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LASER WITH PEROVSKITE GAIN LAYER

CROSS-REFERENCE TO RELATED APPLICATION

0001 This application claims priority to U.S. Provisional Patent Application No.

62/670,481, filed on May 11, 2018, the contents of which are incorporated herein by reference in

their entirety.

BACKGROUND

[0002] Unless otherwise indicated herein, the materials described in t ns section are not prior

art to the claims this application and are not admitted to be prior art by inclusion in this

section.

[0003] Photonic integrated circuits with their small component size and high integration

density have been regarded as a technology that can potentially provide advancement in

computing and communication systems. Components in photonic integrated circuits can include

lasers, waveguides, modulators, and photodetectors that can be lithographically defined and

fabricated on low-cost silicon (Si) or other platforms such as glass and flexible substrates to

achieve system functionality. Among these, lasers have perhaps been the most challenging to

integrate due to somewhat incompatible fabrication processes used respectively for laser gain

materials and the substrate materials. Traditional lasers integrated on a silicon platform typically

use inorganic materials like GaAs or GaN as a gain layer, which can involve complex, high cost,

and high temperature fabrication procedures (e.g., molecular beam epitaxy growth).

SUMMARY

[0004] In a first aspect, the disclosure includes a laser composing a substrate; a first

electrode; a first distributed Bragg reflector (DBR) positioned between the substrate and the first

electrode; a second DBR; a second electrode; a gain layer positioned between the first DBR and

the second DBR, wherein the gain layer comprises a material having a Perovskite crystal

structure; a first transport layer positioned between the gain layer and the first electrode; and a

second transport layer positioned between the gain layer and the second electrode, wherein the

laser is configured such that a current flowing through the gain layer between the first electrode

and the second electrode causes the gain layer to emit coherent light.

[0005] In a second aspect, the disclosure includes a method of fabricating a laser, the method

comprising: forming a first distributed Bragg reflector (DBR) on a substrate; forming a first



electrode on the first DBR; forming a first transport layer on the first electrode; forming, via spin

coating deposition or evaporation deposition, a gain layer on the first transport layer, wherein the

gain layer comprises a material having a Perovskite crystal structure; forming a second transport

layer on the ga layer; forming a second electrode on the second transport layer such that the

second electrode comprises an aperture; and forming a second DBR within the aperture of the

second electrode

0006 In a third aspect, the disclosure includes a laser comprising: a first electrode and a

second electrode; a first transport layer and a second transport layer that are between the first

electrode and the second electrode; a gain layer positioned between the first transport layer and

the second transport layer, wherein the gain layer comprises a material having a Perovskite

crystal structure; and a substrate on which the first electrode, the second electrode, the first

transport layer, the second transport layer, and the gain layer are formed, wherein a distributed

feedback (DFB) waveguide is formed within the first transport layer, and wherein the laser is

configured such that a current flowing through the gain layer between the first electrode and the

second electrode causes the gain layer to emit coherent light

[0007] In a fourth aspect, the disclosure includes a method of fabricating a laser, the method

comprising; providing a substrate having a first electrode on the substrate; forming a first

transport layer on the substrate; forming a distributed feedback (DFB) waveguide within the first

transport layer; forming a gain layer on the DFB waveguide, wherein the gain layer comprises a

material having a Perovskite crystal structure; forming a second transport layer on the gain layer;

a d forming a second electrode on the second transport layer, wherein the laser is configured

such that a current flowing through the gain layer between the first electrode and the second

electrode causes the gam layer to emit coherent light.

[0008] When the term “substantially” or “about” is used herein, it is meant that the recited

characteristic, parameter, or value need not be achieved exactly, but that deviations or variations,

including, for example, tolerances, measurement error, measurement accuracy limitations, and

other factors known to those of skill in the art may occur in amounts that do not preclude the

effect the characteristic was intended to provide. In some examples disclosed herein,

“substantially” or “about” means within +/- 0-5% of the recited value.

[0009] These, as well as other aspects, advantages, and alternatives will become apparent to

those of ordinary skill the art by reading the following detailed description, with reference



where appropriate to the accompanying drawings. Further, it should be understood that this

summary and other descriptions and figures provided herein are intended to illustrate the

invention by way of example only and, as such, that numerous variations are possible.

BRIEF DESCRIPTION OF THE DRAWINGS

0010 Figure 1 is a front view cross-sectional schematic diagram of a laser, according to an

example embodiment.

[0011] Figure 2 is a block diagram of a method, according to an example embodiment.

[0012] Figure 3 is a front view cross-sectional schematic diagram of a laser, according to an

example embodiment.

[0013] Figure 4 is a top view schematic diagram of a laser, according to an example

embodiment.

[0014] Figure 5 is a top view cross-sectional schematic diagram of a laser, according to an

example embodiment.

[0015] Figure 6 is a side view cross-sectional schematic diagram of a laser, according to an

example embodiment.

[0016] Figure 7 is a block diagram of a method, according to an example embodiment.

DETAILED DESCRIPTION

[0017] I asers that are more easily incorporated into photonic integrated circuits are needed.

Examples of such lasers and methods for fabricating them are discussed in the present disclosure.

[0018] Within examples, a laser includes a substrate, a first electrode, a first distributed

Bragg reflector (DBR) positioned between the substrate and the first electrode, a second DBR, a

second electrode, and a gain layer positioned between the first DBR and the second DBR. The

gam layer comprises a material having a Perovskite crystal structure. The laser also includes a

first transport layer positioned between the gam layer and the first electrode and a second

transport layer positioned between the gam layer and the second electrode. The laser is

configured such that a current flowing through the ga layer between the first electrode and the

second electrode causes the gain layer to emit coherent light. The laser takes the form of an

electrically pumped vertical cavity Perovskite laser. The gain layer of the laser will generally be

deposited via spin-coatmg deposition or evaporation deposition.

[0019] In another example, a laser includes a first electrode and a second electrode, a first

transport layer and a second transport layer that are between the first electrode and the second



electrode, and a gam layer positioned between the first transport layer and the second transport

layer. The gam layer comprises a material having a Perovskite crystal structure. The laser also

includes a substrate on which the first electrode, the second electrode, the first transport layer,

the second transport layer, and the gain layer are formed. A distributed feedback (DFB)

waveguide is formed within the first transport layer and the laser is configured such that a current

flowing through the gain layer between the first electrode and the second electrode causes the

gain layer to emit coherent light. The laser takes the form of an electrically pumped edge

emitting Perovskite laser. The gain layer of the laser will generally be deposited via spin-coatmg

deposition or evaporation deposition.

[002 ] Figure 1 is a front view cross-sectional schematic diagram of a laser 100. The laser

100 includes a substrate 102, a first electrode 4, a first distributed Bragg reflector (DBR) 106

positioned between the substrate 02 and the first electrode 04, a second DBR 108, a second

electrode 10, and a gain layer 2 positioned between the first DBR 06 and the second DBR

108. The gain layer 112 includes a material having a Perovskite crystal structure. The laser 00

also includes a first transport layer 16 positioned between the gain layer 2 and the first

electrode 04 and a second transport layer 118 positioned between the gain layer 12 and the

second electrode 110 The laser 100 s configured such that a current 20 flowing through the

gain layer 112 between the first electrode 04 and the second electrode 110 causes the gain layer

112 to emit coherent light 122 (e.g , via stimulated emission). The laser can be configured such

that the coherent light 122 emitted by the gain layer 2 passes through an aperture 25 of the

second electrode 110

[0021] Herewith, the term “coherent tight” can refer to multiple light waves having a

common waveform, substantially equal oscillation frequencies, and a constant (e.g., zero) phase

difference. Coherent light will generally exhibit constructive interference.

0022 The substrate 102 can be formed of one or more of silicon, gallium arsenide, glass, or

a flexible material. Typically, the substrate 102 is a wafer of monocrystal line silicon or

monocrystai!me gallium arsenide, a slab of glass (e.g., silicon dioxide), or a piece of flexible

plastic or fabric.

[0023] The first electrode 104 s generally formed of a substantially transparent and

electrically conductive material such as indium tin oxide. The first electrode 104 is positioned on

top of and/or in contact with the first DBR 106.



[0024] The first DBR 06 includes a first layer 128 having a first index of refraction. The

first layer 128 is on top of and/or in contact with the substrate 102. The first DBR 106 also

includes a second layer 130 having the first index of refraction. The first DBR 106 also includes

a third layer 132 between and/or in contact with the first layer 128 and the second layer 130. The

third layer 32 has a second index of refraction that is unequal to the first index of refraction.

The first DBR 106 also includes a layer 134 having the second index of refraction. The layer 34

is on top of and/or in contact with the second layer 130. Thus, the first DBR 106 includes

alternating layers of materials having alternating indices of refraction, forming a low loss

reflective structure. In other embodiments, the first DBR can include many more alternating

layers of materials having alternating indices of refraction. In some embodiments, the first layer

128 and the second layer 130 can be formed of titanium dioxide and the third layer 32 and the

layer 134 can be formed of silicon dioxide.

[0025] The second DBR 08 is positioned within the aperture 25 of the second electrode

0 . The second DBR 108 includes a fourth layer 136 having a third index of refraction. The

fourth layer 136 is on top of and/or in contact with the second transport layer 118. The second

DBR 108 also includes a fifth layer 38 having the third index of refraction. The second DBR

108 also includes a sixth layer 40 between and/or in contact with the fourth layer 136 and the

fifth layer 138 The sixth layer 140 has a fourth index of refraction that is unequal to the third

index of refraction. The second DB 108 also includes a layer 141 having the fourth index of

refraction. The layer 4 1 is on top of and/or in contact with the fifth layer 38. Thus, the second

DBR 108 includes alternating layers of materials having alternating indices of refraction,

forming a low' loss reflective structure. In other embodiments, the second DBR can include many

more alternating layers of materials having alternating indices of refraction. In some

embodiments, the fourth layer 136 and the fifth layer 138 can be formed of zmc sulfide and the

sixth layer 140 and the layer 141 can be formed of magnesium fluoride.

[0026] The second electrode 0 can be formed of a metal such as aluminum and includes an

aperture 125 which the second DBR 08 is formed.

[0027] The gain layer 2 is positioned between the first electrode 104 and the second

electrode 10. The gain layer 2 includes a material having a Perovskite crystal structure, such

as a bulk Perovskite material, a quasi-2D Ruddlesden-Popper (RP) perovskite

((PEABr) 2(MABr)n-iPbnBr2n), or a quantum dot Perovskite material. The material could be



CsPbBn, for example. A Perovskite material included in the gain layer 112 will generally have

the chemical formula AQXnY3-n where A is methylammonium (MA), formamidinium (FA), or

Cs, where X and Y is I, Br, or Cl, and where Q is Pb or Sn. Stimulated emission within the gain

layer 112 is the source of the coherent light 122.

0028 The first transport layer 116 provides either holes or electrons that can take part m a

recombination process within the gain layer 112 to emit the coherent light 122. The first

transport layer 116 is positioned on top of and/or in contact with the first electrode 104 and an

electrically insulating layer 124. In some embodiments, the first transport layer 116 is a hole

transport layer and can include poly polystyrene sulfonate (PEDOT:PSS). In other embodiments,

the first transport layer 116 is an electron transport layer and can include l,3,5-tris(l-phenyl-

lHbenzo[d]imidazol-2-yl)benzene (TPBI), zinc oxide, and/or lithium fluoride.

[0029] The second transport layer 8 provides either holes or electrons that can take part n

a recombination process within the gain layer 12 to emit the coherent light 122. For example, if

the first transport layer 116 provides holes, the second transport layer 8 provides electrons, and

vice versa. The second transport layer 118 is positioned on top of and/or in contact with the gain

layer 12. In some embodiments, the second transport layer 8 is a hole transport layer and can

include poly polystyrene sulfonate (PEDOT:PSS). In other embodiments, the second transport

layer 118 is an electron transport layer and can include l,3,5-tris(l-phenyl-lHbenzo[d]imidazol-

2~yl)benzene (TPBI) zinc oxide, and/or lithium fluoride.

[0030] The current 20 that causes the emission of the coherent light 22 can be provided by

an external power supply that is connected to the first electrode 104 and the second electrode

0. As such, the laser 100 is an electrically pumped vertical cavity laser.

[0031] The coherent light 122 will have a narrow bandwidth of wavelengths due to

stimulated emission caused by the current 120. The wavelengths will be determined at least in

part by the dimensions of a resonant cavity bounded by the first DBR 106 and the second DBR

108.

[0032] The electrically insulating layer 124 is positioned between the first transport layer 16

and the first electrode 104. The electrically insulating layer 24 can include silicon dioxide or

silicon nitride, for example. As shown, the electrically insulating layer 124 comprises an aperture

126. The first electrode 104 is partially positioned within the aperture 126 of the electrically

insulating layer 124.



|Ό033] Figure 2 is a block diagram of a method 200 of fabricating a laser. The method 200

can be used to fabricate the laser 100, for example.

0034 At block 202, the method 200 includes forming a first distributed Bragg reflector

(DB on a substrate. For example, the first DBR 106 can be formed on (e.g., in contact with)

the substrate 102 via sputtering, physical vapor deposition, chemical vapor deposition, spin-on

coating, thermal evaporation, thermal oxidation, electron beam evaporation, etc.

[0035] Forming the first DBR 106 can include forming the first layer 128 on the substrate

102, forming the third layer 132 on the first layer 128, and forming the second layer 130 on the

third layer 132. The thicknesses of the respective layers are chosen with respect to the

wavelength of the coherent light 22 to cause interference that results in a resonant cavity having

low conductive losses.

[0036] At block 204, the method 200 includes forming a first electrode on the first DBR. For

example, the first electrode 104 can be formed on (e.g., in contact with) the first DBR 106. More

specifically, the first electrode 04 can be formed on the layer 134 via sputtering, physical vapor

deposition, chemical vapor deposition, spin-on coating, thermal evaporation, electron beam

evaporation, etc.

[0037] The method 200 can also include forming the electrically insulating layer 124 on the

first electrode 104 such that the electrically insulating layer 124 includes the aperture 26. The

electrically insulating layer 124 can be formed via sputtering, physical vapor deposition,

chemical vapor deposition, spin-on coating, thermal evaporation, thermal oxidation, electron

beam evaporation, etc. The portion of the first electrode 104 that extends through the aperture

126 can be deposited thereafter. The aperture 126 can be formed via lithography.

[0038] At block 206, the method 200 includes forming a first transport layer on the first

electrode. For example, the first transport layer 116 can be formed on the first electrode 104 and

the electrically insulating layer 124 via sputtering, physical vapor deposition, chemical vapor

deposition, spin-on coating, thermal evaporation, thermal oxidation, electron beam evaporation,

etc.

[0039] At block 208, the method 200 includes forming, via spin coating deposition or

evaporation deposition, a gain layer on the first transport layer. In this context, the gain layer

comprises a material having a Perovskite crystal structure. For example, the gam layer 112 can

be formed via spin coating deposition or evaporation deposition on the first transport layer 116



and the electrically insulating layer 124.

0040 Spin-coating deposition of the gam layer 112 generally involves spinning the

substrate 102 on a platform. In this context, the first DBR 106, the first electrode 104, and the

first transport layer 116 and, if included, the electrically insulating layer 124, are already formed

on the substrate 102 and are facing upward. The material having the Perovskite crystal structure

is dissolved or suspended in a solvent such as toluene, hexane, or chloroform . The liquid

mixture of the solvent and the Perovskite material can be applied or poured near the center of the

spinning substrate 102, which forms a substantially uniform coating on the first electrode 104

and the electrically insulating layer 124. The thickness of the coating is generally determined by

the viscosity and density of the mixture as well as the rotation speed of the platform. After the

solvent is allowed to evaporate (e.g., with or without heat being applied), the Perovskite material

remains as the gain layer 112 on the substrate 02.

[0041] Evaporation deposition of the gain layer 1 2 can include any known evaporation

technique, such as physical vapor deposition, chemical vapor deposition, thermal evaporation,

electron beam evaporation, etc. For example, the material having the Perovskite crystal structure

can be heated at atmosphere or under vacuum and its vapor can condense or otherwise land on

the substrate 102 (e.g., the first transport layer 16).

[0042] At block 2 0, the method 200 includes forming a second transport layer on the gain

layer. For example, the second transport layer 8 can be formed on and/or in contact with the

gain layer 112 via sputtering, physical vapor deposition, chemical vapor deposition, spin-on

coating, thermal evaporation, thermal oxidation, electron beam evaporation, etc.

[0043] At block 212, the method 200 includes forming a second electrode on the second

transport layer such that the second electrode comprises an aperture. For example, the second

electrode 110 can be formed on the second transport layer 8 via sputtering, physical vapor

deposition, chemical vapor deposition, spin-on coating, thermal evaporation, thermal oxidation,

electron beam evaporation, etc. The aperture 125 can be formed via lithography.

[0044] At block 214, the method 200 includes forming a second DBR within the aperture of

the second electrode. For example, the second DBR 108 can be formed within the aperture 125

on the second transport layer 118.

[0045] Forming the second DBR 108 can include forming the fourth layer 136 on the second

transport layer 118, forming the sixth layer 140 on the fourth layer 136, and forming the fifth



layer 138 on the sixth layer 140. The thicknesses of the respective layers are chosen with respect

to the wavelength of the coherent light 122 to cause interference within the second DBR 08

which turn results in a resonant cavity having low conductive losses.

0046 Figure 3 is a front view cross-sectional schematic diagram of a laser 300. The laser

300 includes a first electrode 302 and a second electrode 304, a first transport layer 306 and a

second transport layer 308 that are between the first electrode 302 and the second electrode 304,

and a gain layer 310 positioned between the first transport layer 306 and the second transport

layer 308. The gain layer 310 comprises a material having a Perovskite crystal structure. The

laser 300 also includes a substrate 312 on which the first electrode 302, the second electrode 304,

the first transport layer 306, the second transport layer 308, and the gain layer 310 are formed. A

distributed feedback (DFB) waveguide 314 is formed within the first transport layer 306 (see

also Figures 4-6). The laser 300 is configured such that a current 316 flowing through the gain

layer 3 0 between the first electrode 302 and the second electrode 304 causes the gam layer 310

to emit coherent light 318 (shown in Figure 4).

[0047] The first electrode 302 and the second electrode 304 can be generally formed of a

metal such as aluminum. In some embodiments, the first electrode is formed on a top surface of

the substrate 312 and a conductive via can be used to apply a voltage to the first electrode. In

contrast, Figure 3 shows the first electrode 302 being formed on a bottom surface of the substrate

312.

[0048] The first transport layer 306 provides either holes or electrons that can take part n a

recombination process within the gain layer 310 to emit the coherent light 3 8 The first

transport layer 306 is positioned on top of and/or in contact with the substrate 312. The first

transport layer could alternatively be in contact with the first electrode in a different

configuration. In some embodiments, the first transport layer 306 is a hole transport layer and

can include poly polystyrene sulfonate (PEDOT:PSS). In other embodiments, the first transport

layer 306 is an electron transport layer and can include l,3,5-tris(l-phenyl-lHbenzo[d]imidazol-

2-y!)benzene (ΤΡΒ ), zinc oxide, and/or lithium fluoride.

[0049] The second transport layer 308 provides either holes or electrons that can take part in

a recombination process within the gain layer 310 to emit the coherent light 318. For example, if

the first transport layer 306 provides holes, the second transport layer 308 provides electrons, and

vice versa. The second transport layer 308 is positioned on top of and/or in contact w th the gain



layer 310. in some embodiments, the second transport layer 308 is a hole transport layer and can

include poly polystyrene sulfonate (PEDOTiPSS). In other embodiments, the second transport

layer 308 is an electron transport layer and can include l,3,5-tns(l-phenyl-lHbenzo[d]imidazoi-

2-yl)benzene (TPBI) zinc oxide, and/or lithium fluoride.

0050 The gain layer 310 is positioned between the first electrode 302 and the second

electrode 304 (e.g. between the first transport layer 306 and the second transport layer 308). The

gain layer 3 0 includes a material having a Perovskite crystal structure, such as a bulk Perovskite

material, a quasi-2D Ruddlesden-Popper (RP) perovskite ((PEABr) 2(MABr)n-iPbnBr2 ), or a

quantum dot Perovskite material. The material could be CsPbBn, for example. A Perovskite

material included in the gain layer 310 will generally have the chemical formula AQXnYrvn

where A is methylammonium (MA), formamidinium (FA), or Cs, where X and Y is I, Br, or Cl,

and where Q is Pb or Sn. Stimulated emission within the gain layer 310 is the source of the

coherent light 318.

[0051] The substrate 312 can be formed of one or more of silicon, gallium arsenide, glass, or

a flexible material. Typically, the substrate 312 is a wafer of monocrystalline silicon or

monocrystalline gallium arsenide, a slab of glass (e.g., silicon dioxide), or a piece of flexible

plastic or fabric. A trench 342 is formed within the substrate 312 The trench 342 contains the

D B waveguide 314 as shown in Figures 4-6.

[0052] The current 316 that causes the emission of the coherent light 318 can be provided by

an external power supply that s connected to the first electrode 302 and the second electrode

304. As such, the laser 300 is an electrically pumped edge emitting laser.

[0053] In some embodiments, the laser 300 includes a printing layer (not shown) comprising

Poly(methyl methacrylate) between the first transport layer 306 and the gam layer 310, for the

purpose of forming the DFB waveguide 3 4 within the first transport layer 306. Poiyimethyl

methacrylate) can help provide charge balancing of holes and electrons, which can improve the

current injection efficiency.

[0054] The DFB waveguide 314 is shown in more detail in Figures 4-6.

[0055] Figure 4 is a top view schematic diagram of the laser 300. The laser 300 is configured

to emit the coherent light 318 in a second direction 328 that is substantially parallel to a surface

319 of the gain layer 310 that is in contact with the second transport layer 308.

[0056] The trench 342 (shown Figure 3) is elongated along the second direction 328.



0057] Figure 5 is a top view cross-sectional schematic diagram of the laser 300. More

specifically, Figure 5 shows the laser 300 with the second electrode 304, the second transport

layer 308, and the gain layer 310 removed, exposing the DFB waveguide 314 formed within the

first transport layer 306. Figures 5 and 6 show the DFB waveguide 314 in detail, but some

dimensions (e.g., dimensions of the grating lines) are exaggerated for the purpose of clarity.

[0058] As shown Figure 5, the DFB waveguide 314 includes a first grating line 320

formed in the first transport layer 306. The first grating line 320 is elongated n a first direction

322. The DFB waveguide 314 also includes a second grating line 324 formed in the first

transport layer 306. The second grating line 324 is elongated in the first direction 322. The DFB

waveguide 314 also includes a third grating line 326 formed in the first transport layer 306

between the first grating line 320 and the second grating line 324. The third grating line 326 is

elongated in the first direction 322. Along the second direction 328 that is perpendicular to the

first direction 322, a first distance 330 between the first grating line 320 and the third grating line

326 is substantially equal to a second distance 332 between the third grating line 326 and the

second grating line 324.

[0059] The first grating line 320, the second grating line 324, and the third grating line 326

are formed in a surface 334 of the first transport layer 306 that is adjacent to the gain layer 310.

Thus, the DFB waveguide 314 forms a periodic structure that can help generate a standing wave

in the form of the coherent light 318 The narrow wavelength band of the coherent light 318 is

determined by the spacing between the grating lines of the DFB waveguide 314 along the second

direction 328

[0060] The first grating line 320, the second grating line 324, and the third grating line 326

generally have respective lengths 338 along the first direction 322 that are greater than pm.

[0061] Figure 6 is a side view cross-sectional schematic diagram of the laser 300.

[0062] The first grating line 320, the second grating line 324, and the third grating line 326

generally have respective depths 336 perpendicular to the first direction 322 and the second

direction 328 within a range of 40-100 nm.

[0063] In some embodiments, the first grating line 320, the second grating line 324, and the

third grating line 326 have respective widths 340 along the second direction 328 within a range

of 20% of a wavelength of the coherent light 318 to 30% of the wavelength of the coherent light

318 as the coherent light propagates within the laser 300 (e.g., the gain layer). The wavelength of



the coherent light within the laser 300 will generally be different (e.g., shorter) than the

wavelength of the coherent light 318 outside of the laser, due to differences in refractive indices

of the gain layer and air.

0064 In some embodiments, the first grating line 320, the second grating line 324, and the

third grating line 326 have respective widths 340 along the second direction 328 within a range

of 40% to 60% of the first distance 330.

[0065] Figure 7 is a block diagram of a method 400 of fabricating a laser. The method 400

can be used to fabricate the laser 300, for example.

[0066] At block 402, the method 400 includes providing a substrate having a first electrode

on the substrate. For example, the substrate 3 2 can be a pre-manufactured substrate having the

first electrode 302 pre-formed on a back/bottom surface of the substrate 312. In another

embodiment, providing the substrate includes forming the first electrode o the substrate (e.g.,

on a top/front surface of the substrate. In these embodiments, vias can be formed through layers

of the laser 300 to access the first electrode.

[0067] The method 400 can also include forming the trench 342 that is elongated along the

second direction 328 within the substrate 312. As such, the DFB waveguide 314 can be formed

within the trench 342 via lithography, for example. Lithography can be used to form the trench

342 as well.

[0068] At block 404, the method 400 includes forming a first transport layer on the substrate.

For example, the first transport layer 306 can be formed on the substrate 312 via sputtering,

physical vapor deposition, chemical vapor deposition, spin-on coating, thermal evaporation,

thermal oxidation, electron beam evaporation, etc. As shown in Figure 3, a portion of the first

transport layer 306 is formed within the trench 342 of the substrate 312.

[0069] At block 406, the method 400 includes forming a distributed feedback (DFB)

waveguide within the first transport layer. For example, the DFB waveguide 314 can be formed

within the first transport layer 306 via lithography (see Figures 5 and 6). That is, lithography can

be used to form the first grating line 320 in the first transport layer 306, form the second grating

line 324 in the first transport layer 306, and form the third grating line 326 in the first transport

layer 306. The other unmarked grating lines shown in Figure 5 can also be formed in the first

transport layer 306. The periodic spacing of the grating lines along the second direction 328

helps determine the wavelength of the coherent light 318.



|Ό070] At block 408, the method 400 includes forming a gain layer on the DFB waveguide,

where the gain layer comprises a material having a Perovskite crystal structure. For example, the

gain layer 310 can be formed (e.g., conformally) on the DFB waveguide 314 (e.g., on the first

transport layer 306) as shown in Figures 3, 5, and 6 . The gain layer 310 can be formed on the

DFB waveguide 314 via sputtering, physical vapor deposition, chemical vapor deposition, spin-

on coating, thermal evaporation, thermal oxidation, electron beam evaporation, etc.

0071 At block 410, the method 400 includes forming a second transport layer on the gain

layer. For example, the second transport layer 308 can be formed on and/or in contact with the

gain layer 310 via sputtering, physical vapor deposition, chemical vapor deposition, spin-on

coating, thermal evaporation, thermal oxidation, electron beam evaporation, etc.

[0072] At block 412, the method 400 includes forming a second electrode on the second

transport layer. For example, the second electrode 304 can be formed on the second transport

layer 308 via sputtering, physical vapor deposition, chemical vapor deposition, spin-on coating,

thermal evaporation, thermal oxidation, electron beam evaporation, etc.

[0073] While various example aspects and example embodiments have been disclosed

herein, other aspects and embodiments will be apparent to those skilled in the art. The various

example aspects and example embodiments disclosed herein are for purposes of illustration and

are not intended to be limiting, with the true scope and spirit being indicated by the following

claims.



What is claimed s :

1. A laser comprising:

a substrate;

a first electrode;

a first distributed Bragg reflector (DBR) positioned between the substrate and the first

electrode;

a second DBR;

a second electrode;

a gain layer positioned between the first DBR and the second DBR, wherein the gain

layer comprises a material having a Perovskite crystal structure;

a first transport layer positioned between the gain layer and the first electrode; and

a second transport layer positioned between the gam layer and the second electrode,

wherein the laser is configured such that a current flowing through the gam layer between

the first electrode and the second electrode causes the gain layer to emit coherent light.

2 . The laser of claim 1, wherein the laser is configured such that the coherent light

emitted by the gain layer passes through an aperture of the second electrode.

3 . The laser of claim 2, wherein the second DBR is positioned within the aperture of

the second electrode.

4 . The laser of any of claims 1-3, wherein the gam layer is positioned between the

first electrode and the second electrode.

5 . The laser of any of claims 1-4, further comprising an electrically insulating layer

positioned between the first transport layer and the first electrode.

6 . The laser of claim 5, wherein the electrically insulating layer comprises silicon

dioxide or silicon nitride.



7 . The laser of any of claims 5-6, wherein the electrically insulating layer comprises

an aperture, and wherein the first electrode is positioned within the aperture of the electrically

insulating layer.

8 . The laser of any of claims 1-7, wherein the first transport layer or the second

transport layer comprises poly polystyrene sulfonate (PEDOT:PSS).

9 . The laser of any of claims 1-8, wherein the second transport layer is positioned

between the ga layer and the second DBR.

The laser of any of claims 1-9, wherein the first transport layer or the second

transport layer comprises l,3,5-tris(l-phenyl-lHbenzo[d]imidazol-2-yl)benzene (TPBI) and/or

lithium fluoride

The laser of any of claims 1-10, wherein the substrate comprises silicon, gallium

arsenide, glass, or a flexible material.

2 . The laser of any of claims 1-1 1, wherein the first DBR comprises:

a first layer on the substrate, wherein the first layer has a first index of refraction;

a second layer having the first index of refraction; and

a third layer between the first layer and the second layer, wherein the third layer has a

second index of refraction that is unequal to the first index of refraction.

13. The laser of claim 12, wherein the first layer and the second layer comprise

titanium dioxide and the third layer comprises silicon dioxide.

14. The laser of any of claims 1-13, wherein the second DBR comprises:

a fourth layer on the second transport layer, wherein the fourth layer has a third index of

refraction;

a fifth layer having the third index of refraction; and



a sixth layer between the fourth layer and the fifth layer, wherein the sixth layer has a

fourth index of refraction that is unequal to the third index of refraction.

15. The laser of claim 14, wherein the fourth layer and the fifth layer comprise zinc

sulfide and the sixth layer comprises magnesium fluoride.

16. The laser of any of claims 1-1 5, wherein the first electrode comprises a

substantially transparent material.

17 . The laser of any of claims 1-16, wherein the first electrode comprises indium tin

oxide.

8 . The laser of any of claims 1-1 7, wherein the material having the Perovskite

crystal structure comprises a bulk Perovskite material, a quasi-2D Ruddlesden-Popper (RP)

perovskite ((PEABr) (MABr) -iPbnBr2n) and/or a quantum dot Perovskite material.

19 The laser of any of claims 1-18, wherein the material having the Perovskite

crystal structure comprises CsPbBn.

20. method of fabricating a laser, the method comprising:

forming a first distributed Bragg reflector (DBR) on a substrate;

forming a first electrode on the first DBR;

forming a first transport layer on the first electrode;

forming, via spin coating deposition or evaporation deposition, a gain layer on the first

transport layer, wherein the gam layer comprises a material having a Perovskite crystal structure;

forming a second transport layer on the gain layer;

forming a second electrode on the second transport layer such that the second electrode

comprises an aperture; and

formmg a second DBR within the aperture of the second electrode.



2 1. The method of claim 20, wherein the substrate comprises silicon, gallium

arsenide, glass, or a flexible material .

22. The method of any of claims 20-21, wherein forming the first DBR comprises

forming the first DBR such that the first DBR is m contact with the substrate.

23. The method of any of claims 20-22, wherein forming the first DBR comprises:

forming a first layer having a first index of refraction on the substrate;

forming a third layer having a second index of refraction on the first layer; and

forming a second layer having the first index of refraction on the second layer.

24. The method of claim 23, wherein the first layer and the second layer comprise

titanium dioxide and the third layer comprises silicon dioxide.

25. The method of any of claims 20-24, wherein forming the first electrode comprises

forming the first electrode such that the first electrode is in contact with the first DBR.

26. The method of any of claims 20-25, further comprising:

forming an electrically insulating layer between the first transport layer and the first

electrode, wherein the electrically insulating layer includes an aperture,

wherein a portion of the first electrode is positioned within the aperture of the electrically

insulating layer.

27. The method of claim 26, wherein the electrically insulating layer comprises

silicon dioxide or silicon nitride.

28. The method of any of claims 20-27, wherein the first electrode comprises a

substantially transparent material.

29. The method of any of claims 20-28, wherein the first electrode comprises indium

tin oxide.



30. The method of claim 29, wherein forming the first transport layer comprises

forming the first transport layer between the gain layer and the first electrode.

31. The method of claim 30, wherein the first transport layer comprises poly

polystyrene sulfonate (PEDOT:PSS).

32. The method of any of claims 20-31, wherein forming the gain layer comprises

forming the gain layer such that the gain layer is in contact with the first transport layer.

33. The method of any of claims 20-32, wherein the material having the Perovskite

crystal structure comprises a bulk Perovskite material, a quasi-2D Ruddlesden-Popper (RP)

perovskite ((PEABr) (MABr) -iPbnBr2n) and/or a quantum dot Perovskite material.

34. The method of any of claims 20-33, wherein the material having the Perovskite

crystal structure comprises CsPbBrs.

35. The method of any of claims 20-34, wherein the second transport layer s

positioned between the gain layer and the second DB

36. The method of any of claims 20-35, wherein the second transport layer comprises

l,3,5-tris(l-phenyi-lHbenzo[djimidazol-2-yl)henzene (TPBI) and/or lithium fluoride.

37. The method of any of claims 20-36, wherein forming the second DBR comprises:

forming a fourth layer having a third index of refraction on the second transport layer;

forming a sixth layer having a fourth index of refraction on the fourth layer; and

forming a fifth layer having the third index of refraction on the sixth layer.

38. The method of claim 37, wherein the fourth layer and the fifth layer comprise zinc

sulfide and the sixth layer comprises magnesium fluoride.



39 A laser comprising:

a first electrode and a second electrode;

a first transport layer and a second transport layer that are between the first electrode and

the second electrode:

a gain layer positioned between the first transport layer and the second transport layer,

wherein the gain layer comprises a material having a Perovskite crystal structure; and

a substrate on which the first electrode, the second electrode, the first transport layer, the

second transport layer, and the gain layer are formed,

wherein a distributed feedback (DFB) waveguide is formed within the first transport

layer, and

wherein the laser is configured such that a current flowing through the gain layer between

the first electrode and the second electrode causes the gam layer to emit coherent light.

40 The laser of claim 39, further comprising a printing layer comprising Poly(methyl

methacrylate) between the first transport layer and the gain layer.

4 1 The laser of any of claims 39-40, wherein the first transport layer or the second

transport layer comprises zinc oxide.

42, The laser of any of claims 39-4 , wherein the substrate comprises silicon, gallium

arsenide, glass, or a flexible material

43 The laser of any of claims 39-42, wherein the material having the Perovskite

crystal structure comprises a bulk Perovskite material, a quasi-2D Ruddlesden-Popper (RP)

perovskite ((PEABr) 2(MABr)n-iPbnBr2n) and/or a quantum dot Perovskite material

44 The laser of any of claims 39-43, wherein the material having the Perovskite

crystal structure comprises CsPbBrs.

45 The laser of any of claims 39-44, wherein the first transport layer or the second

transport layer comprises poly polystyrene sulfonate (PEDOTZPSS).



46 The laser of any of claims 39-45, wherein the DFB waveguide comprises:

a first grating line formed in the first transport layer, wherein the first grating line is

elongated in a first direction;

a second grating line formed in the first transport layer, wherein the second grating line is

elongated in the first direction; and

a third grating line formed in the first transport layer between the first grating line and the

second grating line, wherein the third grating line is elongated in the first direction, and wherein,

along a second direction that is perpendicular to the first direction, a first distance between the

first grating line and the third grating line is substantially equal to a second distance between the

third grating line and the second grating line.

47 The laser of claim 46, wherein the first grating line, the second grating line, and

the third grating line are formed in a surface of the first transport layer that is adjacent to the gain

layer.

48 The laser of any of claims 46-47, wherein the first grating line, the second grating

line, and the third grating line have respective depths perpendicular to the first direction and the

second direction within a range of 40-100 nm.

49 The laser of any of claims 46-48, wherein the first grating line, the second grating

line, and the third grating line have respective lengths along the first direction that are greater

than pm.

50 The laser of any of claims 46-49, wherein the first grating line, the second grating

line, and the third grating line have respective widths along the second direction within a range

of 20% of a wavelength of the coherent light to 30% of the wavelength of the coherent light,

wherein the wavelength is the wavelength of the coherent light within the gain layer.



5 1. The laser of any of claims 46-50, wherein the first grating line, the second grating

line, and the third grating line have respective widths along the second direction within a range

of 40% to 60% of the first distance.

52. The laser of any of claims 39-51, wherein the laser s configured to emit the

coherent light in a direction that is substantially parallel to a surface of the gain layer that is in

contact w th the second transport layer.

53. The laser of any of claims 46-52, wherein a trench that is elongated along the

second direction is formed within the substrate, and wherein the DFB waveguide is formed

within the trench.

54. A method of fabricating a laser, the method comprising:

providing a substrate having a first electrode on the substrate;

forming a first transport layer on the substrate;

forming a distributed feedback (DFB) waveguide within the first transport layer;

forming a gain layer on the DFB waveguide, wherein the gain layer comprises a material

having a Perovskite crystal structure;

forming a second transport layer on the gain layer; and

forming a second electrode on the second transport layer,

wherein the laser is configured such that a current flowing through the gain layer between

the first electrode and the second electrode causes the gam layer to emit coherent light.

55. The method of claim 54, wherein providing the substrate comprises forming the

first electrode on the substrate.

56. The method of any of claims 54-55, wherein forming the DFB waveguide

comprises:

forming a first grating line in the first transport layer, wherein the first grating line is

elongated in a first direction;



forming a second grating line in the first transport layer, wherein the second grating line

is elongated in the first direction; and

forming a third grating line in the first transport layer between the first grating line and

the second grating line, wherein the third grating line is elongated in the first direction, and

wherein, along a second direction that is perpendicular to the first direction, a first distance

between the first grating line and the third grating line s substantially equal to a second distance

between the third grating line and the second grating line.

57. The method of claim 56, wherein the first grating line, the second grating line,

and the third grating line have respective depths perpendicular to the first direction and the

second direction within a range of 40- 100 n .

58. The method of any of claims 56-57, wherein the first grating line, the second

grating line, and the third grating line have respective lengths along the first direction that are

greater than 1 pm.

59. The method of any of claims 56-58, wherein the first grating line, the second

grating line, and the third grating line have respective widths along the second direction within a

range of 20% of a wavelength of the coherent light to 30% of the wavelength of the coherent

light, wherein the wavelength is the wavelength of the coherent light within the gain layer.

60. The method of any of claims 56-59, wherein the first grating line, the second

grating line, and the third grating line have respective widths along the second direction within a

range of 40% to 60% of the first distance.

6 1. The method of any of claims 54-60, wherein the first transport layer or the second

transport layer comprises zinc oxide.

62. The method of any of claims 54-61, wherein the material having the Perovskite

crystal structure comprises a bulk Perovskite material, a quasi-2D Ruddlesden-Popper (RP)

perovskite ((PEABr)2(MABr) - PbnBr2n) and/or a quantum dot Perovskite material.



63. The method of any of claims 54-62, wherein the material having the Perovskite

crystal structure comprises CsPbBn.

64. The method of any of claims 54-63, wherein the first transport layer or the second

transport layer comprises poly polystyrene sulfonate (PEDOT:PSS).

65. The method of any of claims 54-64, wherein forming the gain layer comprises

depositing the gam layer conformally onto the DFB waveguide.

66. The method of any of claims 54-65, wherein forming the second transport layer

comprises forming the second transport layer via electron beam evaporation or sputtering.

67. The method of any of claims 56-66, further comprising forming a trench that is

elongated along the second direction within the substrate, and wherein forming the DFB

waveguide comprises forming the DFB waveguide within the trench.

68. The method of any of claims 54-67, wherein forming the gain layer comprises

forming the gam layer via spin on coating deposition or evaporation deposition.
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