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(57) Abstract: A method (500) of forming a multiple layer passivation film (120) on a semiconductor device (100) surface com-
& prises placing (502) a semiconductor device (100) in a chemical vapor deposition reactor (202), introducing (504) a nitrogen source
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a device (100) incorporating the multiple layer passivation film (120) is also described.
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
APPLICATION FOR PATENT

Method For Forming A Multiple Layer Passivation Film And A Device

Incorporating The Same

Inventor: Gary R. Trott

Statement Regarding Federally Sponsored Research or Development
The United States has rights to certain inventions disclosed herein under

Defense Advanced Research Projects Agency (DARPA) contract No. MDA972-
03-3-0004.

Background

Many electronic devices are fabricated by forming layers of material from
various elements of the periodic table. For example, electronic devices such as
photodetectors and heterojunction bipolar transistors are fabricated using various
combinations of what are referred to as III-V semiconductor materials. These
devices are typically formed having one or more p-n junctions or having p-type
doped material and n-type doped material separated by a layer of intrinsic
material. These devices are generally referred to as having a p-i-n junction. For
example, in a photodetector, the intrinsic material forms the depletion region
where light is converted to electron-hole pairs to generate an electrical signal
proportional to the detected light. In some applications, such as in a mesa
photodiode or heterojunction bipolar transistor, the intrinsic material or pn
junctions are exposed at the device surface. These devices are very sensitive to
leakage current in the intrinsic material or at the surfaces of the intrinsic material.

Devices in which the p-n junction is exposed, generally degrade rapidly
due to environmental exposure unless they are enclosed in an expensive hermetic
package. Examples of environment exposure include elevated temperatures in air
during packaging (up to ~300 degrees Celsius) or exposure to humidity during
the course of normal operation. To provide environmental protection, a
passivation layer is often formed over the exposed p-n junction or intrinsic

material to prevent environmental exposure from degrading the performance of
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the device. Unfortunately, the oxide material that is native to the III-V
semiconductor materials is unstable and gives rise to surface defects at the
intrinsic layer-oxide interface when a passivation film using the native III-V
oxide is formed over the intrinsic material layer. The surface defects formed at
the intrinsic layer-oxide interface act as minority carrier recombination sites. The
electron-hole pairs recombine at the minority carrier recombination site, thus
preventing the electrical signal from flowing through the electrical contacts of the
device. Instead, the recombination of the electron-hole pair at the defect site
causes a leakage current to flow in the intrinsic material, thus degrading the
performance of the device. In an HBT, these defects limit the performance of the
transistor by limiting current flow through the junction. In a photodiode the
optical response is reduced because the photogenerated electron-hole pairs do not
flow through the external circuit.

Although passivation coatings have successfully been used in silicon wafer
fabrication processing, the deposition of oxygen, silicon or hydrogen, which are
typical components of a passivation film on a type III-V semiconductor material,

causes defects to form at the semiconductor-passivation layer interface.

Summary of the Invention

The invention provides a method of forming a multiple layer passivation
film on a semiconductor device surface comprising placing a semiconductor
device in a chemical vapor deposition reactor, introducing a nitrogen source into
the reactor, introducing a carbon source into the reactor, depositing a layer of
carbon nitrogen on the semiconductor device surface, introducing a silicon source
into the reactor after the carbon source, and depositing a layer of silicon carbon
nitrogen on the carbon nitrogen layer. The method for forming a multiple layer
passivation film forms a film that environmentally protects the underlying
semiconductor material while minimizing the formation of defects at the
semiconductor-passivation layer interface.

The invention also comprises a semiconductor device comprising a
substrate, a p-type semiconductor material, an intrinsic semiconductor material,
an n-type semiconductor material, metal contacts in electrical contact with the p-

type semiconductor material and the n-type semiconductor material, and a
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multiple layer passivation film over the intrinsic semiconductor material, the

multiple layer passivation film comprising silicon, carbon and nitrogen.

Brief Description of the Drawings

The invention can be better understood with reference to the following
drawings. The components in the drawings are not necessarily to scale, emphasis
instead being placed upon clearly illustrating the principles of the present
invention. Moreover, in the drawings, like reference numerals designate
corresponding parts throughout the several views.

FIGS. 1A, 1B and 1C are schematic diagrams collectively illustrating a
simplified type ITI-V semiconductor photo-sensitive device structure in
accordance with the invention.

FIG. 2 is a schematic diagram illustrating a plasma enhanced chemical
vapor deposition reactor in which the passivation layer can be formed.

FIG. 3 is a graphical view illustrating a process for growing the
passivation layer of FIG. 1C in accordance with the invention.

FIG. 4 is a graphical illustration illustrating an embodiment of the
passivation layer of FIG. 1C in accordance with the invention.

FIG. 5 is a flow chart illustrating an exemplary method for forming the

passivation layer in accordance with the invention.

Detailed Description

Although the embodiments of the method for forming a multiple layer
passivation film and device incorporating the same in accordance with the
invention will be described in the context of forming a passivation film over an
intrinsic semiconductor layer of a mesa photodetector formed using a type III-V
semiconductor material system, the method for forming a multiple layer
passivation film and device incorporating the same is applicable to other
semiconductor material systems and is applicable to transistor devices, such as a
heterojunction bipolar transistor (HBT). For example, the method for forming a
multiple layer passivation film and device incorporating the same is applicable to

devices fabricated using the silicon material system, the germanium material
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system, the gallium nitride material system, the indium phosphide material
system, the gallium arsenide material system, and other material systems.

FIGS. 1A, 1B and 1C are schematic diagrams collectively illustrating a
simplified type III-V semiconductor photo-sensitive device structure. In this
example, the semiconductor device is a photodetector 100. In FIG. 1A, a
substrate 102 is formed using iron doped indium phosphide (Fe: InP). A p-type
or n-type semiconductor layer 104, in this example, indium gallium arsenide
(InGaAs) is formed over the substrate 102. An undoped indium gallium arsenide
intrinsic layer 106 is formed over the semiconductor layer 104 and a p-type or n-
type semiconductor layer 108 of indium gallium arsenide layer is formed over the
intrinsic layer 106. The doping of the semiconductor layer 108 is opposite the
doping of the semiconductor layer 104. A contact layer 112 is formed over the
layer 108. It should be understood that the device structure shown in FIG. 1A is
simplified, in which certain material layers and process steps have been omitted
for clarity.

FIG. 1B is a schematic diagram illustrating the photodetector 100 of FIG.
1A after portions of the contact layer 112, semiconductor layer 108 and intrinsic
layer 106 have been etched down to the surface of the semiconductor layer 104.
An additional contact layer 114 is applied over the layer 104. The structure
shown in FIG. 1B is known to those skilled in the art as a “mesa” photodetector
device structure.

FIG. 1C is a schematic diagram illustrating the mesa device structure of
FIG. 1B. In FIG. 1C, a dielectric multiple layer passivation film 120, is formed
over the exposed surfaces of the semiconductor layer 104 and the intrinsic layer
106. The multiple layer passivation film 120 (also referred to hereafter as
“passivation film 120”), as will be described below, is formed in such a way as to
minimize any defects that may form at the interface of the semiconductor layer
104, the intrinsic layer 106, and the passivation film 120 and provide
environmental protection to those layers.

FIG. 2 is a schematic diagram 200 illustrating a chemical vapor deposition
reactor in which the passivation film 120 can be formed in accordance with the
invention. In this example, the chemical vapor deposition reactor is a plasma-

enhanced chemical vapor deposition (PECVD) reactor 202. However, other
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material processing technologies and devices can be used to form the passivation
film 120 in accordance with embodiments of the invention. The PECVD reactor
202 includes a plurality of ports 212, 214 and 216 through which elemental
sources are introduced to the PECVD reactor 202. For example, a nitrogen
source 206 is introduced through port 212, a carbon source 208 is introduced
through port 214 and a silicon source 210 is introduced through port 216. The
number of sources need not equal the number of ports. A typical nitrogen source
is, for example, nitrogen gas (N3) or ammonia (NH3), a typical carbon source is,
for example, methane (CHy), and a typical silicon source is, for example, silane
(SiHy). The compound sources enter the ports as gasses illustrated using arrows
218. The compound sources flow through the ports 212, 214 and 216 and enter a
radio frequency (RF) plasma field 220, where the compounds are energized and
release reactive species of constituent elements. For example, the ammonia
releases nitrogen ions, the methane releases carbon ions and the silane releases
silicon ions.

The RF plasma is generated by an RF source 232, which is coupled to a
pair of electrodes 222 and 224. When the RF source 232 is energized, a high
energy RF plasma is generated between the electrodes 222 and 224 in the vicinity
indicated at 220. As the source compounds enter the RF plasma field 220,
reactive species are created, and precipitate away from the plasma field 220
towards the surface of the wafer 228. The reactive species are deposited on the
surface of the wafer 228, and form a film 230 as shown. In this example, the film
230 can be the passivation film 120 of FIG. 1C. After deposition, the remaining
gasses are exhausted from the PECVD reactor 202 via the exhaust port 232.

One skilled in the art of deposition systems will understand that there are
other similar methods to deposit films onto III-V materials where the intent is to
minimize the physical damage to the III-V surface. Semiconductor materials
fabricated using the III-V material system become progressively more sensitive
to degradation if the deposition temperature rises beyond 300 degrees Celsius or
if the deposition energy increases. Any kind of remote plasma source or hot wire
catalytic system that decomposes the input source gases could be chosen that
keeps the wafers at sufficiently low temperatures and low deposition energy for

the duration of the deposition. Alternatively, a deposition system using a vacuum
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load lock chamber can also be used to prevent degradation while loading and
unloading the III-V semiconductor wafer. Such a system has process
requirements known to those skilled in the art.

There are multiple choices for source gas materials. Common choices for
the nitrogen source are nitrogen N, or ammonia NH; gas. An alternative for the
silicon source includes, for example, disilane or liquid silane sources such as
Tretra-Ethyl-Ortho-Silicate (TEOS). There are multiple source materials for the
carbon. Alternative sources for carbon include, for example, ethane, butane,
propane, or liquid hydrocarbon sources used in a bubbler with nitrogen (N2) as a
carrier gas. The source of the carbon may even be contamination present on the
walls of the PEVCD reactor 202 or on the surface of the wafer 228, such as
carbon in the photoresist. These sources are examples only. It is also possible to
use sources that are combinations of nitrogen, carbon and silicon.

It is also possible to use solid sources for the silicon, and carbon. In the
case of solid sources a sputtering system or similar method is employed to move
the source material into the gas phase for deposition onto the III-V wafer
material. For example, a sputtering system may be used with a solid silicon
(and/or carbon) source plus a nitrogen source (N2 or NH3) to deposit the multiple
layer passivation film 120. In addition, photoresist or other poly-carbon material
on the wafer or reactor walls can be transferred to the gas phase and be
redeposited on the III-V wafer.

FIG. 3 is a graphical view 300 illustrating a process for growing the
passivation film 120 of FIG. 1C in accordance with the invention. The vertical
axis 302 represents the approximate temperature and flow, in degrees Celsius,
and at which the PECVD reactor 202 (FIG. 2) is operated, and shows the
approximate temperature at which the flow of the sources of nitrogen, carbon and
silicon occur. In this example, the two approximate temperatures at which the
multiple layer passivation film is deposited are approximately 100 degrees
Celsius and approximately 300 degrees Celsius. However, other temperatures are
also possible if, for example, a load lock system is available on the reactor. The
flow of the compound sources is measured in standard cubic centimeters per

minute (sccm) and applies generally to the PECVD reactor 202. Other deposition
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reactors and methods have source material flow rates that are specific to the
particular deposition process and may vary from the flow rates described here.

The horizontal axis 304 represents time in seconds. At a time before to the
flow of the nitrogen source 206 (nitrogen gas) is injtiated. At a time to, the RF
plasma field 220 within the PECVD reactor 202 is energized at the lowest RF
energy power of, in this example, about 10 watts (W). In this example, the flow
of nitrogen gas (N) is begun at approximately 100 degrees Celsius at a flow rate
of approximately 2000 sccm. The flow of nitrogen gas (N3), indicated using trace
306 is continuous. At time t;, which in this example, is approximately 30
seconds from to, the flow of the carbon source 208 (methane), indicated using
trace 308, is initiated at about 100 degrees Celsius, while the flow of the nitrogen
source 206 continues. The flow rate of the carbon source 206 (methane) starts at
0 sccm and is ramped to approximately 210 sccm and stabilized before time t,.

At a later time t,, which in this example in accordance with the invention
is approximately 60 seconds from time to, the flow of the silicon source 210
(silane), which is indicated using trace 310, is initiated at 100 degrees Celsius,
while the flow of the nitrogen source 206 and the carbon source 208 continues.
The flow of the silicon source 210 (silane) at time t, is 0 sccm and the flow of the
silicon source 210 (silane) is ramped to approximately 105 sccm.

In accordance with an embodiment of the invention, only the nitrogen
source 206 is operating when the plasma is initiated. Then, while the nitrogen
source continues to flow, the flow of the carbon source 208 (methane) is initiated,
beginning a period when an insulating dielectric interfacial layer of carbon and
nitrogen (CN) begins to form on the surface of the wafer 228 (FIG. 2). At time
t,, the flow of the silicon source 210 (silane) is initiated. The simultaneous flow
of the nitrogen 306, carbon 308 and silicon 310 occurs within a time and
temperature region 316 that creates an insulating, cover layer of silicon carbon
nitrogen (SCN). The layer of CN deposited approximately between times t; and
t, creates a defect-free interfacial layer covering the surface of the semiconductor.
The defect free surface provided by the interfacial layer provides a surface on
which to continue to grow additional layers of the multiple layer passivation film
120, including a cover layer of SCN or a layer of another environmentally robust

material, not necessarily containing silicon. For example, an aluminum source
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can be introduced after the carbon and nitrogen. The flow rates of the nitrogen,
carbon and silicon sources, the deposition temperature and the RF power levels
mentioned above are for example purposes only and are mentioned to illustrate
typical deposition conditions. Other flow rates and deposition conditions in
accordance with the invention may typically be used.

FIG 3 describes the preferred embodiment of the invention where the
introduction of the carbon source prior to the introduction of the silicon source,
occurs after the nitrogen plasma has been initiated. Variations on the order of the
introduction of the sources also provide reduction of defects on the
semiconductor surface. For example, having the carbon source flowing with the
nitrogen source at t, provides nearly as much benefit as delaying the carbon
source flow with respect to the nitrogen source flow. This occurs when the
carbon source is contamination on the PECVD chamber wall or photoresist on
the semiconductor wafer. Further, if the carbon source is contamination on the
PECVD chamber wall or photoresist on the semiconductor wafer, delaying the
flow of the silicon source is more beneficial than having the silicon source
flowing with the nitrogen source at time to.

The time and temperature region indicated using reference numeral 316 in
FIG. 3 indicates a silicon carbon nitrogen layer being deposited at approximately
100 degrees Celsius and which is approximately 10 to 30 nanometers (nm) thick.
The deposition time is approximately 5 minutes.

In accordance with an embodiment of the invention, the flow 308 of the
carbon source 208 is initiated before initiating the flow 310 of the silicon source
210. The flow of the carbon source is typically stabilized for at least 5-30
seconds prior to the introduction of the silicon source, providing a period when
an insulating dielectric interfacial layer of carbon and nitrogen (CN) forms on the
surface of the wafer. The silicon source is typically introduced no later than
approximately 3-5 minutes after the carbon source has stabilized, and typically
about 15 seconds to 3 minutes after the carbon source has stabilized.

By initiating the flow 308 of the carbon source, prior to the silicon source
310, any defects that might be caused by silicon atoms interacting with the
surface of the semiconductor wafer 228 are reduced. Nitrogen and carbon

plasmas and associated deposited active atom species thereof that form on the
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surface of the semiconductor wafer 228 under low power and low temperature
conditions typically do not cause significant degradation of the device
performance parameters. Therefore, typically no, or negligible, surface damage
occurs. Prior carbon films are not environmentally stable. In the deposition of
silicon active atom species subsequent to the nitrogen and carbon species, the
carbon and nitrogen atoms prevent the silicon atoms from forming defects on the
semiconductor surface, while simultaneously allowing the silicon atoms to begin
to form a stable film.

After an approximately 200 nanometer thick cover layer of silicon carbon
nitrogen (SCN) is deposited at approximately 100 degrees Celsius, at time t3,
which in this example is approximately 5 minutes from time to, the plasma (RF
source 232) is switched off and the flow of the carbon source 208 and the silicon
source 210 is suspended. At this time the temperature in the PECVD reactor 202
is increased to approximately 300 degrees Celsius, while maintaining the flow of
the nitrogen source 206.

After the reactor stabilizes at approximately 300 degrees Celsius and while
the nitrogen source 206 continues flowing, the RF plasma source is reinitiated at
time t; and stabilized for approximately 30 seconds. The flow of the carbon
source 208 is ramped again to approximately 210 sccm at time ts and is allowed
to stabilize. As described above, at a later time ts, which in this example is
approximately 30 seconds from time ts, the flow of the silicon source 210
(silane), which is indicated using trace 310, is ramped again to approximately 105
sccm at 300 degrees Celsius, while the flow of the nitrogen source 206 and the
carbon source 208 continues. At a time period t,, the initial semiconductor
surface is buried beneath the interfacial layer of CN and subsequent layers of
silicon carbon nitrogen film, one deposited at approximately 100 degrees Celsius
and another deposited at approximately 300 degrees Celsius. Alternatively, if the
semiconductor wafer can be loaded into the PECVD reactor 202 at the higher
temperature (in this example, 300 degrees Celsius) without forming defects as a
result of the high temperature loading process, then the interfacial layer of CN
and the cover layer of SCN can be grown at the higher temperature.

After the deposition of the silicon carbon nitrogen film at approximately

300 degrees Celsius, subsequent RF power levels and source gas flows can be
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changed to accomplish a second design function of the passivation film. For
example, the flow of nitrogen 306 can be suspended, thus forming a layer of
silicon carbide over the silicon carbon nitrogen after time t,. Silicon carbide is
well known to be an environmentally robust passivation layer. Changing the RF
power level and source gas flows to deposit silicon dioxide (Si0y), silicon
nitrogen (SiNx) or other films are also possible, depending on the desired design
goals.

FIG. 4 is a graphical illustration 400 illustrating an embodiment of the
passivation layer 120 of FIG. 1C. The indium gallium arsenide intrinsic layer
106 of FIGS. 1A, 1B and 1C is shown for reference. A carbon nitrogen
interfacial layer 402 is formed over the semiconductor 106. The carbon nitrogen
interfacial layer 402 is deposited at a time approximately between time t; and
time t, of FIG. 3 in which only the nitrogen 306 and carbon 308 forms on the
surface of the semiconductor 106. A cover layer 404 of silicon carbon nitrogen,
approximately 1-20 nanometers thick, and preferably about 20 nanometers thick,
is deposited over the carbon nitrogen layer 402. The cover layer 404 is grown at
approximately 100 degrees Celsius during the time and temperature region 316
illustrated in FIG. 3, and generally between time periods t; and t3. In this
embodiment, the SCN of layer 404 buries the interfacial layer 402 and forms a
cover layer on which to continue growing layers of the passivation film 120. The
cover layer 404 is relatively porous when grown at 100 degrees Celsius.

A 100-200 nanometer thick SCN layer 406 is formed over the cover layer
404, and is deposited at a substrate temperature of approximately 300 degrees
Celsius, indicated generally between time periods ts and t, of FIG. 3. The layer
406, which can be referred to as a high temperature cover layer, is substantially
non-porous compared to the layer 404 which is deposited at approximately 100
degrees Celsius. The SCN layer 406 provides superior environmental protection
to the intrinsic layer 106 than does the SCN layer 404. An optional
approximately 100-200 nanometer thick silicon carbide layer 408, or other
material film, can be grown over the layer 406, as described above.

FIG. 5 is a flow chart illustrating an exemplary method for forming the
passivation film 120 of the invention. In block 502, a wafer 228 is loaded into

the PECVD reactor 202 at an approximate temperature of 100 degrees Celsius so
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that no surface defects are created by the loading process. In block 504, flow of
the nitrogen source 204 (nitrogen gas) is initiated and stabilized at a flow rate
appropriate for the deposition system. In this example, the flow rate is
approximately 2000 sccm for approximately 15 seconds to 3 minutes. In block
506, the RF plasma field 220 is energized creating a nitrogen plasma. After a
time period t, the flow of the carbon source 206 (methane) is initiated and
ramped from 0 sccm to a flow rate of approximately 210 sccm as shown in block
508. In block 512, the deposition of carbon nitrogen material begins to occur
over the surface of the wafer 228. In block 514, and corresponding
approximately to time t, of FIG. 3, the flow of the silicon source 210 (silane) is
initiated and ramped from 0 sccm to an approximate flow rate of 105 sccm. In
block 516, silicon carbon nitrogen (SCN) is deposited at approximately 100
degrees Celsius.

[0036] In block 518, the plasma is turned off and the flows of the carbon source
208 and the silicon source 210 are suspended. In block 522, the temperature of
the PECVD reactor 202 is raised to approximately 300 degrees Celsius while the
nitrogen continues flowing and the wafer remains in the chamber. In block 524
the plasma is reinitiated. In block 525, the flow of the carbon source 208 is
reinitiated as described in block 508. In block 526, the flow of the silicon source
210 is reinitiated as described in block 514.

[0037] In block 528, a densified layer of silicon carbon nitrogen (SCN) is
deposited at approximately 300 degrees Celsius. Optionally, in block 532, the
flow of the nitrogen source 206 is suspended, while maintaining the flow of the
carbon source 208 and the silicon source 210, to form a layer of silicon carbide in
block 534 as described above with respect to FIG. 3.

[0038] This disclosure describes the invention in detail using illustrative
embodiments. However, it is to be understood that the invention defined by the

appended claims is not limited to the precise embodiments described.
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Claims

We claim:

1. A method (500) of forming a multiple layer passivation film (120) on a
semiconductor device (100) surface, comprising:

placing (502) a semiconductor device (100) in a deposition reactor (202);

introducing (504) a nitrogen source (206) into the reactor (202);

introducing (508) a carbon source (208) into the reactor (202);

depositing (512) a layer (402) of carbon nitrogen (CN) on the semiconductor
device (100) surface;

introducing (514) an additional source into the reactor (202) after the carbon
source (208); and

depositing (516) an environmentally robust cover layer (406) on the carbon

nitrogen layer (402).

2. The method of claim 1, in which the additional source is a silicon

source (210) and the cover layer (406) is silicon carbon nitrogen (SCN).

3. The method of claim 2, in which the silicon source (210) is introduced

after the carbon source (208) has been depositing for a predetermined amount of time.

4. The method of claim 3, in which the predetermined amount of time is

approximately between 15 seconds and 3 minutes.

5. The method of claim 3, in which the source (206) of the nitrogen is
chosen from nitrogen gas and ammonia, the source (208) of the carbon is chosen from
methane, ethane, butane, propane, and a liquid hydrocarbon source used in a bubbler
with nitrogen (N) as a carrier gas, and the source (210) of the silicon is chosen from
silane and Tretra-Ethyl-Ortho-Silicate (TEOS).

6. The method of claim 3, in which the source (208) of the carbon is
chosen from contamination from a wall of the chemical vapor deposition reactor (202)

chamber walls and the semiconductor device surface (228).

12
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7. The method of claim 3, in which the nitrogen source (206) and the
carbon source (208) form reactive species and form an interfacial layer (402) of
carbon nitrogen on the semiconductor device surface before the silicon source (210) is

introduced.

8. The method of claim 7, in which the nitrogen source (206), the carbon
source (208), and the silicon source (210) form reactive species and form a cover

layer (404) of silicon carbon nitrogen over the semiconductor device surface.

9. The method of claim 8, in which the nitrogen source (206) is
introduced at a flow rate of about 2000 standard cubic centimeters per minute (sccm),
the carbon source (208) is introduced at a flow rate of about 210 sccm and the silicon

source (210) is introduced at a flow rate of about 105 sccm.

10. A semiconductor device (100) comprising:

a substrate (102);

a p-type semiconductor material (104);

an intrinsic semiconductor material (106);

an n-type semiconductor material (108);

metal contacts (112, 114) in electrical contact with the p-type semiconductor
material (104) and the n-type semiconductor material (108); and

a multiple layer passivation film (120) over the intrinsic semiconductor
material (106), the multiple layer passivation film (120) comprising silicon, carbon

and nitrogen.

13
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