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Abstract

Narrowband photodetectors conventionally rely on optical structure design or
bandpass filters to achieve the narrowband regime. Recently, a strategy for
filterless narrowband photoresponse based on the charge collection narrowing
(CCN) mechanism was reported. However, the CCN strategy requires an elec-
trically and optically “thick” photoactive layer, which poses challenges in con-
trolling the narrowband photoresponse. Here we propose a novel strategy for
constructing narrowband photodetectors by leveraging the inherent ion migra-
tion in perovskites, which we term ‘“band modulation narrowing” (BMN). By
manipulating the ion migration with external stimuli such as illumination,
temperature, and bias voltage, we can regulate in situ the energy-band struc-
ture of perovskite photodetectors (PPDs) and hence their spectral response.
Combining the Fermi energy levels obtained by the Kelvin probe force micros-
copy, the internal potential profiles from solar cell capacitance simulator simu-
lation, and the anion accumulation revealed by the transient ion-drift
technique, we discover two critical mechanisms behind our BMN strategy: the
extension of an optically active but electronically dead region proximal to the
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1 | INTRODUCTION

Narrowband photodetectors with high selectivity to
a specific wavelength play a crucial role in applications
such as multi-color imaging, machine vision, biomedi-
cal imaging, and optical communications. Various
strategies have been developed to achieve narrowband
photodetection, including filtering methods'™ that utilize
optical bandpass filters in combination with broadband
photodetectors, and nonfiltering methods such as exclu-
sive absorption in the target spectral range determined by
their intrinsic properties,”® the plasmonic effect,” or
charge collection narrowing (CCN) effect.**™'" Although
commercial narrowband photodetectors based on the fil-
tering methods offer narrow full width at half maximum
(FWHM) responsivity, they suffer from complex photode-
tector structures, high fabrication costs, high energy
losses, incompatibility with device miniaturization, lim-
ited optical resolution, and color inconsistency.12

Significant attention has recently been paid to the
CCN mechanism in perovskite-based photodetectors
(PPDs). This approach utilizes surface defect states to
trigger the Shockley-Read-Hall recombination of charge
carriers generated by short-wavelength photons. A thick
photoactive layer spatially separates the surface “recom-
bination region” with a high absorption coefficient («)
and the bulk “photogeneration region” with a low-a.® To
improve the narrowband response of PPDs, researchers
have made efforts to quench short-wavelength generated
photocarriers by introducing photoactive materials with
high trap density at the front contact side via doping or
structure design, such as 2D perovskites with multi-
quantum well structures or organic macromolecules.'®"?
However, recombination losses caused by high-density
defects impact not only the short-wavelength response
but also the target long-wavelength response. Further-
more, the requirement for an electrically and optically
“thick” perovskite photoactive layer presents an addi-
tional challenge. Precise control over trap states in the
active layer to achieve the desired narrowband response
remains elusive.

Here we report a new mechanism for narrowband
photodetection, termed band modulation narrowing

top electrode and the down-bending energy bands near the electron transport
layer. Our findings offer a case for harnessing the often-annoying ion
migration for developing advanced narrowband PPDs.

band structure, ion migration, narrowband detection, perovskite, spatial distribution of

(BMN), by utilizing ion migration to deliberately manipu-
late the energy band structure of PPDs and hence their
spectral response. Applying external stimuli, such as illu-
mination, temperature, and bias voltage, we can control
the ion migration profile in the PPDs, forming a flat
energy band with an optically active but electronically
dead (OAED) region proximal to the incident electrode
and the down-bending energy band adjacent to the elec-
tron transport layer. We then show that the energy-band
diagram, photon absorption bandwidth, and charge col-
lection in the device can be spatially adjusted to achieve
the desired narrowband photoresponse. The BMN strat-
egy offers efficient control over the response characteris-
tics and performance of PPDs by reconfiguring the
OAED region and energy band structure within the
device.

2 | FABRICATION AND
CHARACTERIZATION OF SELF-
FILTERLESS NARROWBAND PPDs

Halide perovskites are known to exhibit ion migration
under voltage bias'*"” or light irradiation'®'” due to their
low activation energy (E,). Ion migration is generally
considered detrimental to perovskite-based photoelectric
devices such as solar cells, as it leads to hysteresis,"®"’
open-circuit voltage decay,” and performance degradation.
On the other hand, this process was also reported to
be responsible for healing solar cells through the
“light soaking effect”**** and for fast switching of mem-
ory devices.”*** Ton migration reconfigures the ion distri-
bution and internal potential profile and hence
influences the optical absorption and carrier-generation
characteristics of devices.”**°"*® The absorption depth of
photons depends on the absorption cross-section, a,
(known as Beer-Lambert law); the latter, on its own,
varies for different wavelengths. We posited that ion
accumulation at the interface creates an electric field in
the PPDs, leading to band modulation and an asymmet-
ric distribution of space charges generated by short-
wavelength and long-wavelength photons. Consequently,
coupling the spatial distribution of photon absorption

21,22
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and the band structure is expected to manipulate charge
collection and separation efficiencies, as well as the
response window of PPDs; this is the central focus and
objective of this work and will be demonstrated in the
subsequent sections.

The perovskite films were fabricated by a home-built
aerosol-liquid-solid (ALS) deposition method,”*~*! which
can control the thickness of the perovskite film from nano-
meter to micrometer scale by varying the number of deposi-
tion cycles; and fabricate films with varying compositions
by adjusting the chemistry of feed solution. The top-view
scanning electron microscopy (SEM) image of ALS-
deposited MAPbI; (MA = methylammonium) perovskite
film shows a smooth surface and large grain sizes
(Figure 1A and Figure S1). The x-ray diffraction (XRD) pat-
tern shows peaks at 26 values of 14.2°, 20.1°, 28.6°, 31.6°,
and 32.0°, corresponding to the (110), (200), (220), (114),
and (310) planes of the tetragonal structure of MAPbI;
(Figure S2). Notably, the (110) diffraction peaks are domi-
nant in the perovskite thick films, demonstrating a preferen-
tial growth along the <110> crystallographic direction.****
The corresponding transmittance spectrum and photolumi-
nescence spectrum are presented in Figure 1C. The asym-
metric and red-shift photoluminescence spectrum is

caused by the photon recycling effect in the thick perov-
skite film.>**

The as-prepared perovskite films were then used to
construct the p-i-n type PPDs in FTO/NiO,/perovskite/
PCBM/PPDING6/Ag architecture, where PCBM is phenyl-
Cé61-butyric acid methyl ester and PPDIN6 is amino-
functionalized perylene diimide polymer (Figure 1D). A
thin PPDIN6 layer was used to modulate the cathode
interface and inhibit the inward diffusion of Ag" and out-
ward diffusion of I~ toward the top Ag electrode.’ The
perovskite film was ~25pm thick as shown in
Figure S3. The device operates without external bias
unless otherwise noted. Figure 1E presents the EQE
spectra of the fabricated PPDs before and after illumi-
nation. The PPD after illumination exhibits a dominant
narrow peak at 790 nm with FWHM less than 16 nm,
which is in strong contrast to the typical broadband
response observed before illumination treatment. Spe-
cifically, the PPDs after light illumination suffered a
tremendous EQE loss from 300 to 770 nm but
maintained ~60% of the reference device EQE value at
790 nm, resulting in a wavelength selective narrow-
band photoresponse with a peak EQE of ~21%. After
the device was stored in the dark for over 2 h, the
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Fabrication and characterization of filterless narrowband PPDs. (A) Top-view SEM image of MAPbI; perovskite film

fabricated by ALS method. (B) XRD pattern of MAPbI; perovskite film. (C) Normalized transmittance spectrum (dotted lines) and
photoluminescence spectrum (solid lines) of MAPbI; perovskite film. (D) Device architecture of the p-i-n type self-filtering narrowband PPD
with NiO,/PCBM, PPDING, and Ag acting as the hole/electron transport layers (HTL/ETL), interfacial layer, and counter electrode,
respectively. (E) EQE spectra of the as-fabricated pristine MAPbIs-based PPD, the device tested after illumination for 10 min, and the device
tested after recovering in the dark for 2 h. (F) Specific detectivity of MAPbI;-based self-filtering narrowband PPD. Inset: Noise spectrum of

the PPD and the system noise of the noise meter.
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responses from the short-wavelength region were
restored albeit not exactly to the original level. We also
fabricated the PPDs based on other perovskite materials
(Figures S4, S5), including hybrid perovskites (such
as MAPbCl;, MAPbBr;, MAPbLBr; ,, MAPbBr,Cl; .,
FAMA,_,Pbl;) and all-inorganic perovskites (such as
CsPbBr;, CsPbLBr;_,). All these devices presented a con-
trollable photoresponse (Figure S5), since ion migration is
inherent to halide perovskite materials. Our other related
work®® based on this strategy was focused on the inten-
tional introduction of excess ions into the perovskite to
increase the mobile ion concentration and thus to reduce
the ion migration barrier (Figure S5D).

We then measured the PPDs' current-voltage (I-V)
characteristics, specific detectivity, response speed,
and stability. The asymmetric behavior of the I-V
curves in the dark and under illumination at 790 nm
indicates high rectification characteristics and the for-
mation of a photodiode structure (Figure S6). The shift
in the minima of the dark I-V response is due to ion
migration and accumulation at the interfaces under
bias.?”*® The total noise currents (i) were obtained
from a fast Fourier transform of dark current as a func-
tion of time at 0 V bias. The specific detectivity (D*)
can be calculated from the noise equivalent power
(NEP) according to

In
NEP=— 1
2 1)

pr =AY )

NEP

where A is the active area of the photodetector and Afis
the bandwidth.

As displayed in Figure 1F, flicker noise (1/f) domi-
nates the noise current in the low-frequency range.
The total noise current of PPD approaches the shot noise
limit (3.56 x 10** A Hz "?) and becomes frequency-
independent in the high-frequency range. The NEP of the
PPD at 790 nm was calculated to be 2.74 x 10~ '* W Hz /2
at a modulation frequency of 4 kHz. The D* reaches the
maximum of 1.46 x 102 Jones (cm Hz"?> W™1) as shown
in Figure 1F. We then estimated the linear dynamic range
(LDR) which can describe the response range of the varied
incident light intensities (Figure S7):

LDR =20 log ﬁma" (3)

min

where J.x and J;, are the maximum and minimum of
the photocurrent density in the region of linear
photosensitivity.

The Jyax and Jy,i, were measured to be 6.85 x 10>
and 1.71 x 10~° A cm ™2, respectively. The LDR of the
p-i-n type PPD based on MAPbI; exhibited a value of
92 dB in the light density range from 0.549 W cm ™ * to
4.53 yW cm ™% The linear relationship of photocurrent
versus light intensity manifests the ability of the PPDs to
detect light across a large intensity range. The rising and
falling time of the narrowband PPDs, that is, the time for
the photocurrent to increase from 10% to 90% of the peak
value and decrease from 90% to 10% of the peak value,
were estimated to be 2.71 and 3.41 ms, respectively
(Figure S8). The PPDs without encapsulation in ambient
air with a relative humidity of ~60% present excellent
stability after over 5000 ON/OFF cycles under illumina-
tion at 790 nm (Figure S9). In addition, 84% of the initial
photocurrent of the device is maintained after storage in
an N,-filled glove box for 2 weeks (Figures S10A,B).
These results demonstrate the excellent optoelectrical
properties and stability of the narrowband PPDs based on
our proposed BMN strategy.

3 | MECHANISM OF THE BMN-
ENABLED SELF-FILTERING
NARROWBAND PHOTODETECTION

When no ion migration is present, the devices are
expected to have a uniform built-in electric field (Ey;) in
the perovskite layer, pointing from the n-PCBM layer to
the p-NiO, layer at 0 V bias (Figure 2A).**~*! Due to lin-
ear potential drop, electrons and holes excited by photons
at various wavelengths can be extracted through the ETL
(PCBM) and HTL (NiO,), resulting in a broadband EQE
response (Figure 1E).** However, for the PPDs, ions drift
under Ey; across the perovskite layer and accumulate at
the interfaces (Figure 2D). This creates an ion-induced
electric field (Ejon) opposing Eyi. The Ej,, can cause an
ionic shielding effect*>** and changes the band structure
(Figure 2D). As a consequence, in the perovskite layer in
the vicinity of the p-NiO,, the net electric field distribu-
tion (Epet = Ep; — Eion) is reduced, extending the OAED
region, which is critical for reducing the photoresponse
in the short-wavelength region due to the limited diffu-
sion length of charge carriers. Simultaneously, the E,
intensifies the band bending near the n-PCBM
(Figure 2D), enabling efficient extraction of charge
carriers generated by the long-wavelength photons.

To test our hypothesis, we studied our devices by the
peak force Kelvin probe force microscopy (KPFM).
The thickness of the perovskite layer in the PPD is ~4.7 pm
(Figure S11). The measurement was conducted under open-
circuit conditions in the dark for the as-fabricated PPD
without illumination (Figures 2B,C) and for the device after
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FIGURE 2 Mechanism of BMN-enabled narrowband PPDs. (A,D) Band structure schematic showing the charge separation/collection

of p-i-n type photodetectors under short-wavelength and long-wavelength illumination before (A) and after (D) ion migration. (B,C,E,F)

Scanning probe microscopic images of as-fabricated narrowband PPDs before and after illumination. Height (B) and potential images (C) of

the fresh PPD's cross-section before illumination, and the corresponding (—CPD) line profiles from FTO to perovskite layer (C). Height

(E) and potential images (F) of the PPD's cross-section after illumination treatment, and the corresponding (—CPD) line profiles from FTO

to perovskite layer (F).

illumination for 10 min (then test at once) (Figures 2E,F).
The work functions of PPDs (®ppp) are determined by the
contact potential difference (CPD) between the Pt/Ir-coated
conductive cantilever probe and PPDs:

(Z)PPD - @probe + qx CPD (4)

where q is the elementary charge.

Equation (4) shows that the work functions are lin-
early correlated with the obtained CPD values of the
PPD. The —CPD trends in the direction from FTO to
the perovskite layer are shown in Figures 2C,F which
represent the corresponding vacuum level profiles. In
the dark, the device exhibits a continuous potential
difference of ~0.15 V (from 0.375 to 0.225 V) across
the perovskite layer from the FTO side to the n-PCBM
side (Figure 2C). However, after illumination, the
work function of the PPD displays a small fluctuation
across the perovskite layer from the FTO side, while
the Fermi energy of the perovskite near the n-PCBM
side falls sharply by ~0.19 V (from 0.325 to 0.135 V)
(Figure 2F). We can thus conclude that the observed
illumination-induced narrowband photoresponse is
attributed to the extension of the OAED region near the
p-NiO, side which limits the carrier diffusion length, while
the down-bending energy band close to the n-PCBM side
enhances electron collection.

4 | DISCUSSION

We further delve into the influence of ion migration on
the above two critical factors, and thus on the filterless
narrowband photoresponse of the p-i-n type PPDs. The
following questions should be addressed:

i. Which ions play a dominant role in the ion
redistribution process and subsequently induce the
energy-band changes in the BMN-enabled self-
filtering narrowband PPDs?

ii. How does ion migration affect the OAED layer and
further shape the EQE response of the PPDs?

41 | Detection of ion migration in the
BMN-enabled self-filtering
narrowband PPDs

Both anions and cations can migrate in perovskites, espe-
cially in the presence of defects such as vacancies, inter-
stitials, or antisite substitutions. To address the first
question above, we employed the transient ion-drift
(TID),**** which can provide qualitative pictures of ion
migration along with the nature of migrating ion species,
ion-migration activation energy (E,), migrating ion con-
centration (Nj,n,) and ion diffusion coefficient (Diopn)
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FIGURE 3 The dependence of photoresponse of BMN-enabled self-filtering narrowband PPDs on the OAED layer affected by ion

migration. (A,B) Rate-window plots of capacitance transients of MAPbI; PPDs from the transient ion drift (TID) measurements in the dark
(A) and under the illumination of a 635 nm laser (B). The different time constants ranging in color gradation reveal three ion species with
different time constants. The negative peak (X ) is assigned to the migration of interstitial I~ and the two positive peaks (A;", A,") to the
migration of MA™. (C,D) Simulated EQE versus Xpagp at the short-wavelength (450 nm) and the absorption edge (776 nm) contributed by
Jgen (C) and by ji, (D). (E-G) SCAPS device simulation of p-i-n type photodetector with and without ion migration-coupled drift-diffusion:
Simulated results: (E) Energy band diagram of the MAPbI; PPDs with different N,(PCBM); (F) EQE spectra of the MAPbI; PPDs at different
N.(PCBM); (G) Plots of EQE and SRR versus N,(PCBM) at the wavelengths of 450 and 776 nm (G). In these simulations, the acceptor
density was set to increase linearly from the p-NiO, side (N,(NiO,) = 0) to the n-PCBM side (N,(PCBM)). (H) Ten experimental EQE curves
of the MAPbI; PPDs measured successively, with each undergoing illumination treatment.

(Figures 3A,B). To start the measurement, a voltage
bias was applied on the device to collapse the depletion
layer completely, causing the mobile ions to diffuse
uniformly within the collapsed depleted region. Subse-
quently, by removing the bias, the mobile ions will
drift back to the contact interfaces under the inherent
E,;, thereby restoring the original depletion width.
During this drifting process, characteristic signals of
the capacitance transients are tracked at different tem-
peratures to reveal the ion migration. To avoid inter-
ference from ion migration behavior outside the
perovskite layer, we opted for the inverted perovskite
solar cell structure based on the architecture of
FTO/NiO,/perovskite/PCBM/PPDIN4/Ag instead of
the conventional one. As a first-order approximation,
the capacitance transients in our PPDs can approxi-
mately reflect the ion migration characteristics inside
the perovskite layer*>*” due to the inhibited dipoles at
the NiO,/perovskite interface by the diethanolamine
(DEA),*®** and the negligible interfacial defects after
passivation by the PCBM and PPDIN6.%>:°%5*

Given that both defect states (the trap states within
the bandgap that can capture and emit electrons/holes)
and ion migration (drift and diffusion of mobile ions) can
contribute to the capacitance transients, we first com-
pared the decay and rise time of capacitance for the

capture/diffusion (z;) and emission/drift (z,) processes of
the PPDs (Figures S12A,B). The decay time required to
form a uniform ion distribution after applying a forward
bias (1 V) on the PPDs is much longer than the rise time
required for the ions to drift back to the interfaces after
removing the forward bias under both dark and illumina-
tion conditions (z; >> 7,), confirming the ion-migration
origin of the capacitance transients. Otherwise, the cap-
ture process would be faster than the thermally activated
emission process (r; << 7,).*° In light of this consider-
ation, we first applied a forward bias of 1 V close to the
Ey; of the devices (0.819 eV, Figure S13) for 1 s to fully
deplete the perovskite devices and redistribute the ions,
either in the dark or under illumination. Then the capaci-
tance transients after removing the bias were recorded
(Figures S14A,B). The TID capacitance transients were
fitted to the following Equations (5-7) to find the best
global fit values for AC,(T) and 7, (see Text S1 for
details) and to finally obtain the E,, Njon, and Djqp,.

C(1,T) = Caal(T) + 3 ACA(T) exp{_—t} ()

Tn

B kgTege,

=" 6
quionND ( )

Tn
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E,
Dion = Dyg eXP(_k > (7)
B

In these equations, C(t, T) is the capacitance as a
function of time and temperature, C.(T) is the steady-
state capacitance, which can be extracted directly from
measurements at a temperature of T, AC,(T) is the capac-
itance magnitude at temperature T of the ion migration
process n, Dy, and 7, are the exponential prefactor and
time constant of the process n, respectively, kg is the
Boltzmann constant, ¢, is the perovskite relative permit-
tivity, &y is the vacuum permittivity, and Np, is the doping
density. Every ion migration pathway can be fitted with
one to three capacitance decay/rise traces under dark and
illumination conditions. Each of the exponential terms
in equation (5) represents one specific ion migration
process n.

By choosing t; = 5t,, the capacitance change trends
were extracted from Figures S14A,B as AC = C(t,) — C
(t1) in a rate-window plot. The capacitance changes can
be assigned to the migration of cations (positive trends,
that is, AC >0) or anions (negative trends, that is, AC
<0) in a p-type semiconductor,***>** as shown in
Figures 3A,B. The E, parameters were extracted from the
slopes of the Arrhenius plots according to Equation (7),
as shown in Figures S14C,D. Therefore, we assigned the
negative peak (X™) to the migration of interstitial I~ with
an E, of 0.423 €V and the two positive peaks (A;", A,")
to the migration of MA™ (E, = 0.597, 0.570 eV) instead of
H" (with a too low E, of 0.29 eV)** and Pb*" (with a too
high E, of 2.31 eV).*’ According to Futscher et al,** the
A;" and A," entail two different migration pathways of
MA™ associated with the volume change in the unit cell
at the temperatures close to the tetragonal-cubic phase
transition. This agrees with computationally predicted E,
of I (between 0.08 and 0.6 €V),>>* which is generally
lower than that of MA™ (between 0.46 and 1.12 eV).>*>°

As summarized in Table S1, the concentration of
mobile MA™ ions (7.05 x 10" cm™> for A;" and
4.77 x 10" cm > for A,*) are much higher than that of
the mobile I~ ions (4.16 x 10"* cm™>) in the dark
(Figures 3A and Figure S14C). Compared to I", however,
the relatively high activation energies of 0.597 (A;") and
0.570 eV (A,") results in a lower migration rate for MA™
ions. Indeed, the ion diffusion coefficient (Dj,n) we
obtained for I at 300 K (3.65 x 10® cm® s~ ') is one or
two orders of magnitude higher than that for MA™ ions
(5.98 x 1072 and 3.92 x 107 *° cm? s ! for A; " and A, T,
respectively), in agreement with the previous
reports.*>**>°3% 1t is noteworthy that the illumination
has significantly changed the situation. Specifically, for
the MAPbI;-based PPDs under illumination, as shown in

Figure 3B and Figure S14D, we observe a larger negative
peak (I7) than the positive peaks (A", A,") together
with the decreased E, for all ions (0.529 and 0.462 eV
for MA™, 0.314 eV for I"). The higher Nj,, and decreased
E, for all the ions under illumination attest to the
enhanced ion migration for PPDs. Notably, the concen-
tration of mobile I" ions under illumination (1.21 x 10*°
cm %) is 29 times that of mobile I~ ions in the dark
(4.16 x 10" cm™®). Meanwhile, Ni,, for the MA™ was
increased to 8.05 x 10 cm™> for A;" (substantial
increase) and 2.74 x 10" cm > for A, " (fivefold increase)
under continuous illumination at 635 nm. For the Dj,,
under laser illumination, we obtained slightly reduced
Dion for A;T (116 x 1072 cm? s™%) and I (1.86 x 108
cm? s ') but slightly increased Dj,, for A, (4.83 x 10~ '°
cm® s ). Under the illumination, one might expect an
increased D;,, caused by the reduced E,, but the reduced
entropy gain during the ion migration toward the inter-
faces counterbalances this effect.®® Thus, the resulting
change in Dy, is complex and calls for further
investigations.

We can thus conclude that the accumulation of
anions at the perovskite/PCBM interface in p-i-n-type
PPDs plays a decisive role than the accumulation of
cations at the NiO,/perovskite interface in the band
modulation and narrowband response. To challenge
our conclusion, we also fabricated n-i-p type PPDs
with the structure of FTO/TiO,/perovskite/PTAA/Ag
(PTAA = poly-triarylamine). As we expected, the nar-
rowband response was not observed after continuous
illumination for the accumulation of anions at the
TiO,/perovskite interface (Figure S15). The dominant
migration of interstitial I” with the substantially
increased Nj,, and lower E, leads to an energy band
structure opposite to what is needed for the narrow-
band photoresponse. This further supports our claim
that the I" accumulation in p-i-n type PPDs causes the
p-type doping in the perovskite absorber and bends
the band at the i-n interface, thereby leading to the
narrowband spectral response.

4.2 | The OAED region affected by ion
migration in the BMN-enabled
narrowband PPDs

In the OAED region, if the energy band is not flat but is
slanted as shown in Figure 2A, that is, there still exists a
charge-separated electric field, there will be a nonzero
photoresponse to short-wavelength photons. In previous
works, trap states were generally introduced into the
active layer, especially at the p-i interface to suppress the
photoresponse in the short-wavelength region.'®'*%
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Given that ion migration and subsequent narrowband
photoresponse have been demonstrated above, we envis-
age that the ion migration could also lead to extension of
OAED region near the light incident surface.

To simulate the dependence of EQE on the ion-
migration governed OAED layer, we constructed a model
with a simplified device structure of p-n junction
consisting of a thick p-type active layer (perovskite) and a
thin n-type layer (n-PCBM) due to the original p-type fea-
ture of our perovskite (Figure S13) and the dominant
migration species of I” (TID results). When the p-n junc-
tion is illuminated from the thick p-type layer, the EQE
of the device contributed by the minority carrier currents
(jn and j,) and the generation current (jgn) can be
expressed by®":

_jn _jp _jgen

EQE=
Q ab,

(8)
where bj is the spectral photon flux density.

jgen = _qbs(l _R)e—a(xp—wp) {1 — e—a(wp+w,,) } (9)

where R is the reflectivity, « is the absorption coefficient,
X, is the thickness of the p-type active layer, w, is the
depletion width in the p-type layer, and w, is the deple-
tion width in the n-type layer.

In the thick p-n junction device considered here, both
neutral regions are much thicker than the diffusion
lengths, and thus the minority carrier currents can be
approximated by:

o —ab1-Re o) (L2 ) g

—
|
)
=~
S

Jp® —abs(1 _R)e_a(xp+“’n) ( o ) (11)

=
-+
)

,UH

where L, and L, are the diffusion lengths of electrons
and holes, respectively. Using the electron and hole
mobility derived from the space-charge-limited current
(SCLC) method (Figures S16A,B) and the lifetime from
the time-resolved photoluminescence (TRPL),” L, and L,
were estimated to be 18.3 and 55.0 nm, respectively, both
of which are much smaller than the perovskite layer
thickness. Because the n-type layer is extremely thin
(<30 nm) in comparison with the p-type layer (>2 pm),
, is approximately zero, and the depletion region falls
entirely within the p-type layer. In contrast to the solar
cell design, which usually has a thin, highly doped p-type
layer and a thick, lightly doped n-type layer, a thick

p-type active layer is necessary for our narrowband PPDs,
as discussed above.

From Equations (10) and (11), the j, and j, show
exponential dependence on x,, and j, can be assumed to
be zero because X, is large (>2 pm) in our PPDs. It is
important to note that the neutral region in the p-type
layer is regarded as the OAED region in our device,
whose thickness is Xpagp = X, — ®p. When Xoapp is
small, j, cannot be ignored. Therefore, jg., and j, can be
rewritten as:

Jgen = —qbs(1 = R)(e” @M — e™%%) (12)
; —AXOAED aly
s —ab-Re = (L)

The simulated EQEs contributed from jg, and j, with
different xoagp are shown separately in Figures 3C,D.
Both jge, and j, at the short-wavelength (450 nm) show a
dramatic drop with the increased xpapp due to the low
penetration power of the short-wavelength photons. On
the contrary, the je, and j, at the absorption edge
(776 nm) show a relatively weak dependence on the
Xoagp because the sub-bandgap photons can penetrate
deeper into the p-type active layer. Thus, the spectral
rejection ratio (SRR) can be effectively enhanced by
increasing the xpagp.

We measured EQE spectra of MAPbI; PPDs with vari-
ous thicknesses of perovskites (Figures S17A-C) at 0 V
bias before (Figure S17D) and after (Figure S17E) illumi-
nation. All devices exhibited broadband response before
illumination but switched to narrowband response at the
absorption edge after being illuminated for 4 min. Based
on the simulation results above, we attribute this
switching to the formation of the OAED region by the
enhanced ion migration under illumination. Further-
more, the SRR increased with increasing perovskite layer
thickness from 1.9 to 23.5 pm after illumination
(Figure S17E), indicating that the Ey; is not completely
screened by the Ej,, in the OAED region under 4 min
illumination. We further performed the finite-difference
time-domain (FDTD) simulation to understand the opti-
cal field distribution in the PPDs containing a 25 pm
thick perovskite layer. As shown in Figure S18, the
observed penetration depth of light in the perovskite
layer follows the Beer-Lambert law. The photons at
wavelengths shorter than 700 nm can be mostly absorbed
when arriving at the ~0.8 pm depth from the bottom of
the perovskite layer. However, the photons at wave-
lengths around ~900 nm can penetrate much deeper to
even throughout the whole 25 pm thick perovskite film.
Therefore, the thickness of the perovskite layer has a
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significant impact on light absorption and carrier trans-
port. We attributed the remaining photo-response in the
short-wavelength region to the increased nominal diffu-
sion length of carriers caused by the photon recycling
effect in the perovskite film**®* and the imperfectly flat
energy band in the OAED region. To further quench the
photoexcited carriers in the short-wavelength region, an
even thicker perovskite layer or enhanced ion migration
effect should be considered, for example, by extending the
film deposition time (Figures 1E,H), adding excess ions,*® or
introducing other external stimuli as we mentioned in
Section 5.

To further probe the effect of ion migration on the
OAED region, we conducted device simulations with
the solar cell capacitance simulator (SCAPS) based on the
ion-migration coupled drift-diffusion model (Figures 3E-G
and Figures S19-S21). The model parameters of the p-NiO,,
MAPbDIL;, and n-PCBM layers were obtained from the litera-
ture and summarized in Table S2. The effect of acceptor
density (N,) variation due to I~ migration on the
photoresponse of p-i-n-type PPDs was investigated.
N,(NiO,) and N,(PCBM) represent concentrations of the
ions accumulated on the interfaces of perovskite. We con-
sidered three cases for the density profile N, in the perov-
skite layer: (1) uniform (Figures S19A,B), (2) linearly
increasing (Figures 3E,F), and (3) exponentially increasing
(Figures S19C,D) distribution from the p-NiO, side to the
n-PCBM side. Interestingly, the energy band and
corresponding simulated EQE spectra of the MAPbI; PPDs
present similar trends for all the three density distributions
N,. To simplify the demonstration, we set the density profile
N, in perovskite to increase linearly from the p-NiO, side
(Na(NiO,) = 0) to the n-PCBM side (N,(PCBM)) as in the
aforementioned case (2). As shown in Figure 3E, with
increasing N,, the energy band close to the p-NiO, side
becomes flat, while it drops significantly near the n-PCBM
side. This ion migration-induced energy band change is
exactly what we envisioned in Figures 2A,D. The
corresponding electric field distribution of the perovskite
layer is shown in Figure S20A, which is clearly stronger
near the n-PCBM side but gradually decreases and becomes
negligible near the p-NiO, side in the p-i-n type PPD. These
simulation results verify the effect of ion migration on the
OAED region and are consistent with the KPFM results
(Figures 2C,F). Because of this energy band change, the
EQE changes from broadband to narrowband (Figure 3F
and Figure S20B).

The ion migration can be accelerated under illumina-
tion, which explains why the photodetector shows a nar-
rowband response after illumination. To more clearly
expose the narrowband photoresponse enhanced by ion
migration, we present the simulated data in Figure 3F to
plot the N,-dependent SRR, which is defined as the ratio

between the peak EQE (1,76) and the adjacent EQE (450)
outside the target spectral range. As shown in Figure 3G,
the SRR consistently increases with the N,(PCBM)
increasing from 10" to 10" cm >, directly proving the
enhanced narrowband detection. For direct comparison,
Figure 3H shows the experimental EQE spectra under
persistent illumination. The coincidence between the
experimental and simulation results is evident, although
there are minor deviations in the magnitude of
photoresponse in the short-wavelength region, mainly
due to the default absorption coefficient settings in
SCAPS. In addition, the simulated SRR in Figure S21B
increases with the thickness of the perovskite layer which
is again in agreement with the above-presented experi-
mental result in Figure S17E.

Based on the comprehensive analysis of the exper-
imental and simulation results, we can confidently
conclude that the devices' photoresponse can be pri-
marily governed by the ion migration and accumula-
tion of negatively charged ions (interstitial I7) at the
perovskite/PCBM interface and the resulting energy
band changes in the perovskite device. By skillfully
manipulating ion migration, one can effectively regu-
late the OAED layer in the perovskite near the
p-NiO, side and induce a down-bending band near
the n-PCBM side. This effective control over the band
modulation via ion migration allows us to influence
the spatial distribution of charge carriers, ultimately
enabling the manipulation of the photoresponse in
the short-wavelength and long-wavelength regions.

5 | ACTIVE MANIPULATION OF
BMN-ENABLED NARROWBAND
PHOTODETECTION

As the ion migration dynamic in perovskites can be pur-
posely manipulated via various external stimuli, we
embarked on probing the impact of illumination, temper-
ature, and external bias on the photoresponse of the
devices and the feasibility of our proposed BMN mecha-
nism for narrowband PPDs.

51 | INlumination

Light irradiation intensifies ion migration by reducing
the ion migration barrier in halide perovskites.”"*°7 As
illustrated in Figures 4A,B, ion migration is driven by the
inherent Ey; in the dark. Under light irradiation, it is E
that drives the migrating ions to reach a new equilibrium.
Regardless of the treatment order, the narrowband
photoresponse was enhanced after illumination under
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The effects of illumination, circuit conditions, and temperature on the EQE response of p-i-n type self-filtering narrowband

perovskite photodetectors. (A,B) The EQE spectra of MAPbI; photodetector after illumination at short-circuit and then open-circuit (A),

after illumination treatment at open-circuit and then short-circuit (B). (C) The EQE spectra of MAPbI; photodetector at different
temperatures from 200 to 390 K. (D,E) Schematic showing the charge separation/collection of p-i-n type photodetectors under illumination

at open-circuit (D) and short-circuit (E).

short-circuit conditions (see I in Figure 4A and II in
Figure 4B). However, illumination under open-circuit
conditions (see II in Figure 4A and I in Figure 4B)
weakens the narrowband photoresponse increasing the
EQE in the entire wavelength range. Under the open-
circuit condition, the photoexcited electrons and holes
cannot be efficiently extracted from the device, leading to
their accumulation at the interfaces. These accumulated
carriers will generate a field that offsets the field
induced by the band alignment, resulting in a flat band
under quasi-equilibrium conditions as shown in
Figure 4D. In this case, the accumulated ions at the
interfaces will then diffuse back into the perovskite,
reducing the OAED region and increasing EQE across
the entire spectral range. This behavior resembles the
“light-soaking” effect*>°®° observed in perovskite-
based solar cells. Under the short-circuit conditions,
electrons and holes are efficiently extracted due to the
presence of Ep; in the device (Figure 4E). With
the lowered E, under illumination, ions can easily
migrate and accumulate at the interfaces, leading to an
expanded OAED region and enhanced narrowband
photoresponse.

5.2 | Temperature

Temperature plays a crucial role in affecting both electrical
and ionic conductivity. Figure 4C shows the temperature-
dependent EQE spectra of PPDs. As the temperature
increases from 200 to 390 K, the EQE response of the
MAPbBI; PPD increases and the photoresponse converts
from narrowband to broadband accordingly. This behavior
can be attributed to the enhanced conductivity and reduced
band bending with increased temperatures. When the tem-
perature goes up, the ion distribution becomes more
homogenized, causing fewer ions to pile up in the interfa-
cial regions and suppressing the photogenerated carrier loss.
Additionally, at higher temperatures, a larger number
of thermally excited electrons move from the valence
band to the conduction band, weakening the doping
effect caused by ion accumulation. The higher diffu-
sion coefficient also helps the ions diffuse back to the
perovskite bulk rapidly, which can reduce the trap
states and improve the carrier collection. We suspect
the enhanced conductivity also plays a role in reducing
the OAED region and weakening the down-band bend-
ing, thus broadening and largely enhancing the overall
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photoresponse of PPDs. Moreover, we observed a blue
shift in the photoresponse edge (Figure 4C), which is
consistent with the changes in the transmittance spec-
tra and PL spectra (Figure S22). This shift can be
explained by the broader bandgap caused by the perov-
skite lattice relaxation and the decreased overlap
between the I and Pb>" antibonding orbitals.”®""?
Next, we conducted cyclic voltammetry on the PPDs
at two different temperatures (300 and 360 K) in the dark
(Figure S23). During the positive scan from 0 to 2.1 V at
300 K, the dark current of the device remains negligible
until the applied bias surpasses V. (~1.6 V) with a large
spike (Figure S23A). The current spike can be attributed
to the fast diffusion of the accumulated ions from the
interface back to the bulk perovskite due to the large con-
centration gradient when the external bias shields the
Ey;. During the subsequent scan, the concentration gradient
of ions decreases, resulting in reduced current and negative
differential resistance.”> However, no current spike was
observed during the negative scan probably due to the
much smaller concentration gradient. Restarting the

A Bias (V
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201 ' 0.03
N 0.06
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X1 0.09
8 0.12
S 107 .
0.15
57 0.18
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measurement cycle can induce the current spike again due
to the ion redistribution at the low applied bias, which
could occur in seconds.*” When the temperature was ele-
vated to 360 K, the situation was quite different than we
expected. The most significant change is that the current
spike becomes obscure or even absent (Figure S23B). Con-
ceivably, at higher temperatures, although ion migration is
promoted to accumulate ions at the interface, faster ion dif-
fusion to bulk perovskite appears to play a more dominant
role in causing the absence of the spike.

5.3 | External bias

In our PPDs, ion migration is driven by the Ey;, and a bal-
ance between the ion accumulation at the interfaces and
diffusion back to the bulk can be achieved at equilibrium.
External bias (V,pp) disrupts this balance by altering the
devices' band structure and affecting ion distribution.
The interplay between the Ey;, Ejon, Vapp, and pretest con-
ditions determines the kinetics of ion migration in the
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FIGURE 5 The dependence of EQE spectra on the external bias. (A,B) Bias-dependent EQE spectra for p-i-n type device under the
forward bias (A), and reverse bias (B). (C,D) EQE spectra at 450 and 790 nm for a p-i-n type device after removing the forward bias (C) and
reverse bias (D) for 20 s. The devices were provided with illumination when the bias was removed at t = 0 s.
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PPDs. To directly observe the ion migration in perovskite
under external bias, we conducted confocal photolumi-
nescence microscopy on a lateral MAPbBr; perovskite
device (Au"/perovskite/Au~) as shown in Video S1 and
Figure S24. Bright areas in the images represent
photoluminescence emission from the MAPbBr; perov-
skite films. Under a continuous positive external bias, we
observed clear luminescence quenching in the perovskite
near the Au~ side due to the migration of Br~ ions
toward the Au" side (Figures S24A-D). However, when
applying a negative bias, Br~ ions move back to the
Au~ side, restoring the distribution of luminescence
(Figures S24E,F). We note that the overall photolumi-
nescence decreased with time. We attribute this to the
defect accumulation and altered stoichiometry of
the perovskite layer under the high bias.”*”*

The bias-dependent EQE spectra of 10 pm-thick
MAPbDI; PPDs show that after illumination for
4 (Figure 5A) and 10 min (Figure 5B), the device at zero
bias shows the expected narrow peak. External V,p,
redistributes ions until a new equilibrium is reached. As
the forward bias increases, the EQE in the short-
wavelength region decreases significantly due to the
enlarged OAED layer, while the EQE in the absorption
edge remains nearly unchanged, resulting in an
enhanced narrowband photoresponse and SRR
(Figure 5A). In contrast, for the device under reverse bias,
the OAED layer in the perovskite narrows, and the Ey;
plays a decisive role. Consequently, charges generated by
short-wavelength light also contribute to the photocur-
rent, leading to a reduced SRR and significantly
enhanced broadband photoresponse (Figure 5B).

We also conducted poling experiments by applying
forward or reverse bias for 20 s, and then recording the
EQE time profiles after bias removal. As illustrated in
Figure 5C, after removing the forward bias (0.6 V)
poling, the EQE values gradually decrease at the
short-wavelength (450 nm) and barely change at the
long-wavelength (776 nm). This is attributed to
the counterbalanced Ej,, gradually recovering to bal-
ance the Ey;, along with the ion migration and accumu-
lation at the interfaces. On the other hand, after
releasing the reverse bias (0.1 V) poling, the EQE
values gradually increase at the short-wavelength
(450 nm) and barely change at the long-wavelength
(776 nm) as depicted in Figure 5D. This is because the
migrated species begin to diffuse back into the perovskite
bulk concurrent with the weakened band bending.

6 | CONCLUSIONS

In conclusion, we demonstrate an external-stimuli-controlled
band modulation narrowing strategy to achieve self-filtering

narrowband photoresponse by deliberately manipulating ion
migration in the active materials. Through the studies using
the SCAPS simulation and KPFM results, we have identified
two crucial mechanisms for narrowband photodetection: the
OAED layer with a flat band in the perovskite layer close to
the p-NiO, side and the down-bending energy band near
the n-PCBM side. Our TID study showed the critical role of
anion accumulation at the perovskite/PCBM interface in
this mechanism. By deliberately manipulating external stim-
uli like bias, illumination, and temperature, we have solidi-
fied the feasibility and applicability of our proposed BMN
mechanism. This mechanism provides a new in situ band
modulation approach for perovskite-based devices, and is
expected to play a significant role in the development and
application of new functional devices.”””® Our work not
only introduces an efficient and controllable approach to
narrowband photodetection, but also significantly advances
our understanding of the ion migration process in perov-
skite. Last but not the least, the narrowband photodetection
scheme has been successfully demonstrated in exemplary
organic-inorganic and all-inorganic perovskite-based nar-
rowband photodetectors, and it holds high potential for
extension to photodetectors based on other active materials
exhibiting ion migration characteristics.

7 | EXPERIMENTAL SECTION

7.1 | Materials

The precursors used in this study include Pbl,
(98%, Sinopharm), PbBr, (>98%, Sigma-Aldrich), PbCl,
(99%, TCI), MAI (98%, GreatCell Solar), MABr (98%,
GreatCell Solar), MACI (98%, GreatCell Solar). N,N-
dimethylformamide (DMF, 99%) and dimethyl sulfoxide
(DMSO, 99%) reagents were purchased from Aladdin.
Chlorobenzene (CB, extra dry, 99.9%) was obtained from
Sigma-Aldrich. 2,2,2-Trifluoroethanol (TFE, extra pure,
99.8%) was supplied by Acros. PCBM was purchased from
Xi'an Polymer Light Technology. Amino-functionalized
perylene diimide polymer (PPDIN6) was synthesized
using the methods reported previously.>> All the
chemicals were directly used without further purification.
Patterned FTO glass substrates were obtained from
Advanced ElectionTechnology Co., Ltd (China).

7.2 | Device fabrication

The prepatterned FTO glass was cleaned with detergent,
distilled water, isopropanol, and anhydrous ethanol
successively. After 5 min of oxygen plasma, acetonitrile
solution of nickel (II) acetylacetonate (0.01 M) and
diethanolamine (0.01 M) was sprayed on the FTO
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substrate using a homemade setup of the ultrasonic spray
pyrolysis (USP) method.*> The precursor solution was
obtained by mixing PbX, and MAX (X =1, Br, Cl) into
DMF/DMSO (1: 1.5, v/v) with stoichiometric proportion
to gain the concentration of 0.8 mol L™ *. The perovskite
films with different compositions were deposited using a
homemade ALS method as previously reported.”®>%"®
After deposition, the perovskite films were annealed at
120°C for 10 min and then gradually cooled down to
room temperature for 30 min. The fabricated perovskite
films were then sequentially coated with PCBM solution
(20 mgmL ™" in chlorobenzene) and PPDIN6 solution
(0.5mgmL™" in trifluoroethanol) at 3000 r.p.m. for
30 s. Finally, the devices were finished by depositing
80 nm of Ag using thermal evaporation.

7.3 | Characterization

The morphology of the perovskite films and devices was
measured by cold field-emission scanning electron
microscopy (7800F, JEOL). The x-ray patterns of perov-
skite films were measured by Bruker D8 Advance with a
Cu Ka radiation (1 = 0.154056 nm) as the x-ray source.
The UV-vis absorption spectra and steady-state
photoluminescence (excitation at 405 nm) spectra were
performed on QSpec LTF-3000 (Biaoqi Optoelectronics,
China). Scanning Kelvin probe force microscopy was
performed on perovskite cross-sectional samples under
open-circuit conditions in ambient conditions using a
Bruker Dimension Icon using PeakForce Mode. The
platinum-iridium-coated SCM-PIT-V2 probe was applied
to measure the CPD values. The distances between the
probe and the samples were all set to 100 nm. The Confo-
cal PL spectra of MAPbBr; perovskite films were mea-
sured by a Nikon AI1R confocal microscope at an
excitation wavelength of 405 nm. The bias-dependent
confocal movie was obtained by merging the time-
lapse imaging. External quantum efficiencies were
measured by the Zolix IPCE measurement system
(Zolix, SCS10-150A-DSSC-CB07) with a calibrated sili-
con cell to measure the incident monochromatic light
intensity. For the temperature-dependent characteriza-
tion, the sample was mounted in a liquid nitrogen
cryostat (Oxford Instruments, OptistatDN) to control
the ambient temperature. The noise current spectral
was measured by an FS-Pro™ semiconductor parame-
ter analyzer (PRIMARIUS). The current density-voltage
characteristics of the PPDs were obtained using a Keithley
2400 source-measure unit. The optical part of the LDR
measurement was provided by a supercontinuum source
(OYSL SC-Pro) which could produce 430-2000 nm illumi-
nation. The electrochemical impedance spectroscopy was

measured by an electrochemical workstation from
Zahner Company. The DLTS measurement was
supported by the Phystech FT-1230 HERA-DLTS sys-
tem in the dark and under the illumination of a 10-mW
red laser (635 nm wavelength). The modified Boonton
7200 capacitance meter was used to measure the
dynamic capacitance from 170 to 380 K at 2 K heating
intervals. The pulse mode was set as electrical (pulse
voltage) with a forward bias of 1 V, a pulse voltage of
0 V, a pulse width of 20 s, and a period width of
200 ms, respectively.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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