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SEMICONDUCTOR WAFER WITH HIGH THERMAL CONDUCTIVITY

FIELD OF THE INVENTION

[0001]) The present invention generally relates to a semiconductor
wafer and a process for making the same. More particularly, the present
invention relates to a semiconductor wafer having improved thermal conductivity
characteristics, offering advantages when used as a substrate for a high-speed

processor device.

BACKGROUND OF THE INVENTION

[0002] Within the semiconductor industry, the overall scaling trend has
been to increase the silicon power density by increasing transistor density and
operating frequency on processor devices. However, the power reductions
gained from design and process modifications are not sufficient to offset the
higher operating temperatures accompanying the increased power density. In
turn, the semiconductor's electrical performance and reliability is significantly
degraded at higher operating temperature, reducing the semiconductor's
processor speed and lifespan. As such, it is increasingly important to lower the
semiconductor junction temperatures across the structure, particularly avoiding
local hot spots in areas that run at higher power density.

[0003] Currently, the majority of high performance processor devices
are fabricated on a thin (about 2 - 4 um), lightly-doped (about 1 x 10'°- 1 x 10'®
carriers/cm®) epitaxial silicon layer grown over a heavily-doped (about 10'°
carriers/cm®) silicon substrate wafer, wherein boron is a preferred dopant. This
type of wafer is generally referred to as a P/P++ epitaxial wafer or P/P+ epitaxial
wafer. Epitaxial silicon layers such as these are typically grown by a chemical
vapor deposition process wherein a substrate is heated while a gaseous silicon
compound is passed over the wafer surface to affect pyrolysis or decomposition.

[0004] The heavily-doped silicon substrate below the device layer is
intended to provide protection against many common device failure
mechanisms, such as device latch-up failures, failures related to diffusion

leakage current, or some radiation event-related failures. For example, latch-up
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failure refers to an electron-collection phenomenon resulting in a dead short
circuit at a parasitic junction, but which can be prevented using, inter alia,
strategic doping designs. Therefore, the arrangement of a lightly-doped device
layer on a heavily-doped silicon substrate provides desirable latch-up and low
diffusion current characteristics.

[0005] One disadvantage to using a heavily-doped silicon substrate is
its poor thermal conductivity, as compared to the lightly-doped device layer; the
thermal conductivity of lightly-doped silicon has been reported to be about 20%
greater than heavily-doped silicon, and possibly even higher. See, e.g., P.
Komarov et al., Transient Thermo-Reflectance Measurements of the Thermal
Conductivity and Interface Resistance of Metallized Natural and Isotopically-Pure
Silicon, 34 Microelectronics Journal No. 12, at 1115-1118 (2003). The difference
in thermal conductivity is significant because the majority of heat generated in
the thin device layer is transferred to the ambient environment by dissipation
through the silicon substrate, and lesser thermal conductivity tends to reduce
efficiency and reliability.

[0006] To improve heat removal from the device layer, efforts have
previously focused on improving the thermal transfer characteristics from the
back of the silicon substrate, through the packaging, and to the environment
during use. While design of the packaging material and heat sinks have reduced
the thermal resistance at this interface to maintain lower die temperatures, such
efforts do not address the problem of localized heating at hot spots in the device
layer. '

[0007] Backside autodoping, i.e., the migration of dopant atoms from
the back or sides of the substrate into the device layer, is another problem
commonly encountered when a heavily doped substrate is integrated with a
lightly doped device layer. One conventional approach to limit this effect is to
form a backside oxide seal on the highly doped substrate. However, the oxide
seal can not be integrated into the epitaxial silicon structure in the case of
double-side polished wafers.

[0008] Heavily doped substrates having a lightly doped epitaxial layer
also present challenges when used in CMOS Image Sensor applications wherein
backside illumination technology is desirable. Currently, commercially available
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image sensors are illuminated from the device side. For typical device-side
ilumination applications, a CMOS Image Sensor silicon wafer comprises a
substrate that is doped to a P+ or P++ concentration and an epitaxial layer
doped to a P concentration. The known use of device-side illumination cannot
meet the scaling trends and goals in such applications, which include reducing
pixel size and increasing circuit functionality via advanced metal
interconnections. Backside illumination is believed to realize these goals, while
also improving the device's fill factor and quantum efficiency. These terms are
used as different ways to measure the net amount of light energy that is actually
able to illuminate the image sensors. Fill factor, which refers to the percentage
or fraction of the image sensor that is capable of being exposed to light, is
reduced in traditional device-side illumination devices by increasingly complex
metallization layers and films, as well as advanced device topography. As the fill
factor decreases, so does the quantum efficiency, which measures how
efficiency projected light is able to generate active electron carriers.

[0009] These desired improvements in image sensor performance are
possible using backside illumination technology because device-side features
such as device patterns, metallization layers, interconnects, and films do not
impede the illumination process. The result is nearly 100% fill factor, improved
flexibility in antireflection coatings, and increased quantum efficiency. Moreover,
backside illumination allows for integration of advanced device architecture and
interconnections. However, backside illumination must be performed within a few
microns of the device side photodiode to efficiently convert visible light to
electrical signals. This requires consistent and uniform material removal from
the backside of the original, as-formed silicon structure to create a smooth
backside surface, which requires thinning the silicon structure from several
hundred microns to just a few microns, such as less than about 15 ym.
Furthermore, the backside surface must be capable of being passivated against
recombination of photon-generated carriers at the surface, while also directing
these photon-generated carriers to a collecting photodiode with an electric field
within the Image Sensor device. Such features are not readily ascertained using
conventional mechanical or chemical means to thin the silicon structure.

Mechanical means of thinning may not be feasible with such small dimensions,
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while controlling chemical removal rates is difficult within the tolerances of the

image sensor's physical features.

SUMMARY OF THE INVENTION

[0010] Among the various aspects of the present invention is a silicon
semiconductor wafer with favorable heat transfer characteristics while providing
resistance to common semiconductor failure mechanisms.

[0o011] Briefly, therefore, the present invention is directed to a
semicondgctor wafer comprising a silicon device layer, a substrate, and a silicon
protective layer disposed between the device layer and the substrate. The
substrate has a central axis, a front surface, and a back surface that are
generally perpendicular to the central axis, a circumferential edge, and a radius
extending from the central axis to the circumferential edge. The protective layer
has a thickness of at least about 0.5 um and is doped, the concentration of the
dopant in the protective layer being between about 6.0 x 10'” carriers/cm® and
about 1.0 x 10%° carriers/cm®. The substrate and the device layer are also doped
with the concentration of dopant in the substrate and device layer being less
than about 1 x 10" carriers/cm?®.

[0012] The presentinvention is further directed to a process for the
preparation of this semiconductor wafer.

[0013] Other objects and features will be in part apparent and in part
pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Figure 1 is a schematic cross-section of a semiconductor wafer
of the invention.

[0015] Figure 2 is a schematic top-down view of a semiconductor
wafer of the invention, wherein the axis in Figure 2 is coincident with the axis in
Figure 1.

[0016]1 Figure 3 is a graphical representation of the carrier
concentration profile for an semiconductor wafer having a highly doped

protective layer and a lightly doped substrate.
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[0017] Figure 4 is a graphical representation of the carrier
concentration profile for a semiconductor wafer having a lightly doped device
layer and a highly doped substrate detailed in Example 1.

(00181 Figure 5 is a thermal diagram for heat dissipation under
localized heating for a 250 um semiconductor wafer having a highly doped
substrate.

[0019] Figure 6 is a thermal diagram for heat dissipation under
localized heating for a 250 um semiconductor wafer having a highly doped
protective layer and a lightly doped substrate.

[0020] Figure 7 is a thermal diagram for heat dissipation under
localized heating for a 500 um semiconductor wafer having a highly doped
substrate.

[0021] Figure 8 is a thermal diagram for heat dissipation under
localized heating for a 500 um semiconductor wafer having a highly doped
protective layer and a lightly doped substrate.

[0022] Figure 9 is a graph showing the thermal conductivity for multiple
semiconductor structures as a function of temperature detailed in Example 2.
[0023] Figure 10 is a graphical representation of the carrier

concentration profile for a semiconductor wafer for an image sensor application.

[0024] Corresponding reference characters indicate corresponding
parts throughout the drawings.

DETAILED DESCRIPTION OF THE INVENTION

[0025] Referring now to Figure 1, among the various aspects of the
present invention is a semiconductor wafer 1 with improved thermal conductivity.
Semiconductor wafer 1 has a front surface F, a back surface B, and an
imaginary central axis A, with the terms "front” and "back" being used in this
context merely to distinguish the two major, generally planar surfaces of the
wafer. Semiconductor wafer 1 also comprises silicon device layer 3, silicon
protective layer 5, and substrate 7.

[0026]1 To inhibit various commonly known device failure mechanisms,

the thermal conductivity of substrate 7 is preferably at least 5% greater than the
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thermal conductivity of protective layer 5 (at temperatures not in excess of 125
°C). More preferably, the thermal conductivity of substrate 7 is at least 10%
greater than the thermal conductivity of protective layer 5 (at temperatures not in
excess of 125 °C). For example, in some embodiments, the thermal conductivity
of substrate 7 will be at least 15% greater, at least 20% greater, or even at least
25% greater than the thermal conductivity of protective layer 5 at temperatures
not in excess of 125 °C.

[0027]1 Referring now to Figure 2, semiconductor wafer 1 has an
imaginary radius, R, extending from axis A, to edge E of semiconductor wafer 1.
Because the semiconductor wafers of the present invention are used as a
starting material in device fabrication processes, it is generally preferred that
device layer 3 and silicon protective layer 5 extend substantially across the
diameter of the wafer. Thatis, it is generally preferred that device layer 3 and
silicon protective layer 5 incorporate and are symmetrically disposed about axis
A and extend at least 90% of the length of radius R from the axis to
semiconductor wafer edge E. More preferably, device layer 3 and silicon
protective layer 5 incorporate and are symmetrically disposed about axis A and
extend at least 99% of the length of radius R from the axis to semiconductor
wafer edge E.

[0028] Referring now to Figure 3, a carrier concentration profile for an
exemplary semiconductor wafer of the present invention is illustrated. As
depicted, the device layer of the semiconductor wafer (the region of the wafer
from a depth of 0 to about 2 xm) has a dopant concentration of about 1 x 10
atoms/cm?, the silicon protective layer (the region of the wafer from a depth of
about 3 to about 5 um) has a dopant concentration of 1 x 10'° atoms/cm?®, and
the substrate (the region of the wafer at depths greater than about 6 xm) has a
dopant concentration of about 1 x 10'® atoms/cm?®. In accord with the invention,
either P-type or N-type dopants may be employed to dope each of the device
layer 32, the protective layer 33, and the substrate 34, when semiconductor
materials are selected for the substrate.

|. The Substrate
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[0029] In general, the substrate comprises a material on which
additional layers may be formed and which typically has a thermal conductivity of
at least about 120 W/m-K. The substrate may comprise a single stratum of
material, or it may comprise multiple strata. Typically, however, the substrate is
sliced from a single crystal silicon ingot grown according to one of the known
techniques, such as the Czochralski ("Cz") or float zone methods. Accordingly,
for the purposes of illustration, reference to a single crystal silicon wafer will be
utilized hererin. Therefore, in one application, the starting material for the wafer
of the present invention is a silicon substrate that has been sliced from a single
crystal ingot grown in accordance with Cz crystal growing methods, typically
having a nominal diameter of 150 mm, 200 mm, 300 mm, or more. The
substrate may be polished or, alternatively, lapped and etched but not polished.
Such methods, as well as standard silicon slicing techniques, are disclosed in,
e.g., FUMIO SHIMURA, SEMICONDUCTOR SILICON CRYSTAL TECHNOLOGY (1989) and
SILICON CHEMICAL ETCHING (Josef Grabmaier ed., 1982). Preferably, the
substrates are polished and cleaned by standard methods known to those skilled
in the art. See, e.g., HANDBOOK OF SEMICONDUCTOR SILICON TECHNOLOGY
(William C. O'Mara et al. eds., 1990).

[0030] In general, the single crystal silicon substrate is lightly doped
such that it is P- or N- silicon, as those designations are conventionally used in
the art and described herein. That is, for P-type doping applications, the silicon
substrate generally has less than about 1 x 10'® carriers/cm®, such as less than
about 5 x 10'° carriers/cm®. Furthermore, the substrate typically contains at
least about 5 x 10" carriers/cm?® to minimize undesirable phenomena observed
at lower doping levels, such as oxygen-related thermal donor generation. For
example, the P-doped singie crystal silicon substrate typically has between
about 5 x 10" carriers/cm® and about 1 x 10'° carriers/cm®. For N-type doping
applications, the silicon substrate generally has less than about 5 x 10™
carriers/cm?, such as less than about 1 x 10" carriers/cm®.

[0031] In another aspect, the silicon substrate has thermal conductivity
of at least about 5% greater than the thermal conductivity of P++ or N++ silicon,

as those terms are conventionally used in the art and described herein. In
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general, doped silicon's thermal conductivity is inversely related to the doping
level and the atmospheric temperature; i.e., doped silicon's thermal conductivity
decreases as the concentration of dopant and atmospheric temperature
increase. Data collected to date suggests that at room temperature, P++ or N++
silicon exhibits a thermal conductivity of less than about 114 W/m-K. Therefore,
the thermal conductivity of the silicon substrate is greater than about 120 W/m-K.
More typically, the silicon substrate's thermal conductivity is greater than about
130 W/m-K, such as greater than about 135 W/m:K. In some applications, the
thermal conductivity will be greater than about 140 W/m-K, or even greater than
about 150 W/m-K.

[0032] The single crystal silicon substrate contains at least one dopant
to give the substrate various desirable properties. For example, the substrate
may comprise P-type dopants (i.e., elements from Group 3 of the Periodic Table,
e.g., boron, aluminum, gallium and indium) or N-type dopants (i.e., elements
from Group 5 of the Periodic Table, e.g., phosphorus, arsenic, antimony). When
P-type doping is desired, the dopant is preferably boron. When N-type doping is
desired, the dopant is preferably phosphorus.

/. Protective Layer

[0033] The protective layer typically comprises highly-doped silicon to
provide protection against common device failure mechanisms, such as latch-up
and low diffusion current failures. Depending on the application, any one of the
appropriate P-type or N-type dopants noted above may be used to form the
protective layer. Generally, the protective layer typically comprises greater than
about 1 x 10 carriers/cm®. For example, for P-type doping applications, the
highly-doped silicon protective layer comprises between about 1 x 10
carriers/cm® and about 1 x 10%° carriers/cm®. Common ranges include between
about 8.5 x 10'® carriers/cm® and about 2.0 x 10'° carriers/cm® when the dopant
concentration is characterized as P++, and between about 3.2 x 10"
carriers/cm® and about 8.5 x 10'® carriers/cm® when the dopant concentration is
characterized as P+. In one preferred embodiment, the protective layer's dopant
concentration is between about 1.0 x 10'° carriers/cm® and about 1.25 x 10"°
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carriers/cm®. For N-type doping applications, the highly-doped silicon protective
layer comprises between about 6.0 x 10" carriers/cm® and about 5 x 10'®
carriers/cm®. Common ranges include between about 1.2 x 10'® carriers/cm?®
and about 3.5 x 10"° carriers/cm® when the dopant concentration is
characterized as N++, and between about 6.0 x 10" carriers/cm® and about 4.5
x 10" carriers/cm® when the dopant concentration is characterized as N+.

[0034] In another aspect, the protective layer is characterized by a
thermal conductivity lower than the substrate's thermal conductivity. That is, the
protective layer is characterized by thermal conductivity of less than about 114
W/m-K at room temperature. For example, the protective layer is characterized
by thermal conductivity of less than about 110 W/m-K, or even less than about
100 W/m-K at room temperature.

[0035] In light of the substrate's thermal conductivity noted above, the
substrate has a thermal conductivity of greater than about 120 W/m-K protective
layer and the protective layer has a thermal conductivity of less than about 114
W/m-K. For example, in one application, the substrate's thermal conductivity is
greater than 130 W/m-K and the protective layer's thermal conductivity is less
than about 114 W/m-K. In another application, the substrate's thermal
conductivity is greater than 135 W/m-K and the protective layer's thermal
conductivity is less than about 110 W/m-K.

[0036] The resistivity of the protective layer is an alternative way by
which the carrier concentration can be estimated. The resistivity of the
protective layer is generally between about 2.5 mQ-cm and about 25 ma-cm, with
common ranges being between about 5 mg-cm and about 10 ma:-cm and
between about 10 mQ-cm and about 20 ma-ecm. In one preferred embodiment,
the protective layer's resistivity is about 8 mo-cm.

[0037] In general, the protective layer is thick enough to provide the
desired protection, yet as thin as possible to promote heat transfer from the
device layer to the high thermal conductivity substrate. Typically, the protective
layer is at least about 1 um thick, such as between about 1 um and about 10 um

thick. More typically, the protective layer will be between about 1 um and about
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5 um thick; and for some applications, the protective layer will be between about
1 um and about 3 um thick.

(00381 Any known technique for forming a heavily-doped silicon
protective layer on a silicon substrate may be used to form the protective layer.
For example, the protective layer may be formed by using epitaxial deposition,
ion implantation, and gas phase doping plus high temperature diffusion. Each of
these techniques are well-known and are detailed further in literature references
readily available to one skilled in the art, such as STANLEY WOLF & R.N. TAUBER,
SILICON PROCESSING FOR THE VLSI ERA - PROCESS TECHNOLOGY (1st ed. 1986)
and STEPHEN A. CAMPBELL, THE SCIENCE AND ENGINEERING OF MICROELECTRONIC
FABRICATION (2nd ed. 2001).

[0039] An epitaxial layer may be deposited or grown on a surface of
the above-described substrate by means generally known in the art, such as the
epitaxial growth process described in U.S. Patent No. 5,789,309. Typically,
growth of the epitaxial layer is achieved by chemical vapor deposition, because
this is one of the most flexible and cost effective methods for growing epitaxial
layers on semiconductor material. One advantage to forming the protective layer
by epitaxial deposition is that existing epitaxial growth reactors can be used in
conjunction with a direct dopant feed during epitaxial growth. For example,
when doping the silicon with boron, a high concentration diborane source gas
can be mixed with the carrier gas used to dope the epitaxially grown protective
layer.

[0040] In another embodiment, ion implantation techniques are used to
force dopant atoms into the single crystal silicon substrate. In yet another
embodiment, gas phase doping techniques are used to force the dopant atoms
into the single crystal silicon substrate. When either an ion implantation or a gas
phase doping technique is used, the technique is carried out at an elevated
temperature or is followed by a high temperature anneal to diffuse the dopant
atoms into the substrate to form the protective layer.

[0041] Regardless of the specific technique used to form the highly-
doped silicon protective layer, the dopant profile created by the transition
between the highly-doped protective layer to the lightly-doped substrate also
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creates an electric field that directs excess charge carriers away from this
interface into the substrate. By creating an electric field that moves charge
carriers away from the protective layer, and therefore away from the device
layer, the protective layer also effectively reduces the impact of radiation-induced

events or failures.

Ill. Device Layer

[0042] In general, the device layer is sufficiently thick enough to
comprise at least one level of electrical devices. The device layer may comprise
more than one level of electrical devices; thus, the thickness will vary depending
on the number of levels required for a particular application. The device layer is
generally less than about 25 um thick. For example, the device layer will
typically be between about 1 «um and about 25 «m thick. For some applications,
the device layer will be between about 1 «m and about 20 xm thick. In other
applications, the device layer will be between about 1 um and about 10 .m thick.
In yet other applications, the device layer will be between about 1 um and about
5 um thick, such as, e.g., in high speed microprocessor device. Alternatively, for
some applications such as, e.g., power devices, the device layer will be between
about 5 um and about 20 um.

[0043] To create the device layer, the semiconductor wafer may
undergo any suitable epitaxial deposition technique, as described above. The
growth is carried out for a time sufficient to form a device layer of desired
thickness in an epitaxial growth reactor. The device layer may be doped after
the epitaxial layer is grown or in conjunction with its growth. A direct dopant feed
may be employed when the device layer is doped during growth; e.g., a diborane
source gas can be used when doping the silicon with boron. The dopant level is
in accord with conventional silicon device layers, such that it is typically referred
to as being P, P-, N, or N-. That is, the device layer typically comprises between
about 7.5 x 10" carriers/cm?® and about 2.5 x 10'® carriers/cm®. For example,
the device layer typically comprises between about 1 x 10'° carriers/cm® and
about 1 x 10 carriers/cm®. Depending on the application, any one of the
appropriate P-type (e.g., boron) or N-type dopants (e.g., phosphorus) noted
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above may be used. Typical applications for a device layer doped with P-type
dopants include, e.g., high speed microprocessor devices such as, e.g., memory
and logic applications. Typical applications for a device layer doped with N-type

dopants include, e.g., power devices.

IV. Resulting Wafer Characteristics and Applications

A. Backside Autodoping Prevention

[0044] In one embodiment, the present invention is utilized to form a
P/P+/P- semiconductor structure; i.e., the invention can be used to form a lightly
doped P- substrate with a highly doped P+ protective layer and an intermediately
doped P device layer. Such a semiconductor structure may be used in
applications where backside autodoping is to be avoided, such as, e.g., heavily
doped substrates with a lightly doped device layer where an oxide seal is
undesirable, as with structures with a double sided polish. By forming a P/P+/P-
semiconductor structure according to the present invention, the functional
equivalent of the P to P+ transition from the device layer to the protective layer is
realized, with the added benefit of avoiding the migration of dopant atoms from
the backside of the structure to the device layer because of the substrate's lower
doping level. In this application, the substrate has a dopant level below about 1
x 10'° carriers/cm?®, the protective P+ layer has a dopant level of between about
3.2 x 10" carriers/cm® and about 8.5 x 10'® carriers/cm?®, and the device layer
has a dopant level of between about 1 x 10" carriers/cm® and about 4 x 10
carriers/cm®. The protective layer may also be a P++ layer having between
about 8.5 x 10'® carriers/cm® and about 2.0 x 10'® carriers/cm®. Furthermore,
the protective P+ layer is typically between about 1 um and about 10 xm thick,

while the device layer is typically between about 2 .m and about 5 um thick.

B. Backside lllumination Applications

[0045] Additionally, a P/P++/P- semiconductor structure formed
according to the present invention is useful in the production of thin silicon
structures for use in backside illumination applications, such as, e.g., improved

CMOS Image Sensor devices. Figure 16 shows a typical carrier concentration
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profile for a typical P/P++/P- semiconductor structure in this application. After a
P/P++/P- semiconductor structure is formed, the back surface of the P- substrate
Is exposed to an alkaline etchant for a time period sufficient to remove
substantially all of the substrate material and yield a uniformly thinned P/P++
silicon structure with a highly uniform thickness. That is, in this application of the
present invention, the highly doped P++ (or even P+++) protective layer acts as
an etch stop for alkaline etchants. Typical etchants comprise compounds such
as, e.g., tetramethylammonium hydroxide (TMAH), potassium hydroxide (KOH),
and sodium hydroxide (NaOH), in appropriate concentrations. In one preferred
application, TMAH is used in the alkaline etchant, with about 25 wt% being one
preferred concentration of TMAH. The highly doped protective layer acts as an
etch stop using alkaline etchants because the P- substrate is etched at an
etching rate of about 10x to about 20x faster than the P++ protective layer. For
example, Figure 10 graphically shows how the alkaline etchant may be used to
remove material to at least the dashed vertical line shown at about 10 «m, and
possibly to remove material to the dashed vertical line shown at about 6 um.
The etching performed for this application may optionally occur in an
electrochemical cell, which would increase the etching rate and facilitate an
optional electrochemical passivation step after etching.

[0046] Optionally, mechanical means, e.g., grinding or polishing, are
employed to remove a substantial portion of the back surface of the P- substrate
before exposing the remaining back surface of the P- substrate to the alkaline
chemical etchant. In this case, mechanical means are employed to remove
more than about 75% of the P- substrate's thickness, such as more than about
80%, 90%, or even more than about 95% of the substrate's thickness before
employing the alkaline etchant. For example, referring again to Figure 10,
mechanical means may be used to remove material to at least the dashed
vertical line shown at about 10 um, and the alkaline etchant may be
subsequently used to remove additional material to the dashed vertical line
shown at about 6 um. Further, the P++ surface exposed by the substrate's
removal is optionally exposed to an acidic etchant to further thin the P/P++

silicon structure and further smooth the P++ surface. In one application, e.g., the
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acidic etchant comprises a solution of hydrofluoric, nitric, and acetic acids (HNA).
Referring again to Figure 10, the acidic etchant may be used to remove material
from the dashed vertical line shown at about 6 um to the dashed vertical line
shown at about 3 um.

[0047] In this application, the substrate has a dopant level below about
1 x 10" carriers/cm?, the protective layer has a dopant level of greater than
about 1.0 x 10" carriers/cm?®, such as between about 1.0 x 10'° carriers/cm® and
about 1.0 x 10% carriers/cm®. For example, the protective layer may have
between about 5.0 x 10'® carriers/cm® and about 1.0 x 10%° carriers/cm?®. Silicon
doped with such concentrations are commonly referred to as highly doped P++
or even P+++ silicon layers. Furthermore, the thickness of the protective layer is
limited in this application, with higher doping concentrations corresponding to
thinner protective layers. For example, the protective layer acting as the etch
stop is typically less than about 5 «m thick, such as less than 2 um, less than
about 1 um thick, or even less than about 0.5 um thick. In one application, the
protective layer further comprises Ge to act as a crystal lattice strain reliever,
which permits the highly doped protective layer to have greater thicknesses than
reported above. Finally, the device layer is typically between about 2 xm and
about 15 um thick, such as between about 2 um and about 10 «m thick. In one
application, the device layer is between about 2 «m and about 5 «m thick.

[0048] The resulting P/P++ silicon structure's backside P++ surface is
smooth, which minimizes light scattering during backside illumination. Also, the
doping gradient formed by the transition from device layer to the protective layer
creates an electric field that promotes electron migration away from the backside
illuminated surface and toward the device layer, which is advantageous in image
sensor devices as quantum efficiency is increased at photodiode junctions.

[0049]) Having described the invention in detalil, it will be apparent that
modifications and variations are possible without departing from the scope of the

invention defined in the appended claims.
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EXAMPLES
[0050] The following non-limiting examples are provided to further

illustrate the present invention.

EXAMPLE 1

[0051] Two types of semiconductor wafers were prepared, the first
type having a P- substrate, representing an exemplary semiconductor wafer of
the present invention, and the second type having a P++ substrate, representing
a semiconductor wafer known in the art. P-type dopants were used for each
type of semiconductor wafer. The semiconductor wafers having P- substrates
had a carrier concentration profile wherein a device layer having a concentration
of about 1 x 10'® carriers/cm® extended approximately 2 um into the wafer, a
protective layer having a concentration of about 1 x 10'® carriers/cm? extended
from a depth of about 3 to about 5 um into the wafer, and a substrate having a
concentration of about 1 x 10"° carriers/cm® extended from about 6 «m through
the depth of the wafer. The semiconductor wafers having P++ substrates had a
carrier concentration profile wherein a device layer having a concentration of
about 1 x 10" carriers/cm® extended approximately 2 um into the wafer and
substrate having a concentration of about 1 x 10'° carriers/cm® extended from
about 3 um through the' depth of the wafer. The doping profiles for each
respective type of semiconductor wafer are shown in Figures 3 and 4.

[0052] Notably, Figures 3 and 4 show that the carrier dopant profile
associated with each type of semiconductor wafer is the same to a depth of
about 4 um, i.e., both types of wafer share a P/P++ transition at about 2 to 3 «m
from the wafers' front surface. Such a transition confirms that device failure
protection will be present in the semiconductor wafers exemplary of the present
invention at the device/protective layer interface. Also, the doping gradient at the
interface between the heavily-doped protective layer and the lightly-doped
substrate creates an electrical field that further reduces the collection of charge
carriers generated in the substrate below the device layer, thereby improving the
protective function of the protective layer in the semiconductor wafers exemplary

of the present invention.
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[0053] Thermal modeling was then performed on wafers depicted in
Figures 3 and 4 under two conditions: uniform heating and localized hot spots.
The simulations were generated using the accepted 20% thermal conductivity
difference between lightly-doped P- and heavily-doped P++ substrates. The two
conditions were modeled with power distributed to a 20 mm x 20 mm grid,
representing a theoretical die, which was partitioned into 1 mm x 1 mm grid
squares. For modeling wafers under the uniform heating condition, an operating
power of 160 W was uniformly distributed over the 20 mm x 20 mm grid. To
model wafers with localized hot spots, a localized power increase of 10x (i.e.
1600 W) was concentrated in two detached 1mm x 1mm grid squares to
simulate hot spots while maintaining the same overall die operating power. The
modeling was carried out for die thicknesses of 250 «m and 500 »m under both
conditions. The results of the thermal modeling are shown below in Tables 1
and 2, corresponding to the uniform heating condition and the localized hot spots
condition, respectively. The model also assumed a heat transfer coefficient of
0.84 kW/m?K at the bottom of the substrate, which is based on published values

in the literature.

Table 1:
Substrate doping Die Thickness Maximum T (°C)
250 um 65.0
e+~ .
500 um 65.9
P 250 um 64.8
""""" 500um | 656
Table 2:
Substrate doping Die Thickness Maximum T (°C)
250 um 97.5
P+
500 um 90.1
P 250 um 92.5
""""" 500um | 857
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[0054] The results of the thermal modeling show that under uniform
power distribution, both wafers provide similar heat dissipation. Specifically,
Table 1 shows that, as compared to the corresponding P++ substrate samples,
the maximum die temperature reached in both the P- substrate samples was
only 0.2 °C lower for the 250 um samples and 0.3 °C lower for the 500 um
samples. This small improvement in heat dissipation indicates that the doping
concentration of a given wafer's substrate has little impact on heat dissipation
under uniform heating.

[0055] Butin the model for localized hot spots, Table 2 shows that the
semiconductor wafer having the P- substrate more effectively dissipated heat
from the local hot spots. Specifically, the P- substrate wafer samples resulted in
a maximum die temperature approximately 5 °C lower for the 250 um sample
and 4.4 °C lower for the 500 xm sample than the maximum die temperatures of
the corresponding P++ substrate wafers. |

[0056] Temperature contour maps were also created to further
demonstrate the difference between the wafers from the hot spot simulation.
Figures 5 and 6 are directed to wafers with a total thickness of about 250 um,
with Figure 5 showing the temperature contour map of the wafer having a P++
substrate and Figure 6 showing the temperature contour map of the wafer
having a P- substrate. Similarly, Figures 7 and 8 are directed to wafers with a
total thickness of about 500 um, with Figure 7 showing the temperature contour
map of the wafer having a P++ substrate and Figure 8 showing the temperature
contour map of the wafer having a P- substrate. All four of these temperature
contour maps show that the temperatures in the 1 mm x 1 mm grid square hot
spots were less intense in the wafers having a P- substrate than in the wafer

having a P++ substrate.

EXAMPLE 2

[0057] In addition to the two semiconductor wafers formed in Example
1, seven more semiconductor wafers were formed having different substrates, as
detailed below. Apart from Sample 95 below, all the samples were formed

according to the CZ growth method.
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[0058] For purposes of this Example, the semiconductor wafer formed
having a P- substrate from Example 1 is referred to as sample 91, whereas the
semiconductor wafer having a P++ substrate is referred to as sample 92.

[0059] Further, Sample 93 is a semiconductor wafer consisting
essentially of P+ material; i.e., material that is doped at a level between that of
the invention's protective layer and substrate, such as about 5 x 108
carriers/cm?.

[0060] Sample 94 is a semiconductor wafer consisting essentially of
silicon material being doped with both P- and N- doping levels; i.e., the material
comprised less than about 1 x 10'® P-type carriers/cm® and less than about 1 x
10'® N-type carriers/cm?®, such as about 1 x 10 carriers/cm? of each dopant.

[0061] Sample 95 is a semiconductor wafer consisting essentially of
silicon material formed according to the float zone method and being doped such
that it is P- material, as defined for Sample 94.

[0062] Sample 96 is a semiconductor wafer consisting essentially of
silicon material being doped such that it is P- material, as defined for Sample 94,
and having a low concentration of oxygen interstitials.

[0063] Sample 97 is a semiconductor wafer consisting essentially of
silicon material being doped such that it is P- material, as defined for Sample 94,
and having a high concentration of oxygen interstitials.

[0064] Sample 98 is a semiconductor wafer structure having a
substrate that is doped such that it is P- material and an epitaxial layer of P-
material formed thereon, as P- is defined for Sample 94. The P- epitaxial layer is
about 10 pm thick.

[0065] Sample 99 is a semiconductor wafer structure having a
substrate that is doped such that it is P- material and an epitaxial layer of P-
material formed thereon, as P- is defined for Sample 94. The P- epitaxial layer is
about 50 um thick.

[0066] Samples 91-99 were subjected to thermal conductivity
measurements at 25 °C, 50 °C, 75 °C, 100 °C, and 125 °C. The results are
graphically represented in Figure 15, which shows the lowest thermal
conductivity for Sample 92 and the highest thermal conductivity for Samples 91
and 94-99, regardless of temperature. The fact that Samples 91 and 94-99 all
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displayed substantially similar thermal conductivity profiles indicates that the
variables changed between these samples has little impact on their thermal
conductivity. Further, Sample 93 displays a thermal conductivity between
Sample 92 and the group of Samples 91 and 94-99. This confirms that a silicon
structure's doping concentration is the variable with the greatest influence on the
thermal conductivity. Moreover, the data shows about a 23% increase in thermal
conductivity at about 25 °C from Sample 92 to Samples 91 and 94-99, while an
increase of about 13% corresponds to about 125 °C. This confirms that the
semiconductor structure of the invention, as described herein, displays at least a
5% increase in thermal conductivity at the temperatures between about 25 °C
and about 125 °C.

[0067]1 When the terms "dopant,” "lightly-doped," "heavily-doped," or
other terms and phrases referring to dopants are used herein, it is to be
understood that either P-type or N-type dopants are being referenced, unless
explicitly stated otherwise.

[0068] When introducing elements of the present invention or the
preferred embodiments(s) thereof, the articles "a", "an", "the" and "said" are
intended to mean that there are one or more of the elements. The terms
"comprising"”, "including”" and "having" are intended to be inclusive and mean that
there may be additional elements other than the listed elements.

[0069] In view of the above, it will be seen that the several objects of
the invention are achieved and other advantageous results attained.

[0070] As various changes could be made in the above products and
methods without departing from the scope of the invention, it is intended that all
matter contained in the above description and shown in the accompanying

drawings shall be interpreted as illustrative and not in a limiting sense.
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WHAT IS CLAIMED IS:

1. A semiconductor wafer comprising:

a substrate having a central axis, a front surface and a back surface that
are generally perpendicular to the central axis, a circumferential edge, and a
radius extending from the central axis to the circumferential edge, wherein the
substrate has a dopant concentration below about 1 x 10"" carriers/cm?;

a silicon device layer; and

a silicon protective layer disposed between the device layer and the
substrate, the protective layer being doped with a dopant concentration between
about 6.0 x 10" carriers/cm® and about 1.0 x 10%° carriers/cm® and having a
thickness of at least about 0.5 um.

2. The semiconductor wafer of claim 1 wherein the protective layer has a

thickness between about 1 «um and about 5 um.

3. The semiconductor wafer of claim 1 wherein the protective layer is
doped with a dopant concentration between about 8.5 x 10'® carriers/cm® and

about 2.0 x 10" carriers/cm?.

4. The semiconductor wafer of claim 1 wherein the protective layer is
doped with a dopant concentration between about 3.2 x 10'® carriers/cm?® and

about 8.5 x 10'® carriers/cm?®.

5. The semiconductor wafer of claim 3 wherein the substrate has a
dopant concentration between about 5 x 10" carriers/cm® and about 1 x 10'®

carriers/cm?®.

6. The semiconductor wafer of claim 1 wherein the device layer is

doped with a P-type dopant.

7. The semiconductor wafer of claim 1 wherein the device layer is doped

with boron.
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8. The semiconductor wafer of claim 1 wherein:

the substrate is doped with 'a P-type dopant in a concentration between
about 5 x 10" carriers/cm® and about 1 x 10'® carriers/cm?;

the protective layer is doped with a P-type dopant in a concentration
between about 3.2 x 10 carriers/cm® and about 2.0 x 10'° carriers/cm®, and has
a thickness between about 1 um and about 10 «m; and

the device layer is doped with a P-type dopant in a concentration between

about 1 x 10" carriers/cm?® and about 4 x 10'® carriers/cm®.

9. The semiconductor wafer of claim 1 wherein:

the protective layer is doped with a P-type dopant in a concentration
above about 1.0 x 10" carriers/cm?® and about 1.0 x 10% carriers/cm?®, and has a
thickness of less than about 5 «m; and

the device layer is between about 2 um and about 15 um thick.

10. The semiconductor wafer of claim 9 wherein the protective layer has
a thickness of less than about 2 um and the device layer is between about 2 um

and about 5 um thick.

11. A process for the preparation of a semiconductor wafer comprising a
substrate having a central axis, a front surface and a back surface that are
generally perpendicular to the central axis, a circumferential edge, and a radius
extending from the central axis to the circumferential edge, wherein the substrate
has a dopant concentration below about 1 x 10" carriers/cm®, the process
comprising:

forming a protective layer on the front surface of the substrate, the
protective layer being doped with a dopant concentration between about 6.0 x
10" carriers/cm?® and about 1.0 x 10%° carriers/cm® and having a thickness of at
least about 0.5 um; and

forming a device layer on the exposed surface of the protective layer
parallel to the front surface of the substrate, the device layer being doped with a

dopant concentration below about 1 x 10" carriers/cm?.
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12. The process of claim 11 wherein the protective layer is formed by
exposing the surface of the substrate to an atmosphere comprising silicon and a

dopant to deposit a silicon epitaxial layer.

13. The process of claim 11 wherein the protective layer is formed by
implanting dopant ions in the surface of the substrate.

14. The process of claim 11 wherein the first layer is formed by exposing
the surface of the substrate to a gas comprising a dopant to form a gas phase-
doped layer.

15. The process of claim 11 wherein the protective layer has a thickness

between about 1 xm and about 5 um.

16. The process of claim.11 wherein the protective layer is doped with a
dopant concentration between about 8.5 x 108 carriers/cm?® and about 2.0 x 10'°

carriers/cm®.

17. The process of claim 11 wherein the protective layer is doped with a
dopant concentration between about 3.2 x 10 carriers/cm® and about 8.5 x 108

carriers/cm?®.

18. The process of claim 16 wherein the substrate has a dopant
concentration between about 5 x 10'* carriers/cm® and about 1 x 10

carriers/cm®.

19. The process of claim 11 wherein the device layer is doped with a P-

type dopant.

20. The process of claim 11 wherein the device layer is doped with

boron.
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21. The process of claim 11 wherein:

the substrate is doped with a P-type dopant in a concentration between
about 5 x 10" carriers/cm?® and about 1 x 10'® carriers/cm®:

the protective layer is doped with a P-type dopant in a concentration
between about 3.2 x 10'® carriers/cm® and about 2.0 x 10'° carriers/cm®, and has
a thickness between about 1 «m and about 10 xum; and

the device layer is doped with a P-type dopant in a concentration between

about 1 x 10" carriers/cm® and about 4 x 10'® carriers/cm?.

22. The process of claim 11 wherein:

the substrate is doped with a P-type dopant in a concentration between
about 5 x 10" carriers/cm® and about 1 x 10 carriers/cm?;

the protective layer is doped with a P-type dopant in a concentration
between about 1.0 x 10'° carriers/cm® and about 1.0 x 10%° carriers/cm?®, and has
a thickness of less than about 3 um;

the device layer has a thickness between about 2 pm and about 15 um;
and

the process further comprises a first etching step, wherein the back
surface of the substrate is exposed to an alkaline etchant for a time period
sufficient to remove substantially all of the substrate, exposing the protective

layer.

23. The process of claim 22 wherein the etchant comprises a compound
selected from the group consisting of potassium hydroxide, sodium hydroxide,
tetramethylammonium hydroxide, and combinations thereof.

24. The process of claim 22 wherein the process further comprises
exposing the protective layer exposed by the first etch to a second etching step,

wherein the protective layer is exposed to an acidic etchant.
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25. The process of claim 24 wherein the acidic etchant comprises a

solution of hydrofluoric, nitric, and acetic acids.

26. The process of claim 22 wherein the protective layer has a thickness
of less than about 2 »m and the device layer is between about 2 um and about 5

um thick.
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