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Supporting Information S1

Universal near-field electric field enhancement of the structured PET

In order to further understand the optical enhancement characteristics of the structured 

PET grating structures, we simulated the near-field electric field distribution of PET 

gratings with different widthes and depthes, as shown in Figure S1. The optical 

parameters of the PET, such as the refractive index (n) and extinction coefficient (k), 

were quoted from literature [IEEE Photonic. Tech. L. 2011, 23, 275].[1] Because k of 

the PET material is very small (on the order of 10-2), the light is not absorbed after 

multiple diffraction. This is one of the main reasons for choosing it as the substrate. 

As described in the main text, here we compare the near-field electric field 

distribution of structured PET (Fig. S1a) and structured PET with micron-sized 

scatters on surface (Fig. S1b). It can be found that, regardless of the grating sizes on 

the PET material, the micro/nano structures on its surface has a great influence on the 

distribution of the electric field. A universal enhancement can be observed on the 

structured PET.

In addition, the near-field electric field distribution of different sbstrates under 

different wavelengths were also compared, as shown in Figure S2. When we change 

the wavelength of incident light to 400 nm (Fig. S2a) and 700 nm (Fig. S2b), we can 

still observe the enhancement of the electric field on the surface of the structured PET 

with micron-sized scatters. 
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Figure S1. The simulated near-field electric field distribution of structured PET (S1a) and 

structured PET with micron-sized scatters on surface (S1b). The structural parameters are set 

differently. The incident wavelength was also set as 532 nm. 

Figure S2. The simulated electric field distribution of PET substrates with different structral 

parameters under the 400 nm light illumination (a) and 700 nm illumination (b).
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Supporting Information S2

Processing parameters and the corresponding morphologies of grating structures

The SEM images of PET substrates with different structural parameters are shown in 

Figure S3a. By changing the conditions such as defocusing distance, scanning 

velocity and laser power, the micro/nano grating structures on PET substrate can be 

prepared in control. For example, two SEM cross-sectional images of the structured 

PET substrates with different shapes are shown in Figure S3b. By varying the laser 

parameters, the grating structures with different widths and depths can be obtained, as 

listed in Table S1.

Figure S3. (a) The top-view and (b) Cross-section morphologies of grating structures on PET 

substrates processed by femtosecond laser direct writing. All the images in (a) are the 

structures that are fabricated under a 4× objective lens. The bottom pictures in (b) are 

structures fabricated under a 10× objective.

Table S1. Processing conditions for different structural parameters.

Magnification, 

of the objective

Grating Width

(μm)

Depth

(μm)

Laser Power

(mW)

Defocus

(μm)

Velocity

(mm/s)

25.924 5.944 46.7 0 5

27.043 18.99 36 100 1

32.008 11.515 45 50 3

42.868 12.56 36 350 4

×4

47.308 15.507 45 250 3
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54.777 18.706 36 400 1

59.548 8.710 36.6 200 5

84.898 5.651 45 350 5

99.564 41.725 45 350 0.5

101.758 11.602 45 350 2.5

Magnification, 

of the objective

Grating Width

(μm)

Depth

(μm)

Laser Power

(mW)

Defocus

(μm)

Velocity

(mm/s)

8.421 0.619 1.314 0 5

11.975 1.930 5.52 0 5

15.250 2.856 10.47 0 5

17.942 3.299 15.75 0 5

18.473 5.476 20.49 0 5

20.564 5.117 26.35 0 5

22.997 5.396 37.0 0 5

×10

27.022 8.521 52.5 0 5
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Supporting Information S3

Morphology and XRD characterization of MAPbI3 perovskite films

The surface morphology of the prepared perovskite films was characterized with SEM 

images. Figure S4a shows the original data and the processed pictures used in the 

main text. We use a software (Image-Pro Plus) to determine the thickness and grain 

size of the film, with ~200 nm and 126 nm, respectively, as shown by the statistical 

results in Figure S4b. The grain size is similar to that reported in the literature.[2]

Figure S4. (a) Original data and the processed pictures used in the main text. (b) Statistical 

chart of the grain size of the perovskite films at different positions.

Furthermore, we analyzed the detailed information in the XRD spectrum from 15° to 

65° , as shown in Figure S5b. Seven characteristic peaks centered at 19.98°, 28.50°, 

31.88°, 40.62°, 43.28°, 50.32°, and 58.90° are assigned to the 112, 220, 310, 224, 330, 

404 and 440 planes of the perovskite crystal structure.[3-4]

Figure S5. (a), (b) XRD pattern comparison of MAPbI3 film on different substrates.
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Influence of the structured substrate on the PL life of its surface material

We believe that the processed PET substrate can only change its interaction with the 

film on its surface but not the properties of the film material itself. In order to verify 

the above conclusion, photoluminescence (PL) properties of perovskite film on the 

PET substrates with different widths and depths were compared. Figure S6a presents 

the 3D confocal microscope images of the processed PET substrates. The PL 

intensities of perovskite films deposited on the smooth surface of the substrates were 

studied in detail, as shown in Figure S6b. We found that the structured substrate 

cannot significantly change the PL intensity of the surface material. The change in the 

peak position is also negligibly small (<5 nm). However, when we compared the PL 

lifetime of the perovskite films on different substrates, we found that the lifetime of 

materials on the structured substrates is indeed slightly longer than that of materials 

on smooth surfaces, as shown in Fgure S6c. In contrast to our previous work, we 

believe that this similar extension of the PL lifetime is due to the enhanced photon 

recycling and outcoupling effect caused by the structured substrate.[5] However, the 

change of PL lifetime (<5 ns) is not obvious, which also proves that the substrate has 

little effect on the properties of the film material itself.

Figure S6. (a) 3D confocal microscope images of the processed PET substrates with different 

structures. (b), (c) PL intensity and lifetime comparison of the perovskite film on different 

substrates.
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EQE comparison of perovskite photodetectors with different substrates

In order to explain the physical mechanisms of optoelectronic device performance 

enhancement, we compared the external quantum efficiency (EQE) of the devices 

with different substrates. The top-view photographs and schematic diagrams of the 

devices based on the structured and flat substrate is respectively shown in Figure S7a. 

Since the area processed by the laser is on the back side of the PET sample, there is 

no much difference from the images. In our experiments, a xenon lamp with a broad 

spectrum was used as the light source. The light intensity between 200 and 800 nm is 

weak but the intensity is relatively stable. When the wavelength is longer than 800 

nm, the light intensity is strong but the fluctuation is large, as shown in Figure S7b. 

This is why the detectivity shown in the main text is fluctuating in this range. With 

the illumination of this light source, we measured the EQE of different devices, as 

shown in Figure S7c. The results show that the EQE of the device based on structural 

substrate (red line) is enhanced within a range of 200-780 nm, which indicats that the 

periodic micro/nano structures on the substrate have an effective regulation on the 

carrier transmission of the light-active material on its surface.[6] The maximum of 

enhancement of EQE is about 6.5 times.

Figure S7. (a) Photographs and the schematic diagrams of the devices on the structured 

(above) and flat (below) PET substrates. The scale bar is 80 μm. (b) Spectral distribution of 

the light source for wide-range photoresponse. (c) Comparison of EQE of the devices on 

different substrates.
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Influence of laser irradiation on the stability of structured FPDs

The thickness of the perovskite film in our FPD was set as ~200 nm. The film is so 

thin that the heat caused by the increasing intensity of incident laser will continuously 

accumulate at the spot area and in turn cause defects and destructions for the 

perovskite material. Figure S8a and S8b show the photos and 3D confocal microscope 

images of the surface morphology of the perovskite film with incident light intensity. 

It is found that when the laser density is greater than 1040 mWcm−2, the ablation 

caused by the heat accumulation become obvious at the laser spot area. Then, the 

photoelectric characteristics of FPDs with different ablation degrees on the film 

surface were measured. The current becomes saturated when the power of the incident 

laser is larger than 1500 mWcm−2, as shown in Figure S8c and S8d. We further 

compared the currents of the devices before and after strong laser irradiation (2500 

mWcm−2). The FPD will experience an irreversible 30% decrease in photoresponse 

due to the surface defects and destructions of perovskite materials. In order to further 

explore the effect of laser on the stability of perovskite materials, we measured the 

Raman spectra of the samples with different illumination intensities, as shown in 

Figure S8e. It was observed two typical peaks at ~69 and 104 cm−1, which are 

characteristic of the bending mode of I-Pb-I bond and the vibration of MA+ cation, 

respectively.[7-8] With the increase of incident light power, the peak intensity at 104 

cm-1 increases obviously, which proves that the local structure of the inorganic 

skeleton of perovskite material has changed during the laser irradiation. The above 

results show that the laser power can influence the stability of the perovskite devices. 

Therefore, for our devices, it is suggested to operate under 1000 mWcm−2.
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Figure S8. (a), (b) Photos and 3D confocal microscope images of the surface morphology of 

perovskite film with incident light intensity. (c), (d), (e) Photoelectric characteristics and 

Raman spetra of FPDs under different light intensities.
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Universal photoresponse enhancement of another back-reflected FPD

Thanks to the near-field optical enhancement of the PET sbstrates with different 

grating structures, we found that it can enhance the photoresponse of the perovskite 

FPDs in general. Here, we also tested the photoelectric characteristic of another 

device with different structural parameter substrates. Figure S9a shows the 3D 

morphology of the grating structure on PET substrate. The width is about 13 μm and 

the depth is about 3 μm. Using this structured PET as a substrate, the photoresponse 

of our photodetector has also been improved by about 2.3 times, as shown in Figure 

S9b. 

Figure S9. (a) The 3D confocal microscope image of the grating structures on PET substrate. 

(b) The photoresponse enhancement of another device with different structural parameters.
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Polarization-dependent photoresponse of the perovskite FPDs

The polarization-dependent photoresponse of our phototetectors were measured. First, 

the position of the device was fixed and the laser was normally incident on the surface 

of samples. Then, we gradually rotated the polarization clockwise at a step of 20 

degrees from the position parallel to the direction of ripples processed on the PET 

substrate, as shown in Figure S10a. We carried out two sets of scanning photocurrent 

imaging (SPI) measurements on the same illumination area (Figure S10b) when the 

light polaization is parallel and perpendicular to the ripples, respectively. None of the 

above experiments show that the device has obvious polarization sensitivity. This is 

mainly because the perovskite film is in-plane isotropic. Although the processed 

structures on the substrate are unidirectionality, they will not cause the photoelectric 

anisotropy of the device because the processing size is much larger than the incident 

light wavelength.

Figure S10. (a) Polarization-dependent photocurrent measurements of the perovskite FPDs. 

(b) SPI experiments of the perovskite FPD under irradiation of the laser with different 

polarizations (red arrows).
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FPD Bending performance comparison of devices with different substrates

We measured the bending robustness characteristics of perovskite photodetectors with 

different substrates. For the devices based on flat PET, there is a significant decrease 

of the photocurrent when the curvature radius is smaller than 6.48 mm. While for the 

devices based on structured PET, the photocurrent changes little regardless of the 

bending conditions, as shown in Figure S11a. To intuitively reveal the influence of 

the substrate alteration on the bending properties of its surface material, we have 

observed the surface morphology after bending. Three different viewing areas are 

marked as red (left), yellow (center) and blue (right), respectively. The photographs 

and scanning electron microscope (SEM) images are shown in Figure S11b. More 

cracks on the flat PET based device can be seen. However, the listed micrographs 

alone are not sufficient to exhibit the degree of damage of the perovskite film caused 

by the substrate bending. So we made statistics on the change of surface topography 

in different areas (40×40 μm2 and 120×120 μm2). Four statistical parameters, such as 

Sa, Sz, Spc and Sdr are considered by means of the MultiFile Analyzer software.

Here, Sa, the arithmetic mean height of surface, is a parameter that characterizes the 

surface height of the material. Sz, the maximum surface height, represents the 

difference between the maximum peak value and the minimum valley value. It can be 

seen from the Figure S11d that both Sa and Sz of perovskite film on structured PET 

are less than that of flat one, indicating a smaller undulation of the material surface on 

the structured substrates. In addition, Spc is arithmetic mean curvature of the peak 

culmination, and Sdr is developed area ratio of the surface. Both of them represent the 

surface morphology, and the closer the value to zero, the flatter the surface becomes. 

From Figure S11d, we can also draw the conclusion that the structured substrate is 

beneficial to avoid wrinkling of the surface material. With the help of these statistical 

data, we found that the cracks on the perovskite surface on the structured PET 

decreased significantly.

The values of Sa, Spc and Sdr can be calculated according to the following formulas:
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Figure S11. (a) I-V characteristics of the devices based on flat and structured PET after 

bending with different curvature radii. (b) Photographs and SEM images of the devices after 

1000 bends in total. The ‘S’ and ‘F’ are abbreviations of ‘structured’ and ‘flat’, respectively. 

The ‘L’, ‘C’ and ‘R’ are ‘left’, ‘center’ and ‘right’ for short. (c) Data statistics of the cracks on 

the perovskite surface on different substrates.

In order to further determine the effect of the micro/nanostructures on the substrate on 

its bending performance, we first simulated the first principal stress distribution in the 

PET with Comsol Multiphysics software. The width and depth of the sawtooth-shaped 

grating were determined as 30 μm and 10 μm, respectively. The parameters such as 

density, Young’s modulus and Poisson’s ratio of PET were set as 1.38 g/cm3, 4000 

Mpa and 0.338, respectively. A fixed constraint was employed at the left side of the 

PET layer, and a force of 50 N was loaded at the right side to realize bending of the 
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PET substrate. Figure S12a shows the whole stress distribution of PET materials with 

the normalized intensity of pressure (σ) from -1 to 1. Regardless of the structures on 

the surface of PET, the stress distribution does not seem to be significantly different. 

However, when we analyzed the stress distribution according to the different range of 

intensity, we found that the structures had a great influence on the stress distributionas 

shown in Figure S12b and S12c. The micro/nanostructures on the structured substrate 

make the stress distribution more uniform inside the PET material, whereas the stress 

is more likely to be concentrated on the surface of flat substrate. This is why the 

perovskite thin film on the flat substrate surface is more likely to be destroyed.

In addition, we also carried out the microstrain (με= (ΔL/L) × 10−6) measurements of 

different PET samples, as shown in Figure S12d. Here, μεrepresents one millionth of 

the strain of the sample, L for the original length of the cubic element in the sample, 

and ΔL for the change of the length of the cubic element. A platform with four 

degrees of freedom was used to change the bending curvature of the substrates in 

steps of 0.25 mm. The data was recorded in real time with an analysis system 

(DH8302). In our experiment, there are two phenomena worth noting: First, the με of 

the structured PET is much smaller than that of flat one. This means, under the same 

bending curvature, the stress on the structure PET surface is relatively less. Second, 

when the bending curvature reached ~5.5 mm, the με values of both the flat and 

structured PETs decreased sharply, which indicates the irreversible damage of the 

material due to excessive stress. This indicates the decline of the device performance 

below the bending curvature of 5 mm is mainly due to the destruction of the 

substrates and accompanying cracks of the film material on its surface. However, we 

can find that micro/nanostructures on the structured substrate can greatly enhance the 

stability of the device. Figure S12e shows the photoelectric performance of our FPD 

under further bending. When the bending curvature reaches ~4.5 mm, the 

photocurrent intensity of the device will drop by half. Under this curvature, the 

photocurrent intensity will further decrease to 20% if the device is bent 100 times. 

(The discrepancy of the measured stability of the device from that of the main text is 

due to the different sample used in the supplementary experiment.)
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Figure S12. (a), (b) and (c) Stress distribution simulation of PET substrates with and without 

micro/nanostructures under bending. (d) Microstrain measurements of different PET samples. 

(e) Characterization of bending behaviors of our back-reflected FPD.
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