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(57) ABSTRACT 

Backside illuminated photosensitive devices and associated 
methods are provided. In one aspect, for example, a backside 
illuminated photosensitive imager device can include a semi 
conductor Substrate having multiple doped regions forming a 
least one junction, a textured region coupled to the semicon 
ductor Substrate and positioned to interact with electromag 
netic radiation where the textured region includes Surface 
features sized and positioned to facilitate tuning to a prese 
lected wavelength of light, and a dielectric region positioned 
between the textured region and the at least one junction. The 
dielectric region is positioned to isolate the at least one junc 
tion from the textured region, and the semiconductor Sub 
strate and the textured region are positioned such that incom 
ing electromagnetic radiation passes through the 
semiconductor Substrate before contacting the textured 
region. Additionally, the device includes an electrical transfer 
element coupled to the semiconductor Substrate to transferan 
electrical signal from the at least one junction. 
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PROCESS MODULE FOR INCREASING THE 
RESPONSE OF BACKSIDE LLUMINATED 

PHOTOSENSITIVE IMAGERS AND 
ASSOCATED METHODS 

PRIORITY DATA 

0001. This application claims the benefit of U.S. Provi 
sional Application Ser. No. 61/495,243, filed on Jun. 9, 2011, 
which is incorporated herein by reference. 

BACKGROUND 

0002 The interaction of light with semiconductor materi 
als has been a significant innovation. Silicon imaging devices 
are used in various technologies, such as digital cameras, 
optical mice, video cameras, cell phones, and the like. 
Charge-coupled devices (CCDs) were widely used in digital 
imaging, and were later improved upon by complementary 
metal-oxide-semiconductor (CMOS) imagers having 
improved performance. Many traditional CMOS imagers uti 
lize front side illumination (FSI). In such cases, electromag 
netic radiation is incident upon the semiconductor Surface 
containing the CMOS devices and circuits. Backside illumi 
nation CMOS imagers have also been used, and in many 
designs electromagnetic radiation is incident on the semicon 
ductor surface opposite the CMOS devices and circuits. 
CMOS sensors are typically manufactured from silicon and 
can covert visible incident light into a photocurrent and ulti 
mately into a digital image. Silicon-based technologies for 
detecting infrared incident electromagnetic radiation have 
been problematic, however, because silicon is an indirect 
bandgap semiconductor having a bandgap of about 1.1 eV. 
Thus the absorption of electromagnetic radiation having 
wavelengths of greater than about 1100 nm is, therefore, very 
low in silicon. 

SUMMARY 

0003. The present disclosure provides backside-illumi 
nated photosensitive imager devices and associated methods. 
In one aspect, for example, a backside-illuminated photosen 
sitive imager device can include a semiconductor Substrate 
having multiple doped regions forming a least one junction, a 
textured region coupled to the semiconductor Substrate and 
positioned to interact with electromagnetic radiation, 
wherein the textured region includes surface features sized 
and positioned to facilitate tuning to a preselected wavelength 
of light, and a dielectric region positioned between the tex 
tured region and the at least one junction. The dielectric 
region is positioned to isolate the at least one junction from 
the textured region, and the semiconductor Substrate and the 
textured region are positioned such that incoming electro 
magnetic radiation passes through the semiconductor Sub 
strate before contacting the textured region. Additionally, the 
device includes an electrical transfer element coupled to the 
semiconductor Substrate to transfer an electrical signal from 
the at least one junction. In some aspects, the dielectric region 
is positioned to physically isolate the textured region from the 
at least one junction. In other aspects, the dielectric region is 
positioned to electrically isolate the textured region from the 
at least one junction. 
0004. In one aspect, the surface features have an average 
center-to-center distance of one half wavelength of the pre 
selected wavelength of light, multiples of one half wave 
length of the preselected wavelength of light, or at least one 
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half wavelength of the preselected wavelength of light, 
wherein the preselected wavelength in this context is scaled 
by the refractive index of the surrounding material. In another 
aspect, the center-to-center distance of the features is Substan 
tially uniform across the textured region. In a further aspect, 
the Surface features have an average height of about a multiple 
of a quarter wavelength of the preselected wavelength of 
light, wherein the preselected wavelength is scaled by the 
refractive index of the Surrounding material. In another 
aspect, the Surface features can be sized and positioned to 
reduce specular reflection. 
0005 Additional regions and/or structures can be included 
in various devices according to aspects of the present disclo 
Sure. In some aspects, for example, the device can include a 
reflecting region coupled to the textured region opposite the 
dielectric region and positioned to reflect electromagnetic 
radiation passing through the textured region back through 
the textured region. Various reflective materials can be 
included in the reflecting region including, without limita 
tion, a Bragg reflector, a metal reflector, a metal reflector over 
a dielectric material, and the like, including combinations 
thereof. In some aspects, one or more dielectric layers are 
positioned between the reflecting region and the textured 
region. In another aspect, a lens can be optically coupled to 
the semiconductor Substrate and positioned to focus incident 
electromagnetic radiation into the semiconductor Substrate. 
0006. The preselected wavelength of light can be any 
wavelength or wavelength distribution. In one aspect, for 
example, the preselected wavelength of light can be in the 
near infrared or infrared range. In another aspect, the prese 
lected wavelength of light can be greater than or equal to 
about 800 nm. 
0007. In another aspect, one or more anti-reflective layers 
can be deposited on the semiconductor Substrate at a Surface 
opposite the at least one junction Such that incident light 
passes through the anti-reflective layer prior to contacting the 
semiconductor Substrate. Additionally, in a further aspect at 
least one isolation feature can beformed in the semiconductor 
Substrate, where the at least one isolation feature is positioned 
to reflect light impinging thereon backinto the semiconductor 
substrate. 
0008. The present disclosure additionally provides vari 
ous methods of making a backside-illuminated photosensi 
tive imager device. One Such method can include forming at 
least one junction at a Surface of a semiconductor Substrate, 
forming a dielectric region over the at least one junction, and 
forming a textured region over the dielectric region. The 
textured region can include Surface features sized and posi 
tioned to facilitate tuning to a preselected wavelength of light. 
The dielectric region isolates the at least one junction from the 
textured region, and the semiconductor Substrate and the tex 
tured region are positioned such that incoming electromag 
netic radiation passes through the semiconductor Substrate 
before contacting the textured region. The method can also 
include coupling an electrical transfer element to the semi 
conductor substrate such that the electrical transfer element is 
operable to transfer an electrical signal from the at least one 
junction. 
0009 Various techniques are contemplated for forming 
the textured region, and any technique useful for Such a pro 
cess is considered to be within the present scope. Non-limit 
ing examples of Such techniques include plasma etching, 
reactive ion etching, porous silicon etching, lasing, chemical 
etching, nanoimprinting, material deposition, selective epi 
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taxial growth, lithography, and the like, including combina 
tions thereof In one specific aspect, the forming of the tex 
tured region can include depositing a mask on the dielectric 
region, etching the dielectric region through the mask to form 
Surface features, and removing the mask from the dielectric 
region. The surface features can be further etched to round 
exposed edges. In yet another specific aspect, forming the 
textured region further includes depositing a first semicon 
ductor material on the dielectric region, texturing the first 
semiconductor material to form a mask, depositing a second 
semiconductor material on the mask, and etching the second 
semiconductor material to form the textured region. In one 
specific aspect, texturing the second semiconductor material 
further includes etching the second semiconductor material to 
form a plurality of scallops pointing toward the semiconduc 
tor Substrate. A variety of first and second semiconductor 
materials are contemplated, and any suitable material is con 
sidered to be within the present scope. In one aspect, however, 
the first and second semiconductor materials include silicon, 
polysilicon, amorphous silicon, or the like, including combi 
nations thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0010 For a fuller understanding of the nature and advan 
tage of the present invention, reference is being made to the 
following detailed description of preferred embodiments and 
in connection with the accompanying drawings, in which: 
0011 FIG. 1 is a schematic diagram of a four transistor 
active pixel sensor (APS) of a CMOS imager in accordance 
with one aspect of the present disclosure; 
0012 FIG. 2 is a schematic view of a photosensitive device 
in accordance with another aspect of the present disclosure; 
0013 FIG. 3 is a schematic view of a pixel of a photosen 
sitive device with a BSI photodiode in accordance with yet 
another aspect of the present disclosure; 
0014 FIG. 4 illustrates light trapping in a thin semicon 
ductor layer with a planar illuminated side and a textured 
opposing side in accordance with a further aspect of the 
present disclosure; 
0015 FIG. 5 is a graph showing calculated absorptance of 
infrared radiation in a thin silicon photodetector with light 
trapping and different amounts of light reflected back from 
the illuminated surface; 
0016 FIG. 6 is a schematic view of a photosensitive device 
in accordance with another aspect of the present disclosure; 
0017 FIG. 7 is a depiction of a method of making a pho 
tosensitive imager device in accordance with another aspect 
of the present disclosure; 
0018 FIG. 8a is a schematic view of a photosensitive 
device in accordance with yet another aspect of the present 
disclosure; 
0019 FIG. 8b is a schematic view of a photosensitive 
device in accordance with yet another aspect of the present 
disclosure; 
0020 FIG. 9a is a top view of a textured region in accor 
dance with one aspect of the present disclosure; 
0021 FIG.9b is a cross-sectional view of a textured sur 
face in accordance with an aspect of the present disclosure; 
0022 FIG. 10a is a cross-sectional view of a photosensi 
tive device during manufacture in accordance with another 
aspect of the present disclosure; 
0023 FIG. 10b is a cross-sectional view of a photosensi 
tive device during manufacture in accordance with another 
aspect of the present disclosure; 
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0024 FIG. 10c is a cross-sectional view of a photosensi 
tive device during manufacture in accordance with another 
aspect of the present disclosure; 
0025 FIG. 11a is a cross-sectional view of a photosensi 
tive device during manufacture in accordance with yet 
another aspect of the present disclosure; 
0026 FIG. 11b is a cross-sectional view of a photosensi 
tive device during manufacture in accordance with yet 
another aspect of the present disclosure; 
0027 FIG. 11c is a cross-sectional view of a photosensi 
tive device during manufacture in accordance with yet 
another aspect of the present disclosure; 
0028 FIG. 11d is a cross-sectional view of a photosensi 
tive device during manufacture in accordance with yet 
another aspect of the present disclosure; and 
0029 FIG. 12 is a depiction of a method of making a 
photosensitive imager device in accordance with another 
aspect of the present disclosure. 

DETAILED DESCRIPTION 

0030. Before the present disclosure is described herein, it 
is to be understood that this disclosure is not limited to the 
particular structures, process steps, or materials disclosed 
herein, but is extended to equivalents thereof as would be 
recognized by those ordinarily skilled in the relevant arts. It 
should also be understood that terminology employed herein 
is used for the purpose of describing particular embodiments 
only and is not intended to be limiting. 
0031 Definitions 
0032. The following terminology will be used in accor 
dance with the definitions set forth below. 
0033. It should be noted that, as used in this specification 
and the appended claims, the singular forms “a” and, “the 
include plural referents unless the context clearly dictates 
otherwise. Thus, for example, reference to “a dopant” 
includes one or more of such dopants and reference to “the 
layer includes reference to one or more of such layers. 
0034. As used herein, “tuning refers to selectively 
enhancing a device for a property of light at a desired wave 
length or range of wavelengths. In one aspect, a property of 
light can be absorptance, quantum efficiency, polarization, 
and the like. 
0035. As used herein, the term “textured surface' refers to 
a Surface having a topology with nano- to micron-sized Sur 
face variations formed by the irradiation of laser pulses or 
other texturing methods. One non-limiting example of other 
texturing methods can include chemical etching. While the 
characteristics of such a surface can be variable depending on 
the materials and techniques employed, in one aspect Such a 
Surface can be several hundred nanometers thick and made up 
of nanocrystallites (e.g. from about 10 to about 50 nanom 
eters) and nanopores. In another aspect. Such a Surface can 
include micron-sized structures (e.g. about 500 nm to about 
60 um). In yet another aspect, the Surface can include nano 
sized and/or micron-sized structures from about 5 nm and 
about 500 um. 
0036. As used herein, the terms “surface modifying and 
“surface modification” refer to the altering of a surface of a 
semiconductor material using a variety of Surface modifica 
tion techniques. Non-limiting examples of Such techniques 
include plasma etching, reactive ion etching, porous silicon 
etching, lasing, chemical etching (e.g. anisotropic etching, 
isotropic etching), nanoimprinting, material deposition, 
selective epitaxial growth, and the like, including combina 
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tions thereof. In one specific aspect, Surface modification can 
include processes using primarily laser radiation or laser 
radiation in combination with a dopant, whereby the laser 
radiation facilitates the incorporation of the dopant into a 
Surface of the semiconductor material. Accordingly, in one 
aspect Surface modification includes doping of a substrate 
Such as a semiconductor material. 
0037. As used herein, the term “target region” refers to an 
area of a substrate that is intended to be doped or surface 
modified. The target region of the Substrate can vary as the 
Surface modifying process progresses. For example, after a 
first target region is doped or Surface modified, a second target 
region may be selected on the same Substrate. 
0038. As used herein, the term “fluence” refers to the 
amount of energy from a single pulse of laser radiation that 
passes through a unit area. In other words, “fluence' can be 
described as the energy Surface density of one laser pulse. 
0039. As used herein, the term “detection refers to the 
sensing, absorption, and/or collection of electromagnetic 
radiation. 
0040. As used herein, the term “backside illumination” 
refers to a device architecture design whereby electromag 
netic radiation is incident on a surface of a semiconductor 
material that is opposite a surface containing the device cir 
cuitry. In other words, electromagnetic radiation is incident 
upon and passes through a semiconductor material prior to 
contacting the device circuitry. 
0041 As used herein, the term “substantially refers to the 
complete or nearly complete extent or degree of an action, 
characteristic, property, state, structure, item, or result. For 
example, an object that is “substantially enclosed would 
mean that the object is either completely enclosed or nearly 
completely enclosed. The exact allowable degree of deviation 
from absolute completeness may in some cases depend on the 
specific context. However, generally speaking the nearness of 
completion will be so as to have the same overall result as if 
absolute and total completion were obtained. The use of “sub 
stantially is equally applicable when used in a negative con 
notation to refer to the complete or near complete lack of an 
action, characteristic, property, State, structure, item, or 
result. For example, a composition that is “substantially free 
of particles would either completely lack particles, or so 
nearly completely lack particles that the effect would be the 
same as if it completely lacked particles. In other words, a 
composition that is “substantially free of an ingredient or 
element may still actually contain Such item as long as there 
is no measurable effect thereof. 
0042. As used herein, the term “about is used to provide 
flexibility to a numerical range endpoint by providing that a 
given value may be “a little above' or “a little below the 
endpoint. 
0043. As used herein, a plurality of items, structural ele 
ments, compositional elements, and/or materials may be pre 
sented in a common list for convenience. However, these lists 
should be construed as though each member of the list is 
individually identified as a separate and unique member. 
Thus, no individual member of such list should be construed 
as a de facto equivalent of any other member of the same list 
solely based on their presentation in a common group without 
indications to the contrary. 
0044 Concentrations, amounts, and other numerical data 
may be expressed or presented herein in a range format. It is 
to be understood that such a range format is used merely for 
convenience and brevity and thus should be interpreted flex 
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ibly to include not only the numerical values explicitly recited 
as the limits of the range, but also to include all the individual 
numerical values or Sub-ranges encompassed within that 
range as if each numerical value and Sub-range is explicitly 
recited. As an illustration, a numerical range of “about 1 to 
about 5” should be interpreted to include not only the explic 
itly recited values of about 1 to about 5, but also include 
individual values and Sub-ranges within the indicated range. 
Thus, included in this numerical range are individual values 
Such as 2, 3, and 4 and Sub-ranges such as from 1-3, from 2-4, 
and from 3-5, etc., as well as 1, 2, 3, 4, and 5, individually. 
0045. This same principle applies to ranges reciting only 
one numerical value as a minimum or a maximum. Further 
more, such an interpretation should apply regardless of the 
breadth of the range or the characteristics being described. 
0046) 
0047 Electromagnetic radiation can be present across a 
broad wavelength range, including visible range wavelengths 
(approximately 350 nm to 800 nm) and non-visible wave 
lengths (longer than about 800 nm or shorter than 350 nm). 
The infrared spectrum is often described as including a near 
infrared portion of the spectrum including wavelengths of 
approximately 800 nm to 1300 nm, a short wave infrared 
portion of the spectrum including wavelengths of approxi 
mately 1300 nm to 3 micrometers, and a mid to long wave 
infrared (or thermal infrared) portion of the spectrum includ 
ing wavelengths greater than about 3 micrometers up to about 
30 micrometers. These are generally and collectively referred 
to herein as “infrared’ portions of the electromagnetic spec 
trum unless otherwise noted. 

0048 Traditional silicon photodetecting imagers have 
limited light absorption/detection properties. For example, 
Such silicon based detectors are mostly transparent to infrared 
light. While other mostly opaque materials (e.g. InGaAs) can 
be used to detect infrared electromagnetic radiation having 
wavelengths greater than about 1000 nm, silicon is still com 
monly used because it is relatively cheap to manufacture and 
can be used to detect wavelengths in the visible spectrum (i.e. 
visible light, 350 nm-800 nm). Traditional silicon materials 
require Substantial path lengths to detect photons having 
wavelengths longer than approximately 700 nm. While vis 
ible light can be absorbed at relatively shallow depths in 
silicon, absorptance of longer wavelengths (e.g. 900 nm) in 
silicon of a standard wafer depth (e.g. approximately 750 um) 
is poor if at all. 
0049. The devices of the present disclosure increase the 
absorptance of semiconductor materials by increasing the 
propagation path length for longer wavelengths as compared 
to traditional materials. The absorption depth in conventional 
silicon detectors is the depth into silicon at which the radia 
tion intensity is reduced to about 36% of the value at the 
Surface of the semiconductor. The increased propagation path 
length results in an apparent reduction in the absorption 
depth, or a reduced apparent or effective absorption depth. 
For example, the effective absorption depth of silicon can be 
reduced Such that these longer wavelengths can be absorbed 
in material thicknesses of less than or equal to about 850 um. 
In other words, by increasing the propagation path length, 
these devices are able to absorb longer wavelengths (e.g. 
>1000 nm for silicon) within a thinner semiconductor mate 
rial. In addition to decreasing the effective absorption depth, 
the response rate or response speed can also be increased by 
using thinner semiconductor materials. 

The Disclosure 
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0050. Accordingly, backside-illuminated (BSI) photosen 
sitive imager devices and associated methods are provided. 
Such devices provide, among other things, enhanced 
response in the infrared light portion of the electromagnetic 
spectrum and improved response and quantum efficiency in 
converting electromagnetic radiation to electrical signals. 
Quantum efficiency can be defined as the percentage of pho 
tons that are converted into electrons and collected by a sens 
ing circuit. There are two types of QE, Internal QE (IQE) and 
External QE (EQE). The EQE is always lower than the IQE 
since there will inevitably be recombination effects and opti 
cal losses (e.g. transmission and reflection losses). One rea 
son for improved performance with BSI is a higher fill factor 
or, in other words, the percentage if incident light that is 
incident on a photosensitive region of the device. The various 
metal layers on top of a front side-illuminated sensor (FSI) 
limit the amount of light that can be collected in a pixel. As 
pixel sizes get smaller, the fill factor gets worse. BSI provides 
a more direct path for light to travel into the pixel, thus 
avoiding light blockage by the metal interconnect and dielec 
tric layers on the top-side of the semiconductor Substrate. 
0051. The present disclosure additionally provides BSI 
broadband photosensitive diodes, pixels, and imagers 
capable of detecting visible as well as infrared electromag 
netic radiation, including associated methods of making Such 
devices. A photosensitive diode can include a semiconductor 
Substrate having multiple doped regions forming at least one 
junction, a textured region coupled to the semiconductor Sub 
strate and positioned to interact with electromagnetic radia 
tion where the textured region includes surface features sized 
and positioned to facilitate tuning to a preselected wavelength 
of light, and a dielectric region positioned between the tex 
tured region and the at least one junction. The dielectric 
region is positioned to isolate the at least one junction from 
the textured region, and the semiconductor Substrate and the 
textured region are positioned such that incoming electro 
magnetic radiation passes through the semiconductor Sub 
strate before contacting the textured region. It should be noted 
that, in some aspects, the dielectric region can be a passivation 
region. 
0052. In one aspect the multiple doped regions can include 
at least one cathode region and at least one anode region. In 
Some aspects, doped regions can include an n-type dopant 
and/or a p-type dopant as is discussed below, thereby creating 
a p-n junction. In other aspects, a photosensitive device can 
include an i-type region to form a p-i-n junction. 
0053 A photosensitive pixel can include a semiconductor 
Substrate having multiple doped regions forming at least one 
junction, a textured region coupled to the semiconductor Sub 
strate and positioned to interact with electromagnetic radia 
tion where the textured region includes surface features sized 
and positioned to facilitate tuning to a preselected wavelength 
of light, and a dielectric region positioned between the tex 
tured region and the at least one junction. The dielectric 
region is positioned to isolate the at least one junction from 
the textured region, and the semiconductor Substrate and the 
textured region are positioned such that incoming electro 
magnetic radiation passes through the semiconductor Sub 
strate before contacting the textured region. Additionally, the 
photosensitive pixel also includes an electrical transfer ele 
ment coupled to the semiconductor Substrate and operable to 
transfer an electrical signal from the at least one junction. A 
photosensitive imager can include multiple photosensitive 
pixels. Additionally, an electrical transfer element can 
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include a variety of devices, including without limitation, 
transistors, sensing nodes, transfer gates, transfer electrodes, 
and the like. 

0054 Photosensitive or photo detecting imagers include 
photodiodes or pixels that are capable of absorbing electro 
magnetic radiation within a given wavelength range. Such 
imagers can be passive pixel sensors (PPS), active pixel sen 
sors (APS), digital pixel sensor imagers (DPS), or the like, 
with one difference being the image sensor read out architec 
ture. For example, a semiconducting photosensitive imager 
can be a three or four transistor active pixel sensor (3TAPS or 
4T APS). Various additional components are also contem 
plated, and would necessarily vary depending on the particu 
lar configuration and intended results. As an example, a 4T 
configuration as is shown in FIG. 1 can additionally include, 
among other things, a transfer gate 102, a reset transistor 104. 
a source follower 106, a row select transistor 108, and a 
photodiode sensor 110. Additionally, devices having greater 
than 4 transistors are also within the present scope. In one 
aspect, photosensor diode 110 can be a conventional pinned 
photodiode as used in current state of the art complimentary 
metal-oxide-semiconductor (CMOS) imagers. 
0055 Photosensitive imagers can be front side illumina 
tion (FSI) or back side illumination (BSI) devices. In a typical 
FSI imager, incident light enters the semiconductor device by 
first passing by transistors and metal circuitry. The light, 
however, can scatter off of the transistors and circuitry prior to 
entering the light sensing portion of the imager, thus causing 
optical loss and noise. A lens can be disposed on the topside 
of a FSI pixel to direct and focus the incident light to the light 
sensing active region of the device, thus partially avoiding the 
circuitry. In one aspect the lens can be a micro-lens. In one 
aspect, for example, incident light enters the device via the 
light sensing portion and is mostly absorbed prior to reaching 
the circuitry. BSI designs allow for smaller pixel architecture 
and a higher fill factor for the imager. It should also be 
understood that devices according to aspects of the present 
disclosure can be incorporated into CMOS imager architec 
tures, charge-coupled device (CCD) imager architectures, 
and the like. 

0056. In one aspect, as is shown in FIG. 2, a BSI photo 
sensitive diode 200 can include a semiconductor substrate 
202 having multiple doped regions 204, 206 forming at least 
one junction, and a textured region 208 coupled to the semi 
conductor substrate 202 and positioned to interact with elec 
tromagnetic radiation 212. The multiple doped regions 204. 
206 can have the same doping profile or different doping 
profiles, depending on the device. While the device shown in 
FIG. 2 contains three doped regions, it should be noted that 
other aspects containing one or more doped regions are con 
sidered to be within the present scope. Additionally, the semi 
conductor Substrate 202 can be doped, and thus can be con 
sidered to be a doped region in Some aspects. A dielectric 
region 210 is positioned between the textured region 208 and 
the at least one junction. In one aspect, the dielectric region 
can have a thickness in the range of about 1 nm to about 2 Lum. 
In another aspect, the dielectric region can have a thickness in 
the range of about 10 nm to about 100 nm. In yet another 
aspect the dielectric region can have a thickness of less than 
about 50 nm. The dielectric region 210 can be positioned to 
isolate the at least one junction from the textured region 208, 
and the semiconductor substrate 202 and the textured region 
208 can be positioned Such that incoming electromagnetic 
radiation 212 passes through the semiconductor substrate 202 
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before contacting the textured region 208. The photosensitive 
diode is backside illuminated by electromagnetic radiation 
212 that is incident on the side of the semiconductor substrate 
202 opposite the multiple doped regions 204, 206. 
0057. In another aspect, as is shown in FIG. 3, a BSI 
photosensitive imager device 300 is provided. The BSI pho 
tosensitive imager device can include a semiconductor Sub 
strate 302 having multiple doped regions 304,306 forming a 
least one junction, and a textured region 308 coupled to the 
semiconductor substrate 302 and positioned to interact with 
electromagnetic radiation 310. A dielectric region 312 can be 
positioned between the textured region 308 and the at least 
one junction to isolate the at least one junction from the 
textured region. The semiconductor substrate 302 and the 
textured region 308 are positioned such that incoming elec 
tromagnetic radiation 310 passes through the semiconductor 
substrate 302 before contacting the textured region 308. 
Additionally, in some aspects an optional dielectric region or 
reflecting region 314 can be coupled to the textured region 
308. An electrical transfer element 316 can be coupled to the 
semiconductor substrate 302 to transfer an electrical signal 
from the at least one junction. Side wall insulators 318 and 
320 can also be formed about the transfer element 316 and 
also around the dielectric and textured regions 312, 314, 
respectively, to facilitate proper spacing away from the trans 
fer element 316. Additionally, a drain junction region 322 can 
be electrically coupled to the transfer element 316 to receive 
charge transferred thereto by the transfer element. 
0058. The various devices according to aspects of the 
present disclosure can exhibit increased quantum efficiency 
over traditional photosensitive devices. Any increase in the 
quantum efficiency makes a large difference in the signal to 
noise ratio. More complex structures can provide not only 
increased quantum efficiency but also good uniformity from 
pixel to pixel. In addition, devices of the present disclosure 
exhibit increased responsivity as compared to traditional pho 
tosensitive devices. For example, in one aspect the responsiv 
ity can be greater than or equal to 0.8A/W for wavelengths 
greater than 1000 nm for semiconductor substrate that is less 
than 100 um thick. In other embodiment the responsivity can 
be greater than 0.5A/W for wavelengths greater than 1100 nm 
for semiconductor substrate that is less than 50 um thick. 
0059 A variety of semiconductor materials are contem 
plated for use with the devices and methods according to 
aspects of the present disclosure. Non-limiting examples of 
Such semiconductor materials can include group IV materi 
als, compounds and alloys comprised of materials from 
groups II and VI, compounds and alloys comprised of mate 
rials from groups III and V, and combinations thereof. More 
specifically, exemplary group IV materials can include sili 
con, carbon (e.g. diamond), germanium, and combinations 
thereof. Various exemplary combinations of group IV mate 
rials can include silicon carbide (SiC) and silicon germanium 
(SiGe). In one specific aspect, the semiconductor material can 
be or include silicon. Exemplary silicon materials can include 
amorphous silicon (a-Si), microcrystalline silicon, multicrys 
talline silicon, and monocrystalline silicon, as well as other 
crystal types. In another aspect, the semiconductor material 
can include at least one of silicon, carbon, germanium, alu 
minum nitride, gallium nitride, indium gallium arsenide, alu 
minum gallium arsenide, and combinations thereof. 
0060 Exemplary combinations of group II-VI materials 
can include cadmium selenide (CdSe), cadmium Sulfide 
(CdS), cadmium telluride (CdTe), zinc oxide (ZnO), Zinc 

Dec. 13, 2012 

selenide (ZnSe), zinc sulfide (ZnS), Zinc telluride (ZnTe), 
cadmium zinc telluride (CdZnTe. CZT), mercury cadmium 
telluride (HgCdTe), mercury Zinc telluride (HgZnTe), mer 
cury Zinc selenide (HgznSe), and combinations thereof. 
0061 Exemplary combinations of group III-V materials 
can include aluminum antimonide (AlSb), aluminum ars 
enide (AlAS), aluminum nitride (AIN), aluminum phosphide 
(AlP), boron nitride (BN), boron phosphide (BP), boronars 
enide (BAS), gallium antimonide (GaSb), gallium arsenide 
(GaAs), gallium nitride (GaN), gallium phosphide (GaP), 
indium antimonide (InSb), indium arsenide (InAs), indium 
nitride (InN), indium phosphide (InP), aluminum gallium 
arsenide (AlGaAs, AlGaAs), indium gallium arsenide 
(InGaAs, InGaAs), indium gallium phosphide (InGaP). 
aluminum indium arsenide (AlInAs), aluminum indium anti 
monide (AlInSb), gallium arsenide nitride (GaAsN), gallium 
arsenide phosphide (GaAsP), aluminum gallium nitride (Al 
GaN), aluminum gallium phosphide (A1GaP), indium gal 
lium nitride (InGaN), indium arsenide antimonide (InAsSb), 
indium gallium antimonide (InGaSb), aluminum gallium 
indium phosphide (A1GalnP), aluminum gallium arsenide 
phosphide (AlGaAsP), indium gallium arsenide phosphide 
(InGaAsP), aluminum indium arsenide phosphide (AlI 
nAsP), aluminum gallium arsenide nitride (AlGaAsN), 
indium gallium arsenide nitride (InGaASN), indium alumi 
num arsenide nitride (InAlASN), gallium arsenide anti 
monide nitride (GaAsSbN), gallium indium nitride arsenide 
antimonide (GalinNAsSb), gallium indium arsenide anti 
monide phosphide (GainAsSbP), and combinations thereof. 
0062. The semiconductor substrate can be of any thick 
ness that allows electromagnetic radiation detection and con 
version functionality, and thus any such thickness of semi 
conductor material is considered to be within the present 
Scope. In some aspects, the textured region increases the 
efficiency of the device such that the semiconductor substrate 
can be thinner than has previously been possible. Decreasing 
the thickness of the semiconductor substrate reduces the 
amount of semiconductor material required to make Such a 
device. In one aspect, for example, the semiconductor Sub 
strate has a thickness of from about 500 nm to about 50 um. In 
another aspect, the semiconductor Substrate has a thickness of 
less than or equal to about 100 Lum. In yet another aspect, the 
semiconductor Substrate has a thickness of from about 1 gm to 
about 10 Jum. In a further aspect, the semiconductor Substrate 
can have a thickness of from about 5um to about 50 um. In yet 
a further aspect, the semiconductor Substrate can have a thick 
ness of from about 5um to about 10 um. 
0063 Additionally, various types of semiconductor mate 
rials are contemplated, and any Such material that can be 
incorporated into an electromagnetic radiation detection 
device is considered to be within the present scope. In one 
aspect, for example, the semiconductor material is monoc 
rystalline. In another aspect, the semiconductor material is 
multicrystalline. In yet another aspect, the semiconductor 
material is microcrystalline. It is also contemplated that the 
semiconductor material can be amorphous. Specific nonlim 
iting examples include amorphous silicon or amorphous sele 
1. 

0064. The semiconductor materials of the present disclo 
Sure can also be made using a variety of manufacturing pro 
cesses. In some cases the manufacturing procedures can 
affect the efficiency of the device, and may be taken into 
account in achieving a desired result. Exemplary manufac 
turing processes can include Czochralski (CZ) processes, 
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magnetic Czochralski (mCZ) processes, Float Zone (FZ) pro 
cesses, epitaxial growth or deposition processes, and the like. 
It is contemplated that the semiconductor materials used in 
the present invention can be a combination of monocrystal 
line material with epitaxially grown layers formed thereon. 
0065. A variety of dopant materials are contemplated for 
the formation of the multiple doped regions, and any Such 
dopant that can be used in Such processes to Surface modify a 
material is considered to be within the present scope. It should 
be noted that the particular dopant utilized can vary depend 
ing on the material being doped, as well as the intended use of 
the resulting material. For example, the selection of potential 
dopants may differ depending on whether or not tuning of the 
photosensitive device is desired. 
0.066 A dopant can be either charge donating or accepting 
dopant species. More specifically, an electron donating or a 
hole donating species can cause a region to become more 
positive or negative in polarity as compared to the semicon 
ductor Substrate. In one aspect, for example, the doped region 
can be p-doped. In another aspect the doped region can be 
n-doped. A highly doped region can also be formed on or near 
the doped region to create a pinned diode. In one non-limiting 
example, the semiconductor Substrate can be negative in 
polarity, and a doped region and a highly doped region can be 
doped with p-- and n dopants respectively. In some aspects, 
variations of n(--), n(-), n(+), n(++), p(--), p(-), p(+), or 
p(++) type doping of the regions can be used. 
0067. In one aspect, non-limiting examples of dopant 
materials can include S, F, B, P.N. As, Se, Te, Ge. Ar. Ga, In, 
Sb, and combinations thereof. It should be noted that the 
Scope of dopant materials should include, not only the dopant 
materials themselves, but also materials in forms that deliver 
Such dopants (i.e. dopant carriers). For example, S dopant 
materials includes not only S, but also any material capable 
being used to dope S into the target region, such as, for 
example, HS, SFSO and the like, including combinations 
thereof. In one specific aspect, the dopant can be S. Sulfur can 
be present at an ion dosage level of between about 5x10' 
ions/cm and about 1x10" ions/cm. Non-limiting examples 
of fluorine-containing compounds can include ClF, PFs, F. 
SF, BF, GeF WF, SiF, HF, CF, CHF, CHF, CHF, 
CF, CHFs, CFs, CFs, NF, and the like, including com 
binations thereof. Non-limiting examples of boron-contain 
ing compounds can include B(CH), BF, BC1, BN, 
CBH, borosilica, BH and the like, including combi 
nations thereof. Non-limiting examples of phosphorous-con 
taining compounds can include PFs, PH, and the like, includ 
ing combinations thereof. Non-limiting examples of 
chlorine-containing compounds can include C1, SiHCl, 
HCl, SiCl, and the like, including combinations thereof 
Dopants can also include arsenic-containing compounds 
Such as ASH and the like, as well as antimony-containing 
compounds. Additionally, dopant materials can include mix 
tures or combinations across dopant groups, i.e. a sulfur 
containing compound mixed with a chlorine-containing com 
pound. In one aspect, the dopant material can have a density 
that is greater than air. In one specific aspect, the dopant 
material can include Se, HS, SF, or mixtures thereof. 
0068. In yet another specific aspect, the dopant can be SF 
and can have a predetermined concentration range of about 
5.0x10 mol/cm to about 5.0x10" mol/cm. As one non 
limiting example, SF gas is a good carrier for the incorpora 
tion of Sulfur into the semiconductor material via a laser 
process without significant adverse effects on the material. 
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Additionally, it is noted that dopants can also be liquid solu 
tions of n-type or p-type dopant materials dissolved in a 
Solution Such as water, alcohol, or an acid or basic solution. 
Dopants can also be solid materials applied as a powder or as 
a Suspension dried onto the wafer. 
0069. As a further processing note, the semiconductor 
Substrate can be annealed for a variety of reasons, including 
dopant activation, semiconductor damage repair, and the like. 
The semiconductor Substrate can be annealed prior to textur 
ing, following texturing, during texturing, or any combina 
tion thereof. Annealing can enhance the semiconductive 
properties of the device, including increasing the photore 
sponse properties of the semiconductor materials by reducing 
any imperfections in the material. Additionally, annealing can 
reduce damage that may occur during the texturing process. 
Although any known anneal can be beneficial and would be 
considered to be within the present scope, annealing at lower 
temperatures can be particularly useful. Such a “low tempera 
ture' anneal can greatly enhance the external quantum effi 
ciency of devices utilizing Such materials. In one aspect, for 
example, the semiconductor Substrate can be annealed to a 
temperature of from about 300° C. to about 1100 C.. In 
another aspect, the semiconductor Substrate can be annealed 
to a temperature of from about 500° C. to about 900° C. In yet 
another aspect, the semiconductor Substrate can be annealed 
to a temperature of from about 700° C. to about 800° C. In a 
further aspect, the semiconductor Substrate can be annealed to 
a temperature that is less than or equal to about 850° C. 
0070 The duration of the annealing procedure can vary 
according to the specific type of anneal being performed, as 
well as according to the materials being used. For example, 
rapid annealing processes can be used, and as such, the dura 
tion of the anneal may be shorter as compared to other tech 
niques. Various rapid thermal anneal techniques are known, 
all of which should be considered to be within the present 
Scope. In one aspect, the semiconductor Substrate can be 
annealed by a rapid annealing process for a duration of greater 
than or equal to about 1 us. In another aspect, the duration of 
the rapid annealing process can be from about 1 us to about 1 
ms. As another example, a baking or furnace anneal process 
can be used having durations that may be longer compared to 
a rapid anneal. In one aspect, for example, the semiconductor 
Substrate can be annealed by a baking anneal process for a 
duration of greater than or equal to about 1 ms to several 
hours. 
0071 Various types of dielectric region configurations are 
contemplated, and any configuration that can be incorporated 
into a photosensitive device is considered to be within the 
present scope. One benefit to Such a dielectric region pertains 
to the isolation provided between the textured region and the 
doped regions that form the junction. In one aspect, for 
example, the dielectric region can be positioned to physically 
isolate the textured region from the junction. In this way, the 
creation of the textured region can be isolated from the doped 
regions, thus precluding undesirable effects of the texturing 
process from affecting the junction. In another aspect, the 
dielectric region can be a dielectric material, and thus the 
dielectric region could be used to electrically isolate the tex 
tured region from the junction. In some cases, the dielectric 
region is coupled directly to at least one of the doped regions 
forming the junction. 
0072 The dielectric region can be made from a variety of 
materials, and Such materials can vary depending on the 
device design and desired characteristics. Non-limiting 
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examples of Such materials can include oxides, nitrides, 
oxynitrides, and the like, including combinations thereof. In 
one specific aspect, the dielectric region includes an oxide. 
Additionally, the dielectric region can be of various thick 
nesses. In one aspect, for example, the dielectric region has a 
thickness of from about 100 nm to about 1 micron. In another 
aspect, the dielectric region has a thickness of from about 5 
nm to about 100 nm. In yet another aspect, the dielectric 
region has a thickness of from about 20 nm to about 50 nm. It 
should be noted that, in cases where the textured region is a 
portion of the dielectric region (e.g. a dielectric layer) that has 
been textured, the thickness of the dielectric material would 
be increased to account for the texturing. Thus the thickness 
ranges for the dielectric region provided here would be mea 
Sured as the thickness of the dielectric region not including 
the textured portion. 
0073. The textured region can function to diffuse electro 
magnetic radiation, to redirect electromagnetic radiation, to 
absorb electromagnetic radiation, and the like, thus increas 
ing the quantum efficiency of the device. In the present BSI 
devices, electromagnetic radiation passing through the semi 
conductor Substrate can contact the textured region. The tex 
tured region can include Surface features to thus increase the 
effective absorption length of the photosensitive pixel. Such 
Surface features can be to micron-sized and/or nano-sized, 
and can be any shape or configurations. Non-limiting 
examples of Such shapes and configurations include cones, 
pillars, pyramids, micolenses, quantum dots, inverted fea 
tures, gratings, protrusions, scallops, and the like, including 
combinations thereof. Additionally, factors such as manipu 
lating the feature sizes, dimensions, material type, dopant 
profiles, texture location, etc. can allow the diffusing region to 
be tunable for a specific wavelength. In one aspect, tuning the 
device can allow specific wavelengths or ranges of wave 
lengths to be absorbed. In another aspect, tuning the device 
can allow specific wavelengths or ranges of wavelengths to be 
reduced or eliminated via filtering. 
0074 Tuning can also be accomplished through the rela 

tive location of the texture region within the device, modify 
ing the dopant profile(s) of regions within the device, dopant 
selection, and the like. Additionally, material composition 
near the textured region can create a wavelength specific 
photosensing pixel device. It should be noted that a wave 
length specific photosensing pixel can differ from one pixel to 
the next, and can be incorporated into an imaging array. For 
example a 4X4 array can include a blue pixel, a green pixel, 
a red pixel, and infrared light absorbing pixel, or a blue pixel, 
two green pixels, and a red pixel. 
0075. The textured regions can also be made to be selec 
tive to polarized light and light of particular polarizations. In 
one specific example, if the textured region includes a one 
dimensional grating of grooves on a high index of refraction 
material then the scattering of the light will depend upon the 
polarization of the light and the pixels can select light of 
specific linear polarizations. 
0076 Textured regions according to aspects of the present 
disclosure can allow a photosensitive device to experience 
multiple passes of incident electromagnetic radiation within 
the device, particularly at longer wavelengths (i.e. infrared). 
Such internal reflection increases the effective absorption 
length to be greater than the thickness of the semiconductor 
Substrate. This increase in absorption length increases the 
quantum efficiency of the device, leading to an improved 
signal to noise ratio. 
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0077. The materials used for producing the textured 
region can vary depending on the design and the desired 
characteristics of the device. As such, any material that can be 
utilized in the construction of a textured region is considered 
to be within the present scope. Non-limiting examples of such 
materials include semiconductor materials, dielectric materi 
als, conductive materials (e.g. metals), silicon, polysilicon, 
amorphous silicon, transparent conductive oxides, and the 
like, including composites and combinations thereof. In one 
specific aspect, the textured layer can be a textured polysili 
con layer. Thus a polysilicon layer can be deposited onto the 
dielectric region and then textured to form the textured 
region. In another aspect, the textured layer can be a textured 
dielectric layer. In this case the textured region can be a 
portion of the dielectric layer making up the dielectric region. 
In yet another aspect the textured layer can be a transparent 
conductive oxide or another semiconductor material. In the 
case of dielectric layers, the textured region can be a textured 
portion of the dielectric region or the textured region can be 
formed from other dielectric material deposited over the 
dielectric region. In the case of semiconductor materials, 
forming the textured region can include depositing a semi 
conductor material on the dielectric region and texturing the 
semiconductor material to form the textured region. In 
another aspect, the semiconductor material can be bonded or 
adhered to the dielectric region. The texturing process can 
texture the entire semiconductor material or only a portion of 
the semiconductor material. In one specific aspect, a polysili 
con layer can be deposited over the dielectric region and 
textured and patterned by an appropriate technique (e.g. a 
porous siliconetch) to form the textured region. In yet another 
aspect, a polysilicon layer can be deposited over the dielectric 
region and textured and patterned by using a mask, photoli 
thography, and an etch to define a specific structure or pattern. 
0078. In addition to surface features, the textured region 
can have a surface morphology that is designed to focus or 
otherwise direct electromagnetic radiation, thus enhancing 
the quantum efficiency of the device. For example, in one 
aspect the textured region has a Surface morphology operable 
to direct electromagnetic radiation into the semiconductor 
Substrate. Non-limiting examples of various Surface mor 
phologies include sloping, pyramidal, inverted pyramidal, 
spherical, square, rectangular, parabolic, ellipsoidal, asym 
metric, symmetric, scallops, gratings, pillars, cones, micro 
lenses, quantum dots, and the like, including combinations 
thereof. 

0079. One example of such a surface morphology is 
shown in FIG. 4. Without intending to be limited to any 
operational theory, the following description provides one 
possible explanation for the effects of Surface morphology in 
tuning a textured region for specific wavelengths of electro 
magnetic radiation. FIG. 4 shows a textured device 400 hav 
ing a Surface morphology that affects the near infrared wave 
length response. A semiconductor Substrate 402 is shown 
having an illuminated surface 404 to receive incident electro 
magnetic radiation 406. The semiconductor substrate 402 
further has a textured region 408 (e.g. dielectric) coupled 
thereto at a surface that is opposite to the illuminated Surface 
404. The textured region 408 has a surface morphology con 
figured in an undulating pattern 410 with grooves, ridges, or 
similar patterns to produce an internal reflection that is not 
specular. In the near infrared, the index of refraction of silicon 
is about m=3.42 and the reflectance is about R-30% from a 
single planar Surface, and transmittance through a single pla 
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nar surface is T-70% for normally incident waves. The 
absorption coefficient of silicon is very low in the near infra 
red. Electromagnetic radiation under normal incidence, rep 
resented by arrow 412, is reflected from the illuminated Sur 
face 404, and this is shown as arrow 414. There are successive 
reflections from both the illuminated surface and the oppos 
ing side, represented by arrows 416 and 418, and internal 
reflections from the illuminated surface 404, represented by 
arrow 420, resulting in a total internal reflection. If there is 
neither a reflective metal layer 422 nor textured region, the 
total transmittance, T, is as shown in Equation (I) as: 

This result has been obtained using the Sum of a geometric 
series. If both Surfaces are just polished silicon-air, then the 
total transmittance is 54% and the reflectance is 46%. 

0080. If the increase in the individual path lengths caused 
by the diffuse scattering is neglected and if the absorption 
coefficient is very low then the total effective path length is 
determined by just the number of reflections, and the total 
absorptance can be as shown in Equation (II): 

Here, C. is the absorption coefficient in reciprocal cm, d is the 
thickness of the sample in cm, and the effective increase in 
path length is Enh (1+R)/(1-R, R). The internal quantum 
efficiency (IQE) in the infrared where the absorption in sili 
con is low is thus IQE=C.d(Enh). The external quantum effi 
ciency (EQE) is EQE=TIQE and EQE=T. C.d(Enh). 
0081. If both sides of an infrared photo detector are pol 
ished then T=T=0.70 and R=R=0.3, which gives Enh=1. 
4, IQE=1.4Cld, and EQE=C.d. If one side is polished and the 
other side has an oxide and a metal reflector, then R=0.3 and 
R -1.0, yielding an enhancement in infrared absorptance or 
Enh=3. T is the transmittance of radiation incident on the 
first surface. T is the transmittance of radiation striking the 
second Surface from the semiconductor side. R is the amount 
of radiation reflected back into the semiconductor for radia 
tion striking the first surface from the semiconductor side. R 
is the amount of radiation reflected back into the semicon 
ductor for radiation Striking the second Surface from the semi 
conductor side. 

0082 In one aspect that can improve the infrared response, 
the illuminated side 404 is polished but the opposing side 410 
is a textured dielectric material 408 with a reflecting region 
422 (see FIG. 4). The texturing can be realized in a fashion to 
produce a true diffuse scattering (i.e. a Lambertian scattering) 
at the infrared wavelengths. This diffuse scattering layer/ 
reflecting layer combination, in essence yields an R=100%, 
which is a diffuse reflector. The reflectance of the polished 
front side to the scattered light radiation is determined by 
Solid angle considerations. Any incident light with an angle of 
incidence greater than the critical angle 0, 424, will be totally 
internally reflected 420. If the backside scattering is totally 
diffused in a half sphere or Lambertian, the transmittance is 
then determined by the area of the surface (t) within the 
critical angle 0, 424, in this case 17 for silicon and air. The 
radius of the circle is r-disin(17), where d is the thickness of 
the sample. This area is divided by the area of the half sphere 
(2Ud). If the backside scattering is totally diffuse, the trans 
mittance of the front planar surface is then roughly T-3% 
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and the reflectance R=97%. The path length enhancement 
factor can be very large, as is shown in Equation (III): 

This would result in an IQE=66Cd and an EQE=46. If the 
backside includes a textured region and a truly diffusive scat 
tering Surface, and a mirror-like Surface is used behind the 
back side, a very large enhancement of absorptance in the 
near infrared can be achieved. If the absorption in the semi 
conductor substrate is not assumed to be small but rather is 
taken into account, it can be shown that the enhancement 
factor for the IQE due to multiple reflections is modified from 
Equation (I) and as is shown in Equation (IV): 

This allows a calculation of the responsivity in terms of the 
electrical current in Amperes perincident light power in Watts 
of photo detectors of different thickness d for different wave 
lengths W., since the absorption coefficient C.O.) is a function of 
wavelength (see FIG. 5). If it is assumed that the textured side 
is an ideal reflector (i.e. R=1.0) and the amount of diffusive 
scattering of the textured surface varies from that of a planar 
surface, then the fraction of light reflected back from the 
opposing illuminated Surface may vary. If the textured Surface 
is planar, then there is only specular reflection, and R=0.3 
and the enhancement in responsivity, as indicated by curve 
600, is not large. If the textured surface is an ideal Lambertian 
diffusive surface then the fraction of light reflected back from 
the front surface may be very large, R=0.97. Several values 
of R as illustrated by curves, 601, 602, and 603 are discussed 
herein and illustrated in FIG. 5, for a diffuse reflector, and 
these represent the fraction of light internally reflected back at 
the front surface. For purposes of the present disclosure, 
values of R20.9 (curve 601) are deemed useful. The 
enhancement in absorptance described by Equation (IV) then 
varies with the fraction of light radiation reflected back from 
the illuminated Surface and thickness of the sample, as is 
illustrated in FIG. 5. It should be noted that, while the tech 
niques described herein have been used to enhance the 
absorptance at infrared and red light radiation, they are also 
applicable to visible light as the thickness of the silicon layer 
becomes thinner. Scattering and multiple internal reflections 
can also be used to increase the absorptance at yellow, green 
and even blue light that will not be totally absorbed in single 
passes within thin silicon layers. These techniques can be 
applied then to visible imagers with thin silicon absorption 
layers. 
I0083. In another aspect, FIG. 6 shows a cross-section of a 
BSI photosensitive pixel device 600. The photosensitive pixel 
device can include a semiconductor substrate 602 that can be 
referred to as bulk semiconductor material. The semiconduc 
tor substrate 602 includes at least one doped region 604,605, 
that can be doped with a charge donating species, such as an 
electron donating or hole donating species, to cause the 
region to become more n-type or p-type as compared to the 
semiconductor Substrate. In one aspect, for example, the 
doped region can be p-doped. In another aspect the doped 
region can be n-doped. The device can further include various 
metal regions 606, at least one via 608, a dielectric region 610, 
isolation element(s) 612. Such as trench isolation elements, 
and an electrical transfer element 614. 
I0084 Trench isolation elements can maintain pixel to 
pixel uniformity by reducing optical and electrical crosstalk. 
The isolation elements can be shallow or deep trench isola 
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tion. The trench isolation elements of FIG. 6 are shown as 
deep trench isolation elements. The isolation elements can 
include various materials, including, without limitation, 
dielectric materials, reflective materials, conductive materi 
als, light diffusing features, and the like. These isolation 
regions can be configured to reflect incident light until it is 
absorbed, thereby increase the effective absorption length of 
the device. 

0085. A lens 624 and an anti-reflective coating 616 can be 
disposed on the backside of the pixel following thinning and 
trench isolation. A color filter 618 can be optically coupled to 
the lens to allow specific wavelength filtering of the electro 
magnetic radiation. A textured region 620 can be coupled to 
the semiconductor substrate 602 opposite the lens 624 in 
order to provide diffusive scattering and reflection of the 
incident electromagnetic radiation that passes through to the 
front side of the pixel. Thus the electromagnetic radiation can 
be focused within the semiconductor substrate 602 to the 
combined action of the textured region 620 and the isolation 
features 612. Additionally, side wall insulators 622 can be 
formed about the transfer element 606 and also around tex 
tured region 620 to facilitate proper spacing. 
I0086. In general, isolation features can maintain pixel to 
pixel uniformity when multiple pixels are used in association 
by reducing optical and electrical crosstalk there between. 
The isolation feature can be shallow or deep, depending on 
the desired design. The isolation features can be generated 
using various materials including, without limitation, dielec 
tric materials, reflective materials, conductive materials, light 
diffusing features, and the like. Additionally, in Some aspects 
the isolation feature can be a void in the semiconductor Sub 
strate. In one aspect, isolation features can also be configured 
to reflect incident electromagnetic radiation until it is 
absorbed, thereby increasing the effective absorption length 
of the incident light and reducing optical crosstalk into neigh 
boring devices. Furthermore, the devices according to aspects 
of the present disclosure can also independently include one 
or more Vias, dielectric regions, and the like. 
0087. In other aspects of the present disclosure, various 
methods of making a photosensitive device as described 
herein are contemplated. In one aspect, as is shown in FIG. 7. 
a method of making a backside-illuminated photosensitive 
imager device can include traditional fabrication steps along 
with additional steps of forming isolation features 702, dop 
ing a portion of the semiconductor material to form n+ 
implant 704, doping a portion with an n+ implant to form a 
source-drain 706, doping a portion of the semiconductor sub 
strate with a p-- dopant to form p-- implant 708, and growing 
and etching a gate oxide region 710. The method can also 
include depositing and etching to form a polysilicon gate 712, 
forming a textured surface near the p-- implant region 714, 
and depositing the contacts 716. It should be noted that the 
present scope is not limited to the above described doping 
scheme. Thus, this process can be applied in modular form to 
the steps involved in the fabrication of a conventional BSI 
CMOS imager pixel arrays. In other words, this modular 
processing method can be an insert of a process module in the 
process flow of the fabrication of a conventional BSI imager. 
In one aspect, the conventional process can be stopped just 
before the first via etch but after the deposition of the inter 
layer dielectric. At this point, rather than etch avia, the mask 
that was used to define the p-type implantation on top of the 
n-type diode can be used to mask and open the area over the 
p-type layer. A sidewall spacer process can be employed on 
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the inside border of this opening to insure adequate spacing of 
the textured layers to be deposited away from the transfer 
device. A dielectric region, a textured region, and in some 
cases a metal or oxide reflector can be deposited in the area 
over the p-type region. As such, this module can be intro 
duced into a conventional process flow with minimal 
changes. Subsequently, an interlayer dielectric similar to the 
first interlayer dielectric can be deposited over the metal 
reflector, and the combined interlayer dielectrics can be 
chemically and mechanically polished to planarize the Sur 
face. The normal contact mask can then be used to open Vias 
resulting in minimal changes to the conventional process 
flow. A via can be opened to the metal reflector layer to 
control the potential of this layer and if appropriate, the tex 
tured layer to avoid charging during processing or for the 
region, can act as an MOS gate. 
I0088 CMOS imagers are commonly used as visible light 
cell phone, still frame and video cameras, with BSI devices 
becoming a common structure. Cameras for use as infrared 
imagers for security and Surveillance are, however, not com 
monly available. The present methods allow the conversion of 
visible light imagers to include the capability for imaging in 
the near infrared. Thus, the texture processing methods 
described can be adapted to a traditional fabrication process 
for visible imagers to provide an additional capability for near 
infrared imaging. The CMOS imagers can employ any pixel 
design including more than one transistor or transfer device. 
In some aspects, the transfer device can be a p-channel trans 
fer gate oran n-channel transfer gate and associated implant 
polarities. 
I0089 Conventional CCD imagers employ photodiode 
detectors similar to those used in CMOS imagers, and as such, 
the present methods can also be applied to the fabrication of 
CCD imagers to form devices capable of detecting infrared 
wavelengths in appreciable amounts and with appreciable 
enhancement. 
0090 The photodetecting diode used in the imager pixel 
can also include MOS diodes rather than doped junction 
diodes. MOS diodes use a pulsed bias to form a depletion 
region and light collecting region near the Surface rather than 
a junction diode. The method described herein can equally be 
applied and inserted into imager pixels with MOS diodes or 
CCD imagers where the light generated carriers are collected 
in a surface depletion region. In these latter cases the metal 
reflecting gate can be driven with a voltage to act as a MOS or 
CCD gate. 
0091. In one aspect, as is shown in FIG. 8a, a BSI photo 
sensitive imager device 800, can include a textured region 
802, a reflecting layer 804, and a dielectric layer 806 disposed 
between the semiconductor substrate 808 and the textured 
region 802. The device can further include doped regions 810, 
812, a drain region 814, sidewall spacers 816, and a transfer 
device having a gate insulator 818 and a polysilicon gate 820, 
as has been described. The reflecting/diffusing region 822, 
shown separately in FIG. 8b, is thus effectively a process 
module that can be inserted into a standard CMOS imager 
manufacturing process as has been described. In one aspect, 
this process module of forming the reflective/diffusing region 
can be inserted after deposition of the first dielectric spacer 
layer and before a contact etch step in a CMOS image sensor 
manufacturing process. A mask can be used to create the 
implantation of the P+ surface region on the photodiode, 
which can also be used to etch an aperture in the newly formed 
dielectric layer. The spacers 816 can be formed on the inside 
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of this hole using conventional techniques to space the tex 
tured region 802 away from the edge of the P+ region. The 
hole can then be filled with any one of a variety of “process 
modules” to form the textured region 802. After completion 
of the textured region, the conventional process can be con 
tinued starting with the contact etch mask. It should be noted 
that the present scope also includes aspects having a lens 
without an anti-reflecting coating, and aspects having an anti 
reflecting coating associated with the semiconductor Sub 
strate without a lens. Additionally, a color filter (not shown) 
can be optically coupled to the lens to allow specific wave 
length filtering of the electromagnetic radiation. Incident 
electromagnetic radiation passing through the color filter 
prior to contacting the semiconductor Substrate can be filtered 
according to the characteristics of the filter. 
0092. One simple aspect to enhance the infrared response 
of photo detecting pixels can include a module consisting 
essentially of a dielectric region, an oxide, and a metal reflec 
tor region without texture. Even this simple structure can 
provide, by virtue of Equation III with R-1.0, R=0.3, an 
enhancement in the infrared response over that of a single 
pass of radiation by a factor of about 2. 
0093. The textured region, including surface features as 
well as Surface morphologies, can be formed by various tech 
niques, including plasma etching, reactive ion etching, 
porous silicon etching, lasing, chemical etching (e.g. aniso 
tropic etching, isotropic etching), nanoimprinting, material 
deposition, selective epitaxial growth, and the like. In one 
aspect, the texturing process can be performed during the 
manufacture of the photosensitive device. In another aspect, 
the texturing process can be performed on a photosensitive 
device that has previously been made. For example, a CMOS, 
CCD, or other photosensitive element can be textured follow 
ing manufacture. In this case, material layers may be removed 
from the photosensitive element to expose the semiconductor 
Substrate or the dielectric region upon which a textured region 
can be formed. 

0094. Additionally, it is contemplated that the textured 
region can be formed having Surface features with a size and 
position distribution that allows tuning to a desired light 
wavelength or range of wavelengths. As such, a given tex 
tured region can contain an arrangement of Surface features 
that facilitate tuning of the textured region to a preselected 
wavelength of light. Any wavelength that can be selectively 
tuned via Surface features in the textured region is considered 
to be within the present scope. In one aspect, for example, the 
preselected wavelength or wavelengths of light can be in the 
near infrared or infrared range. In another aspect, the prese 
lected wavelength of light can be greater than or equal to 
about 800 nm. 
0095. In one aspect, tuning can be accomplished by gen 
erating a texture with Sufficient long-range lateral order Such 
that interference directs the photons within a certain wave 
length range in Such a direction that they will experience total 
internal reflection (TIR) on the surface opposite the texture. 
This will enhance absorptance and QE. In another aspect, the 
texture will be additionally tuned to minimize photons 
reflected into the range of angles where TIR will not occur. 
This further enhances absorptance and QE. In another aspect, 
the texture will be additionally tuned to keep the angle at 
which the photons at the preselected wavelength impinge on 
the Surface opposite the texture as close to normal as possible 
while still maintaining TIR. This maximized the propagation 
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path, thereby further increasing absorptance and QE, and 
simultaneously minimizing the optical crosstalk at that pre 
selected wavelength. 
0096. For texture with poor long-range lateral order, the 
texture can be tuned for wavelength selection. In one aspect, 
the average lateral modulation spatial frequency will be large 
enough compared to the diffraction limited spot size at the 
preselected wavelength that effective index descriptions are 
inaccurate and scattering is Substantial. In another aspect, the 
average modulation amplitude will not be much smaller than 
the preselected wavelength, so that the surface will not sub 
stantially behave as though it were planar. 
0097. Regardless of the degree of long-range lateral order, 
the individual features that make up the texture can be 
adjusted in shape so as to maximize the number of photons 
that are incident on the opposite surface at an angle beyond 
the critical angle, 0. In another aspect, these individual fea 
tures are adjusted to minimize the number of photons that are 
incident on the opposite Surface at an angle less than the 
critical angle, 0. 
0098. The texture can also be tuned to provide polarization 
selectivity. In one aspect, the rotational symmetry in the plane 
of the texture can be maximized, thereby leading to uniform 
behavior over the maximum polarization states. In another 
aspect, the rotational symmetry in the plane of the texture can 
be minimized, thereby leading to maximal difference in the 
behavior for differing polarization states. 
0099. One effective method of producing a textured region 

is through laser processing. Such laser processing allows 
discrete locations of the dielectric region or other substrate to 
be textured. A variety of techniques of laser processing to 
form a textured region are contemplated, and any technique 
capable of forming such a region should be considered to be 
within the present scope. Laser treatment or processing can 
allow, among other things, enhanced absorptance properties 
and thus increased electromagnetic radiation focusing and 
detection. The laser treated region can be associated with the 
Surface nearest the impinging electromagnetic radiation or, in 
the case of BSI devices, the laser treated surface can be 
associated with a Surface opposite in relation to impinging 
electromagnetic radiation, thereby allowing the radiation to 
pass through the semiconductor substrate before it hits the 
laser treated region. 
0100. In one aspect, for example, a target region of the 
semiconductor material can be irradiated with laser radiation 
to form a textured region. Examples of such processing have 
been described in further detail in U.S. Pat. Nos.7,057,256, 
7.354,792 and 7,442,629, which are incorporated herein by 
reference in their entireties. Briefly, a surface of a substrate 
material is irradiated with laser radiation to forma textured or 
Surface modified region. Such laser processing can occur with 
or without a dopant material. In those aspects whereby a 
dopant is used, the laser can be directed through a dopant 
carrier and onto the Substrate surface. In this way, dopant 
from the dopant carrier is introduced into the target region of 
the Substrate material. Such a region incorporated into a Sub 
strate material can have various benefits in accordance with 
aspects of the present disclosure. For example, the target 
region typically has a textured Surface that increases the Sur 
face area of the laser treated region and increases the prob 
ability of radiation absorption via the mechanisms described 
herein. In one aspect, Such a target region is a Substantially 
textured Surface including micron-sized and/or nano-sized 
surface features that have been generated by the laser textur 
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ing. In another aspect, irradiating the Surface of the Substrate 
material includes exposing the laser radiation to a dopant Such 
that irradiation incorporates the dopant into the Substrate. 
Various dopant materials are known in the art, and are dis 
cussed in more detail herein. 

0101 Thus the surface of the substrate or dielectric region 
is chemically and/or structurally altered by the laser treat 
ment, which may, in Some aspects, result in the formation of 
Surface features appearing as microstructures or patterned 
areas on the Surface and, if a dopant is used, the incorporation 
of Such dopants into the Substrate material. In some aspects, 
the features or microstructures can be on the order of 50 nm to 
20 um in size (i.e. size at the base, or in Some cases center 
to-center) and can assist in the absorption of electromagnetic 
radiation. In other words, the textured surface can increase the 
probability of incident radiation being absorbed. 
0102 The type of laser radiation used to surface modify a 
material can vary depending on the material and the intended 
modification. Any laser radiation known in the art can be used 
with the devices and methods of the present disclosure. There 
are a number of laser characteristics, however, that can affect 
the Surface modification process and/or the resulting product 
including, but not limited to the wavelength of the laser radia 
tion, pulse duration, pulse fluence, pulsing frequency, polar 
ization, laser propagation direction relative to the semicon 
ductor material, etc. In one aspect, a laser can be configured to 
provide pulsatile lasing of a material. A short-pulsed laser is 
one capable of producing femtosecond, picosecond and/or 
nanosecond pulse durations. Laser pulses can have a central 
wavelength in a range of about from about 10 nm to about 8 
um, and more specifically from about 200 nm to about 1200 
nm. The pulse duration of the laser radiation can be in a range 
of from about tens of femtoseconds to about hundreds of 
nanoseconds. In one aspect, laser pulse durations can be in the 
range of from about 50 femtoseconds to about 50 picosec 
onds. In another aspect, laser pulse durations can be in the 
range of from about 50 picoseconds to 100 nanoseconds. In 
another aspect, laser pulse durations are in the range of from 
about 50 to 500 femtoseconds. 
0103) The number of laser pulses irradiating a target 
region can be in a range of from about 1 to about 2000. In one 
aspect, the number of laser pulses irradiating a target region 
can be from about 2 to about 1000. Further, the repetition rate 
or pulsing frequency can be selected to be in a range of from 
about 10Hz to about 10Hz, or in a range of from about 1 kHz 
to about 1 MHz, or in a range from about 10 Hz to about 1 
kHz. Moreover, the fluence of each laser pulse can be in a 
range of from about 1 kJ/m to about 20 kJ/m, or in a range 
of from about 3 kJ/m to about 8 kJ/m. 
0104. As has been described, the devices according to 
aspects of the present disclosure can additionally include one 
or more reflecting regions. The reflecting region can be 
deposited over the entire textured region or only over a por 
tion of the textured region. In some aspects, the reflecting 
region can be deposited over a larger area of the device than 
the textured region. The reflecting region can be positioned to 
reflect electromagnetic radiation passing through the texture 
region back through the textured region. In other words, as 
electromagnetic radiation passes into the semiconductor Sub 
strate, a portion that is not absorbed contacts the textured 
region. Of that portion that contacts the textured region, a 
Smaller portion may pass though the textured region to strike 
the reflecting region and be reflected back through the tex 
tured region toward the semiconductor Substrate. 
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0105. A variety of reflective materials can be utilized in 
constructing the reflecting region, and any such material 
capable of incorporation into a photosensitive device is con 
sidered to be within the present scope. Non-limiting examples 
of Such materials include a Bragg reflector, a metal reflector, 
a metal reflector over a dielectric material, a transparent con 
ductive oxide Such as Zinc oxide, indium oxide, or tin oxide, 
and the like, including combinations thereof. Non-limiting 
examples of metal reflector materials can include silver, alu 
minum, gold, platinum, reflective metal nitrides, reflective 
metal oxides, and the like, including combinations thereof. In 
one aspect, a BSI photosensitive imager device can include a 
dielectric layer positioned between the reflecting region and 
the textured region. In one specific aspect, the dielectric layer 
can include an oxide layer and the reflecting region can 
include a metal layer. The surface of the metal layer on an 
oxide acts as a mirror-like reflector for the incident electro 
magnetic radiation from the backside. It should be noted that 
the reflective region is not biased with a voltage. 
0106. In another aspect, the textured region can include a 
hemispherical grained polysilicon or coarse grained polysili 
con material and the reflective region can include a metal 
layer. The hemispherical grained or coarse grained silicon can 
act as a diffusive scattering site for the incident optical radia 
tion and the dielectric layer and the reflective region together 
can act as a reflector. 
0107 Instill another aspect, the photosensitive imager can 
include selective epitaxial silicon growth for generating the 
textured region on top of the junction formed by the doped 
regions (e.g. a photodiode) without the dielectric region being 
present (not shown). An oxide and metal reflector, for 
example, can be coupled to the textured region. The epitaxial 
growth places the textured region away from the top of the 
junction, and the rapid etch characteristics of grain bound 
aries can be used to create texturing. 
0108. Additionally, the textured surface of a metal on a 
roughened oxide can act as a diffusive scattering site for the 
incident electromagnetic radiation and also as a mirror-like 
reflector. Other aspects can utilize porous materials for the 
texturing. Porous polysilicon, for example, can be oxidized or 
oxide deposited and a reflective region Such as a metal reflec 
tor can be associated therewith to provide a scattering and 
reflecting Surface. In another aspect, aluminum can be Sub 
jected to anodic oxidation to provide porous aluminum oxide, 
a high dielectric constant insulator. This insulator can be 
coated with aluminum or other metals to provide a scattering 
and reflecting Surface. 
0109. In one specific aspect, a reflective region can include 
a transparent conductive oxide, an oxide, and a metal layer. 
The transparent oxide can be textured and a metal reflector 
deposited thereupon. The textured surface of the metal on a 
roughened transparent conductive oxide can act as a diffusive 
scattering site for the incident electromagnetic radiation. 
0110. In another specific aspect, a Bragg reflector can be 
utilized as a reflective region. A Bragg reflector is a structure 
formed from multiple layers of alternating materials with 
varying refractive indexes, or by some other method of induc 
ing a periodic variation in the propagation constant. Each 
layer boundary causes a partial reflection of an optical wave. 
For waves whose wavelength is close to four times the optical 
thickness of the layers, the many reflections combine with 
constructive interference, and the layers act as a high-quality 
reflector. Thus the coherent super-positioning of reflected and 
transmitted light from multiple interfaces in the structure 
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interfere so as to provide the desired reflective, transmissive, 
and absorptive behavior. In one aspect, the Bragg reflector 
layers can be alternating layers of silicon dioxide and silicon. 
Because of the high refractive index difference between sili 
con and silicon dioxide, and the thickness of these layers, this 
structure can be fairly low loss even in regions where bulk 
silicon absorbs appreciably. Additionally, because of the 
large refractive index difference, the optical thickness of the 
entire layer set can be thinner, resulting in a broader-band 
behavior and fewer fabrications steps. 
0111. In another aspect, texturing can be applied to the 
light-incident Surface of the semiconductor Substrate in order 
to facilitate additional scattering as light enters the device. In 
Some aspects it can be useful to also include trench isolation 
to preclude optical crosstalk between pixels due to this for 
ward scattering. By also texturing the trench isolation, light 
can be reflected back into the semiconductor from the edges 
of the pixel. It is noted that, for a BSI architecture, the light 
incident Surface is on the back side of the semiconductor 
Substrate opposite the photodiode. 
0112. In another embodiment of the present disclosure, a 
backside texture surface an imager pixel is shown in FIGS. 
9a,b. Specifically, FIG. 9a shows a top view and FIG.9b 
shows a cross sectional view of a textured region 900 includ 
ing pillars etched into a semiconductor material. In one 
aspect, the textured region can include a plurality of pillars 
having a uniform size. In another aspect, the textured region 
can include a plurality of pillars in a regular (ordered pattern) 
array. In yet another aspect, the textured region can include a 
plurality of pillars of variable sizes (902,904 in FIG.9). In a 
further aspect, the textured region can be arranged in a non 
uniform array (see FIG. 9). Similarly, holes of uniform or 
variable sizes can be etched into the silicon and covered by a 
thin layer of oxide and metal to achieve similar effects as the 
pillars. Moreover, the pillar or hole features can be etched into 
a thin layer of oxide and metal, or they can be etched into a 
thicker oxide on the semiconductor substrate and covered by 
a reflective material, such as silver oraluminum. In the former 
case the minimum oxide thickness between the semiconduc 
tor Substrate and metal can be in the range of about 5 nm to 
100 nm. In another aspect, the thickness can be about 40 nm. 
0113. The height of the pillars, shown in the cross sec 
tional view of FIG.9b, can vary depending on the design and 
desired use of the device. In one aspect, however, the average 
pillar height can be a multiple of a quarter wavelength of the 
desired light wavelength selectivity in the medium to which 
they are etched (e.g., the semiconductor material or the 
dielectric material. In another aspect, the average center-to 
center distance between pillars can be about one half the 
wavelength of light desired to be absorbed (/2 ), multiples of 
one half the wavelength, or larger than half the wavelength of 
desired light selectivity. The pillars can also be designed to be 
anti-reflecting to the specular reflection of light or the Zero" 
order diffraction from the texture. The higher order diffrac 
tions of light from the texture can be designed to optimize the 
reflection of light at any particular oblique angle. In this 
manner most of the incident light can be reflected at angles to 
maximize light trapping in the imager pixel. Light scattered 
by the front side textured region and striking the semiconduc 
tor side of the back interface can be totally internally reflected 
if it is outside of the critical angle as defined by Snell's law. 
0114. One exemplary method of creating a textured region 
such as a diffraction grating is shown in FIGS. 10a-c. In this 
case, a semiconductor Substrate 1002 having an oxide layer 
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1004 is provided. A mask 1006 as a 2-dimensional grating is 
formed on the oxide layer 1004, as is shown in FIG.10a. The 
oxide layer 1004 can then be etched with an isotropic etch 
1008 to form a plurality of pillars 1010, as shown in FIG. 10b. 
In one aspect, undercutting of the pillars by the isotropic etch 
1008 can results in pillars 1010 that are narrow at the top of 
the pillar than the bottom. The mask 1006 can be removed and 
a rinse etch used to round off sharp corners and tops of the 
pillars 1010, as is shown in FIG. 10c. A reflecting material 
1012 (e.g. a metal) can be deposited as a reflector. The 
rounded Surfaces can reduce the amplitude of the specular 
reflection or zero" order diffraction of light from the diffrac 
tion grating (i.e., the textured region). Thus, the light will be 
scattered more effectively at oblique angles. FIG. 10c also 
shows the thickness (t) 1014 of oxide layer 1004, the grating 
thickness (t) 1016, and the distance from pillar peak-to 
peak (T) 1018. While the dimensions of the grating can vary 
depending on the design of the device and the desired usage, 
in one aspect the average thickness of t can have a range of 
from about 10 nm to about 100 nm. In another aspect, the t 
can have a thickness of less than about 50 nm. The average 
grating thickness t measured from the base of the oxide 
layer 1004 to a pillar peak 1010, can be about a quarter of the 
wavelength of the desired light wavelength selectivity in the 
oxide layer (~4). For example, light having a wavelength of 
about 1000 nm can dictate t having a thickness of greater 
than about 175 nm. The average distance (T) from pillar 
peak-to-peak can be greater than 300 nm for light having a 
wavelength of greater than 1000 nm. 
0.115. Another exemplary method of creating a textured 
region Such as a diffraction grating is shown in FIGS. 11a-d. 
which are cross-sectional views of a photosensitive device at 
different stages of manufacturing. In one specific aspect, the 
semiconductor material can be amorphous silicon, which can 
have a texture surface with a high index of refraction because 
amorphous silicon can be deposited at low temperatures. 
0116 Specifically, FIG.S. 11a-d show a one dimensional 
grating, Such as a plurality of grooves, or in two dimensions 
an array of pyramidal structures being formed on or in the 
photosensitive device. In FIG.11a, a semiconductor material 
1102 can be coupled to a thin layer of oxide 1104 and a layer 
of nitride 1106. In this aspect, the front side 1102 of the pixel 
in the P+ diode surface area has been opened in the first 
interlayer dielectric. The semiconductor material 1102 can be 
etched 1108 to form a mask 1110 using standard techniques 
on an opposite side where incident light enters the device. 
Furthermore, in some aspects another layer of a semiconduc 
tor material 1112 Such as amorphous silicon can be deposited, 
and an anisotropic etch can be used in a “sidewall like 
process. A reflecting region comprising a dielectric layer 
1114 and metallic layer 1116 can be deposited on the etched 
Surface. In one dimensional arrays this produces a series lines 
of material 1118 and grooves in the semiconductor material 
that functions as a diffraction grating 1120 (FIG. 11c). The 
distance from one groove to the neighboring groove (2k, FIG. 
11b) can be determined by the diffraction angle for different 
orders (m) of diffraction. The first order diffraction, 1122, can 
be selected to be a large angle Beta (CB) 1124, thereby maxi 
mizing light trapping effects. The height of the original pillars 
are measured from the valley to the peak of the pillar identi 
fied ash, which determines the “blaze' angle gamma (Y) 1126 
of the grating and the efficiency of the diffraction into differ 
ent diffraction orders. In two dimensions, the semiconductor 
structure can have pillars rather than lines and the final struc 
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ture is a two dimensional grating. Similar one dimensional 
grating design considerations can also be applied. 
0117. In yet another aspect, fully sub-wavelength pillars 
and grating structures can be used to form anti-reflecting 
structures for zero" order diffraction or to form plasmonic 
structures. The Zero" order diffraction from such sub-wave 
length structures can result in evanescent waves in the imager 
pixel. These evanescent waves will result in efficient absorp 
tion of the light striking the back in the imager pixel. Higher 
order diffractions in these structures will result in guided 
waves along the back surface but theses will be reflected by 
the isolation areas. In this manner efficient light trapping and 
absorption of infrared light can be achieved. 
0118. In other aspects of the present disclosure, various 
methods of making photosensitive diodes, pixels, and imag 
ers, are contemplated. In one aspect, as is shown in FIG. 12, 
a method of making a BSI photosensitive imager device can 
include forming at least one junction at a Surface of a semi 
conductor substrate 1202, forming a dielectric region over the 
at least one junction 1204, and forming a textured region over 
the dielectric region 1206, where the textured region includes 
Surface features sized and positioned to facilitate tuning to a 
preselected wavelength of light 1208. The dielectric region 
thus isolates the at least one junction from the textured region, 
and the semiconductor Substrate and the textured region are 
positioned Such that incoming electromagnetic radiation 
passes through the semiconductor Substrate before contacting 
the textured region. The method also includes coupling an 
electrical transfer element to the semiconductor substrate 118 
such that the electrical transfer element is operable to transfer 
an electrical signal from the at least one junction. In one 
aspect, multiple pixels can be associated together to form an 
imager. A dielectric region can also be disposed on the back 
side of the photosensitive imager device to protect and/or 
reduce the dark current of the device. The method can also 
include coupling an electrical transfer element to the semi 
conductor substrate 1210 such that the electrical transfer ele 
ment is operable to transfer an electrical signal from the at 
least one junction. 
0119. Of course, it is to be understood that the above 
described arrangements are only illustrative of the application 
of the principles of the present disclosure. Numerous modi 
fications and alternative arrangements may be devised by 
those skilled in the art without departing from the spirit and 
Scope of the present disclosure and the appended claims are 
intended to cover Such modifications and arrangements. 
Thus, while the present disclosure has been described above 
with particularity and detail in connection with what is pres 
ently deemed to be the most practical embodiments of the 
disclosure, it will be apparent to those of ordinary skill in the 
art that numerous modifications, including, but not limited to, 
variations in size, materials, shape, form, function and man 
ner of operation, assembly and use may be made without 
departing from the principles and concepts set forth herein. 
What is claimed is: 
1. A backside-illuminated photosensitive imager device, 

comprising: 
a semiconductor Substrate having multiple doped regions 

forming a least one junction; 
a textured region coupled to the semiconductor Substrate 

and positioned to interact with electromagnetic radia 
tion, wherein the textured region includes Surface fea 
tures sized and positioned to facilitate tuning to a prese 
lected wavelength of light; 
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a dielectric region positioned between the textured region 
and the at least one junction, the dielectric region being 
positioned to isolate the at least one junction from the 
textured region, wherein the semiconductor Substrate 
and the textured region are positioned Such that incom 
ing electromagnetic radiation passes through the semi 
conductor substrate before contacting the textured 
region; and 

an electrical transfer element coupled to the semiconductor 
Substrate and operable to transfer an electrical signal 
from the at least one junction. 

2. The device of claim 1, wherein the surface features have 
an average center-to-center distance of one half wavelength 
of the preselected wavelength of light, multiples of one half 
wavelength of the preselected wavelength of light, or at least 
one half wavelength of the preselected wavelength of light. 

3. The device of claim 2, wherein the center-to-center 
distance distribution is a Substantially uniform distance dis 
tribution. 

4. The device of claim 1, wherein the surface features have 
an average height of about a multiple of a quarter wavelength 
of the preselected wavelength of light. 

5. The device of claim 1, further comprising a reflecting 
region coupled to the textured region opposite the dielectric 
region, the reflecting region being positioned to reflect light 
passing through the textured region back through the textured 
region. 

6. The device of claim 5, further comprising a dielectric 
layer positioned between the reflecting region and the tex 
tured region. 

7. The device of claim 5, wherein the reflecting region 
includes a member selected from the group consisting of a 
Bragg reflector, a metal reflector, a metal reflector over a 
dielectric material, and combinations thereof. 

8. The device of claim 1, wherein the preselected wave 
length of light in the near infrared or infrared range. 

9. The device of claim 1, wherein the preselected wave 
length of light is greater than or equal to about 800 nm. 

10. The device of claim 1, wherein the surface features are 
sized and positioned to direct light into the semiconductor 
substrate. 

11. The device of claim 10, wherein the surface features 
include a member selected from the group consisting of slop 
ing, pyramidal, inverted pyramidal, spherical, square, rectan 
gular, parabolic, ellipsoidal, asymmetric, symmetric, Scal 
lops, gratings, pillars, cones, microlenses, quantum dots, and 
combinations thereof. 

12. The device of claim 1, wherein the surface features 
have a size selected from the group consisting of micron 
sized, nano-sized, and combinations thereof. 

13. The device of claim 1, wherein the textured region has 
been formed by a process selected from the group consisting 
of plasma etching, reactive ion etching, porous silicon etch 
ing, lasing, chemical etching, nanoimprinting, material depo 
sition, selective epitaxial growth, and combinations thereof. 

14. The device of claim 1, wherein the surface features are 
sized and positioned to reduce specular reflection in the zero" 
order direction. 

15. The device of claim 1, further comprising an anti 
reflective layer deposited on the semiconductor substrate at a 
Surface opposite the at least one junction Such that incident 
light passes through the anti-reflective layer prior to contact 
ing the semiconductor Substrate. 
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16. The device of claim 15, further comprising at least one 
isolation feature in the semiconductor Substrate, the at least 
one isolation feature being positioned to reflect light imping 
ing thereon back into the semiconductor Substrate. 

17. A method of making a backside-illuminated photosen 
sitive imager device, comprising: 

forming at least one junction at a surface of a semiconduc 
tor substrate; 

forming a dielectric region over the at least one junction; 
forming a textured region over the dielectric region, 

wherein the textured region includes surface features 
sized and positioned to facilitate tuning to a preselected 
wavelength of light, wherein the dielectric region iso 
lates the at least one junction from the textured region, 
and wherein the semiconductor substrate and the tex 
tured region are positioned such that incoming electro 
magnetic radiation passes through the semiconductor 
Substrate before contacting the textured region; and 

coupling an electrical transfer element to the semiconduc 
tor substrate such that the electrical transfer element is 
operable to transfer an electrical signal from the at least 
one junction. 

18. The method of claim 17, whereinforming the textured 
region is by a process selected from the group consisting of 
plasma etching, reactive ion etching, porous silicon etching, 
lasing, chemical etching, nanoimprinting, material deposi 
tion, selective epitaxial growth, lithography, and combina 
tions thereof. 

19. The method of claim 17, whereinforming the textured 
region further includes: 

depositing a mask on the dielectric region; 
etching the dielectric region through the mask to form 

Surface features; and 
removing the mask from the dielectric region. 
20. The method of claim 19, further comprising etching the 

Surface features to round exposed edges. 
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21. The method of claim 17, further comprising depositing 
a reflecting region on the textured region. 

22. The method of claim 17, further comprising coupling a 
lens to the semiconductor Substrate at a surface opposite theat 
least one junction, wherein the lens is positioned to focus 
incident electromagnetic radiation into the semiconductor 
substrate. 

23. The method of claim 17, whereinforming the textured 
region further includes: 

depositing a first semiconductor material on the dielectric 
region; 

texturing the first semiconductor material to form a mask: 
depositing a second semiconductor material on the mask: 

and 
etching the second semiconductor material to form the 

textured region. 
24. The method of claim 23, wherein texturing the second 

semiconductor material further includes: 
etching the second semiconductor material to form a plu 

rality of scallops pointing toward the semiconductor 
Substrate. 

25. The method of claim 24, wherein the first and second 
semiconductor materials includes a member selected from 
the group consisting of silicon, polysilicon, amorphous sili 
con, and combinations thereof. 

26. The method of claim 17, further comprising depositing 
an anti-reflective layer on the semiconductor Substrate at a 
Surface opposite the at least one junction, Such that incident 
light passes through the anti-reflective layer prior to contact 
ing the semiconductor Substrate. 

27. The method of claim 26, further comprising forming at 
least one isolation feature in the semiconductor Substrate, the 
at least one isolation feature being positioned to reflect light 
impinging thereon back into the semiconductor Substrate. 

c c c c c 
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