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Attorney Docket No. 3035-013.PROV

SUBSTRATES AND DEVICES FOR ENHANCED LIGHT DETECTION AND

METHODS OF MAKING THE SAME

TECHNICAL FIELD
The present disclosure relates to substrates, devices and methods for enhanced light
detection. More specitically, the present invention relates to devices having a textured
surface disposed within a semiconductor substrate that can enhance infrared light detection

and methods of making the same.

BACKGROUND

Semiconductor on Insulator (SOI) water technology is an outgrowth of
MicroElectroMechanical Systems (MEMS) technologies. An SOI wafer is a stacked wafer
substrate where a device wafer (typically silicon) is bonded to a dielectric layer that is bonded
to a support wafer, otherwise known as a handle wafer. The process tlow for the fabrication
of SOI waters can be as follows: Two waters are polished and coated with an oxide or other
dielectric material. The watfers are mounted polished side face to face and bonded under
high temperature and pressure. Then one of the two wafers is ground down using
mechanical grinding and chemical mechanical polishing to a specific thickness. In this way it
is possible to generate semiconductor wafers that are electrically isolated from the underlying
substrate.

This approach is commonly utilized in applications where thin semiconductor device
layers are required. More recently, these wafer architectures have been utilized for the
development and fabrication of image sensors using Backside Illuminated (BSI)
architectures. BSI is an image sensor architecture where Complementary Metal-Oxide
Semiconductor (CMOS) circuitry is fabricated on one side of a wafer and photodetectors are
tabricated on the opposite side of the wafer such that the photodetectors cover virtually all
of the available surface area (i.e. high fill factor). State of the art BSI image sensors are
tabricated using the SOI approach because they provide an excellent low defect substrate
upon which to fabricate the CMOS circuitry. Once the CMOS processing is complete, the
wafer can be flipped over and ground down without imparting significant damage to the

wafer due to the isolation of the buried dielectric. The mechanical thinning process can stop
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on the dielectric and then chemical etching can fully reveal the device layer semiconductor
material.
SUMMARY

The following disclosure provides semiconductor structures and devices with
enhanced light detection properties. In such a semiconductor structure, a silicon layer, laser
processed layer, dielectric layer, and a handle wafer layer can be included. In addition, a
polysilicon material can further be included in the structure.

Devices that can be formed from such a device may include photodiodes and CMOS
imagers. Notably, the difference between structure, photodiode and imager are the
photodiode junctions, contacts and circuitry for making the structures into devices. Such
devices are able to absotb wavelengths in the infrared spectrum (i.e. greater than 1000nm).

Methods for making such structures and devices are also disclosed by the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

For a further understanding of the nature and advantage 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:

Fig. 1 is a cross-sectional view of a semiconductor structure in accordance with an
embodiment of the present invention;

Fig. 2 is a cross-sectional view of a semiconductor structure according to another
embodiment of the present invention;

Fig. 3 is a cross-sectional view of a semiconductor structure in accordance with
another embodiment of the present invention;

Fig. 4 is a cross-sectional view of a semiconductor photodiode according to one
embodiment of the present invention;

Fig. 5 is a cross-sectional view of a semiconductor photodetecting imager according
to one embodiment of the present invention;

Figs. 6a — d are steps showing a cross-sectional view of a semiconductor structure
being formed according to another embodiment of the present invention;

Figs. 7a — e are steps illustrating a cross-sectional view of a semiconductor structure

being formed according to one embodiment of the present invention;
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Fig. 8 is a cross-sectional view of a semiconductor photodetecting imager according
to another embodiment of the present invention;

Fig. 9 is a cross-sectional view of a semiconductor structure according to another
embodiment of the present invention.

Fig. 10a — e are steps illustrating the formation of a semiconductor structure

according to yet another embodiment of the present invention.

DETAILED DESCRIPTION

The present invention seeks to improve the light detection of silicon photosensing
devices by utilizing a SOI wafer with an enhanced absorbing layer located within the
semiconductor structure. This device and method of manufacture provides a low cost and
ease of integration approach for the fabrication and application of laser processed silicon for
the enhancement of image sensors and photodetectors. It has been demonstrated previously
that ultrafast laser processed silicon enhances the spectral bandwidth, absorption and
quantum efficiency of silicon. This invention improves on the performance of
photodetectors and imagers that use a laser processed layer by improving on the architecture
of the device. Furthermore, the device invention has additional benefits such as significantly
improving the process integration of this device architecture with traditional CMOS process
flows. For example, the design of a laser processed region located on the back surface of a
photodetector provides significant performance benefits. The laser processed layer can have
surface features also known as surface roughness. The laser processed layer can be
substituted for a textured layer or an otherwise enhanced absorbing layer created by many
known methods, including photolithography, wet or dry etches, such as isotropic or
anisotropic etches, nanoimprinting, and material deposition. The roughened surface can
lead to higher recombination of photocarriers for short wavelengths (in the blue green part
of the spectrum) due to the very shallow penetration of those wavelengths into the detecting
volume. Therefore, by physically locating the laser processed layer on the back surface a
pristine surface is provided for the collection of short wavelengths on the top surface (light
incident surface) and the longer wavelengths that penetrate deep into or through the
detecting volume are collected by or with the help of the laser processed layer on the back

surface. While aspects are contemplated for use in backside illumination architectures,
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aspects are also contemplated that utilize front side illuminated architectures that will greatly
benefit from the semiconductor structures according to aspects of the present invention.
The use of the SOI wafer structure can reduce the negative etfects of the laser processed
layer on the backside of a thin device layer.

Figure 1 illustrates a cross-sectional view of a semiconductor structure 100 with
enhanced light detection according to one embodiment of the present invention. The
semiconductor structure can include a silicon layer 104 disposed on top of a laser processed
layer 106. In one embodiment, the laser processed layer can be a Black Silicon layer. In
another embodiment, the semiconductor layer can have a grown epitaxial layer 102 on top of
the silicon layer 104 with specific material specifications suitable for CMOS processing. The
laser processed layer can be disposed on a dielectric layer 108. The dielectric layer can be
disposed a semiconductor handle wafer 110 that acts as a substrate to support the entire
structure. In another embodiment the semiconductor handle wafer can alternatively be
comprised of a suitable dielectric material like glass.

In another embodiment, the laser processed material can be located below the
dielectric layer rather than above it as shown in Figure 2. In this configuration, the laser
processed material does not electrically interact with the photodetector device (or imager
device). The laser processed region can acts as an optical scattering reflector for the photons
that reach this surface. By scattering the photons back into the bulk silicon, the chance for
absorption can be increased.

In another embodiment a dielectric layer 108 and a polysilicon layer 112 are inserted
between the laser processed layer 106 and the dielectric, as shown in Figure 3. The addition
of these layers provides an improved method of manufacture. The rough surface of the
laser processed material presents a challenging surface for water bonding. By depositing a
thin dielectric layer followed by a thick polysilicon layer it is possible to yield a surface that
can be polished. The polysilicon can be ground back to a planar surface and polished until
smooth. The resultant surface can then be bonded to a dielectric coated handle wafer.

Figures 4 and 5, depict other embodiments of the present invention. Figure 4 shows
a cross-sectional view of a photodiode with enhanced light detection performance. Figure 5
shows a cross-sectional view of 2 CMOS image sensor having improved light detection
performance. The actual contacts 114, photodiode junctions 116, and circuitry 118, can be

tabricated on the top surface of the semiconductor silicon layer 104. The silicon can include

4
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a laser processed layer 100, all of which can be disposed on a dielectric material 108 being
bonded to a semiconductor handle layer 110. In this configuration, all of the CMOS
circuitry 118 can be fabricated on the top surface of the multilayer stack substrate. In this
way, the laser processed layer can be introduced into fabrication process at the start of the
tlow, at a lower cost and lower technical risk approach. In this embodiment the laser
processed material can be encapsulated deep within the silicon substrate. This reduces the
risk of contamination for process integration with standard CMOS process equipment.

In another embodiment a method of manufacture is illustrated in Figures 6a — d.
The process flow can begin with the laser processing of a silicon watfer 104 to create a laser
processed region 106. A dielectric material 108 can be deposited on to the laser processed
layer as shown in figure 6b. Subsequently, the dielectric material can be polished until
smooth. The semiconductor structure can then be bonded to a second wafer, the handle
wafer 110, with the dielectric layer in contact with the second wafer as shown in figure 6c.
In another embodiment the second wafer can be coated with a dielectric. After bonding the
wafers together, the device wafer can be mechanically polished and chemical-mechanical
polished to a specified thickness. In another embodiment an epitaxial layer 102 of silicon
can be grown on the device wafer surface to generate a low defect silicon region as
illustrated in figure 6d.

Figures 7a — e illustrate a process flow having a similar starting point as figures 6a
and 6b. In this embodiment a polysilicon material 112 can be deposited on the dielectric
material 108 as shown in Figure 7c. It should be understood that an alternative
semiconductor or dielectric can be substituted for the polysilicon layer. Subsequently, the
silicon layer can be thinned to a desired thickness as evidenced by comparing figures 7d to
7e.

A manufacturing process for a detector or imaging device is also contemplated
herein. The process can start with a substrate described above and processing that substrate
through a standard CMOS image sensor or detector process flow.

In another embodiment a semiconductor structure as disclosed herein can be
bisected by dielectric material 120 to electrically isolate each pixel (detector) element from its
neighbor, this is commonly referred to by those skilled in the art as trench isolation as shown
in Figure 8. The isolation can be fabricated at the substrate level prior to fabrication of the

CMOS circuitry, the detector device, or the imaging array. The cross section view in figure 8

5
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is shows a device with a dielectric isolation. The method of manufacture for this device
cross section follows the mainline process for the SOI water with the integrated laser
processed material as described above. At the conclusion of this process, the device layer
surface (with or without an epitaxial layer) can be photolithographically patterned thereby
the silicon layer can be vertically etched down to the dielectric layer. Dielectric material can
be deposited conformally on all surfaces and fill the trenches with the dielectric material.
Finally, the device layer surface can be chemically etched or mechanically polished to remove
the dielectric material on the front surface. It should also be understood that the trench
isolation does not need to fully bisect the semiconductor structure but rather only a portion
can be isolated, this is known as shallow trench isolation as opposed to deep trench isolation.
In addition, the above described dielectric isolation between elements geometry can be
applied to all of the different layer structures shown in Figures 1 to 5 and 9.

In another embodiment, an epitaxial grown semiconductor material with a laser
processed region can be used instead of standard silicon as shown in Figure 9. In figure 9,
an epitaxial semiconductor layer 102 can include a laser processed layer 106. The laser
processed layer can be disposed on about a dielectric layer 108 which can subsequently be
bonded to a handle wafer layer 110. The process to achieve such a device or semiconductor
structure is shown in Figures 10a — e.

In tigure 10a a silicon material can be epitaxial grown on a silicon material 104.
Then the laser process layer 106 can be formed on or near the surface of the epitaxial layer.
Further, a dielectric material 108 can be deposited on the laser processed layer 106. The
wafer can then be flipped over and bonded to a handle wafer 110. Then the device layer
wafer can be mechanically and chemical-mechanical grinding and polishing down to the
epitaxial layer until the desired thickness is achieved. In this way, the standard silicon
material is removed and the epitaxial material remains in the device layer. This can be
beneficial because no defects that remain from the laser would be transterred or grown into

the epitaxial layer when grown.
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ABSTRACT

Semiconductor structures and devices with enhanced infrared light detecting
properties are disclosed. In particular, the present invention teaches using a semiconductor
on insulator (SOI) material and laser processed silicon layers to create such a device.

Methods and process tlows for making such a device is also disclosed.
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