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Brushing-Assisted Two-Color Quantum-Dot
Micro-LED Array Towards

Bi-Directional Optogenetics
Dacheng Mao , Zheshun Xiong, Matthew Donnelly, and Guangyu Xu , Member, IEEE

Abstract— Bi-directional optogenetics at single-cell level1

requires localized, bright, and multi-color light sources to2

activate both excitatory and inhibitory opsins. To this end,3

here we report a simple fabrication method of high-density,4

two-color, quantum dot (QD) based micron-sized light emit-5

ting diode (micro-LED) arrays. In particular, we micro-6

patterned InP/ZnS QDs on top of GaN-based micro-LED7

pixels via a simple brushing method, and coated them with8

a spectral filter. The resulting array featured sub-20 µm9

sized light spots near both 462 nm and 623 nm, with their10

optical power density being ca. 0.1 – 1.0 mW/mm2. Com-11

bined with its low crosstalk and fast response, our two-color12

QD-LED array may hold promise for bi-directional optoge-13

netics ultimately at the cellular level.14

Index Terms— Multi-color micro-LED array, bi-directional15

optogenetics, micropatterning of quantum dots.16

I. INTRODUCTION17

B I-DIRECTIONAL optogenetic modulation of neural18

activity is an emerging method to identify the linkage19

between cell connectivity and animal behavior [1]–[3]. In this20

method, neurons are expressed with light-sensitive opsins,21

thereby their activities can be either excited or inhibited22

upon patterned light illumination in a temporally precise23

and cell-type specific manner. While the former functionality24

(excitation) can also be achieved by other methods, the latter25

(inhibition) may find its unique use in developing therapy for26

neurological disorders (e.g., epilepsy) [4].27

To achieve precise optogenetic modulation ultimately down28

to cellular precision, micron-sized light emitting diodes29

(i.e., micro-LEDs) have been recognized for their scalability,30

good lifetime, and medium power dissipation [5]–[8]. In par-31

ticular, these devices can be built into a high-density array32

to achieve optogenetic control of individual cells [7], [8].33

To extend their usage for bi-directional optogenetics, it will34

be essential to examine if such micro-LED arrays can be35

engineered to output multiple wavelengths (i.e., multi-color)36

with their optical power density being ca. 0.1 – 1.0 mW/mm2,37

which can then serve to activate both excitatory and inhibitory38

AQ:1 Manuscript received August 11, 2021; accepted August 25, 2021.
This work was supported by the National Science Foundation under
Grant ECCS-1835268, Grant ECCS-2046031, and Grant ECCS-
2055457. The review of this letter was arranged by Editor D. Kuzum.

AQ:2 (Corresponding author: Guangyu Xu.)
The authors are with the Department of Electrical and Computer

AQ:3 Engineering, University of Massachusetts Amherst, Amherst,
MA 01003 USA (e-mail: guangyux@umass.edu).

Color versions of one or more figures in this letter are available at
https://doi.org/10.1109/LED.2021.3108554.

Digital Object Identifier 10.1109/LED.2021.3108554

opsins (e.g., ChR2 and Halo [2], [3], [9]–[11] or ChRmine and 39

Mac [11]–[13]). 40

To date, multi-color micro-LED arrays have been built 41

from III-V quantum wells, organic films, nanocolumns, phos- 42

phors, or quantum dots (QDs) [14]–[18]. Among them, III-V 43

and phosphor based arrays are noted for their high brightness 44

and quantum efficiency [14], [17], but often built in large 45

pitches (>20 µm) [19]. On the other hand, organic and 46

nanocolumn LEDs have been placed in dense arrays [15], [16], 47

but yet to achieve high brightness and color purity for 48

bi-directional optogenetics. 49

To this end, QD-based arrays have been noted for their color 50

saturation, stability, light power density, spectral tunability, and 51

compatibility with complementary metal-oxide semiconductor 52

based processes [19]–[21]. These arrays can emit light at 53

targeted wavelengths based on either electroluminescence (EL) 54

or photoluminescence (PL) from micro-patterned QDs, which 55

have established their use in display applications [19], [21]. 56

While the former has been suggested for photomedical appli- 57

cations [22], the latter can be made in a small pitch [18] to 58

offer high-resolution illumination at the cellular level. Both 59

of them, however, often involve complex fabrication steps 60

such as transfer printing, layer-by-layer assembly, or ink-jet 61

printing [23]–[27]. It may thus prove beneficial to develop 62

cost-effective alternative methods to build these QD-LED 63

arrays. 64

Here we present a 17-µm pitched two-color QD-LED array 65

based on brushing-assisted micropatterning of InP/ZnS QDs, 66

aiming to enable bi-directional optogenetics at the cellular 67

level. Our QDs were patterned on top of GaN-based LED pix- 68

els by polydimethylsiloxane (PDMS) assisted brushing steps, 69

serving as a simple, cost-effective approach of QD patterning 70

compared to existing methods [23]–[27]. We then coated the 71

array with a photoresist-based spectral filter, which yielded 72

reduced spectral crosstalk and improved optical power den- 73

sities of LED pixels compared to distributed-Bragg-reflector 74

based filters [28]. The resulting array featured sub-20 µm 75

sized light spots near both 462 nm and 623 nm, with their 76

optical power density being ca. 0.1–1.0 mW/mm2. The light- 77

conversion efficiency of our QDs was ca. 5%, on par with 78

prior PL-based QD-LEDs [27], [29]. Combined with its low 79

crosstalk and fast response, our two-color QD-LED array 80

manifests its promise for bi-directional optogenetic studies at 81

the cellular level. 82

II. METHODS 83

We first fabricated a GaN-based blue micro-LED array that 84

can output 462/19 nm light as we reported before [7]. The LED 85
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Fig. 1. Array Fabrication. (a) Illustrations (insets are zoom-in views) of the QD-LED array at each fabrication step. A PDMS piece was used to
brush QDs into 8 SU-8 trenches on a passivated GaN-based micro-LED array (i) to form the red pixels (ii). The QD-patterned array was then covered
by ITO/PMMA/spectral layers (iii), followed by opening the regions of 8 blue pixels (iv). (b) The optical image (top) and working status (bottom) of
the fabricated QD-LED array. In the latter, pseudo-colored fluorescence images of 7 blue (bottom left) and 8 red (bottom right) pixels are overlaid
together with the array image. Each working blue [red] pixel was individually illuminated (biased at ILED = 6 µA); the corresponding fluorescence
image was captured with a 400 [565] nm long pass dichroic mirror plus a 460/50 [605/70] nm emission filter. Scale bar, 20 µm.

pixels, each 7.8 µm-by-7.8 µm in size, were patterned in a86

4-by-4 crossbar structure with a 17 µm pitch and passivated87

with a plasma-enhanced chemical vapor deposition based SiO288

layer (∼200 nm). To build a two-color array, we next patterned89

9.7 µm-by-9.7 µm sized, 7 µm-deep, SU-8-based trenches90

over 8 pixels of the array (Fig. 1(a)(i)). These trenches would91

later be filled with QDs, which can convert the blue light92

illumination from LED pixels to a red-shifted light via PL.93

We then added one drop of toluene mixed with 25 mg/mL94

InP/ZnS QDs that can emit at 623/45 nm (Mesolight Inc)95

to the SU-8 surface over the array; the toluene solvent was96

found to naturally evaporate in ambience within ca. 1 min,97

drying QDs on the SU-8 surface. After that, we immersed98

the array in acetone where QDs were found to be rewetted99

(i.e., partially resuspended). We were then able to physically100

brush QDs into SU-8 trenches with a PDMS piece. This simple101

step worked effectively in 1) filling QDs into those trenches,102

possibly because the density of QDs is higher than that of103

acetone (Fig. 1(a)(ii)); and 2) cleaning the QD residue left on104

the SU-8 surface during the drying step. We then named these105

8 QD-coated pixels as red pixels and the remaining 8 pixels106

(not coated with QDs) as blue pixels.107

To improve the color purity of 8 red pixels, we next coated108

them with a spectral filter to block the blue illumination from109

the LED pixels beneath QDs (Fig. 1(a)(iii)). To achieve this,110

we first sequentially formed a sputtered indium tin oxide (ITO)111

layer (∼500 nm) and a spin-coated PMMA layer (∼600 nm)112

on the QD-LED array to passivate the filled QDs. Such stacked113

layers were chosen to prevent the degradation of QDs in the114

following fabrication steps, evidenced by a less than 10% drop115

of the QD emission measured by a microscope (see below).116

Then, we mixed SU-8 photoresist with 7 wt% of an absorb-117

ing dye, Epolight 5820 (Epolin), and spin-coated the mixture118

on the array as the spectral filter (ca. 3.2 µm thick). This filter119

was then thermally crosslinked at 150 ◦C for 5 mins, with the120

regions of blue pixels being opened by a reactive ion etching121

step (Fig. 1(a)(iv)). The resulting 4-by-4 array had 15 working122

pixels, with 7 blue and 8 red pixels placed in a mosaic pattern123

(Fig. 1(b), pixel #11 was lost in array fabrication).124

To examine the spectral crosstalk of the array, we analyzed125

the light intensities of each pixel with an inverted fluorescence126

microscope (Leica, DMi8). Specifically, the blue [red] light127

intensity of each pixel was measured with a 400 [565] nm long128

pass dichroic mirror plus a 460/50 [605/70] nm emission filter,129

named here as Iblue [Ired]. The transmission spectra of the130

spectral filter and the ITO/PMMA stacked layer (spun coated131

on a separate glass coverslip) were measured with an UV-vis-132

NIR spectrometer (SHIMADZU 3600). The emission spectra133

of individual LED pixels were measured by a fiber-coupled 134

spectrometer (OceanOptics, USB2000+). 135

By sequentially illuminating individual pixels, we measured 136

the optical power and the spatial profile of each pixel with a 137

power meter (Thorlabs PM100D) and an upright microscope 138

(Nikon, FN1), respectively. We next analyzed the microscope 139

image to estimate how much of the measured optical power 140

was within the light spot of each pixel. We then calculated the 141

optical power density of each pixel (Pblue/red) by dividing the 142

optical power within the light spot by the spot size (95.1 µm2). 143

Fluorescence images were captured or sampled as we reported 144

before [7]. 145

III. RESULTS AND DISCUSSION 146

We first evaluated the spectral crosstalk in our QD-LED 147

pixels. To do this, we formed ITO/PMMA double layers 148

(via sputtering and spin coating) and the spectral filter (via 149

spin coating) on two separate cover slides, and measured 150

their transmission spectra, respectively. Our data showed that 151

the ITO/PMMA/spectral filter stacking up together yielded 152

an overall transmittance (T%) of ca. 4% at 462/19 nm 153

and 84% at 623/45 nm (Fig. 2(a)), which suggested that 154

the ITO/PMMA/spectral filter layers can enhance the wave- 155

length selectivity of red pixels by one order. Correspondingly, 156

we indeed found that the Ired/Iblue ratios collected at the 157

regions of all 8 red pixels improved from 0.3 to 12 by stacking 158

these three layers on top (Fig. 2(b)), suggesting a dominant 159

red color output with low spectral crosstalk. We noted that 160

QD-LED pixels coated with these ITO/PMMA/spectral fil- 161

ter layers had significantly larger Ired/Iblue and Pred values 162

(see Fig. 3 below) than those coated with distributed Bragg 163

reflector layers (data not shown), suggesting its promise for 164

bi-directional optogenetic studies. 165

We next confirmed that the emission spectra of individual 166

blue and red pixels (IPL) peaked at ca. 462 nm and 623 nm 167

(Fig. 2(c)), respectively, matching the activation spectra of 168

excitatory and inhibitory opsins [2], [3], [9]–[13]. On the other 169

hand, our red pixels did show unwanted light leakage near 170

ca. 462 nm, which was most from the 4 neighboring blue 171

pixel regions where the spectral filter was removed. However, 172

the measured Pblue values in these 4 regions were as low as 173

0.01 ± 0.003 mW/mm2, which will not activate the opsins of 174

interest or cause spectral crosstalk in bi-directional optogenetic 175

studies [9], [11]. 176

To ultimately achieve bi-directional optogenetic control at 177

cellular levels, the light output of a two-color QD-LED array 178

also needs to be high optical power density, localized, and 179

fast-switching, ideally with low electrical power consumption. 180
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Fig. 2. Spectral crosstalk of the array. (a) Transmission spectra of the ITO/PMMA double layers and the spectral filter. Blue and red shaded
areas represent the 462/19 nm and 623/45 nm windows, respectively. (b) Averaged Iblue/red values from 8 red pixels before and after forming the
ITO/PMMA/spectral filter layers on top. All pixels were biased at ILED = 1 µA. Error bars represent ±1 s.d. (c) Emission spectra of a typical blue
pixel (pixel #6 in Fig. 1(b)) and a typical red pixel (pixel #7 in Fig. 1(b)). Left (right) insets show bright-field images of the illuminated blue (red) pixels
(blue and red squared). White squares mark the regions of four neighboring pixels of the illuminated blue/red pixel. Scale bar, 10 µm.

Fig. 3. Array characterization. (a) VLED vs ILED (left) and Pblue/red vs
ILED (right) in both blue and red pixels. Each circle and arrow points to the
y-axis corresponding to the respective curve. (b) Pblue/red of 7 blue (left)
and 8 red (right) pixels. (c) Spatial profile of red pixel #5 and blue pixel
#6 in Fig. 1(b) with ILED ranging from 1 to 6 µA. The spatial profile of the
blue pixel saturates the microscope camera at ILED > 1 µA. (d) Pixel
output (blue pixel #9 and red pixel #10 in Fig. 1(b)) pulsed with a 10 ms
pulse width at 40 Hz. In (b) and (d), pixels were biased at ILED = 6 µA.
In (a), shaded areas represent ±1 s.d.

To this end, we quantified Pblue/red at the region of indi-181

vidual pixels across the array. Our data showed that: 1) all182

15 pixels increased their Pblue/red with the injection current183

(ILED) ranging from 0.5 to 6 µA (Fig. 3(a)); and 2) when184

biased at ILED = 6 µA, 7 blue pixels had Pblue ∼ 0.185

996 ± 0.044 mW/mm2, whereas 8 red pixels had Pred ∼186

0.108 ± 0.016 mW/mm2 (Fig. 3(b)). While pixel-to-pixel187

variations did exist (e.g. likely due to the amount of filled188

QDs in SU-8 trenches), it is encouraging to note that the189

overall high optical power density across the array, Pblue ∼190

1 mW/mm2 near 462 nm and Pred ∼ 0.1 mW/mm2 near191

623 nm, was sufficient to activate one pair of excitatory192

and inhibitory opsins (e.g. ChR2 and Halo [2], [3], [9]–[11],193

ChRmine and Mac [11]–[13]) for bi-directional optogenetics.194

Such high Pblue/red values were achieved with an electrical195

power consumption of ca. 66 µW (estimated from I-V curves196

in Fig. 3(a)), suggesting its promise for in vivo use [30].197

We then moved to analyze the spatial profile of the light198

spot from each pixel at the surface of the array. The results199

show that at ILED = 1 − 6 µA, both red and blue pixels200

(e.g., red pixel #5 and blue pixel #6 in Fig.1(b)) output small201

light spots with their full width at half maximum (FWHM)202

being ca. 10 µm (Fig. 3(c)), the average size of soma in single203

TABLE I
COMPARISON OF MULTI-COLOR QD-LED ARRAYS

neurons. This localized light output suggests the promise of 204

our QD-LED array in achieving bi-directional optogenetic 205

control over single cells close to the array surface. 206

Furthermore, we investigated the switching speed of our 207

QD-LED pixels and found that their localized, high-Pblue/red 208

light output can be reliably pulsed at up to 40 Hz with a 10 ms 209

pulse duration (Fig. 3(d)). Each pulse featured ca. 2 ms rising 210

and falling times, suitable for temporally precise neurostimu- 211

lation [31]. These data show that our QD-LED array has suf- 212

ficient optical power density, spatial resolution, and switching 213

speed for bi-directional optogenetic studies at cellular levels. 214

Last but not the least, in comparison to other multi-color 215

QD-LED arrays (Table I), our brushing-assisted array featured 216

one order higher pixel brightness than prior ink-jet printing- 217

based arrays [25]–[27], and four-time smaller pitches than 218

prior transfer printing-based arrays [23], suggesting a cost- 219

effective alternative method to build QD-LED arrays. 220

IV. CONCLUSION 221

In sum, we report a 17-µm pitch two-color QD micro-LED 222

array based on brushing-assisted micropatterning of InP/ZnS 223

QDs towards single-cell bi-directional optogenetic studies. 224

After coating the micropatterned QDs with a photoresist- 225

based spectral filter, our resulting QD-LED array was able to 226

output small light spots (ca. 10 µm FWHM) with their optical 227

power density being ca.1.0 and 0.1 mW/mm2 near 462 nm 228

and 623 nm, respectively. Combined with its low crosstalk 229

(Ired/Iblue > 10) and fast response (40 Hz), our two-color 230

QD-LED array built from the cost-effective brushing approach 231

may hold promise for enabling bi-directional optogenetics at 232

single-cell levels. 233
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