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impact ionization of the generated free electrons. The ex-
ample device includes a doped contact region to conduct the
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DOPED ABSORPTION DEVICES

BACKGROUND
f0001] Pholonics are increasingly used to communicate information.  For
examplea, photonics may be used for telecommunication over long distances or may
be uysed to communicate within circuits, computers, server farms, and the like.
Photodiodes may be used in photonic systems {o detect optical signals. The
photodiodes may convert a received optical signal into an electrical signal that can
be further processed {o extract the communicated information.
BRIEF DESCRIPTION OF THE DRAWINGS
[O002] Figure 1 is a block diagram of an example of a system 1o detect optical
energy.
[0003] Figure 2 is a schematic diagram of a cross-section of ancther example of
a system to detect optical energy.
[0004] Figure 3 is a schematic diagram of a cross-section of another example of
a system to detect optical energy.
[0005] Figure 4 is a flow diagram of an example of a method to create a
photodiode to detact oplical energy.
[0006] Figure 5 is a flow disgram of another example of a method to create a
photodiode to detect optical energy.
[000G7] Figure © is a block diagram of an example of a device to detect oplical
energy.
[O008] Figure 7 is a schematic diagram of a8 cross-section of another example of
a device o detect optical energy.
f0009] Figure 8 is a schemaltic diagram of a cross-section of another example of
a device o detect optical energy.
DETAILED DESCRIPTION
[0010] A pholodiode may convert oplical signals inlo eleclrical signals by
absorbing optical energy {e.g.. photons) and moving electrons {o a conduction
band in response 1o absorbing the optical energy. The electrons in the conduction
band are free electrons able to travel through the photodiode in response to an
electric field. The photodiode may intemally amplify the electrical signal by
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accelerating the electrons until they free additional electrons through impact
ionization. The amplified electrical signal may be output by the photodiode.
f0011] The photlodiode may include different materials to perform the different
functions of the photodiode. For example, germanium s good at absorbing optical
energy at the wavelengths typically used for oplical communication. However,
germaniun has an impact ionization ratio {i.e., a k value) near 1, so similar amounts
of slectrons and holes are generaled by impact ionization. As holes are ususlly
slower than slecirons, the high impact ionization ralio will reduce a pholodicde's
speed and gain-bandwidth product.  In contrast, sificon has an impact ionization
ratio of approximately 0.02, 30 many more electrons than holes are generated by
impact ionization.  Accordingly, a silicon photodiode will have a high speed and
high gain-bandwidth product. However, siticon is poor at absorbing optical energy
at the wavelengths typically used for optical communnication.

[0012] in one example, a photodiode may include an absorption region made of
germanilim to absorb optical energy and generate free electrons from the absorbed
optical energy. The photodiode may include a charge region made of silicon. The
charge region may include an increasing electiic field as the distance from the
absorplion region increases. The pholodicde may alse include a mudtiplication
region made of silicon {0 generate additional free electrons from impact ionization.
The increasing electric field in the charge region may allow there {o be a large
electric field in the mulliplication region and small electric field in the absarplion
region. The absorplion region may nclude germanium 10 {ake advantage of the
absorption characieristics of germanium, and the multiplication region may include
silicon {o take advantage of the impact ionization characteristics of silicon. QOther
examples may include matenals other than germanium and siicon in the
absorption, charge, and multiplication regions, and the materials for each region
may be selected based on which material characteristics are most advantageous
for each region.

[0013] The absorplion region of the pholodicde may be made of infrinsic
germmanium. The intrinsic germanium may include a constant electric field that
moves the free electrons 1o the charge region. However, the magnitude of the
electric field in the germanium may be very sensitive to the thickness and doping



WO 2017/019013 PCT/US2015/042250

concentration of the charge region. if the charge region is too thin or is underdoped,
there will be a strong electric field throughout the absorption region. The strong
electric field will cause a significant amount of impact ionization in the germanium.
The ratio of hole impact jonization rate {o electron impact ionization rate is much
higher in germarnium than silicon, so more holes will be generated wher the impact
jonization occurs in the germanium. Because holes travel slower than elecirons,
the strong electric fisld will result in the bandwidth of the device being smaller than
if the impact ionization occurred in sticon. if the charge region is oo thick or is
ovardoped, there will be a weak electric field in the absorption region. Free
electrons will travel to the charge region slowly, so the bandwidth will be smaller
than if the charge region had an ideal doping concentration and an ideal thickness.
[0014] Simitarly, as a bias applied to the photodiode is increased, # will cause the
amount of impact ionization occurring in the germanium {o increase. As a resulf,
the bandwidth of the photodiode decreases significantly at higher biases. For
example, the gain and bandwidth may track a constant gain-bandwidth product
until the increasing impact ionization in the germanium causes the gain-bandwidth
product to drop significantly for gains above a particdlar threshold, Above the
particular threshold, the eleclric field in the germanium may be large enough fo
cause a significant amount of impact ionization in the germanium. Accordingly,
there is a need for a photodiode that can maintain a large bandwidth at higher gains
and that can deliver a large bandwidth and high gain over a wide range of chage
layer doping concenirations and thicknesses.

[O015] Figure 1is a block diagram of an example of a system 100 to detect optical
energy. The system 100 may include a photodiode 110 to convert an optical signal
into electrical signat and ampiify the electrical signal. The system 100 may also
include a waveguide 120 electromagnetically coupled to the photodiode 118, The
waveguide 120 may receive an optical signal and transfer it to the photodiode 110
50 that the photodiode 110 can convett the oplical signal info an slectrical signal.
The photodiode 110 may include a doped garmanium region 112. As used herein,
the term “region” refers {o a portion of the photodiode 110 or other device occupied
by a particular material. For example, the doped germanium region 112 may be
an at least moderately doped germanium region {e.g., @ moderately or highly doped
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germmanium region.) As used hersin, the lerm "moderately doped” refers to a
semiconductor having a concentration of doped atoms between about § x 10'¢
atomsfom® and about 5 x 107 atoms/cm®. As used herein, the term “highly doped”
refers to a semiconductor having a concentration of doped atoms of at least about
1 x 10'% atoms per centimeter® (atoms/om™). As used herein, the term “about” a
pardicular value refers fo numbers that are equal fo the particular value when
rounded to the least significant digit of the particular value.,

[0018] The pholodiode 110 may include a moderately doped silicon region 114
in direct contact with the doped germanium region 112, The photodiode 110 may
include an intrinsic silicon region 116 in direct contact with the moderately doped
siticon region 114. As used herein, the lerm “intrinsic” refers {0 a semiconductor
having a concentration of doped atoms of at most about 5 x 10 atoms/cm®. The
photodiode 110 may include a highly doped silicon region 118 in direct contact with
the intrinsic silicon region 1186.

[0017] An electric field in the doped germanium region 112 may ncreasea slowly
as the distance ¢ the moderately doped silicon region 114 decreases (e.g., an
electric field resulting when a reverse bias is applied to the photodiode 110}, The
electric field may increase rapidly in the moderately doped silicon region 114 as
the distance to the intrinsic siicon region 118 decreases. The electric field may be
approximately constant in the intrinsic silicon region 116. The electric field may
decrease rapidly in the highly doped silicon region 118 as the distance from the
infrinsic silicon region 1186 increases.

[0018] The sloped electric field in the doped germanium region 112 may prevent
the entirety of the doped germanium region 112 from experiencing a strong electric
field that causes significant impact iorization even # a portion of the doped
germanium region 112 is experiencing such an elechtic fleld. As a result, the
photodiode 110 may be able to operate at higher gains and with greater variation
it the doping concentration and thickness of the moderalely doped silicon layer
114 without suffering oo mich impact onizalion in the germanium and a
corresponding decrease in speed and gain-bandwidth product.  In addition, the
doped germanium region 112 may have a short lifetime for free holes, so slectrons
may be the uni-traveling camer through the photodiode 110. Because slectrons
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travel more quickly than holes, having electrons as the uni-lraveling carriers also
improves the speed and gain-bandwidth product of the photodiode 110. In
addition, the electron impact ionization coefficient in sificon is much higher than the
hole impact ionization coefficient, so having electrons as the uni-traveling carriers
makes impact ionization more efficient in the inlrinsic silicon region 116, The
doping concentration of the doped germanium region 112 may be selected o be
low enough {o allow for the complete depletion of the doped germanium region 112
while being high enough fo limit the amount of impact lonization occutring in the
doped germanium region 112 when a portion is experiencing a strong slectric field.
[0019] The moderately doped silicon region 114 may be at least moderately
doped 1o prevent a strong electric field from extending into the doped germanium
region 112, The slope of the electric fleld may be proportional to the doping
concentration, so the intrinsic silicon region 116 can have a strong electic field
while the doped germanium region 112 has a weak electiic field by at least
moderately doping the moderately doped silicon region 114. Accordingly, impact
ionization can be maximized in the intrinsic silicon region 116 and minimized in the
doped germanium region 112.

{00207 Figure 2 is a schematic diagram of a cross-section of another example of
a system 200 to detect oplical energy. The system 200 may include a photodiode
210 {e.g., an avalanche photodiode) coupled to a waveguide 220. The phaotodiode
210 may include a doped germanium region 212, a moderately doped silicon region
214, an intrinsic sificon region 218, and a highly doped siicon region 218. The
waveguide 220 may receive an optical signal, for example from a grating coupler
{not shown), and direct the optical signal to the photodiode 210. The waveguide
220 may include intrinsic silicon in an example. The waveguide 220 may be in
direct contact with the highly doped silicon region 218 and the intrinsic silicon region
216. The waveguide 220 may have 3 length between about 4 micrometers {um)
and abowt 100 pm.  The waveguide may have a widlh between abouyt 500
nanometers (hm} and abowut 10 gm. In Figure 2, the waveguide length is measured
along the horizontal dimension across the page, and the waveguide width is
measured along the dimeansion into and out of the page {ie., the dimension
perpendicular to the page).
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[0021] The optical signal may be evanescently coupled to the doped germanium
region 212 {i.e., an absorption region) and cause absorption of the optical energy
by the doped germanium region 212. The absorbed optical energy may excite
electrons to a conduction band {i.e., generate free slectrons). In an example, the
dopead germanium region 212 may have a p-type doping concentration of at least
abowt 5 x 10™ atomsiom® {e.g., a p-type doping concentration between about 5 x
10%° afoms/on® and about 5 x 10" atoms/om®, a p-lype doping concentration
between about § x 10'® atomsicm® and about 1 x 10%° aloms/cm?, or the tike). The
doped germanium region 212 may have a thickness between about 50 nm and
about 2 ym. In Figure 2, the thicknesses of the regions 212, 214, 216, 218 are
measursd along the vertical dimension between the top and bottom of the page.
[0022] The moderately doped silicon region 214 {i.e, a charge region; may
accelerate the free electrons. The electric field may increase with a steep slope
between the interface with the doped germanium region 212 and the interface with
the intnnsic silicon region 216. The diift velocily of the free electrons may increase
until reaching a saturation velocity of the moderately doped silicon region 214, In
an example, the moderately doped silicon region 214 may have a p-lype doping
concentration of at feast about 2 x 10Y atoms/om® {e.g., & p-type doping
concentration between about 2 x 10" atoms/cm® and about 2x10' atomsicm® or
the ike). The moderately doped silicon region 214 may have a thickness between
about 20 nm and about 100 nm.

[0023] The intrinsic silicon region 216 {iLe., a mulliplication region} may amplify
the number of free electrons. For exampie, the intrinsic silicon region 216 may
generate additional free electrons from impact ionization of the accelerated free
electrons. The additional free electrons may generate still more electrons through
impact ionization of the additional free electrons. Thus, the intrinsic silicon region
216 may multiply the number of free electrons. The intrinsic sificon region 216 may
accelerate same of the free electrons or the addidional free electrons o cause the
impact ionization. In addition, some impact ionization may accur in the moderalely
doped silicon region 214, In an example, the intrinsic silicon region 216 may have
a p-type doping concentration no greater than about 2 x 10 atomsfem®{e g, a p-
fype doping concentration between about 1 x 10%° atomsicny® and about 2x10%
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atoms/om® or the like). The intrinsic silicon region 216 may have a thickness
between about 50 nm and about 1000 nm.

f0024] The highly doped silicon region 218 (i.e., a contacting region} may conduct
the free electrons generated by absorplion and the free electrons generated by
impact iopization. For exampie, the highly doped silicon region 218 may condugt
the electrons to other devices or circuitry, to a metal contact, to an output terminal,
or the like. In an example, the highly doped silicon region 218 may have a doping
concentration of at least about 1 x 10° atoms/cm®. The highly doped siticon region
may have a thickness between about 200 nm and about 2 pm.

[0025] Figure 3 is a schematic diagram of a cross-section of another example of
a system 300 {o detect optical energy. The systern 300 may include an optical fiber
320 electromagnetically coupled o a photodiode 310. The photodiode 310 may
include a doped germanium region 312, a moderately doped silicon region 314, an
infrinsic silicon region 316, and a highly doped silicon region 318. The optical fiber
320 may be in direct contact with the doped germanium region 312 or may direct
an optical signal towards the doped germanium region 312. For example, there
may be silicon dioxide between the optical fiber 320 and the doped germanium
region 312, The silicon dioxide may be transparent at the frequencies of the optical
signal, so the optical signal may suffer minimal loss before reaching the doped
germanium region 312.

[0026] The doped germanium region 312 may absorb the oplical energy and
excite elechrons o g conduction hand (.., generale free slectrons) from the
absorbed optical energy. The free electrons may fravel to the moderately doped
silicon region 314. The moderately doped silicon region 314 may accelerate the
free electrons towards the intrinsic silicon region 318. The intrinsic silicon region
316 may excite additional electrons to the conduction band {ie., generate
additional free electrons) from impact ionization of the accelerated free electrons.
The elechrons generated from absorption and the electrons generated by impadt
ionization may be conducted away by the highly doped silicon region 318,

[0027] Figure 4 is a flow diagram of an example of a method 400 to create a
photodiode to detect optical energy. Block 402 may include forming an n-type
silicon layer on a substrate. The n-type silicon layer may be formed by depositing
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sificon and implanting an n-type dopant (e.g., phosphorus, arsenic, antimony, or
the like} in the silicon, by providing a wafer including a laver of silicon and implanting
an n-type dopant in the layer of silicon, or the like. As used herein, the term “layer”
refers to a region covering or being covered by another region. For example, the
n-fype silicon tayer may be the highly doped silicon region 218 of Figure 2.

[0028] Block 404 may include forming an intrinsic silicon layer on the n-lype
silicon fayer. For sxample, the intrinsic silicon layer may be formed by depositing
the intrinsic silicon on the n-type silicon tayer or counter doping p-type doped sificon
to form intrinsic silicon. The intrinsic silicon layer may include a small amount of
doping {e.g., 2 smail amount of p-type doping or n-type doping). In one exampie,
the intrinsic sificon layer may be the intrinsic silicon region 216 of Figure 2. Block
406 may include forming a p-type sificon layer on the intrinsic silicon layer. The p-
type silicon layer may be formed by deposiling silicon and implanting a p-type
dopant (e.g., boron, aluminum, gallium, efc.) in the silicon. In one example, the
intrinsic silicon layer and the p-type siicon layer may be formed by a single
deposition of siticon followed by implanting of the p-type dopant in a top portion of
the deposited silicon. Refering to Figurs 2, the p-ype silicon layver may be the
moderately doped silicon region 214 in an example.

[0029] At block 408, the method 400 may include forming a p-type germanium
fayer in direct contact with the p-type silicon layer. in some examples, the p-type
gaermanium layer may be moderately or highly doped. The p-type germanium javer
may be formed by depositing germanium and implanting a p-type dopant in the
germanium.  For example, the p-lype germanium laver may be the doped
germanium region 212 of Figure 2.

f0030] Figure 5 is a flow diagram of another example of a method 500 to create
a photodiode to detect oplical energy. At block 502, the method 500 may include
providing a substrate. For example, the substrate may be a silicon on insulator
waler, a silicon dioxide waler, a region of silicon dioxide formed on g silicon watler
{e.g., grown on the silicon wafer), or the lika. In one example, the substrate may
be the silicon dioxide buried oxide shown in Figure 8. Block 504 may include
forming an n-typs silicon layer on the substrate. The ntype silicon layer may be
highly doped (e.g., with a doping concentration of at least about 1 x 10°° atoms/cm®)
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and have a thicknass between about 200 nm and about 2 ym. For example, the
n-type siticon layer may be the doped contact region 818 of Figure 8.

f0031] Block 506 may include forming an intrinsic silicon layer on the n-lype
sificon layer. The intrinsic sificon layer may have a p-lype doping concentration no
greater than about 2 % 10 atoms/om® and a thickness between about 50 nm and
about 1000 nm. Referring to Figure 8, the intrinsic silicon layer may be, for
example, the infrinsic multiplication region 816. Block 508 may include forming a
muoderately doped p-type silicon layer on the intrinsic siticon layer. The moderalely
doped p-type silicon layer may be formed by depositing silicon and implanting p-
type dopants in the deposited silicon, by implanting p-type dopants in the top
portion of intrinsic silicon layer, or the ke, The moderately doped p-lype silicon
layer may have a p-type doping concentration between about 2 x 10V atomsiom®
and about 2 x 10 atoms/cm® and a thickness between about 20 nm and about
100 nm.  In one example, the moderately doped p-type silicon layer may be the
doped charge region 814 of Figure 8.

f0032] Al block 510, the method 500 may include forming a lightly doped p-type
layer on the moderately doped p-type silicon layer. As used herein, the term “lightly
doped” refers to a semiconductor with a concentration of doped atoms no greater
than about 2 x 10%7 atoms/cm?®. The lightly doped p-type tayer may include at least
one of silicon and germanium. For example, the lightly doped p-lype fayer may
include silicon and no germanium, germarsum and no silicon, or baoth silicon and
garmaniunt. The lightly dopead p-type laver may be formed by depositing siiicon or
germanium on the moderately doped p-type silicon layer. The lightly doped p-type
layer may be intrinsic or may include a small amount of doping. The lightly doped
p-type layer may have a p-type doping concentration no greater than about 5 x 10V
atomsfom® {e.q., a p-type doping concentration between about 1 x 10" atomsiem’
and about 5 x 1077 atoms/om? or the like). The lightly doped p-type layer may have
a thickness between about 20 nm and abotd 50 nm. For example, the lightly doped
p-lype layer may be the buffer region 813 of Figure 8.

[0033] Block 512 may include forming a p-type germanium layer in direct contact
with the lightly doped p-type laver. The p-type germanium layer may have a sloped
electric field that prevents a strong electnc field from causing impact ionization



WO 2017/019013 PCT/US2015/042250

10

throughout the p-type doped germanium layer. The lightly doped p-type layer may
impede a strong electric field from extending info the p-type germanium layer {o
further prevent impact onization from occurring in the p-type doped germanium
fayer. The p-type germanium layer may have a p-type doping concentration of at
teast about 8 x 10" atomsfcm® and a thickness between about 50 nm and about 2
pm.  In one example, the p-lype germanium layer may be the doped absorption
region 812 of Figure 8.

[0034] Figure 6is a block diagram of an example of g device 600 o detect aplical
energy. The device 600 may include a doped absorplion region 812 o receive
optical energy and generate free slectrons from the received optical energy. For
example, the optical energy may be absorbed to excite electrons {0 g conduction
band. The doped absorption region 612 may be atl least moderately doped. The
doped absorption region 6§12 may include germanium; a compound semiconductor
that includes combination of indium, gallium, or arsenic; a group 13 element; a
group 15 element; or the like. The doped absorption region 812 may include p-
type or n-lype doping.

[0035] A doped charge region 614 may increase an electric field as the distance
from the doped absorption region increases. The increasing electric field in the
doped charge region 814 may increase a drift velocity of the free electrons until
they reach a saturation velocity. The doped charge region 614 may also prevent a
strong electric field from exlending into the doped absorplion region 812. The
daped charge region 614 may be at least maoderalely doped. The doped charge
region 6§14 may include silicon; a combination of indium, gallium, arsenic,
aluminum, or phosphorous; a group 13 element; a group 15 element; or the like.
The doped charge region 614 may include p-type or n-type doping. The doped
charge region 614 may have the same doping as the doped absorption region 612.
f0036] The device 600 may salso include an intrinsic multiplication region 618 to
generate addiional free electrons from impact jonization of the generated free
glectrons. The ntrnsic mulliplication region may include a strong slectric fisld that
accelerates the free electrons generated from the impact ionization to cause
additional impact ionization and free still more electrons. The infrinsic mutltiplication
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region 616 may include silicon; a combination of indium, gallium, arsenic, or
phosphorous; a group 13 element; a group 15 element; or the tike.

f0037] The device 800 may include a doped contact region 618 o conduct away
the free electrons generated from absorption and the additonal free electrons
generated from impact onization. The doped contact region 618 may also provide
electrons for depleting the doped absorption region 812, the doped charge region
614, and the infrinsic multiplication region 818, The doped contact region 818 may
be at feast moderately doped. The doped contact region 6§18 may include silicon;
a combination of indium, gallium, arsenic, or phosphorous; a group 13 element; a
group 15 element; or the like. The doped contact region 618 may include n-type
of p-iype doping. In some examples, the doped contact region 618 may have the
opposite doping of the doped absorpion region 812 or the doped charge region
614, In various examples, the device 600 may include a waveguide and be built
on a silicon on insylator substrate, may be a pommal incidence device built on a
bulk silicon substrate, may be a backside illuminated device buiit on a bulk silicon
substrate, or the like.

f0038] Figure 7 is a schematic diagram of a cross-section of another example of
a device 700 to detect optical energy. The device 700 may include a doped
absorption region 712. The doped absorption region 712 may absorb optical
energy 720 incident on the doped absorption region 712 and generate free
gtectrons from the absorbed oplical enargy. The oplical energy 720 may pass
through silicon dioxide or another material transparent o the oplical energy 720
before impinging on the doped absorption region 712, The doped absorption
region 712 may be formed as a ring having a diameter between about 10 ym and
about 100 um and a thickness between about 50 nim and about 2 pm. In Figure 7,
the thicknesses of the regions 712, 713, 714, 716, 718 are measured along the
vertical dimension between the top and bottom of the page, and the diameter may
be measured in a direction perpendicular o the veriical dimension. The doped
absorplion region 712 may be at least moderately doped. in one example, the
doped absorption region 712 may include germanium and may have a p-type
doping concentration between about 5§ x 10" atomsfom® and about § x 10"

atoms/cm®.
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f0039] The device 700 may include a buffer region 713 in direct contact with the
doped absorption region 712 and in direct contact with a doped charge region 714.
The buffer region 713 may impede a strong electric field from extending into the
doped absorption region 712. For example, an electric field in the doped charge
region 714 may decrsase as the distance to the buffer region 713 decreases (a.g.,
an electric field resulting when a reverse bias is applied to the device 700). The
electric field may further decrease in the buffer region 713 as the distance to the
doped ahsorplion region 712 decreases. Accordingly, the additional decrease in
the electric field caused by the buffer region 713 may further impede a strong
electric field from occurring in the doped absorption region 712, In an example, the
buffer region may include silicon and may be no more than lightly doped {84g.,
lightly doped silicon, intrinsic sificon, or the like). For example, the buffer region
may have a p-type doping concentration no greater than about 5 x 107 atoms/om®
{e.g., a p-type doping concentration between about 1 x 10°° atoms/cm?® and about
5 x 10V atoms/om?® or the like). The buffer region may have a thickness between
about 20 nm and about 50 nm. In alternate examples, the buffer region may be
moderately or highly doped with a p-type dopant.

{0040] The doped charge region 714 may increase an slectric field as the
distance from the doped absorplion region 712 increases. The doped charge
region 714 may be at least maderately doped. in one example, the doped charge
region 714 may include silicon and may have a p-type doping concentration
batween about 2 x 10Y atoms/om® and about 2 x 10% astoms/om®. The doped
charge region 714 may have a thickness between about 20 nm and about 100 nm.
[0041] The device 700 may include an intrinsic multiptication region 716. The
intrinsic multiplication region 718 may generate addifional free electrons from
impact ionization of the free electrons generated by absorption. Inh an example, the
intrinsic muttiplication region 716 may include silicon and may have a p-type doping
concentration between about 1 x 10%° atoms/om® and abouwt 2 x 10% atoms/em™.
The intrinsic multiphcation region 716 may have a thickness belween about 50 nm
and about 1000 nm. The device 700 may also include a doped contact region 718,
The doped contact region 718 may conduct away the free electrons and the
additional free electrons. In one example, the doped contact region 718 may
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include sificon and may have an ndype doping concentration of about 1 x 10%
atomsiom®. The doped contact region 718 may have a thickness between about
200 nm and about 2 um.

[0042] Figure 8 is a schemaltic diagram of a cross-section of another example of
a device 800 to detect oplical energy. The device 800 may include a doped
absorption region 812, The doped absorption region 812 may receive oplical
energy and generale fres glechrons from the received oplical energy through
absorption. The free electrons may travel to a huffer region 813 that impedes a
strong electric field from extending into the doped sbsorption region 812. The
electrons may travei through the buffer region §13 to a doped charge region 814,
The doped charge region 814 may increase an electnic field as the distance to an
intrinsic mulfiplication region 816 decreases. Some generation of additional
electrons through impact ionization may also occur in the doped charge region 814,
f0043] The inirinsic muiltiplication region 816 may generate additional electrons
through impact ionization of the accelerated electrons. The intrinsic muiltiplication
region 816 may also increase the drift velocity of the electrons generated from
impact ionization and the electrons generated from absorplion 10 cause impact
iorizaton of still more electrons. Thus, the intrinsic muitiptication region 8186 may
multiply the number of free electrons. The free electrons generated from
absorption and the free electrons generated from impact ionization may travel
through the intrinsic multiplication region 818 {0 a doped contact region 818. The
daped contact region 818 may conduct away the free slectrons.

[0044] In the iHlustrated example, the device 800 may include a waveguide 820.
In other examples, the device 800 may be electromagnetically coupled and/or
physically coupled to but not include the waveguide 820. The waveguide 820 may
receive oplical energy from a grating coupler {not shown) coupled to an optical fiber
{not shown) and direct the optical energy to the device 800, The waveguide B20
may be in direct contact with the doped contact region §18 and/or the infrinsic
mutltiplication region 816. The waveguide 820 may include silicon. For example,
the waveguide 820 may include intrinsic silicon. in an example, the waveguide 820
may have a length between about 4 ym and about 100 pm and a width between
about 500 nm and about 10 um. In Figure 8, the waveguide length is measured
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along the horizontal dimension across the page, and the waveguide width is
measured along the dimension into and out of the page {i.e., the dimension
perpendicular to the page). The waveguide 820 may transfer the oplical energy to
the doped absorption region 812 evanescently.

[0048] The above description is Hustralive of various principles and
implementations of the present disclosure. Numerous variations and modifications
will become apparent 1o those skilled in the art once the above disclosure s fully
appreciated. Accordingly, the scope of the present application should be
determined only by the following claims.
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CLAIMS
What is claimed is:
1. A system, compnising:
a wavegquide; and
a photodiode slectromagnetically coupled to the waveguide, the photodiode
including:
a doped germanium region,
a moderately doped silicon region in direct contact with the doped
ganmanium region,
an intringic silicon region in direct contact with the moderately doped
silicon region, and
a highly doped siticon region in direct contact with the intrinsic silicon
region.

2. The system of claim 1, whergin the waveguide is in direct contact with the
highly doped silicon region.

3. The system of claim 1, wherein the doped germanium region includes a p-
type doping concentration of at least about 5 x 107 atoms/eny®.

4. The system of claim 1, wherein the intrinsic silicon region includes a p-type

daping conceniration less than or equal to about 2 % 10 atoms/ony.

5. The system of claim 1, wherein the intrinsic silicon region has a thickness
betwean about 50 nanometers and about 1000 nanometers.

8. A method, comprising:
forming an n-type silicon layer on g substrate;
forming an ntrinsic silicon laver on the n-type silicon layer;
forming a p-lype silicon layer on the intrinsic silicon fayer; and
forming a p-type germanium fayer in dirsct contact with the p-type silicon
fayer.
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7. The method of claim 6, wherein forming the p-type silicon layer comprises:
forming a moderately doped p-type silicon fayer on the intrinsic sificon layer;
and
forming a lightly doped p-type layer on the moderately doped p-type silicon
fayer, wherein the lightly doped p-type layer comprises at least one
of silicon and germanium, and wherein the p-type germanium layer
is in direct contact with the lightly doped p-lype layer.

8. The method of claim 7, wherein the moderately doped p-type silicon layer
has a doping concentration between about 2 x 10V atoms/om® and about 2 x 10
atoms/em?®, and wherein the lightly doped p-type layer has a doping concentration
between about 1 x 10" atoms/cm® and about 5 x 10" atoms/om?,

9. The method of claim 7, wherein forming the lightly doped p-type layer
forming a lightly doped p-type layer with a thickness between about 20 nanometers
and about 50 nanometers, and wherein forming the moderately doped p-iype
sificon layer comprses forming a moderately doped p-lype silicon layer with a
thickness between about 20 nanometers and about 100 nanometers.

16, The method of claim 8, wherein forming the p-lype germanium laver
compriges forming a p-type germanium laver with a thickness between ahout 50

nanomeaters and about 2,000 nanometers.

11. A device, comprising:

a doped absorplion region to receive optical energy and generate free
electrons from the received optical energy;

a doped charge region to increase an electric field;

an intrinsic muldtiplication region to generate additional free slectrons from
impact icnization of the generated free electrons; and

a doped contact region to conduct the free elsctrons and the additional free
glectrons.
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12.  The device of claim 11, further comprising a buffer region in direct contact
with the doped absorption region and the doped charge region, wherein the buffer
region is to impede a strong electric field from extending into the doped absorption

region.

13.  The device of claim 12, wherein the buffer region has a p-lype doping
concentration between about 1 x 10" atoms/om® and about § x 107 atomsfomd,
and wherein the buffer region comprises at least one of silicon and germanium.

14. The device of claim 11, further comprising a silicon waveguide in direct
contact with the doped contact region and the intrinsic muitiplication region.

15, The device of claim 11, wherein the doped absorption region includes a p-
type doping concentration between about 5 x 10" atoms/cm?® and about 5 x 10%
atomsi/cm?®, and wherein the doped absorption region comprises germanium.
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