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Micropump Fluidic Strategy for Fabricating
Perovskite Microwire Array-Based Devices
Embedded in Semiconductor Platform

Bin Xin,1 Yusin Pak,1 Meng Shi,2 Somak Mitra,1 Xiaopeng Zheng,1,3 Osman M. Bakr,1,3

and Iman S. Roqan1,4,*

SUMMARY

Microfluidic technologies are used to precisely manipulate fluid flow
to integrate solution-processedmaterials in semiconductor devices.
Here, a microfluidic method for incorporating perovskite into semi-
conductor-based devices is developed by embedding perovskite
microwires (MWs) in Si microchannel platforms. The method relies
on pumping a solution containing perovskite from the source to
be precisely injected into Si microchannel arrays using filter paper
that acts as a mesh of nano-/micropumps, owing to the capillary
forces. Mask-free laser interference lithography is used to fabricate
Si microchannels. Advanced characterization demonstrates that
high-quality MWs are confined perfectly within the microchannel
platform. Theoretical simulation is used to study the microfluidic
mechanism. A high-performance photodetector based on the
perovskite/Si MW array is obtained. Owing to this method’s
simplicity, low cost, and zero chemical waste, it could pave the
way for manufacturing cost-effective miniaturized perovskite in
semiconductor platforms for a wide range of applications, including
lab-on-a-chip technology.

INTRODUCTION

Since the 1980s, micro-/nanofluidic technologies have played an important role in

biological1 and medical diagnostics2 and biochemical research,3 leading to cut-

ting-edge technologies such as lab-on-a-chip (LOC) devices. These advanced pro-

cesses can be used to precisely manipulate both fluid flow (e.g., solvents) and

mass transport of small molecules (solutes) at a micro-/nanoscale in semiconductor

platforms, thereby facilitating the manufacture of millions of microchannels, each

measuring mere micrometers, on a single chip. However, as the material required

for the application of this technology must be in fluid form, limited progress has

been made in this field over the years, necessitating further work on advancing

the control method to make it applicable to semiconductor materials.4,5

Recently, lead-halide-based perovskites (MaPbX3 and CsPbX3), as a new type of ion

crystal semiconductor material, have attracted considerable research interest

because they can be synthesized by low-cost solution processing at room tempera-

ture and because of their unique characteristics, such as high quantum yield (up to

90%), tunable emission spectra over the entire visible range with narrow linewidth,

suppressed photoluminescence (PL) blinking, high carrier mobility, and large diffu-

sion length.6–10 Thus, perovskite materials have emerged as suitable candidates

for a wide range of electronic, optoelectronic, and photovoltaic applications.
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Perovskite can be integrated into other semiconductor devices to obtain different

functionalities, such as adjusting the charge carrier separation, enhancing light cap-

ture,11 and optimizing the optical parameters of these devices.

Integrating patterned nanoscale perovskite structures in semiconductor-basedmini-

aturized devices are specifically substantial for fabricating lasers,12 solar cells, and

photodetectors (PDs)13 due to their characteristics—in particular, their high sur-

face-to-volume ratio, results in high sensitivity, rapid response time, and low power

consumption.14 For example, functionalizing Si with perovskite has been demon-

strated for developing tandem solar cell devices, using perovskite film structure.15,16

Patterned structures based on a wide range of traditional materials, such as Si,17

conducting polymers,18 metal oxides,19 and other semiconductors20 have already

been obtained; nonetheless, it is still challenging to obtain patterned ion semicon-

ductor crystals such as perovskite using the traditional lithography technology to be

integrated with semiconductor devices.21

When perovskites were subjected to conventional solution-based processes aimed

at functionalizing them in nanofabricated devices, their dewetting behavior was very

difficult to control using drop-casting, spin-coating, or inkjet printing.22 For

example, previously proposed methods for synthesizing patterned polymer and

other solution-processed materials, such as the liquid knife method,23 the capil-

lary-bridge method,24,25 the nano-channel-assisted method,26 and the wettability

surface control method,27,28 are costly and require complex fabrication processes,

which necessitate the use of additional tools.22–30 Moreover, in these methods,

nanoscale resolution is not optimized, and the excess perovskite remaining after

the device fabrication cannot be recycled. Thus, there remains a need for a cost-

effective, simple, and feasible approach that can produce waste-free one-dimen-

sional (1D) microwire (MW) arrays with nanometer dimensions.

To address this gap in extant research, this work demonstrates a facile micro-/nano-

fluidic method relying on a micropump auxiliary strategy to obtain well-aligned

perovskite MW arrays embedded inside patterned Si microchannel arrays (thou-

sands of microchannels). These microchannels were fabricated by cost-effective

mask-free laser interference lithography (LIL). The proposed method produces

high-resolution (in hundreds of nanometers) MW arrays, while ensuring uniform con-

trol of crystal size, with the potential for application in integrated circuits in a chip. As

a part of this proof-of-concept study, a high-performance PD based on CsPbBr3
MWs integrated into a patterned SiO2/Si platform was developed, confirming that

it can be extended to large-scale microwire applications, as it is inexpensive, highly

efficient, and flexible.

RESULTS AND DISCUSSION

Fabrication of Patterned SiO2/Si Substrate with Periodic Line Gratings

Figure 1A shows the schematic diagram of the LIL process for fabricating a periodically

aligned patterned SiO2/Si substrate, along with the detailed fabrication process, both of

which are described further in the Experimental Procedures section (the LIL experimental

setup is shown in Figure S1). LIL is a facile, inexpensive, rapid, and mask-free patterning

technique for fabricating periodic and uniform micro-/nanopatterns (e.g., line, dot, hole

arrays) across a relatively large substrate area. The LIL performed in the present study

comprises three steps.31 First, a photoresist-coated Si substrate was irradiated by two

coherent interference beams; then it was developed in a solution to produce periodic

photoresist patterns,32 as shown in the top panel of Figure 1A. Second, the sample
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was etched by a sequential deep reactive ion-etching process, reaching the Si surface to

transfer the periodic patterns onto the Si (the second panel in Figure 1A). Then, the

patterned Si substrate was cleaned with acetone to remove any residual photoresist

from the patterned sample (the third panel from the top in Figure 1A). Thus, a deeper

and stable periodic Si microchannel that can withstand application of most organic sol-

vents is obtained without the need for the unstable conventional photoresist patterning

process. Finally, to fabricate an insulating SiO2 layer on Si, the periodically patterned Si

substratewas further subjected to a standard thermal oxidization process to create a thin

SiO2 layer on the patterned Si microchannel surface (the bottom panel in Figure 1A).

The LIL technique allows the fabrication of different periodic patterns (e.g., holes,

pillars, parallel line gratings), by modulating various lithographic parameters, such

as interference light intensity, angle, exposure time, and development duration.

To obtain the parallel line grating–patterned matrix, a single exposure was per-

formed (Figure 1B). However, to obtain an array of periodic hole (or pillar) patterns,

the second exposure should be performed by rotating the sample by 90� after the
first exposure, as shown in Figure 1C. The patterned Si substrate used in this study

is comprised of a microchannel array that is characterized by about ~1 mm channel/

ridge periodic pairs with a depth of 1–2 mm (Figures 1B and 1D). Moreover, channel

Figure 1. LIL Fabrication Process and the Patterned Si Substrates

(A) The steps required for fabricating Si or SiO2/Si periodic patterned substrate using the LIL

process.

(B) SEM image of periodic parallel line grating-patterned Si substrate (the inset shows the

anisotropic morphology of a water droplet on the parallel line grating-patterned Si).

(C) A periodic matrix comprising holes produced on Si surface (the inset shows the photo of the

light reflected from the periodic structure, indicating the high quality of the patterned substrate).

(D) Cross-sectional SEM image of line grating-patterned Si substrate.
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depth and width are uniform, as shown in the cross-sectional image in Figure 1D. The

liquid droplet exhibits an anisotropic shape33 on the parallel line grating-patterned

Si surface, as shown in the inset image of Figure 1B, demonstrating a guide function

for the liquid flow process. The inset image in Figure 1C demonstrates the superior

quality of the periodicity of the patterned microchannel: when white light (produced

by a fluorescent lamp) is reflected from the periodic structure, it disperses into the

seven major colors of the spectrum, due to the diffraction effect of uniform periodic

patterns, further confirming good pattern quality.

Fabrication of Perovskite MW Arrays via Micro-/Nanopump Strategy

The process of incorporating perovskite in the microchannels includes two stages.

The first is the injection of the solution into the empty microchannels through a filter

paper (as seen in Video S1: solution injection into the Si microchannels), while the

second stage shows the post-‘‘evaporation-injection-balance’’ process, when the

perovskite MWs are formed.

Figure 2A shows the experimental setup of our micro-/nanofluidic strategy used for

pumping the perovskite into the parallel microchannels of the SiO2/Si substrate. A

solution of CsBr and PbBr2 dissolved in dimethyl sulfoxide (DMSO) solvent was pre-

pared in a Petri dish serving as a ‘‘solution source.’’ Next, a filter paper was placed on

a piece of a glass slide, acting as a micropump to transmit the liquid perovskite from

the solvent source (using surface tension force) into the parallel microchannels of the

substrate. One side of the filter paper/glass was dipped in the perovskite Petri dish

and the other side was attached to the substrate, as shown in Figure 2A. In several

Figure 2. Micropump Process to Synthesize Perovskite MWs Inside Si Microchannels

(A) A sketch of the (microfluidic) micro/nanopumping strategy for fabricating MW arrays of

solution-processed material (in this case, perovskite) that subsequently could be embedded in the

channels of a patterned semiconductor device/platform.

(B) SEM image of uniform periodic Si microchannels with and without the DMSO solution.

(C) A 10 3 10 mm SEM image exhibiting periodic uniform MW intervals of perovskite embedded in

the Si microchannels.

(D) EDX mapping showing the elemental distribution (corresponding to the SEM image shown in C)

of the MW perovskite array embedded in the Si microchannels.
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minutes, the filter paper became fully wet and then the DMSO solution injection pro-

cess (including Cs, Pb, and Br ions) into the microchannels started by relying solely

on capillary force. Due to the high energy surface of the plasma etched area inside

the microchannels (with more dangling bonds of Si along the etched surface), the

liquid solution could thermodynamically adhere to the microchannel surface. There-

fore, the perovskite solution was fully contained along the microchannels and had

the same level as the ridge height without dips or overflow, as shown in Figure 2B.

When the DMSO solvent evaporated from the microchannels, the remaining Cs+,

Pb2+, and Br� ions in the solvent were clustered and nucleated and crystallized in-

side the channels, forming the perovskite MWs alternately on the patterned Si sub-

strate, as shown in Figure 2C. The energy-dispersive X-ray spectroscopy (EDX)

elemental maps (Figure 2D) clearly demonstrated that the elemental compositions

(e.g., Cs, Pb, Br) are almost distributed uniformly (along the entire periodic array

of perovskite MWs). Note that the width of the channel controls the MW width.

Strategy for Optimizing MW Array

We demonstrated an ideal growth process of perovskite MWs within the Si micro-

channels. First, after the microchannels are filled with the perovskite solution, the so-

lution level starts decreasing due to evaporation. Second, driven by capillary forces,

as new solution is pumped from the solvent source, it will push the as-evaporated

solution forward to the end of the channel to compensate for the lost volume. As

a result, the ion concentration distribution in the solution gradually increases from

the inlet point at which the solution is pumped into the microchannel toward its

opposite end. Thus, the perovskite MW crystallization progresses sequentially in

the reverse direction (i.e., from the endpoint to the inlet point, as indicated by the

red arrow in Figure 3A) from that of the solute flow (the pink arrow in Figure 3A).

This results in the formation of a perovskite MW array confined by two adjacent Si

ridges (yellow-colored MW in channel ➀ shown in the schematic diagram of Fig-

ure 3A). Note that the dimension of perovskite MW depends on the microchannel

dimension. Thus, this evaporation technique can be used to form perovskite nano-

wires as the LIL was used successfully for producing nanochannels.

To gain deep insight into the ideal MW growth that shown in channel➀, a computer

simulation of flow character and ion distribution was performed using COMSOL soft-

ware. To simplify the analysis, while retaining the channel width and height (0.72 and

1.5 mm, respectively) used in the experimental setup, the channel length was short-

ened to 20 mm. At the same time, the amount of injected solution was regarded as

equal to the evaporation amount. The injection direction was from the front surface

of the channel, while the evaporation occurred at its top surface, as shown in Fig-

ure S2. The DMSO solution evaporation rate was 0.8 pg/s/mm2 at the ‘‘evapora-

tion-injection-balance’’ stage.34 To show the micropump process more clearly, we

further assumed that the ions were transported with the solution and had a low diffu-

sion propensity (depending on their density). The initial concentration was set to

225 mmol/L, in line with the experimental value, as shown in the Experimental Pro-

cedures section. As can be seen from Figure 3B, the solution velocity exhibits a U

shape, whereby the velocity at the center is much greater than that near the channel

walls due to the boundary effect. Moreover, the velocity decreases from 16 mm/s at

the inlet of the channel to�0 at its end. At the start of the process (i.e., at t = 0 s), the

ion concentration is 225mmol/L and is evenly distributed across the channel. As time

passes, the evaporation induces an increase in ion concentration. Thus, at t = 30 s,

the ion concertation in the channel has a distribution from 225 mmol/L at the inlet

of the channel (L = 0 mm) to 246 mmol/L at its end (L = 20 mm), as shown in Figure 3C.

The higher ion concentration indicates that perovskite crystallization starts from the
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channel end. These simulation results support our hypothesis regarding the ideal

growth conditions shown in Figure 3A.

Defects such as discontinuities and overflow defects (as the most common defects)

can be created in the MWs (indicated as channels ➁ and ➂, respectively, in Fig-

ure 3A). Their formation mechanisms are described in Note S1. The scanning elec-

tron microscopy (SEM) images presented in Figure S3 show the different types of

defects, including nucleation, discontinuities, uneven distribution in the horizontal

direction, and overflow. These defects prevent the formation of periodic MW arrays

across a large area of the patterned substrate. To avoid the emergence of these

defects, it is essential to eliminate random nucleation and properly let the solution

flow to the end of the channels. Although the LIL allowed the fabrication of the

channel array with a high length-to-width ratio, accumulation of perovskite solution

can occur in such a long channel, leading to the aforementioned defects.

To address these issues, the micropump process was succeeded by another strat-

egy. The substrate was simply scratched using a diamond knife in the direction

perpendicular to the Si microchannel arrays (i.e., the liquid flow direction) (the

scratch direction is marked by the red arrow shown in Figure 3D). This scratch was

highly effective in releasing the pump force, and ensuring the even and homoge-

neous redistribution of the perovskite solution inside the microchannels. To obtain

uniform periodic dimensions of MW arrays, we further optimized the MW structure

Figure 3. Growth Mechanism and Computational Fluid Dynamics Simulations of the Micropump Strategy

(A) A graphic illustration of a continuous perovskite MW fully grown along the microchannel (channel ➀) (the perovskite solution starts filling the

microchannels in the direction shown by the pink arrow in channel➀. The perovskite nucleation process started (in this study, �196 min after starting the

micropump process). The perovskite nucleation is formed in the reverse direction of the solution flow after the liquid evaporation process occurs

(indicated by the red arrow in channel ➀). The possible defects, mainly discontinuities in the MW and merged MWs due to overflow effect are

represented by channels ➁ and ➂, respectively.

(B) The solution velocity distribution at the ‘‘evaporation-inject-balance’’ state.

(C) The ion concentration distribution after 30 s evaporation.

(D) A facile design by applying a FIB line perpendicularly to the array (the red arrow).

(E) An area of continuous MW array for device channels after applying FIB on the scratch line shown in (D) (the red arrow), producing uniform device

structure.

(F) A schematic of the proposed strategy for further optimizing the micropump method.
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for a variety of potential uses in applications. Based on the scratch process, focused

ion beam (FIB) lithography was used to delicately form lines on the patterned sub-

strate that is perpendicular to the microchannels (tracing the scratch direction), as

shown in Figure 3E. By fabricating these lines, an easy-flow and growth strategy

was obtained by eliminating discontinuities or overflow defects, resulting in a peri-

odic perovskite MW array with �100 mm length at an area of several centimeters

(i.e., 500-nm width was achieved for a single MW), as shown in Figure 3E. As the

MWdimensions depend on themicrochannel dimensions using this micropump pro-

cess, the MW height is determined by the microchannel depth, which is limited by

the photoresist thickness. However, theoretically, MW length is expected to be flex-

ible (up to several centimeters), but may be controlled by the defect presence.

In Figure 3F, we propose amethod to further improve the quality of the perovskite/Si

array for use in practical devices. More details of the process are described in Note

S2. However, due to the limitations imposed by the setup available, currently, this

method cannot be executed in practice. In addition, the microfluidic transport35,36

needs further work to elucidate the role of different parameters, such as the ridge/

channel width ratio, the temperature and humidity of the environment, the angle

of the dip used for sample placement, and airflow perturbation, which are beyond

the scope of the current investigation.

In contrast to the traditional fabrication methods,29,30 our novel micropump fluidic

method is significantly cost-effective, simple, and feasible (as it requires only filter papers

between the source and the patterned platform). Traditional methods reported in the

literature used complicated fabrication processes for fabricating 1D MW arrays,29,30

and resulted in several micrometer resolutions. For example, in these studies, photoli-

thography was used to fabricate periodically aligned SU-8 photoresist stripes on the

SiO2/Si substrate, which acted as the template for the subsequently aligned growth of

MWarraysandvia traditionalblade-coating/dip-coatingmethods. Inaddition,ourmicro-

pump approach benefits from self-assembly and auto- or self-growth technology based

on the capillary force effect in microchannels (carried out under the ambient conditions)

without the need for the complexity of the photoresist and lithographymethods and can

be applied to any patterned solid platform with nanometer dimensions. In addition, our

approachdoes not generate any undesirable by-products; it is a zero-waste and contam-

ination-free process (as the filter paper could be easily cleaned and thus recycled by dip-

ping it into the DMSO solution). Furthermore, this micropump process prevents the

contaminationof rawmaterials.Moreover, the LILprocessused to fabricateSimicrochan-

nels is based on a cost-effective, simple, mask-free patterning technique, whereas tradi-

tional lithography is costly and complicated.Owing to its simplicity, our process does not

require a mask aligner for fabricating periodically aligned microchannels. In addition,

transferring the MWs embedded in the Si microchannels into another substrate may

be possible.37

Structural and Optical Properties of the Perovskite MWs Embedded in the Si

Microchannel Array

We carried out a transmission electron microscopy (TEM) analysis to ascertain the

MW size and structural homogeneity. Thus, a cross-section of the perovskite MW/

Si periodic array was prepared via the FIB technique. The examined uniform array

comprised 14 MWs well separated by Si ridges, as shown in Figure 4A. Each MW

has 1.5 mm height and 0.72 mm width and is fully embedded in the Si channel with

no interspaces or defects, as shown in Figure S4, further confirming the effectiveness

of our micropump microfluidic method.
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Figure 4B shows the high-resolution TEM (HR-TEM) and the fast Fourier transform

(FFT) results, which were measured for perovskite MW/Si lamella prepared by

SEM-FIB, suggesting that the perovskite MW exhibits a major cubic crystalline

structure with slight segregations. X-ray diffraction (XRD) was performed to further

confirm the crystalline quality of the perovskite MWs embedded in the microchan-

nels, as shown in Figure 5A. The peaks (denoted by red dots) match the XRD peaks

of the typical cubic CsPbBr3 structure. This result confirms that the main chemical

compound of these MWs is CsPbBr3, as observed in HR-TEM. The minor peaks,

indicated by green arrows, correspond to the CsBr segregation formed due to

its low solubility in DMSO.38 As reported in the pertinent literature, the other

obscure peaks can be associated with zero-dimensional perovskite Cs4PbBr6.
39

These findings are in line with the HR-TEM results above, identifying the origin

of the minor observed segregations. The existence of segregation and chemical

phase in perovskite is determined by modifying the molar ratio of PbBr2 and

CsBr in DMSO that was suggested to be the key to improving the purity of the

chemical phase.40–42

To investigate the optical quality of the perovskite MW embedded in the microchan-

nels, PL and time-resolved PL (TRPL) measurements were carried out at room tem-

perature. Figure 5B shows the PL spectrum (in black) of perovskite MWs, indicating

an intense emission peak centered at 524.5 nm with a full width at half-maximum

(FWHM) of 26.2 nm. To study the origin of this peak, the PL excitation (PLE) spectrum

at 492.4 nm shows a Stokes shift with respect to the PL peak (the red spectrum pre-

sented PLE signal in Figure 5B), which is in line with the reported work for CsPbBr3
nanocrystals.9,43 2D TRPL mapping of the MW array is shown in Figure 5C, while

the lifetime decay curve is shown in Figure 5D. The lifetime components were ob-

tained by fitting the experimental data (black curve) to the biexponential lifetime

decay model44,45 (dashed line), as shown in Figure 5D—fast (�15.1 ns) and slow

(�43.6 ns)—indicating different recombination centers related to trap-assisted

and free charge carrier transition decay, respectively.42,46 The total lifetime of

38.4 ns is �8 times longer than that of pure CsPbBr3 nanocrystals previously re-

ported,9 indicating a higher radiative recombination rate in the perovskiteMWarray.

Thus, these findings (including TEM and XRD results) indicate that the high optical

and structural qualities of perovskite MWs confined in Si microchannels may

comprise minor Cs4PbBr6 nanocrystals (segregations) resembling a CsPbBr3 matrix.

Practical Application of Our Novel MW/Si Platform for Optoelectronic

Devices

To demonstrate the applicability of the proposed micro-/nanopump strategy in

fabricating devices, a proof-of-concept PD device based on perovskite MWs

Figure 4. Cross-sectional Images of the Perovskite MWs

(A) Cross-sectional SEM image of MWs embedded in the Si-microchannel array (comprising 14

individual MWs) prepared by the SEM-FIB technique.

(B) The corresponding HR-TEM image and FFT pattern measured for a single MW.
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confined in the Si microchannel array (acting as a semiconductor platform) was fabri-

cated. A 300-nm-thick SiO2 was grown on the patterned Si microchannel array via

thermal oxidation (Figure 1A, bottom panel), to ensure that no response is obtained

from the Si substrate, while collecting responses only from the perovskiteMWarrays.

Then, our micropump method was used to form MWs confined in the SiO2/Si micro-

channels. Next, for metal contacts, Ti and Au interdigitated electrodes (IDEs) of 100-

nm thickness were deposited on top of the perovskite MWs. Figure 6 shows that 27

individual perovskite MWs were created, each of which was in contact with the 2

electrodes.

Figure 6B shows transient on/off cycles of photocurrents measured at different volt-

ages (0.01, 0.1, and 1 V), as well as 0 V, based on a typical ohmic contact shown in the

I-V curve (current-voltage characteristic curve) illustrated in Figure 6C, suggesting

that it can work as a self-powered device. A 0.14-mW/cm2 white light-emitting diode

(LED) served as a light source. The resulting device was stable and was capable of

reversible and rapid switching between the dark and the illuminated states. Expo-

sure involving 140 on/off cycles resulted in a stable responsivity of�0.96 A/W. How-

ever, the high dark current is limited under high bias and needs to be optimized. If

the dark current effect is ignored, then the photocurrent is as high as 1 mA under 1 V

voltage bias, which is higher than the value we previously reported for nanocrystal

perovskite-based PDs.9 The high dark current at high bias can be attributed to

two reasons. First, the interfacial defects between the perovskite and the SiO2 in-

crease the dark current. Second, the inclusion of Cs4PbBr6 in CsPbBr3 can reduce

Figure 5. XRD and Optical Characterizations of Perovskite MWs

(A) XRD 2q scan of perovskite MWs. (Red dots stand for cubic CsPbBr3 XRD pattern, green arrows

stand for XRD peaks related to CsBr segregation).

(B) PLE and PL spectra of perovskite MW array taken from the whole wafer comprising many MWs.

(Blue arrow stands for the Stokes shift).

(C) Room-temperature 2D TRPL mapping for perovskite MW emission.

(D) TRPL decay curve.
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the photoresponse, as Cs4PbBr6 has a lower photoresponse compared to

CsPbBr3.
47

A relatively short photoresponse time was obtained (<80 ms). As our Keithley

apparatus cannot detect the rise/fall time shorter than 80 ms, we could not

determine these values exactly. Furthermore, we performed a 10,000 Hz commu-

nication experiment, but no response was obtained, suggesting a 0.1 ms �
<80 ms response time range, which is comparable to that of reported perov-

skite-based PDs.48–54 In general, our PD performance (including responsivity

and response values) is higher than those in several reported works. In particular,

the responsivity of our PD device is higher than that of previously reported self-

powered, PD-based on perovskite,48–52,55 as shown in Table S1. Thus, our novel

microfluidic strategy demonstrated high-performance MW-based PDs compared

to previously reported PDs based on perovskite56,57 or other materials58 under

low applied voltage.

In conclusion, a cost-effective and superior micropump (microfluidic) strategy was

developed and successfully applied to fabricate well-aligned parallel perovskite

MW arrays confined in the Si patterned (microchannels) platform. The main ad-

vantages of the proposed strategy are its high resolution and zero waste and

chemical pollution, making it feasible for large-scale perovskite-based applica-

tions. Advanced optical and structural characterizations revealed the good qual-

ity of CsPbBr3 MWs with minor inclusions of Cs4PbBr6 nanocrystals. Moreover,

successful fabrication of a highly sensitive self-powered PD based on these mi-

cropump-assisted perovskite MWs confirmed that this method can assist in pro-

ducing 1D nanostructures whose characteristics can be adjusted by modifying

the semiconductor microchannel dimensions, such as photovoltaic cells, high-

density microcircuits, field-effect transistors, biosensors, waveguides, and mer-

sisters. The simplicity and cost-effectiveness of this strategy (owing to room-tem-

perature processing without the need for expensive facilities) would ensure its

scalability.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further requests for procedures and resources can be directed to the Lead Contact,

Prof. Iman Roqan (iman.roqan@kaust.edu.sa).

Figure 6. Characterizations of Perovskite MWs-Based Photodetector (PD)

(A) SEM image of the PD structure. (Pink arrow indicates an example of completely filled MWs and

the red lines represent empty microchannels).

(B) Transient curves of the PD based on perovskite MWs at different bias voltages.

(C) The I-V performance of perovskite MW-based PDs.
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Materials Availability

All stable and unique materials generated in this study are available from the Lead

Contact upon reasonable request.

Data and Code Availability

All of the data supporting this study has been shown in the article and Supplemental

Information. Other related data are available from the Lead Contact upon reason-

able request. The solution injection into the Si microchannels is shown in Video S1.

Chemicals

Lead(II) bromide (PbBr2, 99.999% trace metals basis), cesium bromide (CsBr), and

DMSO were purchased from Sigma-Aldrich. All of the chemicals were used without

further purification.

Synthesis of the Perovskite MWs

Typically, 0.29 g of PbBr2 (1.35 mmol) and 0.495 g of CsBr (1.35 mmol) were dis-

solved in 6 mL DMSO under vigorous stirring for 3 h at 90�C in ambient air. After

the mixture had completely dissolved, the solution was injected into a flat dish to

fabricate the perovskite MWs, as shown in Figure 2A.

Fabrication of Si Substrate with Parallel Stripe (or Grating Line) Patterns

LIL technology is a mask-free method for fabricating large-area, periodic photoresist

patterning. For the present study, thephotoresist was preparedbymixingAZ2020nega-

tivephotoresist andAZ1500 thinner (at a1:0.8 ratio) by string for 48h.Next, 200nmof the

prepared photoresist was spin-coated (at 4,000 rpm for 45 s) on O2 plasma-treated (30

sccm for 1 min) Si wafer. After an 80-s soft-bake process at 100�C, the as-coated wafer

was transferred to the LIL system for exposure, with a 26-mW325-nmHe-Cd laser serving

as the light source. A beam expander was used to generate a lager light spot (12 cm in

diameter, in this case). The stripe and the period width were determined by the exposure

time (20–25 s) and the stage angle (0�–90�). The period could be adjusted, while remain-

ing in the160�2,000nmrange.After a further180-spost-bakeat115�C (toensurephoto-

resist stability), AZ762MIF developer was applied for�40 s to obtain the desired design

pattern. All of the aforementioned steps were performed in a darkroom to avoid ambient

light fromaffecting thephotoresist exposure.Moredetailson theLILmethodologycanbe

found in thepertinent literature.29 To create thedesiredpattern on theSiwafer, thedeep-

reactive ion Si etch process was applied, comprising a 5-s develop step using 100 sccm

C4F8 and 10 sccm SF6developer, followed by a 7-s etch step involving 5 sccm C4F8 and

100 sccmSF6 alert flow,whichwascarriedout in theetching chamber.Usingaphotoresist

of 200-nm thickness, the aforementioned process was repeated 10–20 times, after which

the Si wafer was washed in acetone to remove any residual photoresist.

Characterization

XRD measurements were conducted using a Bruker D8 Advance X-ray diffractom-

eter equipped with monochromatized Cu Ka radiation (l = 1.5418 Å). The TEM sam-

ple was prepared via the FIB method using a Helios G4 UX. HR-TEM was performed

using a Titan CT (with 200 kV).59 An Edinburgh FLS980 Photoluminescence Spec-

trometer attached to a 1,000-W xenon lamp (Newport 66923)60,61 was used for

room-temperature PL and PLE measurements. ZEISS SEM (with 5 kV) was used for

SEM, and an EDX analysis was carried out using an X-ACT detector from Oxford In-

struments coupled with SEM (20 kV). TRPL measurements were performed using a

mode-locked Ti:sapphire laser (Coherent Mira 900), with 1.90-W laser power at

800 nm, at 150-fs pulse width, and 76 MHz pulse repetition rate. A second harmonic

generator (APE) was used to double the frequency of the excitation laser line

ll
OPEN ACCESS

Cell Reports Physical Science 2, 100304, January 20, 2021 11

Article



(400 nm). The laser power on the sample was >1 mW (60 mm spot diameter). Sample

emission was detected by the monochromator attached to a Hamamatsu C6860

streak camera with a temporal resolution of 2 ps.62–64

Computational Fluid Dynamics Simulations

Commercial software COMSOL Multiphysics (COMSOL 5.4) was used to solve the

physical profiles of flow velocity and ion concentration distribution. The physical

modules of laminar flow and transport of diluted species were fully coupled to

describe the physical processes. The geometric model is shown in Figure S2. An

evaporation rate with a constant value (0.8 pg/s/mm2) was applied on the top sur-

face of the channel. The top face has been deemed as an average ion source. The

mass transport is governed by the convection-diffusion equation vC=vt + u, VC =

DV2C, where t (s) is the time, D (m2/s) is the diffusion coefficient of the solvent

molecule (DMSO), and C (mmol/L) is the solvent vapor concentration. Here, the

ion diffuse rate varying with different ion density is typically set as 10�9 m2/s.

The velocity profile u (m/s) is determined by the laminal flow analysis, which is gov-

erned by Navier-Stokes equations. The initial concentration of the solute (small

molecules) in the DMSO was set as 225 mmol/L (as shown elsewhere in the Exper-

imental Procedures, 1.35 mmol CsPbBr3 was used to synthesize the perovskite

MWs in the 6-mL solution). As the channel is very tiny, the temperature was re-

garded as room temperature (25�C) and the heat exchange to the environment

was neglected.

PD Fabrication and Characterizations

After using the LIL technique to fabricate patterned Si substrates, a 300-nm-thick

SiO2 layer was deposited on the Si patterned channels/ridges using a standard

wet rapid thermal oxidation at a temperature of 1,000�C. This SiO2 thickness was

selected to provide good coverage and to insulate Si from the perovskite layer,

thus ensuring that the response is collected from perovskite MWs only. Once the

perovskite MWs were successfully embedded inside the SiO2/Si microchannels by

micropumping, a 100-nm Ti/100-nmAu electrode was deposited on the SiO2/Si sub-

strate by magnetron sputtering assisted by a shadow mask. The interdigitated con-

tact electrode (ICE) comprised four close parallel branches extending from two

separate trunks. The channel length between the branches and the branch width

was 30 and 950 mm, respectively. Keithley DC power supply was used as the voltage

source for the I-V measurements, whereby the photocurrent was recorded via the

LABVIEW program (current versus time frame), and ReRa Solutions Tracer I-V curve

software was used for data acquisition. For the experiments, white light was supplied

by a 0.14-mW/cm2 visible (400–700 nm) light source. For the on/off measurements,

we used a Thorlabs optical shutter attached to a controller for auto-controlling the

opening and closing of the shutter that was placed in the light path. The shortest

closing/opening period was �4.08 ms.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2020.100304.
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