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o ing at least a second material that is different from the first material, where a material bandgap of the first material is larger than a
material bandgap of the second material; and a graded material layer arranged between the first material layer and the second materi -
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HIGH EFFICIENCY WIDE SPECTRUM SENSOR

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims the benefit of United States Provisional Patent

Application No. 62/1 95,795, filed July 23, 2015, United States Provisional Patent

Application No. 62/201 , 1 14, filed August 5 , 201 5 , United States Provisional Patent

Application No. 62/201 ,590, filed August 6 , 201 5 , United States Provisional Patent

Application No. 62/208,558, filed August 2 1 , 201 5 , United States Provisional Patent

Application No. 62/209,349, filed August 25, 201 5 , and United States Provisional Patent

Application No. 62/216,344, filed September 9 , 201 5 , which are incorporated by

reference herein.

BACKGROUND

[0002] This specification relates to detecting light using an optical sensor.

[0003] Light propagates in free space or an optical medium is coupled to an optical

sensor that converts an optical signal to an electrical signal for processing.

SUMMARY

[0004] Optical sensors may be used to detect optical signals and convert the optical

signals to electrical signals that may be further processed by another circuitry. Optical

sensors may be used in consumer electronics products, data communications, time-of-

flight (TOF) applications, medical devices, and many other suitable applications.

Conventionally, silicon is used as a sensor material, but silicon has a low optical

absorption efficiency for wavelengths in the near-infrared (NIR) spectrum or longer.

Other materials and/or material alloys such as germanium and germanium-silicon may

be used as sensor materials with innovative optical device structure design described in

this specification. According to one innovative aspect of the subject matter described in

this specification, an optical sensor is formed using materials such as germanium or

germanium-silicon to increase the speed and/or the sensitivity and/or the dynamic range



and/or the operating wavelength range of the device. In one implementation, a graded

material layer having graded material bandgaps may be formed in between two material

layers to form a sensor having an intrinsic electric field that enhances carrier transit

within the sensor. In another implementation, two graded material layers may be

formed on two ends of a material layer to allow free carriers at the ends of the sensor to

be collected instead of being recombined. In another implementation, a lateral strain

dilution technique may be used to form a germanium or germanium-silicon sensor

having reduced defects or being defect-free, which results into a lower dark current and

a better sensitivity/dynamic range. In another implementation, an energy filter may be

defined to block dark currents while allowing photocurrents to pass through, which

further reduces the lower dark current.

[0005] In general, one innovative aspect of the subject matter described in this

specification can be embodied in an optical sensor that includes a first material layer

including at least a first material; a second material layer including at least a second

material that is different from the first material, where a material bandgap of the first

material is larger than a material bandgap of the second material; and a graded material

layer arranged between the first material layer and the second material layer, the

graded material layer including an alloy of at least the first material and the second

material having compositions of the second material that vary along a direction that is

from the first material to the second material.

[0006] This and other implementations can each optionally include one or more of the

following features. The first material may be silicon and the second material may be

germanium. The compositions of germanium of the graded material may increase

along the direction that is from the first material to the second material. The first

material layer may include an alloy of germanium and silicon having a first germanium

composition. The second material layer may include an alloy of germanium and silicon

having a second germanium composition. The first germanium composition may be

lower than the second germanium composition. The germanium compositions of the

graded material layer may be between the first germanium composition and the second

germanium composition. The first material layer and the second material layer may be

doped.



[0007] The optical sensor may include a substrate; and circuitry arranged over the

substrate. The second material layer may be arranged over the circuitry, and the first

material layer may be arranged over the second material layer.

[0008] Another innovative aspect of the subject matter described in this specification

can be embodied in a method for fabricating an optical sensor, including forming, over a

substrate, a first material layer comprising at least a first material; forming, over the first

material layer, a graded material layer comprising an alloy of at least the first material

and a second material having compositions of the second material that vary along a

direction that is perpendicular from the substrate; and forming, over the graded material,

a second material layer comprising at least the second material that is different from the

first material.

[0009] This and other implementations can each optionally include one or more of the

following features. Circuitry may be formed over the second material layer. Before

forming the first material layer, a segregation layer may be formed on the substrate. A

top layer formed on the substrate may be bonded to the circuitry formed on a carrier

substrate. The substrate and the segregation layer may be removed. A filter and a lens

may be formed over the first material layer.

[0010] Another innovative aspect of the subject matter described in this specification

can be embodied in an optical sensor including a first graded material layer including a

composition of at least a first material and a second material, where compositions of the

second material of the first graded material layer vary along a particular direction; a

second graded material layer including a composition of at least the first material and

the second material, where compositions of the second material of the second graded

material layer vary along the particular direction; and a third material layer arranged

between the first graded material layer and the second graded material layer, the third

material layer including at least the second material.

[001 1] This and other implementations can each optionally include one or more of the

following features. The first material may be silicon and the second material may be

germanium. The particular direction may a direction from the first graded material layer

to the second graded material layer. The compositions of germanium of the first graded



material layer may increase along the particular direction. The compositions of

germanium of the second graded material layer may decrease along the particular

direction. The first graded material layer may include multiple p-doped levels along the

particular direction. The second graded material layer may include multiple n-doped

levels along the particular direction. The optical sensor may include conductor layers

configured to provide a bias the optical sensor.

[0012] Another innovative aspect of the subject matter described in this specification

can be embodied in an optical sensor that includes a first graded germanium layer

including multiple p-doped levels along a particular direction; a second graded

germanium layer including multiple n-doped levels along the particular direction; a third

germanium layer arranged between the first graded germanium layer and the second

graded germanium layer; and conductor layers configured to provide a bias to the

optical sensor.

[0013] Another innovative aspect of the subject matter described in this specification

can be embodied in an optical sensor including a first layer formed over a substrate, the

first layer including germanium-silicon having a first strain, and the first layer having a

first area; and a second layer formed over the first layer, the second layer including

germanium-silicon having a second strain that is lower than the first strain, and the

second layer having a second area that is larger than the first area.

[0014] Another innovative aspect of the subject matter described in this specification

can be embodied in a method for fabricating an optical sensor, the method including

forming a dielectric layer on a silicon substrate; forming a first opening having a first

area in the dielectric layer; forming a second opening having a second area that is

larger than the first area in the dielectric layer; forming a first germanium-silicon layer in

the first opening; and forming a second germanium-silicon layer in the second opening,

wherein a strain of the first germanium-silicon layer is higher than a strain of the second

germanium-silicon layer.

[0015] This and other implementations can each optionally include one or more of the

following features. Circuitry may be formed over the second germanium-silicon layer. A

top layer of the silicon substrate may be bonded to circuitry of a carrier substrate. The



silicon substrate and at least a portion of the first germanium-silicon layer may be

removed. A filter and a lens may be formed over the second germanium-silicon layer.

[0016] Advantageous implementations may include one or more of the following

features. Germanium is an efficient absorption material for near-infrared wavelengths,

which reduces the problem of slow photo-carriers generated at a greater substrate

depth when an inefficient absorption material, e.g., silicon, is used. An increased

operation speed allows the use of a higher modulation frequency in an optical sensing

system, giving advantages such as a greater depth resolution. An alloy germanium-

silicon material as the optical absorption layer provides higher optical absorption

efficiency over conventional Si material, which may provide a more sensitive sensor in

the visible and near-infrared spectrums, may reduce crosstalk between neighboring

pixels, and may allow for a reduction of pixel sizes. A composition gradient within the

alloy material may enhance carrier transit within the material, which reduces carrier

recombination and hence improves quantum efficiency. A composition gradient within

the alloy material may reduce the operation voltage of the image sensor. A composition

gradient within the alloy material may reduce diode dark current. The sensor

component can be readily integrated with existing CMOS sensor technology.

[0017] The details of one or more implementations are set forth in the accompanying

drawings and the description below. Other potential features and advantages will

become apparent from the descriptions, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIGS. 1A and 1B show examples of a graded material optical sensor.

[0019] FIGS. 2A-2J illustrate an example design for fabricating a graded material

optical sensor on a silicon-on-insulator (SOI) substrate.

[0020] FIGS. 3A-3J illustrate an example design for fabricating a graded material

optical sensor on a silicon substrate.

[0021] FIGS. 4A-4C show examples of a graded material optical sensor.

[0022] FIG. 5 shows an example of an optical sensor array.



[0023] FIGS. 6A-6C illustrate an example design for fabricating an optical sensor

using a lateral strain dilution technique.

[0024] FIG. 7 shows an example of an optical sensor array formed by a lateral strain

dilution technique.

[0025] FIGS. 8A-8B show design examples of an optical sensor formed by a lateral

strain dilution technique.

[0026] FIG. 9 shows an example of an optical sensor array formed by a lateral strain

dilution technique.

[0027] FIGS. 10A-1 0F illustrate an example design for fabricating an optical sensor

using a lateral strain dilution technique.

[0028] FIG. 11A-1 1B show design examples of an optical sensor formed by a lateral

strain dilution technique.

[0029] FIG. 12 shows an example of an energy diagram.

[0030] FIG. 13 shows an example energy selection sensor.

[0031] Like reference numbers and designations in the various drawings indicate like

elements. It is also to be understood that the various exemplary embodiments shown in

the figures are merely illustrative representations and are not necessarily drawn to

scale.

DETAILED DESCRIPTION

Graded Material Sensors

[0032] In general, a material absorbs light at various wavelengths to generate free

carriers depending on an energy bandgap associated with the material. For example,

silicon may have an energy bandgap of 1.12 eV, germanium may have an energy

bandgap of 0.66 eV, and a germanium-silicon alloy may have an energy bandgap

between 0.66 eV and 1.12 eV depending on the composition. A material having a lower

energy bandgap has a higher absorption coefficient at a particular wavelength. If the

absorption coefficient of a material is too low, the optical signal cannot be converted to



an electrical signal efficiently. However, if the absorption coefficient of a material is too

high, free carriers will be generated near the surface of the material, which may be

recombined to reduce efficiency. Silicon is not an efficient sensor material for NIR

wavelengths. On the other hand, germanium has an absorption coefficient that may be

too high for shorter wavelengths (e.g., blue), where free carriers may recombine at the

surface. Incorporating a graded material structure design where the germanium-silicon

composition varies along the propagation of the light in an optical sensor enables the

optical sensor to have a wide absorption spectrum.

[0033] FIG. 1A is an example graded material optical sensor 100 for converting an

optical signal to an electrical signal. The graded material optical sensor 100 includes a

first material layer 111, a second material layer 113 , and a graded material layer 115

that is between the first material layer 111 and the second material layer 113 . The

graded material optical sensor 100 may absorb light that propagates along a direction

from the first material layer 111 towards the second material layer 113 . In general, the

first material layer 111 has an energy bandgap ∆Ει that is larger than the energy

bandgap ∆ Ε 2 of the second material layer 113 . The graded material layer 115 has an

energy bandgap that is in between ∆ Ε 1and ∆ Ε 2, and decreases in a direction from the

first material layer 111 to the second material layer 113, such that light of a wide

wavelength spectrum may be efficiently absorbed inside the graded material optical

sensor 100. For example, an optical signal having a shorter wavelength (e.g., blue)

would be absorbed by the first material layer 111 formed by silicon and a front section of

the graded material layer 115 that has a low germanium composition. An optical signal

having a longer wavelength (e.g., NIR) would not be absorbed by the first material layer

111 formed by silicon or the front section of the graded material layer 115 that has a low

germanium composition, but would be absorbed by a back section of the graded

material layer 115 that has a high germanium composition and the second material

layer 113 formed by germanium.

[0034] In some implementations, the first material layer 111 may be formed using a

first material. For example, the first material may be silicon, germanium, or any other

suitable semiconductor materials. In some implementations, the first material layer 111



may be formed using an alloy of different materials. For example, the first material layer

111 may be formed using germanium-silicon. In some implementations, the second

material layer 113 may be formed using a second material. For example, the second

material may be silicon, germanium, or any other suitable semiconductor materials. In

some implementations, the second material layer 113 may be formed using an alloy of

different materials. For example, the second material layer 113 may be formed using

germanium-silicon. In some implementations, the graded material layer 115 may be

formed using an alloy of at least the first material and the second material. For

example, the graded material layer 115 may be formed using germanium-silicon.

[0035] In some implementations, the first material layer 111, the second material layer

113 , and/or the graded material layer 115 may be doped to control the Fermi level of the

material. For example, the first material layer 111 may be heavily p-doped, the second

material layer 113 may be heavily n-doped, and the graded material layer 115 may be

intrinsic or gradient-doped. When the thermal equilibrium is reached, an electric field

may be formed in the graded material layer 115. The electric field enhances free

carriers (e.g., electrons or holes) transit towards a carrier-collection circuitry to improve

sensitivity and to reduce crosstalk of the optical sensor.

[0036] In some implementations, a control bias may be applied to the graded material

optical sensor 100. Although not shown in FIG. 1A, the graded material optical sensor

100 may include contact pads and control circuitry that may be coupled to a control

source. For example, the control bias may be a reverse bias in voltage. The control

bias may increase the electric field between the first material layer 111 and the second

material layer 113 , which may further enhance free carriers transit towards a carrier-

collection circuitry.

[0037] FIG. 1B is an example graded material optical sensor 101 for converting an

optical signal to an electrical signal. The graded material optical sensor 10 1 includes a

first material layer 121 , a second material layer 123, and a graded material layer 125

that is between the first material layer 121 and the second material layer 123. The

graded material optical sensor 10 1 is similar to the graded material optical sensor 100

described in reference to FIG. 1A. The graded material layer 125 includes N material



layers Gi to G N, where N is an integer. Each layer of material layers Gi to G N may be

formed using an alloy of at least the first material and the second material. For

example, the material layer Gi may have material compositions of Geo -iSio .9, the

material layer G 2 may have material compositions of Geo.2Sio.8, and the germanium

composition may increase as the layer number increases. In some implementations, a

thickness of each layer of the material layers Gi to G N may be controlled. In some

implementations, a doping of each layer of the material layers Gi to G N may be

controlled. In some implementations, a germanium composition of each layer of the

material layers Gi to G N may be controlled.

[0038] FIGS. 2A-2J illustrate an example design 200 for fabricating a graded material

optical sensor structure on a silicon-on-insulator (SOI) substrate. Referring to FIG. 2A,

a SOI substrate includes a silicon substrate layer 2 11, an oxide layer 2 13 , and a silicon

layer 2 15 . The silicon layer 2 15 may be formed by epitaxial silicon having a specific

crystal orientation or a specific thickness, or the silicon layer 2 15 may be formed by

amorphous silicon having a specific thickness. Referring to FIG. 2B, a segregation

layer 2 17 and a device layer 219 may be formed in the silicon layer 2 15 . The

segregation layer 2 17 may be formed using any suitable technique. For example, the

segregation layer 2 17 may be formed by ion implantation at a specific ion energy to

achieve a specific damage depth, or by in-situ doped epitaxy to create removal rate

contrast between segregation and substrate layers. The device layer 2 19 may be

intrinsic silicon or doped silicon. In some implementations, the device layer 219 may be

formed by epitaxy or deposition.

[0039] Referring to FIG. 2C, a first material layer 221 is formed in the device layer

2 19 . The first material layer 221 may be formed by doping the device layer 2 19 . The

first material layer 221 may be similar to the first material layer 111 or the first material

layer 121 as described in reference to FIG. 1A and FIG. 1B. In some implementations,

the doped layer may be limited to certain percentage of the entire wafer area. In some

implementations, circuitry may be formed within the first material layer 221 .

[0040] Referring to FIG. 2D, a graded material 223 is formed on the first material layer

221 . The graded material layer 223 may be similar to the graded material layer 115 or



the graded material layer 125 as described in reference to FIG. 1A and FIG. 1B. For

example, the graded material layer 223 may be a germanium-silicon alloy, where the

germanium composition increases with increasing thickness. The graded material layer

223 may be formed by any suitable fabrication techniques. For example, the graded

material layer 223 may be formed by epitaxial growth through chemical vapor deposition

(CVD) system with dynamic gas control. In some implementations, the graded material

layer 223 may be gradient-doped. For example, the graded material layer 223 may be

doped by phosphorus, where the phosphorus concentration would increase with

increasing thickness. In some implementations, circuitry may be formed within the

graded material layer 223.

[0041] Referring to FIG. 2E, a second material layer 225 is formed on the graded

material layer 223. The second material layer 225 may be similar to the second

material layer 113 or the second material layer 123 as described in reference to FIG. 1A

and FIG. 1B . For example, the second material layer 225 may be formed using a doped

germanium. In some implementations, circuitry may be formed within the second

material layer 225.

[0042] Referring to FIG. 2F, a dielectric layer 227 is formed on the second material

layer 225. The dielectric layer 227 may be any suitable insulator such as oxide. The

dielectric layer 227 may be formed using any suitable fabrication technique such as

CVD. In some implementations, interconnects 229 may be formed in the dielectric layer

227. The interconnects 229 may be formed by etching a contact hole through the

dielectric layer 227 and filling the contact hole by a conductive material. For example,

the interconnects 229 may be formed by dry-etching a contact hole through the

dielectric layer 227 and filling the contact hole by a copper using CVD.

[0043] Referring to FIG. 2G, a dielectric layer 233 of an IC (integrated circuit) carrier

substrate 231 is bonded with the dielectric layer 227 of the substrate 2 11. The IC

carrier substrate 231 may be a silicon substrate, where one or more layers of circuitry

may be formed on the silicon substrate. The circuitry may be control circuitry, readout

circuitry, analog-to-digital convertor (ADC), amplifier, row/column decoder, and/or any

other suitable circuitry for the optical sensor. The dielectric layer 233 and interconnects



235 are formed on the IC carrier substrate. Although not shown in the figure, in some

implementations, alignment marks may be formed in both the dielectric layer 227 and

the dielectric layer 233 by any suitable techniques. The bonding between the dielectric

layer 233 of the IC carrier substrate 231 may be bonded with the dielectric layer 227 of

the substrate 2 11 by any suitable techniques such as thermally enhanced bonding or

hybrid bonding.

[0044] FIG. 2H illustrates a bonded optical sensor 200, where the dielectric layer 233

of the IC carrier substrate 231 are bonded with the dielectric layer 227 of the substrate

2 11 to form a dielectric layer 237, and where the interconnects 229 and the

interconnects 235 are connected to form interconnects 239. In some implementations,

metal pads can be included on top of the interconnects 229 and 235 to facilitate the

wafer bonding process.

[0045] Referring to FIG. 2I, the substrate 2 11, the oxide layer 2 13 , and the

segregation layer 2 17 are removed through any suitable techniques such as chemical

mechanical polishing (CMP) or etching. In some implementations, a portion 221 a of the

first material layer 221 may be removed through any suitable techniques such as CMP

or etching. In some implementations, one or more metal routing layers may be formed.

[0046] Although not shown here, in some other implementations, the formation of the

segregation layer 2 17 is not required. Without the formation of the segregation layer

2 17 , the substrate 2 11 and the oxide layer 213 may be removed through any suitable

techniques such as CMP or etching to expose the first material layer 221 . A portion

221 a of the first material layer 221 may then be removed through any suitable

techniques such as CMP or etching.

[0047] Referring to FIG. 2J, one or more coating layers 241 may be formed on the first

material layer 221 . The coating layers 241 may function such as wavelength filtering,

anti-reflection, and/or any other suitable functions. The one or more coating layers 241

may be formed using any suitable film deposition techniques such as sputtering,

evaporation, and/or plasma-enhanced CVD. In some implementations, micro lens 243

may be formed on the one or more coating layers 241 . The micro lens 243 may

function as a focusing lens, a collimator, or any other suitable optical function.



[0048] FIGS. 3A-3J illustrate an example design 300 for fabricating a graded material

optical sensor structure on a substrate. FIG. 3A shows a substrate 3 11. The substrate

3 11 may be a silicon substrate or any other suitable substrate. The substrate may be

formed by epitaxial silicon having a specific crystal orientation or a specific thickness, or

by amorphous silicon having a specific thickness. Referring to FIG. 3B, a segregation

layer 3 17 and a device layer 319 may be formed in the substrate layer 3 11. The

segregation layer 3 17 may be formed using any suitable technique similar to the

techniques described in reference to FIG. 2B. The device layer 3 19 may be intrinsic

silicon or doped silicon. In some implementations, the device layer 3 19 may be formed

by epitaxy or deposition.

[0049] Referring to FIG. 3C, a first material layer 321 is formed in the device layer

3 19 . The first material layer 321 may be formed by any suitable technique similar to the

techniques described in reference to FIG. 2C. Referring to FIG. 3D, a graded material

323 is formed on the first material layer 321 . The graded material layer 323 may be

formed by any suitable technique similar to the techniques described in reference to

FIG. 2D. In some implementations, circuitry may be formed within the first material

layer 321 . In some implementations, circuitry may be formed within the graded material

layer 323.

[0050] Referring to FIG. 3E, a second material layer 325 is formed on the graded

material layer 323. The second material layer 325 may be formed by any suitable

technique similar to the techniques described in reference to FIG. 2E. In some

implementations, circuitry may be formed within the second material layer 325.

[0051] Referring to FIG. 3F, a dielectric layer 327 is formed on the second material

layer 325. The dielectric layer 327 may be formed by any suitable technique similar to

the techniques described in reference to FIG. 2F. In some implementations,

interconnects 329 may be formed in the dielectric layer 327. The interconnects 329

may be formed by any suitable technique similar to the techniques described in

reference to FIG. 2F.

[0052] Referring to FIG. 3G, a dielectric layer 333 of an IC carrier substrate 331 is

bonded with the dielectric layer 327 of the substrate 3 11. The IC carrier substrate 331



is similar to the IC carrier substrate 231 as described in reference to FIG. 2G. The

dielectric layer 333 and interconnects 335 are formed on the IC carrier substrate by any

suitable technique similar to the techniques described in reference to FIG. 2G. The

bonding between the dielectric layer 333 of the IC carrier substrate 331 may be bonded

with the dielectric layer 327 of the substrate 3 11 by any suitable technique similar to the

techniques described in reference to FIG. 2G.

[0053] FIG. 3H illustrate a bonded optical sensor 300, where the dielectric layer 333 of

the IC carrier substrate 331 are bonded with the dielectric layer 327 of the substrate 3 11

to form a dielectric layer 337, and where the interconnects 329 and the interconnects

335 are connected to form interconnects 339. In some implementations, metal pads

can be included on top of the interconnects 329 and 335 to facilitate the wafer bonding

process. Referring to FIG. 3I, the substrate 3 11 and the segregation layer 3 17 are

removed through any suitable techniques as described in reference to FIG. 2I. In some

implementations, a portion 321a of the first material layer 321 may be removed through

any suitable techniques such as CMP or etching. In some implementations, one or

more metal routing layers may be formed.

[0054] Referring to FIG. 3J, one or more coating layers 341 may be formed on the first

material layer 321 . The coating layers 341 may function such as wavelength filtering,

anti-reflection, and/or any other suitable functions. The one or more coating layers 341

may be formed using any suitable film deposition techniques such as sputtering,

evaporation, and/or plasma-enhanced CVD. In some implementations, micro lens 343

may be formed on the one or more coating layers 341 . The micro lens 343 may

function as a focusing lens, a collimator, or any other suitable optical function.

[0055] FIG. 4A is an example of a graded material optical sensor 400. The graded

material optical sensor 400 includes a first graded material layer 4 11, a second graded

material layer 4 13 , and an absorption layer 4 15 . The first graded material layer 4 11

includes m layers of graded materials Gn to Gim, and second graded material layer 4 13

includes n layers of graded materials G21 to G2n, where m and n are integers. Each

layer of the first graded material layer 4 11 and the second graded material layer 4 13

may be a germanium-silicon alloy. The absorption layer 4 15 may be germanium. In



general, semiconductor surfaces and heterojunction interfaces are often high in defect

density due to the discontinuity of material. These defects in turn acts as recombination

sites for minority carriers. For optical sensors, these surface and/or interface defects

may be detrimental if photo-generated minority carriers come in contact with the surface

and/or interface defects. This problem can be especially severe if large proportions of

the carriers are generated within the highly doped contact region. Carriers that are lost

to recombination will affect the sensitivity/dynamic range of the optical sensor. This

problem may be especially serious for a germanium-silicon optical sensor device or

system, where germanium or germanium-silicon is epitaxially grown on silicon

substrates. High density of defects can be observed at the germanium-silicon

heterojunction interface as well as where the epitaxy is terminated. Incorporating the

graded material structure design in an optical sensor allows minority carriers to be

directed away from absorption layer surface and/or the germanium-silicon

heterojunction interfaces by creating a built-in electric field through bandgap differences

between graded material layers.

[0056] FIG. 4B is an example of a graded material optical sensor 401 . The graded

material optical sensor 401 includes a first graded material layer 421 , a second graded

material layer 423, an absorption layer 425, and metal contacts 428 and 429. The

silicon composition in the first graded material layer 421 gradually increases in a

direction from the absorption material 425 to the metal contact 428, where the

corresponding energy bandgap increases accordingly. The silicon composition in the

second graded material layer 423 also gradually increases in a direction from the

absorption material 425 to the metal contact 429, where the corresponding energy

bandgap increases accordingly. In some implementations, the photo-generated

minority carriers by an optical signal may be directed away from the high defective

surface/interface and hence surface/interface recombination can be alleviated. The

alleviation of the surface/interface recombination improves photodiode optical to

electrical conversion efficiency. The photodiode bandwidth is also improved since the

total duration minority carriers spends within the highly doped region is significantly

reduced. In some implementations, the increased Si composition may reduce the

amount of carriers generated due to reduced NIR absorption from increase in bandgap.



Hence decreasing the total number of photo-generated minority carriers close to the

surface/interface thus further reducing minority carriers reaching the layer

surface/interface.

[0057] In some implementations, a control bias 427 may be applied to the graded

material optical sensor 401 . For example, the control bias may be a reverse bias in

voltage. The control bias may increase the electric field between the first graded

material layer 421 and the second graded material layer 423, which may further

enhance free carriers transit towards a carrier-collection circuitry coupled to the metal

contacts 428 and 429.

[0058] FIG. 4C is an example of a graded material optical sensor 402. The graded

material optical sensor 402 includes a first graded material layer 431 , a second graded

material layer 433, an absorption layer 435, and metal contacts 438 and 439. The first

graded material layer 431 may have alloy composition similar to the first graded material

layer 421 as described in reference to FIG. 4B. The second graded material layer 433

may have alloy composition similar to the second graded material layer 423 as

described in reference to FIG. 4B. The p-dopant concentration in the first graded

material layer 431 gradually increases in a direction from the absorption material 435 to

the metal contact 438. The n-dopant concentration in the second graded material layer

433 gradually increases in a direction from the absorption material 435 to the metal

contact 439. When the thermal equilibrium is reached, an electric field may be formed

in the first graded material layer 431 and in the second graded material layer 433. The

electric field enhances the acceleration of minority carriers moving out of the respective

un-depleted doping layers. In some implementations, a control bias may be applied to

the graded material optical sensor 402. The control bias may increase the electric field

between the first graded material layer 431 and the second graded material layer 433,

which may further enhance the acceleration of minority carriers moving out of the

respective un-depleted doping layers.

[0059] FIG. 5 shows an example of an optical sensor array 501 . The optical sensor

array 501 includes a carrier substrate 531 , an integrated circuit layer 533, a sensor layer

535, an interconnect layer 537, a filter layer 539, and a lens layer 541 . The sensor layer



535 may be formed as a one-dimensional or a two-dimensional array of graded material

optical sensors. Similar to the described in FIGS. 2A-2J and FIGS. 3A-3J, after the

sensor layer 535 is formed on a substrate (not shown), the interconnect layer 537 may

be formed on the sensor layer 535, and the interconnect layer 537 may be bonded to

the integrated circuit layer 533. After bonding, the filter layer 539 and a lens layer 541

may be formed on the sensor layer 535. This may be referred to as a "backside"

configuration. The exemplary letters W, B, G , R refer to "White", "Blue", "Green", "Red"

pixels respectively. In some other implementations, R , G , B or R , G , G , B or other

arrangements may be applied.

Sensors Formed Using Lateral Strain Dilution Technique

[0060] Traditional Si CMOS image sensor has very limited NIR sensing capability due

to weak light absorption of Si material for wavelength beyond 800 nm. One possible

approach is to replace photo sensing material from silicon to germanium-silicon to

improve NIR sensing from 800 nm to beyond 1000 nm. However, lattice mismatch

between silicon and germanium-silicon may limit the critical thickness of the germanium

-silicon layer that can be grown on silicon, which may be thinner than the desired

thickness for image sensing. When growing beyond this critical thickness, the

germanium-silicon layer may become defective and introduce additional dark current.

[0061] An optical sensor based on a necking region structural design, fabricated by

using a lateral strain dilution technique may share and dilute the strain energy of a

germanium-silicon layer, and may therefore enable the thickness of the germanium-

silicon layer to extend beyond the critical thickness without defect formation. FIGS. 6A-

6C illustrate an example design 600 for fabricating an optical sensor using a lateral

strain dilution technique.

[0062] Referring to FIG. 6A, a dielectric layer 6 13 is formed on a substrate 6 11. The

substrate 6 11 may be a silicon substrate, and the dielectric layer 6 13 may be formed by

any suitable dielectric materials such as oxide. A thickness of the dielectric layer 613 is

selected to be {hi + h2}, where hi and h 2 correspond to the heights of a necking region

and a sensor region, respectively.



[0063] Referring to FIG. 6B, a necking region 621 and a sensor region 623 is formed

in the dielectric layer 6 13 . The necking region 621 has an area Ai and a height hi, and

the sensor region 623 has an area A 2 and a height h2. In general, the area Ai of the

necking region 621 is smaller than the area A 2 of the sensor region 623. The necking

region 621 and the sensor region 623 may be formed by any suitable techniques. For

example, the necking region 621 and the sensor region 623 may be formed by a two-

step dry etch of the dielectric layer 6 13 .

[0064] Strain energy Ee may be defined by:

[0065] where is the lattice misfit ratio, ai is the layer lattice constant, as is the

substrate lattice constant, B is the material constant, A i and h i are the area and the

height of the necking 621 , and A 2 and h∑are the height of the sensor region 623,

respectively.

[0066] Referring to FIG. 6C, germanium-silicon is selectively grown in the necking

region 621 and the sensor region 623. In general, the strain energy mainly comes from

the necking region 621 . The sensor region 623 is not in direct contact with the silicon

substrate interface. Therefore, the sensor region 623 is not directly constrained by

silicon substrate 6 11 and can be used to absorb the strain energy of the necking area.

The critical thickness can be extended to a level of ~A2/A1 . Thus, critical thickness may

be enhanced by using this lateral strain sharing approach.

[0067] In some implementations, a planarization step such as CMP is performed to

planarize the surface area of the germanium-silicon film.

[0068] FIG. 7 shows an example optical sensor array 700 formed by a lateral strain

dilution technique. The optical sensor array 700 includes a substrate 7 11, an integrated

circuit layer 7 13 , a dielectric layer 7 15 , optical sensors 717, an interconnect layer 719, a



coating layer 721 , and lens 723. The integrated circuit layer 7 13 may be an epitaxially-

grown silicon with circuitry and contacts formed on it. The optical sensors 7 17 may be

formed on the integrated circuit layer 7 13 having necking region structural design and

using a lateral strain dilution technique as described in reference to FIGS 6A-6C. The

optical sensor array 700 may be referred to as a front side incidence optical sensor

array, as light enters from the front side of the optical sensors 7 17 . The optical sensor

array 700 may be used to detect both visible and near infrared optical signals.

[0069] FIG. 8A shows an example of a two-terminal optical sensor 801 with a necking

region structural design. The two-terminal optical sensor 801 may be used in a front

side incidence optical sensor array. The two-terminal optical sensor 801 includes a

substrate 8 11, an integrated circuit layer 8 13 , a dielectric layer 8 15 , and a germanium-

silicon sensor with a necking region. The sensor region of the germanium silicon

sensor includes an n-doped germanium-silicon region 821 and a p+ doped germanium-

silicon region 823.

[0070] FIG. 8B shows an example of a three-terminal optical sensor 802 with a

necking region structural design. The three-terminal optical sensor 802 may be used in

a front side incidence optical sensor array. The three-terminal optical sensor 802

includes a substrate 8 11, an integrated circuit layer 8 13 , a dielectric layer 8 15 , and a

germanium-silicon sensor with a necking region. The sensor region of the germanium-

silicon sensor includes an n-doped germanium-silicon region 831 , and an intrinsic or p-

doped germanium-silicon region 833. A silicon layer is formed on the sensor region,

where the silicon layer includes a p+ silicon region 835, an n-doped silicon region 837, a

p-doped silicon region 839, an n+ silicon region 841 , and a transfer gate 843.

[0071] FIG. 9 shows an example of an optical sensor array 900 formed by a lateral

strain dilution technique. The optical sensor array 900 includes a carrier substrate 9 11,

an integrated circuit layer 9 13 , an interconnect layer 9 15 , a dielectric layer 917, optical

sensors 919, a coating layer 921 , and lens 923. The integrated circuit layer 9 13 may be

an epitaxially-grown silicon with circuitry and contacts formed on it. The optical sensors

9 19 may be formed having necking region structural design and using the lateral strain

dilution technique as described in reference to FIGS 6A-6C. The optical sensors 9 19



and the interconnect layer 915 may then be wafer-bonded to the integrated circuit layer

9 13 using techniques described in reference to FIGS 10A-10E. The optical sensor

array 900 may be referred to as a backside incidence optical sensor array, as light

enters from the backside of the optical sensors 9 19 . The optical sensor array 900 may

be used to detect both visible and near infrared optical signals.

[0072] FIGS. 10A-1 0E illustrate an example design 1000 for fabricating an optical

sensor using a lateral strain dilution technique. Referring to FIG. 10A, a germanium-

silicon optical sensor 10 15 is formed on a substrate 10 11 using the lateral strain dilution

technique as described in reference to FIGS 6A-6C. Referring to FIG. 10B,

interconnects 10 17A and 10 17B are formed on the front side of the germanium-silicon

optical sensor 1015.

[0073] Referring to FIG. 10C, an integrated circuit layer 1023 and an interconnect

layer 1025 formed on a carrier substrate is bonded with the dielectric layer 10 13 using

techniques similar to described in reference to FIG. 2G and 3G. Referring to FIG. 10D,

the substrate 101 1 and the necking region of the germanium-silicon optical sensor 10 15

are removed by techniques such as CMP or etching.

[0074] Referring to FIG. 10E, interconnects 1027a and 1027b are formed in the

dielectric layer 10 13 . Referring to FIG. 10F, one or more coating layer 1031 and lens

1033 are formed using techniques similar to described in reference to FIG. 2J and 3J.

[0075] FIG. 11A shows an example of a two-terminal optical sensor 110 1 with a

necking region structural design. The two-terminal optical sensor 110 1 may be used in

a backside incidence optical sensor array. The two-terminal optical sensor 110 1

includes a substrate 1111, an integrated circuit layer 1113 , an interconnect layer 1115 ,

a dielectric layer 1117 , and a germanium-silicon sensor with a necking region removed.

The sensor region of the germanium-silicon sensor includes an n-doped germanium-

silicon region 1121 and a p+ doped germanium-silicon region 1123.

[0076] FIG. 11B shows an example of a three-terminal optical sensor 1102 with a

necking region structural design. The three-terminal optical sensor 1102 may be used

in a backside incidence optical sensor array. The three-terminal optical sensor 1102

includes a substrate 1111, an integrated circuit layer 1113 , an interconnect layer 1115 ,



a dielectric layer 1117 , and a germanium-silicon sensor with a necking region removed.

The sensor region of the germanium-silicon sensor includes an n-doped germanium-

silicon region 113 1 , and an intrinsic or p-doped germanium-silicon region 1133. A

silicon layer is formed in the interconnect layer 1115 , where the silicon layer includes a

p+ silicon region 1135, an n-doped silicon region 1137, a p-doped silicon region 1139,

an n+ silicon region 1141 , and a transfer gate 1143.

Energy Selection Optical Sensors

[0077] In general, an electrical signal generated by an optical sensor includes two

current components: a dark current and a photocurrent. Photocurrent is the desired

signal and the dark current is often considered as noise. Conventionally these two

current components are collected together, and to improve the signal-to-noise ratio

(SNR), the dark current component needs to be minimized. However, to achieve a wider

sensing spectrum with an improved absorption efficiency (i.e., a higher photocurrent at

the target wavelengths), a smaller bandgap material (direct or indirect) needs to be

used, and this often leads to higher dark current. As a result, conventionally there is a

material-induced trade-off between sensing spectrum/efficiency and dark current.

Improved photocurrent (absorption efficiency) often comes with larger dark current

(noise). Consequently, it is difficult to improve the SNR or dynamic range of the optical

sensor.

[0078] FIG. 12 shows an example energy diagram 1200. Referring to FIG. 12, to

separate photocurrent from dark current, the key is on their transient state energy level

difference. The root difference between photocurrent and dark current at their initial

energy state is that the excited photons (photocurrent component) often occupies higher

energy state above the conduction band (i.e., En 1201 ) , as compared to the often

thermally generated carriers (dark current) around the conduction band edge (i.e., Eg

1203). The higher energy photon-excited carrier will transit into a lower energy state by

photon or phonon emitting processes (referred as "relaxation" in this disclosure), and

when the energy relaxation is complete, photo current and dark current are difficult, or

even impossible, to distinguish.



[0079] Conventionally, a conducting material (ex: metal) to collect the carriers is

connected to the absorption material, which introduces no or little energy barrier to

collect the carriers, hence collecting both photo and dark current components. By

introducing an energy barrier at 1205, the lower energy state dark current component is

blocked while the higher energy state photo current component can pass through the

blocking material and being collected by the carrier collector terminals. In some

implementations, the carrier transit time is preferably shorter than the energy relaxation

time such that there is energy difference between photo current and dark current. An

electric field may be applied between two terminals to provide high transit time for

efficient carrier collection.

[0080] FIG. 13 illustrates an example energy selection sensor 1300. The energy

selection sensor 1300 includes an absorption material 13 11, an energy filter 1313, and

a carrier collector 1315. The band alignment at the interface of the absorption material

13 11 and the energy filter 13 13 has an energy barrier to prevent the lower energy state

dark current component from being collected, while allowing the higher energy state

photon-excited photocurrent component to flow through the blocking material and being

collected at the carrier collecting terminals. As a result, most of the desired signal (photo

current) can be collected without collecting a majority of the noise (dark current).

[0081] In some implementations, the distance within the absorption material, between

the two carrier extraction interfaces, is applied with an electrical field, and the

distance/thickness between the two carrier extraction interfaces is within a range such

that when the generated photo carrier travels to the energy filter 1313, the residual

energy is still higher than the dark current components such that these two components

can be distinguished by their energy level to allow the blocking mechanism functioning

to only one of the current component (i.e., dark current). Namely, the time it takes for

the photon-excited carrier to travel to the interface is preferably shorter than or

comparable to the energy relaxation time (ex: an order of magnitude shorter).

[0082] In some implementations, the energy relaxation time can be determined or

modified by (a) using quantum confinement effect (ex: quantum dot, quantum wire,

quantum well structures), (b) choice of indirect or direct bandgap material (intra-valley or



inter-valley transition), (c) the density state and its occupancy of the material, (d)

incident photon energy. In some implementations, material with indirect bandgap, or

larger valley to valley separation, or lower density states can be used to increase the

energy relaxation time.

[0083] In some implementations, the bandgap of the energy filter material 13 13 is

larger than the absorption material 13 11, with a conduction band offset high enough to

block the dark current and low enough to allow the photocurrent to pass. In some

implementations, the energy filter material can have a significant energy barrier even

higher than the energy level of the photo-excited carriers near the carrier collector 131 5

interface, but includes at least one trap state with an energy level allowing the photo-

excited carriers to pass the energy filter 13 13 by mechanisms such as trap-assisted

tunneling. In some implementations, the energy filter 13 13 is thin enough to allow the

higher energy carriers to tunnel directly through but block the lower energy carriers.

Note that applying an electrical field will bend the band diagram and increase the carrier

velocity.

[0084] In some implementations, the incident light direction is substantially different

(ex: perpendicular) to the direction of the applied electrical field in the absorption

material. In this case, the distance/thickness along the incident light direction can be

sufficiently long to absorb enough incident light (photons) for further signal processing.

In some other implementations, the incident light direction is substantially along the

direction of the applied electrical field in the absorption material. In this case, the design

of the distance/thickness along the incident light direction requires taking both the

targeted amount of absorption and the carrier transit time (preferably shorter or

comparable to the relaxation time) into account.

[0085] In some implementations, germanium, silicon, germanium-silicon, graded

materials, lll-V compounds, ll-VI compounds, or their combination may be used as the

absorption material 13 11, and germanium-silicon, silicon, GeO, Ge02, oxide, nitride,

graded materials or their combinations mayn be used as the energy filter 131 3 . In some

implementations, the energy filter 1313 may be selected to filter electrons. In some

implementations, the energy filter 1313 may be selected to filter holes. In some



implementations, a passivation material can be used to passivate the surface of the

absorption material to reduce the surface recombination for more efficient photo-excited

carrier collection.

[0086] In some implantations, a nano-crystal structure can be used. The nano-crystal

can further merge with one another to form a continuous layer. The nano-crystal

structure may be used to modify its energy relaxation time due to quantum confinement.

The nano-crystal structure may further reduce its intrinsic dark current generation due to

quantum confinement. In some implementations, the nano-crystal can include Ge, and it

can be formed by depositing Ge at low temperature on a heterogeneous material

surface (ex: Si) such that Ge nucleates on the surface to form nano-crystal. In some

implementations, the Ge can be deposited/grown via PVD or CVD, and it can be in an

amorphous, a poly or a crystalline phase. The carrier collection can be done by applying

an electrical field as described previously in this disclosure.

[0087] In some implementations, the absorption material can be Ge, Si, GeSi, lll-V

material or other compounds, alloys, two-dimensional material, elemental material

which can absorb the target application wavelengths. The absorption material can be

strained or relaxed to modify its bandgap to obtain a desired absorption rate. In some

implementations, the absorption material can even be porous. In some

implementations, the energy filter material can be Ge, Si, GeSi, nitride, oxide, doped

nitride, doped oxide, lll-V material or other compounds, alloys, elemental material which

can introduce energy barrier to the absorption material at their interface. The energy

filter material can even be porous. In some implementations, the absorption material is

Ge, and its thickness/dimension is less than 100nm. In some implementations, the

thickness of the Ge can be around 50nm such that an average carrier transit time is less

than 500 fs to be with the same order of its energy relaxation time around hundreds of

fs. In some implementations, the voltage applied to a Ge absorption layer needs to

cause an electrical-field larger than 1000 V/cm to reach a high carrier velocity and lower

than 100000 V/cm to be below the breakdown limit.

[0088] In some implementations, the energy filter material can be Si with larger

bandgap and type I or type I I (strained) band alignment to confine the lower energy



carriers in a Ge absorption region. In some implementations, the energy filter material

can be nitride with defects introduced inside to form a trapping energy state

corresponding to the residual energy state when that the photo-excited carriers travel to

the interface of absorption material 13 11 and energy filter 13 13 .

[0089] A number of implementations have been described. Nevertheless, it will be

understood that various modifications may be made without departing from the spirit

and scope of the disclosure. For example, various forms of the flows shown above may

be used, with steps re-ordered, added, or removed.

[0090] Various implementations may have been discussed using two-dimensional

cross-sections for easy description and illustration purpose. Nevertheless, the three-

dimensional variations and derivations should also be included within the scope of the

disclosure as long as there are corresponding two-dimensional cross-sections in the

three-dimensional structures.

[0091] While this specification contains many specifics, these should not be construed

as limitations, but rather as descriptions of features specific to particular embodiments.

Certain features that are described in this specification in the context of separate

embodiments may also be implemented in combination in a single embodiment.

Conversely, various features that are described in the context of a single embodiment

may also be implemented in multiple embodiments separately or in any suitable

subcombination. Moreover, although features may be described above as acting in

certain combinations and even initially claimed as such, one or more features from a

claimed combination may in some cases be excised from the combination, and the

claimed combination may be directed to a subcombination or variation of a

subcombination.

[0092] Similarly, while operations are depicted in the drawings in a particular order,

this should not be understood as requiring that such operations be performed in the

particular order shown or in sequential order, or that all illustrated operations be

performed, to achieve desirable results. In certain circumstances, multitasking and

parallel processing may be advantageous. Moreover, the separation of various system

components in the embodiments described above should not be understood as



requiring such separation in all embodiments, and it should be understood that the

described program components and systems may generally be integrated together in a

single software product or packaged into multiple software products.

[0093] Thus, particular embodiments have been described. Other embodiments are

within the scope of the following claims. For example, the actions recited in the claims

may be performed in a different order and still achieve desirable results.

[0094] What is claimed is:



CLAIMS

1. An optical sensor comprising:

a first material layer comprising at least a first material;

a second material layer comprising at least a second material that is different

from the first material, wherein a material bandgap of the first material is larger than a

material bandgap of the second material; and

a graded material layer arranged between the first material layer and the second

material layer, the graded material layer comprising an alloy of at least the first material

and the second material having compositions of the second material that vary along a

direction that is from the first material to the second material.

2 . The optical sensor of claim 1, wherein the first material is silicon and the second

material is germanium.

3 . The optical sensor of claim 2 , wherein the compositions of germanium of the

graded material increase along the direction that is from the first material to the second

material.

4 . The optical sensor of claim 1,

wherein the first material layer comprises an alloy of germanium and silicon

having a first germanium composition,

wherein the second material layer comprises an alloy of germanium and silicon

having a second germanium composition,

wherein the first germanium composition is lower than the second germanium

composition, and

wherein the germanium compositions of the graded material layer are between

the first germanium composition and the second germanium composition.

5 . The optical sensor of claim 1, wherein the first material layer and the second

material layer are doped.



6 . The optical sensor of claim 1, further comprising:

a substrate; and

circuitry arranged over the substrate,

wherein the second material layer is arranged over the circuitry, and

wherein the first material layer is arranged over the second material layer.

7 . A method for fabricating an optical sensor, the method comprising:

forming, over a substrate, a first material layer comprising at least a first material;

forming, over the first material layer, a graded material layer comprising an alloy

of at least the first material and a second material having compositions of the second

material that vary along a direction that is perpendicular from the substrate; and

forming, over the graded material, a second material layer comprising at least the

second material that is different from the first material.

8 . The method of claim 7 , further comprising forming circuitry over the second

material layer.

9 . The method of claim 8 , further comprising:

before forming the first material layer, forming a segregation layer on the

substrate;

bonding a top layer formed on the substrate to the circuitry formed on a carrier

substrate; and

removing the substrate and the segregation layer.

10 . The method of claim 9 , further comprising:

forming a filter and a lens over the first material layer.

11. An optical sensor comprising:

a first graded material layer comprising a composition of at least a first material

and a second material, wherein compositions of the second material of the first graded

material layer vary along a particular direction;



a second graded material layer comprising a composition of at least the first

material and the second material, wherein compositions of the second material of the

second graded material layer vary along the particular direction; and

a third material layer arranged between the first graded material layer and the

second graded material layer, the third material layer comprising at least the second

material.

12. The optical sensor of claim 11, wherein the first material is silicon and the second

material is germanium.

13 . The optical sensor of claim 12 ,

wherein the particular direction is a direction from the first graded material layer

to the second graded material layer,

wherein the compositions of germanium of the first graded material layer

increase along the particular direction, and

wherein the compositions of germanium of the second graded material layer

decrease along the particular direction.

14. The optical sensor of claim 12,

wherein the first graded material layer further comprises multiple p-doped levels

along the particular direction, and

wherein the second graded material layer further comprises multiple n-doped

levels along the particular direction.

15 . The optical sensor of claim 11, comprising conductor layers configured to provide

a bias the optical sensor.

16. An optical sensor comprising:

a first graded germanium layer comprising multiple p-doped levels along a

particular direction;



a second graded germanium layer comprising multiple n-doped levels along the

particular direction;

a third germanium layer arranged between the first graded germanium layer and

the second graded germanium layer; and

conductor layers configured to provide a bias to the optical sensor.

17 . An optical sensor comprising:

a first layer formed over a substrate, the first layer comprising germanium-silicon

having a first strain, and the first layer having a first area; and

a second layer formed over the first layer, the second layer comprising

germanium-silicon having a second strain that is lower than the first strain, and the

second layer having a second area that is larger than the first area.

18 . A method for fabricating an optical sensor, the method comprising:

forming a dielectric layer on a silicon substrate;

forming a first opening having a first area in the dielectric layer;

forming a second opening having a second area that is larger than the first area

in the dielectric layer;

forming a first germanium-silicon layer in the first opening; and

forming a second germanium-silicon layer in the second opening, wherein a

strain of the first germanium-silicon layer is higher than a strain of the second

germanium-silicon layer.

19 . The method of claim 18 , further comprising:

forming circuitry over the second germanium-silicon layer.

20. The method of claim 18 , further comprising:

bonding a top layer of the silicon substrate to circuitry of a carrier substrate;

removing the silicon substrate and at least a portion of the first germanium-silicon

layer; and

forming a filter and a lens over the second germanium-silicon layer.



2 1. An optical sensor comprising:

an absorption material layer configured to receive light to generate photocurrent

and dark current;

an energy filter layer configured to receive the photocurrent and the dark current,

the energy filter layer having an energy state that is between an energy state of the

photocurrent and an energy state of the dark current, such that the energy filter layer is

configured to block the dark current and to pass the photocurrent; and

a carrier collector layer configured to receive the photocurrent passed through

the energy filter layer.
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