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Paper offers a low-cost and widely available substrate for electronics. It possesses alternative character-
istics to silicon, as it shows low density and high flexibility, together with biodegradability. Solution proces-
sable materials, such as hybrid perovskites, also present light and flexible features, together with a huge
tunability of the material composition with varying optical properties. In this study, we combine paper
substrates with halide-mixed perovskites for the creation of low-cost and easy-to-prepare perovskite-on-
paper photodetectors with a broadband-tunable spectral response. From the bandgap tunability of
halide-mixed perovskites we create photodetectors with a cut-off spectral onset that ranges from the NIR
to the green region, by increasing the bromide content on MAPb(l;_,Br,)s perovskite alloys. The devices
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show a fast and efficient response. The best performances are observed for pure | and Br perovskite com-
positions, with a maximum responsivity of ~400 mA W™t on the MAPbBr3 device. This study provides an
example of the wide range of possibilities that the combination of solution processable materials with
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Introduction

Paper has emerged as a promising substrate for electronic
applications. The most noticeable characteristics of paper are
its strongly reduced costs, biodegradation, low mass density,
and high flexibility."”* The last two provide opportunities for
creating wearable devices that can adapt to different device
shapes.> However, the preparation of functional devices on
paper remains challenging, as commonly used deposition
methods for metals and semiconductors require high tempera-
tures. In this context, the emergence of a wide range of solu-
tion processable semiconductors is of particular interest.*”
The use of these materials as inks has enabled high-through-
put preparation methods such as inkjet printing and roll-to-
roll processing.®”
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paper substrates offers for the development of low-cost, biodegradable and easy-to-prepare devices.

Among the various classes of solution-processable semi-
conductors, metal-halide perovskites have emerged as a par-
ticularly versatile material for light-harvesting®>"' and light-
emitting applications.*>** Metal-halide perovskites have the
general formula of ABXj;, in which A is a small monovalent
cation (e.g. methylammonium or Cs), B is a divalent metal (e.g
Pb or Sn), and X is a halide (e.g. Cl, Br, or I). Using concen-
trated precursor solutions, metal-halide perovskites readily
crystallize into their familiar cubic structure of corner-sharing
BX, octahedra with interstitial A-site cations. Importantly, by
varying the composition, broad and continuous tuning of the
optical bandgap can be achieved. In the case of lead-halide
perovskites, halide mixing can tune the bandgap across several
hundred nanometers across the visible range.** Mixed-halide
perovskites have been employed extensively to fine-tune the
emission wavelength in light-emitting devices®**"*® to maximize
the absorptive efficiency in tandem solar cells, and to opti-
mize the responsivity (R) in photodetectors.>®?7*9731

Indeed, previous studies have demonstrated highly efficient
perovskite photodetectors  with different  spectral
responses,'01921724:2627,3031 pecent studies on perovskite-on-
paper photodetectors have shown the feasibility of making
highly deformable and highly efficient devices. The integration
of perovskite photosensitive layers on paper substrates was
achieved by dip-coating paper substrates in a perovskite pre-
cursor solution, drop-casting the precursor solution on the
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paper or spray-coating.’*** More specifically, one study has
demonstrated the development of a tunable photodetector by
mixing different cations in a perovskite structure.*® Although
some variation in the spectral response was achieved using
different A-site cations,* these strategies do not yet make use
of the much wider tunability of the optoelectronic properties
of the perovskite composition using halide mixing.

Here, we integrate mixed-halide perovskites on paper sub-
strates to develop perovskite-on-paper photodetectors that
provide a broadband-tunable spectral response. The onset of
the R of our devices can be shifted from the NIR to the green
region by increasing the %Br concentration in the MAPDb
(I;_4Br,); perovskite. For the development of the devices, we
combine the drop-casting of perovskite precursor solutions
with all-dry abrasion-induced deposition to print graphite elec-
trodes on the paper.** Our results demonstrate the advantages
of the use of perovskite semiconductors as inks to achieve tai-
lored optical responses for paper-based electronics.

Results and discussion
Device preparation

As a substrate we chose standard copy paper (instead of more
specialized papers) to reduce costs and achieve good biode-
gradability, which is advantageous with respect to other flex-
ible substrates like plastic-based ones. Among the van der
Waals materials, graphite is very attractive for the development
of optoelectronic devices because of its lack of bandgap
together with the possibility of circuit handwriting.** The
deposition of graphite for device contacts can be performed by
rubbing pure graphite powder (MKN-CG-400, LowerFriction)
against the surface of the standard copy paper, as previously
described by our group for van der Waals materials.***° In this

Bromide content

Fig. 1

0.04 :
50 550

View Article Online

Nanoscale

study, we used a vinyl stencil mask to deposit graphite powder
with the desired device layout (see Fig. S17).

Once the device contacts were defined on the paper sub-
strate (Fig. 1a1), MAPb(I,_,Br,); (x = 0, 0.25, 0.5, 0.75, 1) per-
ovskite solutions were made with a 1.67 M concentration and
using anhydrous n,n-dimethylformamide (DMF, Sigma,
227056-1L) as a solvent (the details are listed in the ESI). The
perovskite solutions were deposited by drop-casting 100 pL on
the area located between the graphite contacts (see Fig. 1a2-3).
Subsequently, the device was dried at 60 °C for 1.5 h in a N,-
filled glovebox (for a more detailed explanation see the ESIT).
The resulting devices show a perovskite coating on top of the
graphite contacts (see Fig. 1a4). Following this procedure,
MAPDb(I,_,Br,);, x = 0, 0.25, 0.5, 0.75 and 1, perovskites on
paper photodetectors were created, showing clear colour vari-
ations with varying Br concentrations (see Fig. 1b). The perovs-
kite material is observed on both faces of the paper, meaning
that it grew using the paper’s porous structure as a scaffold.
The copy paper used has a thickness of ~100 pm.

Given the sensitivity of perovskite semiconductors to
humidity and oxygen, all devices were measured directly after
taking them out of the Ny-filled glovebox anaerobic environ-
ment. Devices of different compositions were always measured
within one hour without observing clear degradation effects.
However, longer exposure to ambient conditions can cause sig-
nificant performance degradation.

Optical characterization

To confirm the bandgap variations of the different mixed-
halide perovskites on paper, we performed optical transmissiv-
ity together with photoluminescence (PL) measurements. A
clear tuning of the transmission spectrum is observed, as
shown in Fig. 1c. The transmission is plotted as 1 — transmit-
tance (1 — T/T,, where T is the light transmitted by the perovs-

650 700 750 800

Wavelength (nm)

600

(a) Device preparation steps: graphite electrodes on paper (1), deposition of perovskite solution (2), covering the complete surface between

graphite electrodes (3), and drying perovskite (4). (b) Resulting MAPb(l;_,Br,)s devices (increasing %Br from left to right). (c) Resulting transmission (1

— transmittance) of the different perovskite-on-paper films.
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kite on paper and Ty is the light transmitted by a plain paper
substrate). For the pure iodide perovskite (x = 0), the trans-
mission edge is located in the NIR region. As the Br concen-
tration (x) is increased, a blue-shifting of the band edge is
observed, reaching the onset of transmission in the green
region for pure bromide (x = 1). Please note that the trans-
mission spectra of the halide mixtures (x = 0.25, 0.5 and 0.75)
show a small red-shift as compared with the PL measurements
(see Fig. S2at). We attribute this shift to light-induced phase
segregation originating from the high light intensities that are
unavoidable when recording transmission spectra on (only
semi-transparent) paper substrates.”” The PL spectra agree well
with the expected bandgap variation when changing the per-
ovskite composition, as can be seen in Fig. S2a.t

Morphological and compositional characterization

To analyse the device morphology and composition along the
surface, we employed scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) using a FEI Nova
NanoSEM 230. An electron energy of 18 keV was used for EDX
spectroscopy.

SEM images of the area between graphite contacts show
parts that are covered by a homogeneous and mostly continu-
ous perovskite film on the mm? scale, as can be observed in
the MAPDI; sample (Fig. S3at). As confirmed below in the
‘Optoelectronic characterization’ section, this device’s coverage
is enough to obtain a good device functionality. Other parts of
the device with a larger density of uncoated regions are also
shown where naked paper fibres are observed (see Fig. S3bf
for the MAPDI; device). EDX analysis on the clearest regions of
the SEM images is consistent with the presence of the perovs-
kite (see Fig. S3c-et). There, predominant Pb and I peaks are
observed for the x = 0 sample (see Fig. S3et). For the uncoated
regions, EDX analysis shows more prominent peaks at small
energies attributed to C and O. Together with the observed Ca
peak, this confirms the chemical composition of standard
copy paper, which is based on cellulose and calcium carbonate
(see Fig. S3f7).

EDX analysis is also consistent with the presence of the
corresponding perovskite compositions on the device surface
(see Fig. S4T). For x = 0 perovskite films, the EDX spectrum
shows peaks at around 2.5 and 4 keV, which are related to Pb
and I, respectively. On the other hand, a peak at 1.5 keV
characteristic of Br is present in the EDX spectrum of the x = 1
sample instead of the I peaks, while both Br and I peaks are
present in the EDX spectrum of the x = 0.5 sample.

Optoelectronic characterization

The performance of the perovskite-on-paper devices as photo-
detectors was studied by measuring their electrical transport
characteristics in a home-built probe station with a source-
measure unit (Keithley 2450) in the dark and upon controlled
illumination. A light spot of ~71 mm? area was used to excite
the samples in all the measurements. We used high-power
fiber-coupled LED sources (Thorlabs) of different wavelengths
(Agp) connected to a multimode optical fiber (M28LO05,

This journal is © The Royal Society of Chemistry 2022
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Thorlabs) and a collimator (F810SMA-635, Thorlabs) to excite
the devices.

First, we analysed the response of our devices to different
illumination intensities at fixed wavelengths and with a device
bias voltage of 30 V. In Fig. 2a, as e.g. MAPbBr;, excited with
JLep = 530 nm, we show the photocurrents generated as a func-
tion of time when switching ON and OFF the LED for
increased light power (from 1.2 to 54 pW). There is an initial
sharp response when the light is turned ON (Fig. 2a, white
background) with a subsequent sharp transition to an expo-
nential decay. The transition to different regimes suggests a
superposition of different physical effects. The sharp response
is typically attributed to the photocurrent generated by the
photoconductive effect. Other photogeneration mechanisms
like photogating or bolometric effects could be the source of
the observed slow response.*® To compare the device’s efficien-
cies, we calculated the photocurrents by subtracting the back-
ground current from the current upon illumination. In
addition, we calculated the R of the device using the following
equation:

Ipn Aspot
P % SPO!

R=-"11
p Asample

with I,,, being the photocurrent, P the illumination intensity,
Agpot the area of the incident light and Agample the active area of
the sample that is under illumination. The photocurrent and R
at each light power are plotted (see Fig. 2b, as e.g. MAPbBr3,
A1gp = 530 nm) to understand the physical origins of the
responses of the device. Both variables follow a nonlinear
dependence on the excitation light power. In Fig. 2b, we evalu-
ate the power law dependence of the responsivity on the LED
power by making a power law fit (R (A W™") = 0.44P (uW) %,
see the dashed blue line). This is a common behaviour in both
the MAPbI; and MAPbBr; perovskite-on-paper photodetectors.
The minimum power densities that created device responses
were 0.47 (MAPbI;, 1 = 660 nm) and 1.66 (MAPbBr;, 1 =
530 nm) pW cm > These values are close to the smallest
minimum operational power densities reported for other per-
ovskite-on-paper devices, which is 0.05 uW cm™
(MAg 6FA, 4PbIs-on-paper, 4 = 800 nm, with Cu/Cr/Au
electrodes).>®

Upon illumination of different light sources, the devices
show a sub-linear trend, see Fig. 2c (also Fig. S5 and S67 to see
the original photocurrents). The sub-linear power dependence
suggests that minority charge carrier traps play an important
role in photocurrent generation.*® In fact, with increasingly
high-power illumination there is a regime where most of the
trap states are already filled in and then the trap-induced
photogating effect cannot further contribute to the photo-
current generation.

Second, we characterized the spectral response of our
MAPD(I,_,Br,); (x = 0, 0.25, 0.5, 0.75, 1) perovskite-on-paper
photodetectors. The photocurrents generated under illumina-
tion from 14 different LED sources (Thorlabs, Ay gp = 420, 455,
470, 505, 530, 565, 595, 617, 625, 660, 740, 780, 850 and
940 nm) are measured on each photodetector. The illumina-

Nanoscale, 2022, 14,14057-14063 | 14059
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Fig. 2 (a) Power dependence of the photocurrents (e.g. MAPbBrz device, 530 nm LED). (b) Photocurrent (red) and responsivity (blue) dependence

on the LED power. The dashed line represents a fitted power law function to the responsivity: R (A W™) = 0.44P (uW)°23. (c) Responsivity depen-
dence on the LED power at different excitation wavelengths for MAPbl3 (solid lines) and MAPbBrs (dashed lines). (a—c) All measurements had a

device bias voltage of 30 V.

tion intensity is maintained at 0.365 mW (5 pW mm™>) and
the bias voltage of operation of the photodetectors is 1 V. The
resulting photocurrents of each device are shown in Fig. S7.1
When the illumination is switched ON (Fig. S7,1 white
regions), all the measured photocurrents show an initial
response whose speed depends on the perovskite compo-
sitions (see Fig. S8a and bf). To quantify how fast this
response is, we calculated the rise (fon) and decay (topg) times
(as the time needed to rise from 10% maximum current to
90%, and from 90% to 10% maximum current, respectively),
see Table 1 and Fig. S8c.t For x = 0, 0.75 and 1 the response
times of the devices are fast and very similar; both oy and topr

Table 1 Comparison of the device properties of the different MAPb
(3_xBr,)s perovskite-on-paper devices at a bias voltage of 1 V and at a
constant incident light power of 0.365 mW (5 pW mm™2)

X (%) R (mA W_1) ton/torr (S) Ion/Topr
0 0.43 0.12/0.07 1.60
0.25 0.36 5.61/8.03 1.04
0.5 0.25 25.13/31.0 1.08
0.75 0.05 0.11/0.36 1.13
1 0.57 0.13/0.24 3.26

14060 | Nanoscale, 2022, 14,14057-14063

are in the range of tenths of seconds. However, the response
times of the x = 0.25 and 0.5 devices are slowed down by one
(ton = 5.6 s) and two (fon = 25 s) orders of magnitude, respect-
ively. We attribute this trend to the different mobilities of the
free charges in the perovskite alloys.”® More importantly
though, focusing on the full-width-at-half-maximum of the PL
spectra (see Fig. S2bt), a broadening is observed for the x = 0.5
bromide content, which is consistent with earlier reports and
can be attributed to disordered perovskite lattices.***® This
broadening fits our hypothesis of disorder being the main
limitation in the carrier mobility and the performance of the
mixed halide photodetectors.”®>"*> The timescales of the
fastest time responses measured within this article are similar
to those measured in previous studies, see Table S2.1 After the
initial response, the photodetectors reach a transition towards
a slower regime where the photocurrents saturate (see Fig. S7
and S8a-bt). This transition towards saturation is faster for
the x = 0, 0.75 and 1 devices (less than 1 s), while for the x =
0.25 and 0.5 devices it is more gradual (20-60 s, respectively).
The x = 0 and 0.75 photodetectors (see Fig. S7 and S77 inset)
show a sharp transition towards the slower regime. In these
cases, the slower regime is characterized by an exponential
decay of the photocurrent towards a constant value. For x = 1,

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr02963d

Open Access Article. Published on 31 August 2022. Downloaded on 5/30/2026 2:55:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper

650

Wavelength (nm)

Nanoscale
1.0 A
C
©
]
N
< 0.5 1
£
O
=2
(a)
0.0 A
I
400
800
‘\
~
€ \\o
£ SNA
(0] \\\//7/’7/
o N \\?
g 650 - RS
- o\
c &< $
3 SN 3
= (b) ¢ l%
\\\.
500 — T T
0.0 0.5 1.0
Bromide content x (%)
Fig. 3

0.6

Maximum R (mA/W)
©
w

(c)

0.0

o
o

0.5 1.0

Bromide content x (%)

(a) Normalized device responsivities for each perovskite composition, (b) positions of the onset of the spectral response range of the devices

and (c) the maximum responsivity for each device composition. All measurements attributed to this figure were performed at a constant incident

light power of 0.365 mW and a voltage of operation of 1 V.

the transition is less sharp but also ends with a similar expo-
nential decay. x = 0.25 and 0.5 photodetectors show a gradual
transition until they saturate at a certain photocurrent.

From the photocurrents we can obtain the Ion/Iopr ratio,
which is related to the efficiency of the device. In Table 1, we
summarize the Ion/Iopr ratios of the different devices at 1 V
and at their maximum photocurrents. We observed the
highest ratios in the pure I and Br perovskites. However, for
the alloys, the bromide content enhances this ratio. The Ion/
Iorr ratios achieved by our devices are similar to those
achieved in previous studies of perovskite-on-paper devices
with graphite contacts, see Table S2.T *' However, these values
are smaller compared with other perovskite-on-paper devices
with graphite contacts, probably because a lower incident light
power is used in our study, see Table S2.1 **

The photocurrent and R of the devices at different wave-
lengths are calculated as described above and shown in
Fig. S9.f The normalized R of the devices reveals a modifi-
cation of the spectral range of response from the NIR to the
green region when increasing the bromide content (x, %Br),
see Fig. 3a. All devices show a broadband response, as

This journal is © The Royal Society of Chemistry 2022

expected from the previously measured transmission range
(see Fig. 1c¢) and other perovskite photodetector
studies.'®'®*>%® It is important to note that the wavelength
positions of the maximum R have a linear dependence on x (%
Br), see Fig. 3b. This allows the tuning of the onset on the cut-
off wavelength position of interest. We also compared the
maximum R of each perovskite composition (see Fig. 3c and
S91). They range from 0.0165 to 0.6 mA W~ for the x = 0.75
and 1 devices, respectively. R decreases in the halide mixtures,
with the minimum observed at x = 0.75. The decremental
device efficiencies present for the halide mixtures are attribu-
ted to a disordered electronic structure, as previously
suggested for 3D and 2D perovskites, which can lead to elec-
tron-hole recombination.*>*

Conclusions

In conclusion, we provide a method for the creation of low-
cost and easy-to-prepare perovskite-on-paper photodetectors
with a broadband-tunable spectral response. Taking advantage

Nanoscale, 2022, 14,14057-14063 | 14061
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of the bandgap tunability of halide-mixed perovskites, we
create perovskite-on-paper photodetectors whose spectral
onset ranges from the NIR to the green region, when increas-
ing the bromide content on MAPb(I;_,Br,); alloys. We used
straightforward all-dry-abrasion and drop-casting approaches
to print the graphite contacts and deposit the perovskite
alloys, respectively. This resulted in fast device responses with
efficient device performances. The best outputs were achieved
on the pure I and Br devices. This study provides a new
example of the wide range of properties that solution processa-
ble materials together with paper substrates offer for the devel-
opment of low-cost devices.
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