a
perovskite NC film doped with IR absorber. The hybrid
material appears to have the n-type nature according to the
transfer curve, see Figures 3b,c and S11. The on—off ratio
reaches 4 orders of magnitude. For the sake of comparison, for
pristine PbS NCs with the same gate, an ambipolar behavior
was reported with a 2 orders of magnitude current
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Figure 3. (a) Scheme of a field effect transistor based on a LaF,
substrate used as gate and channel made of a FAPI/PbS (35% PbS
content) NC thin film. (b) Transfer curves (drain and gate current as
a function of the applied gated bias under a constant drain source bias
set equal to 0.5 V) for the device described in panel a. (c) I-V curves
with different gate biases for the device described in panel a. (d)
Photocurrent (4 = 1.55 um; P = 4 mW) as a function of the applied
gate bias for the device described in panel a. The inset is a plot of the
current as a function of time as the light is turned on and off for two
values of the applied gate bias. The drain source bias is set at 0.5 V.

modulation.*® This change indicates the filtering effect of the
perovskite which allows the electron transfer while preventing
the hole transfer. This picture is consistent with the band
alignment obtained from photoemission. The Schottky barrier
for the electron transferred into the perovskites is weaker than
that of the hole. We have determined also the electron mobility
to be 2 X 107 cm® V™' s7". Such value was still lacking for
perovskite NC arrays. It gives an idea of the internanoparticle
coupling in a ligand-exchanged array of perovskites NCs. The
obtained value is close to the one obtained for conventional
solid-state metal chalcogenides NCs""** but remains weaker
than the state-of-the-art value obtained for phase transfer
ligand exchanges using ionic surface chemistry.">**

Interestingly, not only the dark conductance can be
modulated thanks to the gate but also the photocurrent. The
magnitude of the photocurrent can be tuned by a factor of §
with the gate bias; see Figure 3d. Also note that the magnitude
enhancement of the photoresponse comes at the price of a
slower response, see the inset of Figure 3d. In this sense, the
tunability of the photoresponse is made at quasi constant gain-
bandwidth product as commonly observed in NCs-based
phototransistors.””**

We have developed a hybrid material absorbing in the IR,
where the dark current is reduced compared to the pristine IR
material. However, the absorption of the hybrid material is also
reduced (typically by a factor of 3) compared to the pristine IR
material. To overcome this absorption drop, we introduce a
plasmonic resonator,"*” whose role is to enhance the incident
electromagnetic field onto the thin slab of absorbing material.
We choose to use a guided mode resonator (GMR).>7*%%
The resonator will generate a mode which propagates along
the film thus enabling multi passes of the light through the

absorbing semiconductor which enhances the light absorption.
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https://dx.doi.org/10.1021/acs.nanolett.0c01302
Nano Lett. 2020, 20, 3999—-4006


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01302?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01302?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Our GMR is composed of a back-side mirror in which the
role is particularly to generate a second pass of the light. On
top of the mirror, a dielectric spacer and a gold grating are
deposited; see Figure 4a for a scheme of the device. The gold
grating plays a dual role. First, it generates a resonance for a
wavelength equal to the period of the grating times the optical
index of the semiconductor. Here the targeted wavelength is
1.55 um, which corresponds to a grating period of ~#1 pm
assuming an optical index of 1.6 for the hybrid material; see
Supporting Information for more details about the design
(Figures S12—15 and S17) and fabrication (Figure S16) of the
grating. Note that the value of 1.6 reflects the presence of the
perovskite host matrix since the value of 2 is better fitting in
the case of pristine PbS. Second, this grating is used as
interdigitated electrodes for transport.

We design the GMR electrodes to maximize the absorption
of the TM mode at 1.55 ym. The obtained spectra (Figure 4d,
Figure Sb, and Figure S9) present two clear resonances in the
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Figure S. (a) Simulated absorption for a film of PbS and FAPI/PbS
mixture (35% PbS content) onto regular electrodes and FAPI/PbS
mixture (35% PbS content) onto GMR electrodes. (b) Simulated
absorption spectra for FAPI/PbS mixture (35% PbS content) onto
GMR electrodes in the TM mode, TE mode, and for unpolarized
light. (c) Experimental photocurrent spectra for FAPI/PbS mixture
(35% PbS content) onto GMR electrodes in the TM mode, TE mode,
and for unpolarized light. (d) Responsivity at 1.55 ym as a function of
the incident irradiance for PbS and FAPI/PbS mixture (35% PbS
content) onto regular electrodes, as well as FAPI/PbS mixture (35%
PbS content) onto GMR electrodes.

TM mode at 1.55 pm and at 1.3 um. There is another
resonance in the TE mode at 1.25 ym. In Figure 4e, we have
evaluated the absorption within the NCs film at 1.55 pm as a
function of PbS content into the hybrid material. For 35% PbS
content, that is, the ratio maximizing the light to dark current,
we are able to obtain an absorption around 65%, which is three
times higher than the one from the pristine PbS. In other
words, the introduction of GMR not only balances the
reduction the IR absorbers number but even overcomes its
initial value. Another important element is to examine spatial
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mapping of the absorption. The absorption in the lossy metal
will generate heat but no photocurrent. Because the antinode
of the field is located within the hybrid IR absorbing NC layer,
74% (resp 96%) of the absorption occurs in the semiconductor
for the TM mode at 1.55 um (resp for the TE mode at 1.2
um), as shown by the map of the electromagnetic field in
Figure 4b,c.

We have then quantized the effect of the GMR electrode on
the IR detection properties. Figure Sa compares the simulated
absorption spectra for the pristine PbS, the hybrid material
with optimal PbS content (35%), and the latter material
coupled to the resonator. As expected, the hybrid material is
less absorbing than the pristine PbS, but the hybrid material
coupled to the resonator is more absorbing than the pristine
PbS. In Figure Sb,c, we compare the simulated spectra with the
experimental photocurrent data. We clearly show in both cases
a polarized response with a main resonance in TM mode at
1.55 pm and a second one in TE mode at 1.25 ym. Marginal
deviation from the experiment with respect to simulation
especially in the peak line width results from the acceptance
angle of the FTIR setup used to conduct the experiment. We
can then quantize the effect of the hybrid material and GMR
electrode onto the device responsivity, see Figure 5d. As we
compare the pristine PbS with the hybrid perovskite/CQD
coupled to GMR, we identify a strong enhancement in the
photoresponse (Xx100), which is beyond the absorption
enhancement (X6). The latter is the result of electrical gain.
In the GMR electrodes, the interelectrode spacing is ~1 pm,
while it is 30 pm for the regular electrodes used for PbS. As a
result, the transit time, duration to transport carriers from one
electrode to another, is reduced, which results in electrical gain
(recirculation of the majority carriers during the lifetime of the
minority carriers).

The noise in the system has been defined as 1/f limite
see Figure S18. Regarding signal-to-noise ratio (detectivity),
we found that PbS and hybrid FAPI/PbS give rise to similar
values of the detectivity (~10 Jones at room temperature and
1 kHz). In other words, loss in the absorption is balanced by
the noise reduction for the hybrid material. Once coupled to
the GMR electrode, the detectivity of the device has been
found to be 1 order of magnitude higher reaching 10'° Jones at
room temperature (at 1 kHz); see Figure S18. A second key
advantage of the hybrid material is the faster time response.
Pristine PbS is well-known to have a slow time response due to
the presence of traps,”® whereas perovskite is able to show fast
time response.”” Here, the time response is typically around 5
us, Figure S18.

To summarize, we demonstrated that hybrid perovskite NC
arrays can be sensitized by the introduction of PbS NCs for
photoconduction in the short-wave infrared. An optimal PbS
content is identified for which the PbS content is low enough
to prevent the percolation between PbS grains and let the
transport occur within the perovskite array. The mixing of the
two materials preserves their integrity and shows no evidence
for charge transfer between them in dark conditions. The band
alignment is found to have a type I nature with states in the
vicinity of the Fermi level being PbS-like. Thanks to the ionic
glass gating, we build an FET and demonstrate an n-type
nature with an effective electron mobility of 2 X 107> cm* V™
s™! for the doped NC array. Last, we proposed that the light
matter coupling within the hybrid material can be improved
with GMR electrodes. The resonator can enhance the
absorption up to 3 times compared to pristine PbS. The
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final device made of IR sensitized perovskite presents a
detectivity more than a decade higher than pristine PbS and a
significantly faster time response (5 ps compared to the 200 us
for the PbS only). This work paves the way for the integration
of perovskite for infrared optoelectronics, which will bring the
benefit of the defect tolerance toward longer wavelengths.
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