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(57) Abstract: A method for forming a photodetector device includes forming an insulator layer on a substrate, forming a germa-
nium (Ge) layer on the insulator layer and a portion of the substrate, forming a second insulator layer on the Ge layer, implanting
n-type ions in the Ge layer, patterning the n-type Ge layer, forming a capping insulator layer on the second insulator layer and a
portion of the first insulator layer, heating the device to crystallize the Ge layer resulting in an single crystalline n-type Ge layer,
and forming electrodes €electrically connected to the single crystalline n-type Ge layer.
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GERMANIUM PHOTODETECTOR

TECHNICAL FIELD

The present invention relates to photodetectors.

BACKGROUND

Photodetectors are devicesthat output a current when exposed to alight source. Previous
metal-semiconductor-metal (MSM) junction photodetectors included an intrinsic germanium

(Ge) layer and apair of electrodes.

SUMMARY

According to one embodiment of the present invention, amethod for forming a
photodetector device includes forming an insulator layer on a substrate, forming a
germanium (Ge) layer on the insulator layer and a portion of the substrate, forming a second
insulator layer on the Ge layer, implanting n-type ions in the Ge layer, patterning the n-type
Ge layer, forming a capping insulator layer on the second insulator layer and aportion of the
first insulator layer, heating the device to crystallize the n-type Ge layer resulting in an
single crystalline n-type Ge layer, and forming electrodes electrically connected to the single
crystalline n-type Ge layer.

According to an alternate embodiment of the present invention a method for forming a
photodetector device includes forming an insulator layer on a substrate, forming a
germanium (Ge) layer on the insulator layer and a portion of the substrate, forming a second
insulator layer on the Ge layer, patterning the Ge layer, forming a capping insulator layer on
the second insulator layer and a portion of the first insulator layer, heating the device to
crystallize the Ge layer resulting in an single crystalline Ge layer, implanting n-type ions in
the single crystalline Ge layer, heating the device to activate n-type ions in the single
crystalline Ge layer, and forming electrodes electrically connected to the single crystalline n-

type Ge layer.
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According to another alternate embodiment of the present invention, amethod for forming a
photodetector device includes epitaxially forming an single crystalline n-type Ge layer on a
substrate, forming a first insulator layer on the single crystalline n-type Ge layer, patterning
the single crystalline n-type Ge layer, and forming electrodes electrically connected to the
single crystalline n-type Ge layer.

According to yet another alternate embodiment of the present invention, a method for
forming aphotodetector device includes epitaxially forming an single crystalline Ge layer on
asubstrate, forming afirst insulator layer on the single crystalline Ge layer, implanting n-
type ions in the single crystalline Ge layer to form a single crystalline n-type Ge layer,
activating the n-type ions in the single crystalline Ge layer, and forming electrodes

electrically connected to the single crystalline n-type Ge layer.

According to yet another aternate embodiment of the present invention a photodetector
device comprises a substrate, asingle crystalline n-type doped germanium (Ge) layer grown
on the substrate, an insulator layer deposited on the a single crystalline n-type doped Ge
layer, and apair of electrodes electrically connected to the a single crystalline n-type doped

germanium (Ge) layer.

Additional features and advantages are realized through the techniques of the present
invention. Other embodiments and aspects of the invention are described in detail herein
and are considered apart of the claimed invention. For abetter understanding of the

invention with the advantages and the features, refer to the description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by way of example only, with

reference to the accompanying drawings in which:

FIGS. 1-5 illustrate a side cut-away view of an exemplary method for forming a

photodetector.
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FIGS. 6-10 illustrate side cut-away views of an alternate exemplary method for forming a

photo detector device.

FIGS. 11-12 illustrate side cut-away views of another alternate exemplary method for

forming aphotodetector device.

FIGS. 13-15 illustrate side cut-away views of yet another alternate exemplary method for

forming aphotodetector device.

FIG. 16 illustrates ablock diagram including an exemplary method for forming a device that
is similar to the method described above in FIGS. 1-5.

FIG. 17 illustrates ablock diagram including an exemplary method for forming a device that
is similar to the method described above in FIGS. 6-10.

FIG. 18 illustrates ablock diagram including an exemplary method for forming a device that
is similar to the method described above in FIGS. 11-12.

FIG. 19. illustrates ablock diagram that includes an exemplary method for forming a device
that is similar to the method described above in FIGS. 13-15.

DETAILED DESCRIPTION

Previous photodetectors may have included a layer of intrinsic germanium. The intrinsic
germanium results in ahigh electric field in the photodetector that increases the bandwidth
of the photodetector. Defects in the intrinsic germanium result in the intrinsic germanium
operating as a p-type doped substance (with approximately 104 cm™ of p-type material).
This characteristic of intrinsic germanium results in the majority carrier of the device being
hole with alow hole barrier resulting in an undesirably high dark current for MSM devices.
It is desirable for adevice to include n-type germanium having alow concentration of n-type
doping (greater than 10 cm3) The low concentration of n-type doping alows ahigh
electric field that increases the bandwidth of the device. The methods described below
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result in agermanium that is n-type doped in alow concentration that changes the majority
carrier to electron with ahigh electron barrier and reduces the dark current of the device.

Optimizing the formation of germanide in the device may also reduce dark current.

FIGS. 1-5illustrate a side cut-away view of an exemplary method for forming a
photodetector device. Referring to FIG. 1, aninsulator layer 102 such as, for example, an
oxide or nitride material is patterned on a substrate 100. The substrate may include, for
example, asingle crystaline silicon material such as Si, SiGe, and may be formed as a
silicon wave guide. A layer of germanium (Ge layer) 104 is formed on the insulator layer
102 and the exposed portion of the substrate 100. The Ge layer 104 may include, for
example, amorphous Ge or poly-germanium either of which may be for example intrinsic, p-
type, or counter doped. The Ge layer 104 may be formed by, for example, a chemical vapor
deposition process, aphysical vapor deposition process, or aplasma enhanced chemical
vapor deposition process. An insulator layer 106 is formed on the Ge 104 layer. The

insulator layer 106 may include, for example, a silicon nitride or silicon oxide material.

FIG. 2 illustrates the resultant structure following the patterning and etching of portions of
the insulator layer 106 and Ge layer 104 (of FIG. 1) using, for example, adry etching
process that exposes portions of the insulator layer 102. The Ge layer 104 has been
implanted with n-type ions such as, for example, P, As, or Sbresulting in an n-typed Ge
material 202. The n-typed Ge material 202 may be formed by implantation following the
formation of the Ge layer 104.

FIG. 3illustrates the resultant structure following the formation of an insulator capping layer
302 over the insulator layer 106 (of FIG. 2) and the exposed portions of the insulator layer
102. The insulator capping layer 302 may include, for example, a silicon oxide or silicon
nitride material that may be formed by, for example, alow pressure chemical vapor
deposition (LPCVD) process, or aplasma enhanced chemical vapor deposition (PECVD)

Process.

FIG. 4 illustrates the resultant structure following arapid melting growth (RMG) process
that heats the device resulting in the activation of the n-type ions in the n-typed Ge material
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202 (of FIG. 4) and the crystallization of the n-typed Ge material 202 into a single crystalline
n-type Ge material 402. The RMG process includes, for example, heating the n-typed Ge
material 202 to at least the melting point of the n-typed Ge material 202 (937 °C) for abrief
period (e.g., lessthan 1 second), which melts the material 202. The heating process may
include, for example, arapid therma annealing or a laser annealing process. When the
temperature decreases in the material 202, crystalline orientation of the material 202 aligns
with the orientation of the single crystalline Si substrate 100 asthe material 202 cools and
solidifies. In aternate embodiments, the n-typed Ge material 202 may be formed by
epitaxial growth and in-situ doping of the n-type ions during the epitaxia growth process.

FIG. 5illustrates the resultant structure following the patterning and removal of regions of
the insulator capping layer 302 by, for example, an anisotropic etching process to form a
cavity that exposes portions of the single crystalline n-type Ge material 402. Germanide
regions 502 are formed in the exposed portions of the single crystalline n-type Ge material
402. The germanide regions 502 are formed by forming ametal layer on the exposed
portions of the single crystalline n-type Ge material 402 and heating the device such that
metal diffuses into the single crystalline n-type Ge material 402 forming germanide. The
selection of the metal material, and the temperature used to promote diffusing and sintering
may betailored to optimize properties of the device. For example for a germanide formed
with titanium (Ti), may be diffused into and sintered with Ge at above 300 °C. The higher
temperature used for diffusion and sinter results in ahigher resistivity in the device because
Ti germanide formed at below 450 °C has a higher resistivity than Ti. Different materials
such as, for example, Ni, Pd, Pt, Ta, Cu, W, Co, Zr, and Mo may be used to form a
germanide a avariety of temperatures. By selecting the material and temperatures used for
diffusion and sinter when forming the germanide, the barrier height and contact resistance in
the device may be optimized to meet design specifications. Once the germanide regions 502
are formed, electrodes 504 may be formed on the germanide regions 502 and in the cavity in
the insulator capping layer 302. The electrodes 504 may be formed from, for example,

titanium, copper, or ametalic aloy.

FIGS. 6-10 illustrate side cut-away views of an aternate exemplary method for forming a

photodetector device. The materials and methods used to form the structure of FIG. 6 are
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similar to the methods and materials described above in FIG. 1. Referring to FIG. 6, an
insulator layer 602 such as, for example, an oxide or nitride material is patterned on the
substrate 600. The substrate may include, for example, a single crystalline silicon material
such as Si, SiGe, and may be formed as a silicon wave guide. A Ge layer 604 is formed on
the insulator layer 602 and the exposed portion of the substrate 600. An insulator capping
layer 606 is formed over the layer of Ge 604 and the exposed portions of the insulator layer
602. The insulator capping layer 606 may include, for example, a silicon oxide or silicon

nitride material.

FIG. 7 illustrates the resultant structure following an RMG process that results in the

crystallization of the layer of Ge 604 material into asingle crystalline Ge material 702.

FIG. 8illustrates the resultant structure following the removal of portions insulator capping

layer 606 by, for example, an anisotropic etching process.

FIG. 9A illustrates the resultant structure following the implantation and activation of n-type

ions (of FIG. 7) resulting in asingle crystalline n-type Ge material 902.

Asdiscussed above, defects in the intrinsic germanium result in the intrinsic germanium
operating as a p-type doped substance (with approximately 10 cm™ of p-type material). It
may be desirable to implant alow concentration of n-type ions in the single crystalline
intrinsic Ge material 702 that allows the device to have a high electric field, and thus, an
increased bandwidth. However, if the n-type ions are implanted in an insufficient dose, the
concentration of n-type ions will not overcome concentration the p-type ions. Alternatively,

if the n-type ion concentration istoo high, the device may exhibit undesirable properties.

An exemplary method for implanting and activating alow concentration of n-type ionsis
illustrated by ablock diagram in FIG. 9B. Referring to FIG. 9B, in block 901, alow dose of
n-type ions such as, for example, approximately 101 cm2isimplanted in the single
crystaline Ge material 702 (of FIG. 7) . In block 903, the n-type dopants are activated by
applying heat to the structure. In block 905, the structure may be measured by an analytical

device such as, for example, ahot probe to determine whether the device is an n-type device
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or ap-type device. In block 907, if the device is an n-type device, the implantation and
activation process ends. If the device isnot an n-type device, the process is repeated

beginning in block 901.

FIG. 10 illustrates the resultant structure following the patterning and removal of portions of
the insulator capping layer 606 to form cavities that expose portions of the single crystalline
n-type Ge material 902. Germanide regions 1002 and electrode material 1004 are formed in

asimilar manner as described above in FIG. 5.

FIGS. 11-12 illustrate side cut-away views of another alternate exemplary method for
forming aphotodetector device. Referring to FIG. 11, asingle crystalline n-type Ge material
1102 is epitaxialy grown on asubstrate 1100. The substrate 1100 is similar to the substrate
100 (of FIG. 1). The substrate 1100 may include, for example, a single crystalline silicon
material such as Si, SiGe, and may be formed as a silicon wave guide chip. The single
crystaline n-type Ge material 1102 is doped in-situ with the epitaxy growth. An insulator
capping layer 1104 is formed over the layer of single crystaline n-type Ge material 1102.
The insulator capping layer 1104 may include, for example, a silicon oxide or silicon nitride
material. The insulator capping layer 1104 and single crystalline n-type Ge material 1102
are patterned on the substrate 1100.

FIG. 12 illustrates the resultant structure following the patterning and removal of portions of
the insulator layer 1104 to form cavities that expose portions of the single crystalline n-type
Ge material 1102. Germanide regions 1202 and electrode material 1204 are formed in a

similar manner as described above in FIG. 5.

FIGS. 13-15 illustrate side cut-away views of yet another alternate exemplary method for
forming aphotodetector device. Referring to FIG. 13, asingle crystalline Ge material 1302
is epitaxially grown on asubstrate 1300. The substrate 1300 is similar to the substrate 100
(of FIG. 1).

FIG. 14 illustrates resultant structure following the formation of an insulator layer 1404 that
is formed on the single crystalline Ge material 1302 (of FIG. 13). Once the insulator layer
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1404 is formed, n-type ions are implanted and activated in the single crystalline Ge material
1302 to form a single crystalline n-type Ge material 1402. The implantation and activation

process may include a similar process as described above in FIG. 9B.

FIG. 15 illustrates germanide regions 1502 and electrode material 104 that are formed in a

similar manner as described above in FIG. 5.

FIG. 16 illustrates ablock diagram including an exemplary method 1600 for forming a
device that is similar to the method described above in FIGS. 1-5. In this regard, in block
1602 a Ge layer is deposited and patterned as shown in FIG. 1. Inblock 1604, n-type doping
isperformed either in-situ during growth, or via implantation as shown in FIG. 2. A capping
layer is formed in block 1606 as shown in FIG. 3. In block 1608, RMG and activation of the
n-type ions is performed asillustrated in FIG. 4. Germanide regions are formed in block
1610 asillustrated in FIG. 5. In block 162, electrodes are formed in the device as shown in
FIG. 5.

FIG. 17 illustrates ablock diagram including an exemplary method 1700 for forming a
device that is similar to the method described above in FIGS. 6-10. Inthisregard, a Ge layer
is deposited and patterned in block 1702 asillustrated in FIG. 6. Inblock 1704, a capping
layer is formed asillustrated in FIG. 6. Inblock 1706, RMG isperformed as shown in FIG.
7. The capping layer is etched in block 1708 asillustrated in FIG. 8. N-type doping
implantation and activation is performed in block 1710 and shown in FIG. 9A. In block
1712, germanide regions are formed and in block 1714, electrodes are formed as illustrated
in FIG. 10.

FIG. 18 illustrates ablock diagram including an exemplary method 1800 for forming a
device that is similar to the method described above in FIGS. 11-12. Inthisregard, in block
1802 an in-situ n-type Ge material is epitaxially formed asillustrated in FIG. 11. An
insulating capping layer is formed and patterned in block 1804 as shown in FIG. 11. In
block 1806, germanide regions are formed and in block 1808, electrodes are formed as
illustrated in FIG. 12.
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FIG. 19. illustrates ablock diagram that includes an exemplary method 1900 for forming a
device that is similar to the method described above in FIGS. 13-15. Inthisregard, alayer
of Geis epitaxially formed in block 1902 asillustrated in FIG. 13. In block 1904, an
insulator layer is formed and n-type dopants are implanted and activated in the Ge layer as
illustrated in FIG. 14. In block 1906, the device is patterned, germanide regions are formed
in block 1908, and electrodes are formed in block 1910 asillustrated in FIG. 15.

The terminology used herein is for the purpose of describing particular embodiments only
and is not intended to be limiting of the invention. Asused herein, the singular forms "a",
"an" and "the" are intended to include the plural forms aswell, unless the context clearly
indicates otherwise. It will be further understood that the terms "comprises® and/or
"comprising,” when used in this specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude the presence or
addition of one ore more other features, integers, steps, operations, element components,

and/or groups thereof.

The corresponding structures, materials, acts, and equivalents of all means or step plus
function elements in the claims below are intended to include any structure, material, or act
for performing the function in combination with other claimed elements as specifically
clamed. The description of the present invention has been presented for purposes of
illustration and description, but isnot intended to be exhaustive or limited to the invention in
the form disclosed. Many modifications and variations will be apparent to those of ordinary
skill in the art without departing from the scope and spirit of the invention. The embodiment
was chosen and described in order to best explain the principles of the invention and the
practical application, and to enable others of ordinary skill in the art to understand the
invention for various embodiments with various modifications as are suited to the particular

use contemplated

The diagrams depicted herein arejust one example. There may be many variations to this
diagram or the steps (or operations) described therein without departing from the spirit of the

invention. For instance, the steps may be performed in a differing order or steps may be
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added, deleted or modified. All of these variations are considered a part of the claimed

invention.

While the preferred embodiment to the invention had been described, it will be understood
that those skilled in the art, both now and in the future, may make various improvements and
enhancements which fall within the scope of the claims which follow. These claims should
be construed to maintain the proper protection for the invention first described.
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CLAIMS

1 A method for forming a photodetector device, the method including:
forming an insulator layer on a substrate;

forming a germanium (Ge) layer on the insulator layer and aportion of the substrate;

forming a second insulator layer on the Ge layer;

implanting n-type ions in the Ge layer;

patterning the n-type Ge layer;

forming a capping insulator layer on the second insulator layer and aportion of the
first insulator layer;

heating the device to crystallize the Ge layer resulting in an single crystalline n-type
Ge layer; and

forming electrodes electrically connected to the single crystalline n-type Ge layer.

2. The method of claim 1, wherein the method further includes forming a germanide

material between the electrodes and the single crystalline n-type Ge layer.

3. The method of claim 2, wherein the germanide material is formed by depositing a
layer of metal on an exposed portion of the single crystalline n-type Ge layer and heating the
deviceto diffuse the metal into the single crystaline n-type Ge layer.

4, The method of claim 3, wherein the layer of metal includes titanium, and the device
is heated a atemperature greater than 300 °C.

5. A method for forming a photodetector device, the method including:
forming an insulator layer on a substrate;
forming a germanium (Ge) layer on the insulator layer and aportion of the substrate;
forming a second insulator layer on the Ge layer;
patterning the Ge layer;
forming a capping insulator layer on the second insulator layer and aportion of the

first insulator layer;
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heating the device to crystallize the Ge layer resulting in an single crystalline Ge

layer;
implanting n-type ions in the single crystalline Ge layer;
heating the deviceto activate n-type ions in the single crystalline Ge layer; and
forming electrodes electrically connected to the single crystalline n-type Ge layer.
6. The method of claim 5, wherein the method further includes:

determining whether the device is an n-type device following the heating the device
to activate n-type ions in the single crystalline Ge layer; and

implanting additional n-type ions in the single crystalline Ge layer and heating the
deviceto activate the additional n-type ions in the single crystalline Ge layer responsive to

determining that the device is not an n-type device.

7. The method of claim 5, wherein the method further includes removing a portion of
the capping insulator layer prior to implanting the n-type ions in the Ge layer.

8. The method of claim 5, wherein the method further includes forming a germanide

material between the electrodes and the single crystalline n-type Ge layer.

9. The method of claim 8, wherein the germanide material is formed by depositing a
layer of metal on an exposed portion of the single crystalline n-type Ge layer and heating the
deviceto diffuse the metal into the single crystaline n-type Ge layer.

10.  The method of claim 9, wherein the layer of metal includes titanium, and the device
is heated a atemperature greater than 300 °C.

11. A method for forming a photodetector device, the method including:
epitaxially forming an single crystalline n-type Ge layer on a substrate;
forming afirst insulator layer on the single crystaline n-type Ge layer;
patterning the single crystalline n-type Ge layer; and
forming electrodes electrically connected to the single crystalline n-type Ge layer.
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12. The method of claim 11, wherein the method further includes forming a germanide

material between the electrodes and the single crystalline n-type Ge layer.

13. The method of claim 12, wherein the germanide material is formed by depositing a
layer of metal on an exposed portion of the single crystalline n-type Ge layer and heating the
deviceto diffuse the metal into the single crystaline n-type Ge layer.

14.  The method of claim 13, wherein the layer of metal includes titanium, and the device
is heated a atemperature greater than 300 °C.

15. A method for forming a photodetector device, the method including:

epitaxially forming an single crystalline Ge layer on a substrate;

forming afirst insulator layer on the single crystalline Ge layer;

implanting n-type ions in the single crystalline Ge layer to form asingle crystalline n-
type Ge layer;

activating the n-type ions in the single crystalline Ge layer; and

forming electrodes electrically connected to the single crystalline n-type Ge layer.

16. The method of claim 15, wherein the method further includes forming a germanide

material between the electrodes and the single crystalline n-type Ge layer.

17. The method of claim 16, wherein the germanide material is formed by depositing a
layer of metal on an exposed portion of the single crystalline n-type Ge layer and heating the
deviceto diffuse the metal into the single crystaline n-type Ge layer.

18.  The method of claim 17, wherein the layer of metal includes titanium, and the device
is heated a atemperature between 300 °C and 500 °C.

19. The method of claim 15, wherein the method further includes:
determining whether the device is an n-type device following the activation of the n-

type ions in the single crystalline Ge layer; and
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implanting additional n-type ionsin the single crystalline Ge layer and activating the
additional n-type ions in the single crystalline Ge layer responsive to determining that the

device is not an n-type device.

20. A photodetector device comprises:
a substrate;
asingle crystalline n-type doped germanium (Ge) layer grown on the substrate;
an insulator layer deposited on the asingle crystalline n-type doped Ge layer; and
apair of electrodes electrically connected to the a single crystalline n-type doped
germanium (Ge) layer.
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