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Metal halide perovskites draw increasing attention as photodetector materials
due to their strong visible light absorption and resulting photocurrent. The
development of efficient fabrication routes to realize high-resolution perov-
skite pixel arrays is critical to enable practical devices. Herein, a dry lift-off
process to fabricate methylammonium lead iodide (MAPDbI;) pixels on different
substrates is reported, with a resolution down to 5 pm. Accordingly, 8 x 10
photodetector arrays are fabricated on both glass and flexible polyethylene
terephthalate (PET). These arrays show a sensitive photoresponse over a
broad wavelength range from 320 to 760 nm. Moreover, when encapsulated by
a Parylene-C overlayer, the photodetector arrays on glass substrate show
remarkable air stability, without noticeable performance loss after 10 days in
ambient air, and the flexible photodetector arrays on PET substrate show
excellent bending tolerance, retaining nearly 95% of the response after 170

To achieve the integration of metal halide
perovskites into electronic and optoelec-
tronic devices, a microfabrication process
flow including an efficient patterning
method is required." ™3 However, current
approaches to achieve high-resolution
perovskite patterns have shortcomings
(Table 1). The most  explored
technique in manufacturing pixel arrays,
thermal evaporation through a fine shadow
mask, is costly due to the need for
high-temperature and extreme vacuum
conditions.***! Moreover, some strategies
to improve film quality, such as additive
and solvent engineering and thermal treat-
ment, are difficult to combine with the

bending cycles.

1. Introduction

With the emergence of deformable electronics, the demand for
flexible photodetectors is growing.' Organic, inorganic, and
hybrid semiconductors have been intensively studied and can
exhibit outstanding performances in terms of stability and detec-
tivity.*®) Among them, metal halide perovskite materials have
drawn tremendous attention because of their promising power
conversion efficiency and charge transport characteristics.”~'%
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evaporation technique. Solution processing

under mild conditions, for instance,

through inkjet printing or imprinting, is

a low-cost alternative route toward perov-
skite pixels. However, although inkjet-printed features can be
as small as a few micrometers,"*® controlling the shape and
landing position of the printed droplets is challenging.!'” The
perovskite patterns made by imprinting are continuous, which
results in crosstalk between neighboring devices.?®*!!

In microelectronics fabrication, photolithography is the stan-
dard method to enable reproducible and high-resolution pattern-
ing. For instance, in lift-off patterning, a blanket film of the target
material is deposited on a substrate covered with a single-use
mask, typically a patterned photoresist layer. The pattern is

M. Tu

State Key Laboratory of Transducer Technology

Shanghai Institute of Microsystem and Information Technology
Chinese Academy of Sciences

Shanghai, China

B. Pradhan, E. Debroye, |. Hofkens
Molecular Visualization and Photonics
KU Leuven

3001 Leuven, Belgium

F. Ceyssens, M. Kraft

Micro- and Nano Systems (MNS)
KU Leuven

3001 Leuven, Belgium

J. Hofkens

Department Bonn

Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz, Germany


mailto:rob.ameloot@kuleuven.be
mailto:min.tu@mail.sim.ac.cn
https://doi.org/10.1002/adem.202100930
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.202100930&domain=pdf&date_stamp=2021-10-16

Table 1. Comparison of perovskite patterning methods.

Method Solution processing  Ambient conditions  Mask needed  Developer needed Individually addressable pixels Ref.
Thermal evaporation N N Y N Y [14,15]
Inkjet printing \& Y N N Y [16-18]
Imprinting Y Y Y N N [20,21]

Wet lift-off (photolithography) Y Y Y Y Y [22-24]

Dry lift-off (photolithography) Y Y Y N Y [26,28] & this work

INo; PYes.

generated upon stripping the mask, leaving the target material
only where it is in direct contact with the substrate. However,
photolithographic patterning of perovskite materials is nontrivial
due to their instability in the polar solvents and additives that
make up photoresist developers and strippers. Therefore, to
achieve the lithographic fabrication of perovskite patterns, the
challenge is to find developer and stripper solutions that are
orthogonal to perovskites.?>2* Dry lift-off is an alternative pro-
cess in which solvents are avoided entirely by mechanically strip-
ping the mask. “Parylenes” are a group of polymers consisting of
poly-para-xylylene and deposited through chemical vapor deposi-
tion (CVD). As the substrate can remain close to room tempera-
ture during deposition, Parylene coating is compatible with
temperature-sensitive materials.*® In addition, Parylene films
are chemically inert and have mechanical properties that enable
them to be peeled off even at low thicknesses. Patterning
through Parylene dry lift-off has been reported for a range of
target materials deposited either via solution processing or vac-
uum evaporation, including biological materials, as well as
perovskite films and quantum dots.?*=#! In addition, because
of their flexibility, mechanical strength, and barrier properties,
Parylene films have been used both as an overlayer and a sub-
strate in ultrathin devices.[?*~*"

In this work, a dry lift-off process using Parylene-C was
developed to fabricate high-resolution pixels of the metal
halide perovskite MAPDI;. Photodetector arrays consisting of
8 x 10 pixels were fabricated on glass and flexible PET substrates
to realize visible light detection and imaging. The photodetectors
exhibited good responsivity and reversibility and a broadband
photoresponse. The imaging capability of the photodetector
arrays was demonstrated through a masking approach.
When encapsulated by a Parylene-C overlayer, the photodetector
arrays showed remarkable bending tolerance and stability
in air.

2. Results and Discussion

Scheme 1 shows the dry lift-off fabrication of MAPbI; pixels. A
Teflon layer was first deposited to lower the adhesion of the
Parylene-C film to the substrate, thus enabling complete peel-
off.3*?3 Afterward, a Parylene-C film (2 pm) and a Mo layer
(10 nm) were deposited. The Mo layer was patterned through
photolithography and acid etching. The patterned Mo layer
serves as a hard mask to pattern the Parylene-C layer via reactive
ion etching (RIE) using mixed SF, and O, plasma. As a

photoresist mask would be etched as well under these RIE con-
ditions, it would have to be very thick. Instead, a Mo hard mask
can be much thinner, which facilitates high-precision patterning
of the Parylene-C layer.’*l After RIE, a blanket perovskite was
deposited on the patterned surface by spin coating of a precursor
solution, followed by annealing at 130 °C for 1 min. Finally, the
Parylene-C film was peeled off to complete the perovskite pixel
array. Figure 1 shows the scanning electron microscopy (SEM)
images of 5 and 10 pm MAPDI; dot patterns on Teflon-modified
glass, Si, and flexible PET substrates. The crystallinity of the
perovskite film was verified by X-ray diffraction. The resulting
diffractogram can be fitted to a tetragonal p-MAPDI; phase exhib-
iting a preferred (110) out-of-plane orientation, together with a
small fraction of unreacted Pbl, (Figure S4a, Supporting
Information).?*?% The absence of MAPbI; residue in between
the dots validates the successful application of the dry lift-off
process. The pattern edges are not perfectly circular, presumably
due to the volume reduction of the precursor solution in the
Parylene-C pattern during solvent evaporation and annealing.
If required, an even higher precision might be achievable
through the combination of the dry lift-off strategy with more
advanced deposition approaches.263738

To construct a photodetector array, dry lift-off patterning
was combined with the deposition of a planar electrode architec-
ture that enables the electrical readout of each perovskite pixel.
Each of the 8 x 10 pixels in the planar array design has an active
area of 600 x 600 pm? and can be addressed through a pair of Au
interdigitated electrodes (IDEs) with a 20 pm line width and
line spacing (Scheme S1, Supporting Information). The electro-
des were fabricated on glass and PET, and, through precise
alignment and dry lift-off, each pixel was coated with
perovskite (Figure 2a and Figure S1-S3, Supporting
Information). The resulting MAPDI; film had a thickness of
~500nm (Figure S3, Supporting Information) and the
characteristic fiber-like structure (Figure S2d, Supporting
Information).

For wavelengths ranging from 320 to 760 nm, the photores-
ponse of individual pixels was studied by current—voltage
(I-V) measurements. All I-V curves, including those recorded
in the absence of light, were nonlinear, similar to other reports
on MAPDI;.?*% Although symmetrical IDEs were used, the I-V
curves showed asymmetric behavior (Figure 2b), possibly due to
the formation of a Schottky contact between MAPbI; and the Au
electrodes, which is sensitive to the interfacial state of MAPbI;/
A" The device responded to the tested wide wavelength
range (Figure S5, Supporting Information), even for power
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Scheme 1. Dry lift-off fabrication of MAPbI; pixels. A Teflon layer was first deposited by spin coating. Next, a 2 pm Parylene-C film was deposited (step 1).
In step 2, a T0nm molybdenum (Mo) layer was sputtered on the Parylene-C layer, followed by photoresist spin coating (step 3), photolithography
(step 4), and wet etching of the Mo layer (step 5). In step 6, the resulting Mo pattern served as a hard mask to pattern the Parylene-C and Teflon
layers by RIE. In step 7, the MAPbI3 layer was spin coated and annealed. The MAPbI3 pixels were generated by peeling off the patterned

Parylene-C film (step 8).

densities as low as 5-100 pW cm™? although the response

dropped off steeply at 320nm. The photocurrent
(Iph = Dight — Iaan) shows a nearly linear relationship with the
light intensity ranging from 20 to 100 pW cm™? (Figure 2c
and S5a, Supporting Information). The specific detectivity
(D*), one of the key figures of merit, describes the smallest
detectable signal of the photodetector.[**! Assuming that the shot
noise from dark current is the major source of noise, D* was
calculated as

R
DF=——— 1)

)

where the responsivity (R) was defined as

11’1
P

with Iy, as the photocurrent, P the illumination power density,
and A the illuminated area. As shown in Figure 2c, the highest
D* value reaches 7.1 x 10'° Jones under 405 nm wavelength irra-
diation with an intensity of 20 uW cm 2 The photocurrent was
reversible for different light intensities (Figure 2d). The response
time (photocurrent increases from 10% to 90% of the maximum
value) and recovery time (photocurrent decreases from 90% to
10% of the maximum value) were measured to be 13 and
21 ms, respectively (Figure 2e). Although the performance of
the photodetectors in this work is comparable with others based
on MAPDI; films (Table S1, Supporting Information), the

photocurrent and response speed are limited by the polycrystal-
line film and planar device structure. The MAPDI; films exhibit a
fiber-like morphology, as commonly observed when depositing
films through spin coating from DMF or DMSO solution.!*’]
Although the preferred (110) orientation and relatively large
grain size are beneficial to improving carrier transport,** the
incomplete coverage and high defect density of the resulting
films lead to shorter carrier diffusion distances and a lower per-
formance compared with single-crystal photodetectors.*>*¢! In
addition, compared with a vertical “sandwich” photodetector,
the long channel distance of the planar IDEs decreases the
response speed.*”) However, from the perspective of fabrication,
the planar structure is a more practical route to large-area pho-
todetector arrays due to the fewer patterning steps.[**! Therefore,
it would be worthwhile to investigate planar photodetectors based
on IDEs with a shorter channel distance and coated with uniform
perovskite films with preferred orientation.[*”4%->%

The dry lift-off strategy was also applied to fabricate a flexible
photodetector on PET. The fabrication process was the same as
on glass, except that a 2 pm Parylene-C film was deposited on top
of the perovskite pattern as a protective layer in the last step. A
specific single-pixel device was designed to test the bending tol-
erance (Figure 3a and S6, Supporting Information). The -V
curves under white light illumination (1.4 mW cm™%) show a
similar transport behavior for different bending strains (g),*"
indicating that the film quality is maintained under bending con-
ditions (Figure 3b). Despite a decrease in light current (from 380
to 300 nA) at a bending strain of 0.4%, the flexible device showed
a similar light current under even more severe bending (bending
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Figure 1. MAPbI; dot patterns. 10 pm-diameter circles on a) Si, c) glass, and e) PET. Scale bar: 120 pm, inset: 30 pm. 5 pm-diameter circles on b) Si,

d) glass, and f) PET. Scale bar: 30 pm, inset: 10 pm.

strain of 1.7%), and a repeatable on/off response was maintained
in both the flat and bent state (Figure 3c). While the reference
devices without Parylene-C encapsulation degrade after ten bend-
ing cycles (Figure 3d), the ones with a Parylene-C protective coat-
ing maintain 95% of the light current after 170 bending cycles,
indicating a significantly improved bending tolerance. In addi-
tion, the Parylene-C overlayer also dramatically improves the
air stability of MAPbIs-based photodetectors, with no obvious
loss of light current in ambient air after 10 days (Figure 3e).
In contrast, without Parylene-C encapsulation, the light current
dropped by nearly 90% after 24 h (Figure 3e and Figure S7c,
Supporting Information), together with a color change from
black to yellow—gray, as previously reported for perovskite
degradation.®>%33]

The imaging functionality of the photodetector array on glass
was evaluated by illuminating the 8 x 10 array through a mask
possessing a single hole with the size of 1 x 1 mm? (Figure S8a,
Supporting Information). The current of all pixels in the array
was measured, resulting in a photocurrent response for the pixel
aligned with the hole and a dark current background measure-
ment for all others. The measurement was repeated for different

mask positions, each time aligning the hole with another pixel.
The resulting trace, consisting of the photocurrent recorded for
all illuminated pixels, illustrates the potential of the array in
imaging. The average photocurrent of 22 illuminated pixels
was 128 nA, with extremes at 60 and 224nA (Figure 4b and
Figure S8Db, Supporting Information). This spread in the photo-
current response might be caused by the nonuniformity of the
one-step spin-coated film, which exhibits fiber-like morphology.
The morphology of the resulting film is crucially determined
by the seed crystals in the precursor solution, which can grow
to a large size and prevent further nucleation due to the slow evap-
oration of the DMF solvent during spin coating.*’! Therefore,
despite the added complexity, extra treatments are more beneficial
to form a uniform film covering the entire substrate. Examples of
such additional treatments are antisolvent washing or two-step
coating, which can induce rapid nuclearization and high density
of seed crystals.[** In addition, the uniformity of spin-coated films
is unfavorable, which limits its application in large-area devices.**
Methods used in large-scale solution processing, such as blade
coating, roll printing, etc., are worth exploring to evaluate their
compatibility with the Parylene-C patterning method."”’
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Figure 2. MAPbI; photodetector array fabrication and testing. a) Photodetector fabrication on glass or PET. (i) Au electrode deposition. (ii) Parylene-C
mask formation, (iii) MAPbI; perovskite film deposition, (iv) perovskite photodetector array obtained after Parylene-C dry lift-off. b) I-V curves of an

individual pixel under illumination (4 =405nm) with power densities ranging from 0 to 100 pW cm™

2. ¢) The dependence of the photocurrent and

detectivity on power densities. d) Repeatable on/off photoresponse at different power densities and a fixed bias voltage of 5V. e) The response
and recovery time of an individual pixel measured under 1.4 mW cm~2 white light illumination.

3. Conclusion

In conclusion, Parylene-C dry lift-off patterning was explored on
PET, Si, and glass substrates, aided by a Teflon modification strat-
egy. The fabrication of perovskite pixels with a resolution down to
5 pm on both rigid and flexible substrates via the dry lift-off route
was achieved. This straightforward method was demonstrated to
be compatible with device fabrication. MAPbIs-based planar pho-
todetector arrays were fabricated with a response to light ranging
from 320 to 760nm and a detectivity of 7.1 x 10" Jones for
405nm irradiation at 20 pW cm ™2 Beneficial from the clear
boundaries of each pixel, there is no crosstalk among adjacent

photodetectors, which is promising for imaging applications. In
addition, Parylene-C protective layers were shown to enable
remarkable air stability and bending tolerance.

4. Experimental Section

Materials: All the chemicals were ordered from commercial suppliers and
were used without further purification. Pbl, (99.999% trace metals basis) and
dimethylformamide (DMF, anhydrous, 99.8%) were purchased from Sigma-
Aldrich. Methylammonium iodide (MAI, >99.99%) was purchased from
Greatcell Solar Materials. The ma-N 1420 photoresist was purchased from
Micro resist technology. Glass slides (550 pm thick) were purchased from
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Figure 3. Bending tolerance of devices on PET and air stability of devices on glass. All measurements were carried out under 1.4 mW cm ™2 white light
illumination. a) Single-pixel test devices under different bending strains. b) I-V curves and c) repeatable on/off photoresponse to white light under
different bending strains with a bias voltage of 5V. d) Bending tolerance test with and without Parylene-C encapsulation. The device was bent for
the specified number of cycles and subsequently tested while flat. e) Air stability of photodetectors on glass with and without Parylene-C encapsulation.
The standard deviations are calculated from five different devices. The light current was extracted for a bias voltage of 5 V.

Drix NV. Si wafers were purchased from Si-Mat. Polyethylene terephthalate
(PET, 75 um thickness) was purchased from goodfellow.com. DuPont AF was
purchased from Dupont (Wilmington, DE, USA). Fluorinert FC-40 was pur-
chased from Sigma-Aldrich. Parylene-C was purchased from J&K (92%).
Fabrication of Perovskite Pixel Array: All of the fabrication procedures
were conducted in air in the KU Leuven Nanocenter cleanroom facility
(Class 1000). The substrates (Si, glass, or PET) were cleaned by acetone
and deionized (DI) water and dried by compressed airflow. The direct
deposition of Parylene-C on these substrates would lead to strong adhe-
sion, making it impossible to cleanly peel off the Parylene-C film.
Therefore, a dilute Teflon solution (by mixing DuPont AF amorphous flu-
oroplastics solution and Perfluoro-compound FC-40 in a volumetric ratio
of 1:10) was spin coated on the substrate at 3 k RPM for 30 s, followed by
baking at 100 °C for 5 min. The dilution ratio of the Teflon solution was fine
tuned to ensure appropriate adhesion between the deposited Parylene-C
coating and the substrates. Then, 2 um-thick Parylene-C was deposited via
CVD (plasma Parylene systems, PPS). The thickness was controlled
through the quantity of Parylene-C. The raw Parylene-C dimer was vapor-
ized at 140°C and cracked to Parylene-C monomers at 720°C, which
entered into the coating chamber and polymerized on the substrate at
nearly room temperature. Next, 10 nm Mo was deposited via magnetron
sputtering (2 x 10> mbar pressure, 70 sccm Ar flow, radio frequency [RF]
power of 200W, and 30s deposition time). After that, a negative

photoresist ma-N 1420 was spin coated at 3 K RPM for 30s and baked
on a hotplate at 100 °C for 2 min. After 300 mJ cm 2312 nm UV light expo-
sure, while covered by a photomask, the photoresist was developed in ma-
D 533/S developer. The Mo layer was etched for 30 s using the Transene
type-A aluminum etchant consisting of H3PO,, HNO3;, CH3;COOH, and
H,0 in a 80:5:5:10 volumetric ratio. With the Mo mask in place, the
Parylene-C layer was etched by mixed SFs and O, plasma (10sccm
SFe: 30 sccm O,) with an etching power of 110 W and etching pressure
of 20 mTorr. Stoichiometric quantities of MAI (39.8 mg, 0.25 mmol) and
Pbl, (115.2 mg, 0.25 mmol) were dissolved in DMF (500 pL) and stirred
overnight at room temperature to form a 0.5 M MAPbI; solution. This solu-
tion was spin coated (1k RPM, 30s) on the patterned substrate and
annealed on a hotplate at 130°C for 1 min. In the last step, Parylene-C
pattern was peeled off with tweezers to form the pixel array.

Fabrication of Gold Electrodes: The electrode was fabricated via the pho-
toresist lift-off method, as shown in Scheme S1, Supporting Information.
First, the substrate (PET or glass) was cleaned by acetone and DI water
and dried by compressed airflow. A negative photoresist ma-N 1420 was
spin coated on the substrate at 3000 RPM for 30's and baked at 100 °C
for 2 min on a hotplate. Then, the photoresist layer was patterned with a
photolithography procedure (UV exposure at 300 mj cm™2) and developed
in ma-D 533/S developer. After that, ~10 nm titanium and ~70 nm gold
were sequentially deposited on the substrate by magnetron sputtering.


http://www.advancedsciencenews.com
http://www.aem-journal.com

200 nA

150 nA

100 nA

50 nA

0.1 nA

1 2 3 4 5 6 7 8 9 10
X

—
O
-

25

L
| |

- 20

M

- 15

- 10

Identifer of pixel

Number of pixels
©C = N W H» 01 O N 0 ©
| |

| |
T
(3]

"
n

L]

. . . } } . —L o

60 90 120 150 180 210 240
Current (nA)

Figure 4. Photoresponse of the detector array on glass under
1.4 mW cm ™2 white light illumination and a bias voltage of 5V. a) Dark
and photocurrent mapping of the 8 x 10 array. The imaging test was con-
ducted by illuminating individual pixels sequentially via a shadow mask.
b) Photoresponse distribution for 22 pixels. The histogram indicates
the number of pixels in each range. The red scatter plot gives the photo-
current for each pixel.

The sputtering parameters were 2 x 102 mbar pressure, and 70 sccm Ar
flow; the RF powers for Ti and Au sputtering were 200 and 80 W, respec-
tively. Finally, the substrate was rinsed with acetone to lift off the photore-
sist. The substrate was cleaned with DI water and dried with compressed air.

Fabrication of Photodetector Array: The photodetector array fabrication
was similar to the high-resolution pixel array fabrication. To etch the
Parylene-C above the interdigital electrode precisely, an alignment step
was needed (Figure 2a). The MAPBI; precursor solution was spin coated
and annealed at 130 °C for 1 min. Patterning was conducted by peeling off
the Parylene-C mask.

Characterizations and Measurements: The perovskite arrays were imaged
by SEM (JEOL JSM-6010LV). The crystallinity of the MAPbI; film was ana-
lyzed with a Malvern PANalytical Empyrean diffractometer in
Bragg—Brentano geometry (gonio mode) using a Cu anode operating at
45 kV and 40 mA and PIXcel3D solid-state detector (step size 0.0525°, count-
ing time 1000 s) within a 5°—60° range. Structural refinement of X-ray scat-
tering patterns: The full scattering patterns were modeled using the Le Bail
method in Fullprof”> The recorded pattern was indexed to an tetragonal
(14cm) PB-phase perovskite and the preferential orientation was taken into
account via the March—Dollase’s approach.® The best fit was realized when
a strong (110) out-of-plane orientation was adopted. The MAPbI; film was
produced by spin coating 0.5M MAPbI; precursor solution on UV—0Os-

treated Si substrate and annealed at 130 °C for 1 min. UV—vis reflectance
spectra were recorded on a Perkin Elmer Lambda 950 UV—VIS—NIR. The
MAPbI; film was produced by spin coating 0.5 M MAPbI; precursor solution
on UV—Os-treated quartz substrate and annealed at 130°C for 1min.
Electrical measurements of the photoresponse were carried out using a
Keithley 2614B, 2-channel source measurement unit. A 3M 2 x 14 pins IC
test clip was used to contact the electrodes of the photodetector arrays. A
fluorescence spectrometer (FLS980) was used as a light source with control-
lable wavelength and intensity. To test the bending tolerance of the flexible
photodetector pixel, the specifically designed devices were fixed on the stage
of the microscopy under white light illumination (tungsten lamp, FluoView
FV1000 confocal microscope, Olympus). The bending line ran through the
center of the pixel. To determine the different bending radii, the two test
clamps were fixed on the microscope stage at defined distances. The length
of the device without bending (28 mm) was used as a reference to calculate
the bending radii from the pictures. The bending strain (¢) is approximated by
the equation & = d,/2R., where dj is the thickness of the substrate (75 pm)
and R. is the bending radius. White light illumination from the FluoView
FV1000 confocal microscope was also used to test the stability and imaging
function. The thickness of the photodetector pixel was measured via contact
profilometry (Bruker Dektak XT).
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