
BINDING PROTEIN AND EPITOPE-BLOCKING ELISA FOR THE
UNIVERSAL DETECTION OF H5-SUBTYPE INFLUENZA VIRUSES
Field of the Invention This invention relates to the
development of a specific serological assay for the
detection of antibodies to avian influenza viruses.
More specifically, this invention relates to the
production of monoclonal antibodies which react
strongly with all known subtypes of H5 influenza
virus, but which do not cross-react with non-H5
influenza subtypes, and are used to develop epitope
blocking ELISAs to detect serum antibody and related
binding protein to H5 influenza subtype in humans and
non-human animals. Description of the Background Art
Avian influenza virus (AIV) is a common disease in
birds. The first infection of subtype H5N1 AIV among
poultry was detected in 1996 in a farmed goose in
Guangdong Province, China, and in humans a year later
in Hong Kong [1] . Since then, H5N1 AIV has caused an
outbreak of avian influenza that is spreading to many
regions of the world. The affected areas to date
include Europe, the Middle East and, particularly,
Asia [2] . According to the latest reports from the
World Health Organization (WHO) , there have been a
total of 328 confirmed human H5N1 avian influenza
cases, 200 of which resulted in the death of the
patient. Of the 328 cases, a significant majority (106
cases, 85 deaths) have been reported from Indonesia
[3,4]. According to WHO, the world now is in phase 3
(of 6 ) of a pandemicalert based upon the evolution of
the virus into a strain that is capable of efficient
human to human transmission [5]. In June, 2006, 27 of
33 provinces in Indonesia had reported outbreaks of
H5N1 in poultry, resulting in more than 16 million
poultry deaths from sickness and culling [6] . The
poultry industry has lost millions of dollars to avian
influenza. This loss has affected the incomes of
millions of people whose livelihoods depend on
poultry. These outbreaks of HPAI (H5N1) in poultry,
and now the increasing number of cases in humans, are
a cause for concern. The ability to accurately and
timely detect the presence of the pathogen in the
initial stages of an outbreak will go a long way in
controlling the disease. In addition, it can reduce
indiscriminate use of antibiotics 



and provide the option of using antiviral therapy in a
timely manner. Various methods available for the
diagnosis of influenza include virus isolation,
detection of viral antigens by enzyme-linked
immunoabsorbent assay (ELISA) , molecular detection by
RT-PCR and serological tests. Standard virus-isolation
procedures have the disadvantage of requiring several
days to obtain results, thereby making them of limited
use to a clinician. The disadvantages of RT-PCR
include the high costs involved, the need for
technically proficient staff, likelihood of
contamination and the consequent risk of false
positive results. In addition, PCR primers may require
constant updating because of antigenic drift [7] .
Virus neutralization, hemagglutination inhibition (HI)
, ELISA and immunoblot test are preferred methods for
serological diagnosis. However, neutralization assay
and HI assay are not considered highly sensitive and
necessitate further sub-typing and also are quite
labor-intensive and time-consuming [8,9] and so arenot
ideal for large-scale routine testing of sera. ELISA
has been widely used as a pre-screening tool for
investigating large numbers of samples, but indirect
ELISA systems are commercially available only for
chicken and turkey sera due to the unavailability of
species-specific secondary antibodies of other
species. A further limitation of indirect ELISA is the
need for high antigen purity. The most significant
disadvantage of the indirect ELISA, however, is that
the HA antigen is known to cross-react with the other
subtypes of viruses. As a consequence, the indirect
ELISA is not a dependable method for detection. Most
of these methods not only are cumbersome and labor
intensive but also are time-consuming and include a
risk of obtaining false positive results. A further
limitation of these techniques is that influenza
viruses are segmented genome RNA viruses which are
known to undergo continuous mutations and genetic
re-assortments (antigenic drift) , making it difficult
to detect the virus [10] . In view of the shortcomings
of these conventional assays, and because of the risk
that AIV infection poses to wildlife, domesticated
animals and humans, there is a high need for a new
assay which is rapid, easy to use and specific for the
detection of the H5 subtype of AIV. The 



present invention represents a breakthrough in the
diagnosis and surveillance of H5 subtype of
AIV.Summary of the Invention In accordance with the
present invention, monoclonal antibodies and related
binding proteins specific to influenza H5 subtype HA
protein are provided. The antibodies can be used in
serological diagnosis of influenza H5 infection in
mammalian and avian serum samples, including human
serum samples. More specifically, each antibody can be
used in a highly sensitive and specific
epitope-blocking ELISA to detect influenza H5 subtypes
in humans and other animals. Each antibody strongly
reacts with a wide variety of strains of H5 subtype
and does not show cross-reactivity with non-H5
influenza subtypes. Accordingly, the invention
comprises a binding protein that binds to an epitope
of an H5 subtype of avian influenza virus having
substantially the immunological binding
characteristics of monoclonal antibody 5F8 or
monoclonal antibody 1G5 . The binding protein can be a
monoclonal antibody, antibody fragment, chimeric
antibody or humanized antibody and preferably is a
monoclonal antibody. The invention further comprises a
binding protein which binds to an epitope of AIV H5
hemagglutinin of amino acid sequence CNTKCQTP. The
invention also comprises a binding protein which binds
to an epitope of AIV H5 hemagglutinin of amino acid
sequence IHPLTIGE. In a further aspect, the invention
comprises a method for detecting H5 subtype AIV in a
biological specimen which comprises contacting the
specimen with an antigen which contains an epitope of
an H5 subtype hemagglutinin glycoprotein and
determining whether an antibody in the specimen binds
to the epitope. Preferably the binding determination
is made in an epitope blocking ELISA. Preferably the
epitope of the H5 subtype hemagglutinin glycoprotein
includes the sequence CNTKCQTP or the
sequenceIHPLTIGE. Both the IHPLTIGE and the CNTKCQTP
epitopes exist in all known human H5N1 AIV strains, in
essentially all known chicken H5N1 AIV strains, and in
essentially all known H5N1 strains of other animals
and birds, and are very stable and highly antigenic,
making them very useful for diagnosing H5N1
infections. The invention further is directed to a kit
for detecting H5 subtype AIV infection in a biological
specimen, 



wherein the kit comprises a binding protein that binds
to an epitope of the envelope glycoprotein of an H5
subtype AIV, together with reagents for detecting
binding of the binding protein to the epitope. In a
preferred embodiment, the epitope includes the
sequence CNTKCQTP. In another preferred embodiment,
the epitope includes the sequence HPLTIGECPK. In a
preferred embodiment, the binding protein has
substantially the immunological binding
characteristics of mAb 5F8. In another preferred
embodiment, the binding protein has substantially the
immunological binding characteristics of mAb 1G5.
Brief Description of the Drawings Figures IA - IB.
Characterization of mAb 5F8 by immunofluorescence
assay (IFA) and Western blotting. Figures IA 1-4 show
the recognition of native HAl in H5N1 AlV-infected
MDCK cells and baculovirus expressed rHAl by mAb 5F8
in immunofluorescence assay. The MDCK and Sf- 9 cells
were infected with H5 subtypes and recombinant
baculoviruses, respectively. The control was
H9N2-infected MDCK cells and Sf-9 cells. Figure IB
shows the recognition of H5N1 AIV by MAb 5F8 in
Western blot. The purified AIV H5N1 (lanes 1-9), H5N2
(lane 10) and H5N3 (lane 11) from allantoic fluid were
analyzed by SDS-PAGE and immobilized onto
nitrocellulose membrane. Thenegative control (no
virus), H3N2 (lane 12), H7N1 (lane 13) HA were not
recognized by MAb 5F8, which shows the specificity of
the antibodies to H5 subtypes. Figures 2A, 2B, 2C and
2D. Epitope mapping of the MAb 5F8. Figure 2A shows
the strategy used for the epitope mapping. All of the
indicated fragments from A to E and SFl to SF8 were
expressed as His-fusion proteins. Western blot
analysis shown in Figure 2B of fragments A to E used
MAb 5F8 as the primary antibody. C:rHAl protein was
used as control. Figure 2C shows the results of
Western blot analysis of eight further truncated
peptides (SFl - SF8) which were an extension of
fragment 4 of Figure 2A but truncated in the fragment
5 region and expressed as histidine-fusion peptides.
Figure 2D shows the results of a Western blot analysis
of point mutants also expressed as histidine-fusion
peptides. The analysis was carried out to determine
the amino acid sequence of the epitope for mAb 



5F8. Figures 3A and 3B show the 50% blocking of mAb
binding relative to the CDC/523/H5HA1 epitope or
rH5HAl caused by immunized chicken sera. The results
were expressed as the arithmetic mean of percent
blocking value (n = 5/group + standard error (SE) ).
Figures 4A - 4B. Characterization of mAb 1G5 by
immunofluorescence assay (IFA) and Western blotting.
Figures 4A 1-4 show that mAb 1G5 recognizes native HA
in H5N1 AlV-infected MDCK cells and Sf-9 infected
baculovirus in immunofluorescence assay. The MDCK and
Sf-9 cells were infected with H5 virus or recombinant
H5HA baculovirus, respectively. The control was
H4Nl-infected MDCK cells and Sf-9 cells. Figure 4B
shows the recognition of H5HA by mAb 1G5 in Western
blot. The monoclonal antibody recognized H5HA ineach o
f lanes 1-14. Non-H5 virus in lane 15 was not
recognized b y 1G5, showing the antibody's specificity
to H 5 subtypes. Figures 5A - 5D. Epitope mapping of
iriAb 1G5 . Figure 5A shows the strategy used for the
epitope mapping. All of the indicated fragments from A
to E and SFl to SF8 were expressed a s His-fusion
fragments as in Example 1 . Western blot analysis
shown in Figure 5B of fragments A to E used mAb 1G5 a
s the primary antibody. CrrHAl protein was used as
control. Western blot analyses o f subfragments SFl to
SF8 and o f the point mutants of the final step of the
epitope determination are shown in Figures 5C and 5D,
respectively. Figures 6A and 6B illustrate that mAbs
5F8 and 1G5 specifically react with H 5 subtype.
Figure 6A shows that the antibodies reacted
specifically with 15 different samples o f Indonesian
H5N1 strains; Figure 6B shows the antibodies reacted
specifically with Indonesian H5N1 strains (1-9),
H5N1/PR8 (10); H5N2 (11) and H5N3 (12), but not H4N1 o
r H7N1 (13 and 14, respectively) . Assays were
performed using mAb 5F8, 1G5 or a combination thereof
as capture antibodies and polyclonal anti-H5HAl as the
detector antibody. Figure 7 shows that both mAb 5F8-
and mAb lG5-based antigen capture ELISAs detected 102
TCID50 units o f H5N1 . A n H4Nl-containing assay did
not yield absorbances significantly above background
levels. 



Figure 8 shows 50% blocking of mAb 1G5, relative to
the CDC/523 H5HA1 epitope caused b y human sera from
infected and vaccinated samples (samples 1-10:
infected and recovered serum samples; samples 11-15:
vaccinated human serum samples; sample 16: healthy
human control serum) Figures 9A and 9B show 50%
blocking o f mAb 1G5 binding relative t o the CDC/523
H5HA1 epitope caused by immunized chicken sera. In
Figure 9A, samples 1-14 were H5N1Indonesian strains
immunized chicken serum samples at a 1:30 dilution. In
Figure 9B, samples 1-10 were H5N1 Indonesian strains
immunized chicken serum samples at 1:30 dilution,
samples 11 and 12 were H5 subtype strains and samples
13-17 were non-H5 subtype strains. The results were
expressed as the arithmetic mean of percent blocking
value (n=5/group+S.E. ) Detailed Description of the
Invention The present invention is directed to mAbs
and related binding proteins that bind specifically to
the HAl protein of the H5 subtype of AIV and to the
use of those mAbs and related binding proteins in
epitope blocking ELISAs. The mAb tests positive
against all known Indonesian strains of H5N1 AIV and
other H5 subtypes by IFA and Western blot analysis .
In particular, one such mAb or related antigen-binding
protein possesses the immunological binding
characteristics of mAb 5F8 as produced by hybridoma
5F8, deposited with the American Type Culture
Collection (ATCC) on November 6 , 2007, and assigned
Accession Number PTA-8757. A second such mAb or
related binding protein possesses the immunological
binding characteristics of mAb 1G5 as produced by
hybridoma 1G5, deposited with the ATCC on November 6 ,
2007, and assigned accession number PTA-8756. The
invention further relates to methods for the detection
and diagnosis of H5 subtype AIV infection and assay
kits that comprise the mAbs or binding proteins of the
invention. The commonly available serological assays
for influenza are HI, AGID and microneutralization
assay, but as noted above, these tests have their
drawbacks, and a sensitive and specific serological
assay for the detection of human antibodies toAIV has
been needed. Indirect ELISA for the detection of
antibodies to influenza infection has been suggested
as a sensitive method for the rapid screening of a
large number of samples, but such an assay can require
highly purified 



antigen and may exhibit cross-reactivity among HAs of
different subtypes [18] . This invention further
relates to highly sensitive and specific epitope
blocking ELISAs (EB ELISA) for detecting H5 subtypes.
Various terms are used herein which have the following
meanings : The term Aimmunological binding
characteristics Q of a mAb or related binding protein,
in all of its grammatical forms, refers to the
specificity, affinity and crossreactivity of the mAb
or binding protein for its antigen. The term Abinding
protein refers to a protein that includes the antigen
binding site of a mAb of the present invention or a
mAb having the immunological binding characteristics
of a mAb of the present invention. A monoclonal
antibody having the binding characteristics of mAb 5F8
or mAb 1G5 is prepared by immunizing an animal with
recombinant H5N1 HAO protein. Such an antigen can be
used as immunogen to generate antibodies with the
desired immunological binding characteristics. Such
antibodies include, but are not limited to, monoclonal
antibodies, chimeric antibodies single chain
antibodies, Fab fragments and proteins comprising the
antigen binding sequence of mAb 5F8 or mAb 1G5. MAb
5F8 has been found to recognize a specific epitope,
comprising the amino acid sequence CNTKCQTP, which has
been shown to exist in all H5N1 strains found in
humans and over 99% of all strains from all known
sources, including chickens, identified to date. The
epitope also is shown to be very stable (not subject
to mutations) . The epitope ishighly antigenic, such
that antibodies to the epitope are found in the serum
of essentially any infected individual, which makes
the epitope very reliable in a diagnostic test. MAb
1G5 has been found to recognize a specific epitope,
comprising the sequence IHPLTIGE, which has been shown
to exist in all of the 1288 H5N1 strains from all
sources identified to date. This epitope also is very
stable and highly antigenic, such that antibodies to
the epitope are found in the serum of essentially any
individual, thus making this epitope also very
reliable in a diagnostic test. A monoclonal antibody
of this invention can be obtained by any technique
that provides for the production of 



antibody molecules by continuous cell lines in
culture. Such methods include, but are not limited to,
the hybridoma technique originally developed by Kohler
and Milstein (1975, Nature 256:495-497), as well as
the trioma technique, the human B-cell hybridoma
technique (Kozbor et al., 1983, Immunology Today
4:72), and the EBV-hybridoma technique to produce
human monoclonal antibodies (Cole et al., 1985, in
Monoclonal Antibodies and Cancer Therapy, Alan R .
Liss, Inc., pp. 77-96) . Human antibodies can be used
and can be obtained by using human hybridomas (Cote et
al ., 1983, Proc. Nat=l. Acad. Sci. U.S.A.,
80:2026-2030) or by transforming human B cells with
EBV virus in vitro (Cole et al ., 1985, in Monoclonal
Antibodies and Cancer Therapy, Alan R . Liss, pp.
77-96) . Moreover, techniques developed for the
production of "chimeric antibodies" or "humanized
antibodies" (Morrison et al., 1984, J . Bacteriol.
159-870; Neuberger et al., 1984, Nature 322:604-608;
Takeda et al ., 1985, Nature 314:452-454) by
introducing sequences from a murine antibody molecule
of the present invention, together with genes from a
human antibody molecule of appropriate biological
activity, can be used. Chimeric antibodies are those
that contain a human Fc portion and a murine (or other
non-human) Fv portion.Humanized antibodies are those
in which the murine (or other non-human)
complementarity determining regions (CDR) are
incorporated into a human antibody. Both chimeric and
humanized antibodies are monoclonal. Such human or
humanized chimeric antibodies are preferred for use in
in vivo diagnosis or therapy of human diseases or
disorders. An additional embodiment of the invention
utilizes the techniques described for the construction
of Fab expression libraries (Huse et al., 1989,
Science 246: 1275-1281) to allow rapid and easy
identification of monoclonal Fab fragments with the
desired specificity for an antibody of the present
invention, or its derivatives, or analogs. Antibody
fragments that contain the idiotype of the antibody
molecule can be generated by known techniques. For
examples, such fragments include, but are not limited
to, the F(ab=) 2 fragment which can be produced by
pepsin digestion of the antibody molecule; the Fab=
fragments which can be generated by reducing the
disulfide bridges of the F(ab=) 2 fragment, and the
Fab fragments which can be generated by treating the
antibody molecule with papain and 



a reducing agent. Such antibody fragments can be
generated from any of the polyclonal or monoclonal
antibodies of the invention. In the production of
antibodies, screening for the desired antibody can be
accomplished by techniques known in the art, e.g.,
radioimmunoassay, ELISA (enzyme-linked immunosorbent
assay), "sandwich" immunoassays, immunoradiometric
assays, gel diffusion precipitin reactions,
immunodiffusion assays, in situ immunoassays (using
colloidal gold, enzyme or radioisotope labels, for
example) , western blots, precipitation reactions,
agglutination assays (e.g., gel agglutination assays,
hemagglutination assays) , immunofluorescence assays
and Immunoelectrophoresis assays, etc. In one
embodiment,antibody binding is detected by detecting a
label on the primary antibody. In another embodiment,
the primary antibody is detected by detecting binding
of a secondary antibody or other reagent to the
primary antibody. In a further embodiment, the
secondary antibody is labeled. Means are known in the
art for detecting binding in an immunoassay and are
within the scope of the present invention. The 5F8
binding protein of the present invention, as discussed
below, has been found to recognize an epitope of H5N1
HA having the amino acid sequence CNTKCQTP. This
epitope has been found to be highly conserved in all
human and essentially all chicken influenza H5
subtypes, as well as in the great majority of
influenza H5 subtype of other species of animals and
birds. Specifically, of the 1288 influenza A H5N1 HA
strains available in the NCBI Database, 99.61% (1283)
contain the CNTKCQTP sequence. Of these 1288 strains,
280 are human H5N1 strains, and all of them contain
this sequence. In addition, of 427 chicken H5N1
strains, all but one contain the CNTKCQTP sequence. In
total, only 5 of the non-human H5 strains contained a
variation of the CNTKCQTP sequence: 1 H5 strain
obtained from a duck had the sequence CNTRCQTP, 1
strain obtained from a goose had the sequence
CNTRCQTP, and 2 strains obtained from chickens had the
sequence CNTKCQTL or CNAKCQTP. A total of 427 strains
from chicken, 5 strains from herons, 189 strains from
ducks and 62 strains from geese were tested. The
epitope also was found to be highly conserved in such
species as turkeys, 



mallards, pigeons, great barbets, green pea fowl,
peacocks, tree sparrows, peregrine falcons,
black-headed gulls, golden pheasants, eagle owls,
partridges, whooper swans, ostriches, house crows,
magpies, sparrows and mynas. The 1G5 binding protein
of the present invention, as discussed below, has been
found to recognize an epitope ofH5N1 HA having the
amino acid sequence IHPLTIGE. This epitope has been
found to be highly conserved in all human influenza H5
subtypes as well as in all influenza H5 subtypes of
other species known to date. The foregoing antibodies
can be used in methods known in the art relating to
the detection or localization of the H5 subtype of
AIV, e.g. Western blotting, ELISA, radioimmunoassay,
immunofluorescence assay, immunohistological assay,
and the like. In addition, in a preferred embodiment,
the antibodies can be used in an epitope blocking
ELISA as discussed in more detail below. These assays
provide for the qualitative and quantitative
determination of the H5 subtype of AIV and for the
diagnosis and surveillance of animals or humans
infected with the virus. The present invention also
includes assay and test kits for the qualitative
and/or quantitative detection of the H5 subtype of
AIV. Such assay systems and test kits can comprise a
labeled component prepared, e.g., by labeling the mAb
or related binding protein of the present invention or
a binding partner thereof. The assay or test kits
further can comprise reagents, diluents and
instructions for use, as is well known to those
skilled in the immunoassay techniques . In certain
embodiments of the invention, such kits will contain
at least the mAb or related binding protein of the
invention, components for detecting immunospecific
binding of the mAb or related binding protein to AIV
in a biological sample, and instructions for use,
depending upon the method selected, such as epitope
blocking, competitive, sandwich, and the like. The
kits also can contain positive and negative controls.
They can be configured to be used with automated
analyzers or automated immunohistochemical slide
staining instruments. An assay kit further can
comprise a second antibody or binding protein that can
be labeled or provided forattachment to a solid
support (or attached to a solid support) . Such an
antibody or binding protein can be, for example, one
which binds to AIV. Such second antibodies or 



binding proteins can be polyclonal or monoclonal
antibodies. A preferred kit is one to be used in an
epitope blocking ELISA. Such a kit comprises a mAb or
related binding protein which binds to epitope
CNTKCQTP or to epitope IHPLTIGE of the HAl envelope
glycoprotein of an H5 subtype of AIV, the HAl
glycoprotein or a portion thereof comprising the amino
acids of the epitope and reagents for detecting
binding of said binding protein to said epitope.
Monoclonal antibodies to H5 subtype hemagglutination
protein can be prepared by immunizing animals with AIV
or H5 protein or fragments thereof. A preferred method
involves amplification of the H5 subtype HAO gene,
followed by expression of the gene, recovery and
purification of H5 recombinant proteins and use of the
proteins as immunogens. For example, H5N1 AIV is
propagated by inoculation of chicken embryos with
available strains of the virus, followed by isolation
of the viral RNA. The HAO gene is amplified from cDNA,
cloned into bacteria and then expressed. The proteins
so produced can be used to immunize mice or other
suitable species for production of hybridomas.
Hybridomas are screened for their ability to stably
produce high affinity mAbs that are capable of
specifically binding to H5 protein and distinguishing
them from other AIV subtypes. In accordance with this
invention, one immunoglobulin mAb, a mAb determined to
be of IgM isotype and designated 5F8, has been found
to be strongly positive for Indonesian H5 subtypes
strains known, as well as for other H5 strains, and to
show no cross-reaction with any other subtypes tested,
including H7N1, H3N2, H4N2 and H9N2 . In a second
embodiment of this invention, another mAb, determined
to be of isotype IGM and designated 1G5, also hasbeen
found to be strongly positive for Indonesian H5
subtype strains known, as well as for other H5
subtypes, and to show no cross-reaction with any other
subtypes tested, including H7N1, H3N2, H4N2 and H9N2 .
Both mAb 5F8 and 1G5 recognize linear epitopes of H5N1
hemagglutinin. The strength of mAb 5F8 is greater when
the two antibodies are used at the same concentration.
The separate linear epitopes recognized by the two
antibodies increases the sensitivity for detecting the
H5 antigen. The epitope recognized by mAb 5F8 is a
universal epitope and, as discussed above, the eight
amino acids of that epitope are 



present in all known human and almost all of the total
1288 known H5N1 influenza A sequences currently
available in the gene bank. The 1G5 mAb recognizes an
eight amino acid epitope present in all human
influenza H5 subtypes as well as in all H5 subtype
strains from other species currently known and
available in the gene bank. The distance between the
two epitopes (amino acids 290-297 and amino acids 310-
317) allows for high affinity for antigen binding and
detection. This invention provides a convenient,
highly specific and sensitive means for detecting H5
subtype AIV. One such means is an epitope blocking
ELISA (EB ELISA) . In an EB ELISA, specific antibodies
from positive sera inhibit a selected mAb from
recognizing its specific epitope such that color
development is inhibited when a color-producing
reagent which binds to the selected mAb is added to
the sample. Negative sera, however, allow a strong
color reaction. The assay depends on the ability of H5
influenza antibodies present in the biological sample
to block binding of a selected H5 HAl mAb to H5N1
influenza antigen or recombinant antigen adsorbed on a
micro titer plate. More specifically, in an EB ELISA
of this invention, ELISA plates are coated with an
optimal concentration of recombinant HAlor an
inactivated H5N1 strain in a coating buffer. An
optimal concentration can be determined by using a
checkerboard titration by two dimensional serial
dilution of coating antigen and a known positive
antibody and selecting the most favorable
concentration which gives maximal optical density
(O.D.) value in the ELISA reading. Test sera samples
are added to each well of the coated plates and
incubated, washed and then incubated with mAb 5F8 or
1G5 supernatant. Plates are washed again and the bound
mAb is detected by the addition of diluted horseradish
peroxidase (HRP) -labeled antibody, such as an
HRP-labeled rabbit antimouse antibody, which binds to
the mAb 5F8 or 1G5 . The plates are washed and then
incubated with 3,3 ',5,5'- tetramethyl benzidine or
other color-producing reagent, such as 2 ,2-Azino-bis
(3-ethylbenzothiazoline-6-sulf onic acid or
o-phenylenediamine dihydrochloride. The reaction is
stopped and the color development read. The percent
inhibition of the colorimetric reaction caused by
antibodies in the sample which block the binding of
the 5F8 or 1G5 mAb to the antigen 



is calculated for each serum sample. The epitope
blocking ELISA provides a convenient, highly specific
and sensitive means for detecting H5 subtype AIV. This
preferred detection method enables the detection of HA
antigen from various H5 subtype strains of AIV without
cross-reaction from other AIV subtypes. The EB ELISA
can detect lower levels of antibody than can be
consistently detected in other tests. The strong
reactivity of mAb 5F8 and mAb 1G5 also means that the
antibodies can be used in antigen capture ELISAs (AC
ELISAs) in which the antigen can be detected from live
viruses or inactivated or lysed viruses in clinical
samples. AC-ELISA can be a rapid, reliable and
economical method for the detection of H5 antigen and
can be used to detect H5HA antigens from both poultry
and human isolates of H5N1.The H5-subtype mAbs of this
invention thus are highly advantageous diagnostic
tools. A s noted above, they are highly specific for
the infectious H5N1 subtype AIV. This specificity has
been verified in an assortment of H5N1- infected
tissue specimens obtained from various sources. Such
highly specific monoclonal antibodies represent a
clear advantage for H5N1 diagnosis. The inAbs can be
used in a safe and convenient diagnostic test for the
detection of H5 AIV. The following examples are
provided to illustrate the present invention and are
not to be construed as limiting. Example 1 I .
Experimental Viruses Twenty four isolates of
Indonesian H5N1 influenza strains used in this study
and listed in Table 1 below (entries 1-24) were
obtained from the National Institute of Health,
Research and Development, Indonesia. Other H5 and
non-H5 subtypes were provided by the Agri-Food and
Veterinary Authority (AVA) of Singapore (entries 25-31
of Table 1 ) .Table 1 . The avian influenza viruses
used in this experimentPhotodetector with
valence-mending adsorbate region and a method of
fabrication thereof Technical Field [0001] Embodiments
relate to a photodetector and a method of fabrication
thereof. Background 



[0002] Germanium-on-SOI (semiconductor on insulator),
or commonly abbreviated as Ge-on-SOI, is commonly used
in near-infrared photo-detection applications due to
Ge-on-SOI integration compatibility with existing CMOS
technology, and large absorption coefficient p-i-n Ge
photodetectors exhibit good responsivity and quantum
efficiency for optical absorption at a wavelength l of
850 nm with potential for longer wavelength Z,-band
photo-detection {l = 1561- 1620 nm). In a conventional
photodetector, a metal-semiconductor-metal (MSM)
structure is utilised to leverage on the advantage of
low junction capacitance and ease of process
integration. [0003] However, high dark current
observed in a MSM photodetector causes the
photodetector to have a poor signal-to-noise ratio,
which is further aggravated when a narrow bandgap
material such as Ge is employed for the active
photodetector region, where high dark current is
predominantly attributed to low Schottky barrier
height. The low hole Schottky barrier is due to strong
Fermi level pinning at the
electrode(metal)/photodetector(Ge) interface at a
charge neutrality level, which shows little dependence
on the choice of metal work function employed. For
instance, a germanium MSM photodetector integrated in
a SOI rib waveguide may have a high dark current
performance in the order of 150 mA for a given applied
bias of I V. [0004] One conventional device suppresses
dark current by introducing a large band gap energy
material, such as a thin film of amorphous-Si or
amorphous-Ge, that is continuous at the interface
between an electrode and the semiconductor. Using
amorphous-Si or amorphous-Ge as barrier materials
increase parasitic resistance, leading to a compromise
in the photocurrent.[0005] It would be desired to have
a photodetector that reduces the dark current
phenomena without at least some of the deficiencies
mentioned above. Summary [0006] In an embodiment, a
photodetector is provided, including a detector
region, a first contact region forming an interface
with the detector region, and a first valence mending
adsorbate region between the first contact region and
the detector region. [0007] In another embodiment,
there is provided a method of forming a photodetector.
The method may include forming a detector region,
forming a first contact region as an interface with
the detector region, and a first valence mending
adsorbate region between the first contact region and
the detector region. [0008] In yet another embodiment,
there is provided a photodetector including a detector
region, a first contact region, and a first valence
mending adsorbate region forming an interface between
the detector region and the first contact region,
wherein the first valence mending adsorbate region
passivates dangling bonds between the first contact
region and the detector region. Brief Description Of
The Drawings [0009] In the drawings, like reference
characters generally refer to the same parts 



throughout the different views. The drawings are not
necessarily to scale, emphasis instead generally being
placed upon illustrating the principles of various
embodiments. In the following description, various
embodiments are described with reference to the
following drawings, in which: [0010] Figure 1 shows a
scanning electron microscopy (SEM) image of a
photodetector built in accordance with an embodiment.
[0011] Figure 2 shows a cross-sectional view of a
photodetector built in accordance with an embodiment.
[0012] Figure 3A shows a cross-sectional view of a
photodetector without a valence mending adsorbate
region.[0013] Figure 3B shows a band gap diagram for a
photodetector without a valence mending adsorbate
region. [0014] Figure 3C shows a cross-sectional view
of a photodetector built in accordance with an
embodiment. [0015] Figure 3D shows a band gap diagram
for a photodetector built in accordance with an
embodiment. [0016] Figure 4 shows a photodetector
built in accordance with an embodiment. [0017] Figure
5 shows a flow chart of a fabrication process to
manufacture a photodetector built in accordance with
an embodiment. [0018] Figures 6A to 6F show
cross-sectional views of several fabrication stages of
a photodetector according to an embodiment. [0019]
Figures 7A and 7B show high resolution transmission
electron microscopy (HRTEM) images of a NiGe/Ge
junction in a photodetector built in accordance with
an embodiment. [0020] Figure 7C shows a
secondary-ion-mass spectroscopy (SIMS) depth profile
of a sulfur-segregated NiGe Schottky contact of a
photodetector built in accordance with an embodiment.
[0021] Figure 8 is a plot of room-temperature
current-voltage (I-V) curves. [0022] Figures 9A and 9B
are plots of current versus applied voltage VA [0023]
Figure 10 is a plot of response (dB) versus frequency
(Hz) for a photodetector built in accordance with an
embodiment. Detailed Description [0024] While
embodiments have been particularly shown and described
with reference to specific embodiments, it should be
understood by those skilled in the art that various
changes in form and detail may be made therein without
departing from the spirit and scope of the invention
as defined by the appended claims. The scope of the
invention is thus indicated by the appended claims and
all changes which come within the meaning and range of
equivalency of the claims are therefore intended to be
embraced. It will be appreciated that common numerals,
used in the relevant drawings, refer to components
that serve a similar or the same purpose.[0025] Figure
1 shows a scanning electron microscopy (SEM) image of
a photodetector 100 built in accordance with an
embodiment. [0026] From Figure 1, it can be observed
that the photodetector 100 includes a 



first electrode 216 and a second electrode 214, both
disposed above a passivation layer 210. In the
embodiment shown, the photodetector 100 has an
effective diameter f of around 32 mm and a finger
spacing S of around 2.0 mm. [0027] Figure 2 shows a
cross-sectional view, taken along line A-A' of Figure
1, of the photodetector 100 built in accordance with
an embodiment. [0028] The photodetector 100 includes a
bulk substrate layer 201; a detector region 212;
isolation regions 208a and 208b; the passivation layer
210; a first contact region 220; a second contact
region 218; a first valence mending adsorbate region
215; the first electrode 216; and the second electrode
214. [0029] The first contact region 220 forms an
interface with the detector region 212, wherein the
first valence mending adsorbate region 215 is disposed
between the first contact region 220 and the detector
region 212. Similarly, the second contact region 218
forms an interface with the detector region 212. In
another embodiment (see Figure 3C), a second valence
mending adsorbate region (compare reference numeral
317) is disposed between the second contact region and
the detector region. [0030] In the embodiment shown in
Figure 2, the first contact region 220 forms the
interface with the detector region 212 by being in
contact with the detector region 212 so that the upper
surface of the first contact region 220 is flush with
the upper surface of the detector region 212. This
allows the first electrode 216 to directly contact the
upper surface of the first contact region 220. hi
another embodiment (not shown), both the first contact
region and the first valence mending adsorbate region
are formed within or embedded inside the detector
region. [0031] It will be appreciated that in another
embodiment (not shown), the first contact region may
be disposed above the detector region. The first
valence mending adsorbate region may be disposed
between the detector region and the first contact
region so that the upper surface of the first valence
mending region is flush with the upper surface of the
detector region.[0032] Returning to the embodiment
shown in Figure 2, the second contact region 218 forms
an interface with the detector region 212 by being in
contact with the detector region 212 so that the upper
surface of the second contact region 218 is flush with
the upper surface of the detector region 212. This
allows the second electrode 214 to directly contact
the upper surface of the second contact region 218. In
addition, the second contact region 218 is
electrically isolated from the first contact region
220 by the portion of the detector region 212
therebetween. In another embodiment (not shown), both
the second contact region and the second valence
mending adsorbate region are formed within or embedded
inside the detector region. [0033] Turning to Figure
3C, which shows another embodiment of a photodetector
300 built in accordance with an embodiment, a second
contact region 318 may be disposed above the detector
region 312. A second valence mending adsorbate region
317 may be disposed between the detector region 312
and the second contact region 318 so that the upper
surface of the second valence mending 



adsorbate region 317 is flush or substantially flush
with the upper surface of the detector region 312.
[0034] The second valence mending adsorbate region 317
effectively passivates dangling bonds at the interface
between the second contact region 318 and the detector
region 312. Similarly, with reference to Figure 2, the
first valence mending adsorbate region 215 effectively
passivates dangling bonds at the interface between the
first contact region 220 and the detector region 212.
[0035] In one embodiment (not shown), the passivation
layer may be disposed above the detector region. The
passivation layer only has a first trench, wherein
both a first contact region and a first valence
mending adsorbate region are disposed in the first
trench. [0036] In another embodiment (not shown), the
passivation layer may be disposed above the detector
region. The passivation layer has a first trench and a
second trench, so that the region of the passivation
layer between the first trench and the second trench
is discontinuous from the remainder of the passivation
layer. Both the first contact region and the first
valence mending adsorbate region are disposedin the
first trench. On the other hand, both the second
contact region and the second valence mending
adsorbate region are disposed in the second trench.
[0037] Returning to the embodiment shown in Figure 2,
the detector region 212 may be disposed above the bulk
substrate layer 201, while the isolation regions 208a
and 208b are disposed above the bulk substrate layer
201 and adjacent to opposing edges of the detector
region 212. [0038] The passivation layer 210 is
disposed above the detector region 212. The
passivation layer 210 has a first trench 212a and a
second trench 212b. The region of the passivation
layer 210 between the first trench 212a and the second
trench 212b is discontinuous from the remainder of the
passivation layer 210. Both the first contact region
220 and the first valence mending adsorbate region 215
are disposed in the first trench 212a. The second
contact region 218 is disposed in the second trench
212b. [0039] The first trench 212a and the second
trench 212b define openings within the passivation
layer 210 to portions of the detector region 212 at
the base of the first trench 212a and the second
trench 212b. Within these openings, the first contact
region 220 forms an interface with the detector region
212, while the second contact region 218 forms an
interface with the detector region 212. As mentioned
above, the second contact region 218 is electrically
isolated from the first contact region 220 by the
region of the detector region 212 therebetween (i.e.
in between the first contact region 220 and the second
contact region 218). [0040] It will be appreciated
that the bulk substrate layer 201 further includes an
isolation layer/buried oxide layer (see reference
numeral 404 in Figure 4) and a waveguide layer (see
reference numeral 406 in Figure 4). The waveguide
layer is below the detector region 212, i.e. the
detector region 212 is disposed above the waveguide
layer, so that the isolation regions 208a and 208b are
disposed above the 



waveguide layer and adjacent to opposing edges of the
detector region 212. The waveguide layer is disposed
above the isolation layer/buried oxide layer (see
Figure 4). [0041] In another embodiment (see Figure
4), the photodetector 100 may further include a buffer
layer (compare reference numeral 422 in Figure 4) and
a compliantlayer (compare reference numeral 424 in
Figure 4). The compliant layer is disposed above the
waveguide layer, while the buffer layer is disposed
above the compliant layer. The detector region 212 is
disposed above the buffer layer. Thus, the buffer
layer is disposed between the detector region and the
waveguide layer, while the compliant layer is disposed
between the buffer layer and the waveguide layer 206.
[0042] In the embodiment shown in Figure 2 the first
electrode 216 is disposed above the first contact
region 220 and is in contact with the first trench
212a. Similarly, the second electrode 216 is disposed
above the second contact region 218 and in contact
with the second trench 212b. [0043] The first valence
mending adsorbate region 215 is a segregated region at
the interface between the first contact region 220 and
the detector region 212. Similarly, in the embodiment
(see Figure 3C) where the second valence mending
adsorbate region is present, the second valence
mending adsorbate region is a segregated region at the
interface between the second contact region 218 and
the detector region 212. [0044] The valence mending
adsorbate regions enable Schottky barrier height
modulation. In Figure 2, where nickel germanide (NiGe)
is used for the first contact region 220 and germanium
(Ge) is used for the detector region 212,
co-implantation and segregation of sulfur as the
valence mending absorbate region 215 at the NiGe/Ge
interface allows the Fermi level of germanide to be
pinned close to the conduction band edge. This results
in a modulation of hole Schottky barrier height,
leading to a dark current suppression of more than 3
orders of magnitude over a conventional
metal-semiconductor-metal (MSM) photodetector (i.e. a
photodetector without the valence mending absorbate
region 215). When operated at a bias voltage VA of 1.0
V, a photodetector 100 with an area of 804 mm2 shows a
spectra response of around 0.36 A/W or a corresponding
quantum efficiency of around 34%. In addition, a
frequency response measurement reveals the achievement
of an around -3dB bandwidth of around 15 GHz at an
illumination photon wavelength of 1550 nm. [0045] The
approach of using a valence mending adsorbate as a
segregation region at the interface between the first
or second contact regions (220, 218) and thedetector
region 212 allows local engineering of the hole
Schottky barrier through selective implantation
without affecting the optical properties of the
detector region 212. Compared with conventional
photodetectors, the contact resistance experienced by
the electrodes 216 and 214 is lower which results in
improved carrier collection frequency and a lower dark
current for a reverse biasing voltage. [0046] Figures
3A to 3D illustrate how a band gap diagram 340 for the
photodetector 300 built in accordance with an
embodiment of the invention is 



affected when compared to a band gap diagram 390 for a
photodetector 350 without a valence mending adsorbate
region. [0047] Figure 3A shows a cross-sectional view
of the photodetector 350 without a valence mending
adsorbate region. [0048] The photodetector 350
includes a waveguide layer 356; a detector region 362;
an isolation region 358a; a passivation layer 360; a
second contact region 368; a buffer layer 372; and a
second electrode 364. [0049] The second contact region
368 forms an interface with the detector region 362.
The buffer layer 372 is disposed above the waveguide
layer 356, while the detector region 362 is disposed
above the buffer layer 372. The isolation region 358a
is disposed above the waveguide layer 356 and adjacent
to an opposing edge of the detector region 362. The
passivation layer 360 is disposed above the isolation
region 358a and the detector region 362. [0050] The
second electrode 364 includes at least a first
conductive material 364a and a second conductive
material 364b, wherein it is the first conductive
material 364a that is in contact with both the second
contact region 368 and a second trench 362b formed in
the passivation layer 360. [0051] The photodetector
350 can be represented by two back-to-back Schottky
diodes. In the absence of image force lowering
effects, the Ge photo-detection region 362 between the
second electrode 364 and the waveguide layer 356 will
be totally depleted under high applied bias. The total
dark current J totai flowing through the photodetector
602 can then be described by the following expression:
/ - T A- T - A*T 2 P ~ q Fhh l k t A*T 2P q Fb*l k t J
Total - J p + J n - L p I + b \where Jp (Jn) is the
hole (electron) current injected from the anode
(cathode), and Ap * (An*) is the Richardson's constant
for hole (electron). Both the hole current and
electron current are observed to contribute to the
dark current in the photodetector 350, which exhibit a
strong dependence on the Schottky barrier for hole
(fbh) and electron (fbe), respectively. According to
the Schottky-Mott theory on ideal metalsemiconductor
system, the Schotkky barrier height (f ) can be
determined from the difference of the metal work
function (f ) and the electron affinity of the
semiconductor (cs), i.e. f - fm- Xs- However, in
practice, the presence of interface states has been
shown to result in the Schottky barrier height being
less dependent on the metal work function. Strong
Fermi level pinning feature of the second electrode
364 and the detector 362 junction contributes to a
high electron Schottky barrier fbe 380, and thus
leading to low hole Schottky barrier fbh 382 of around
0.1 eV. As a consequence, the hole current dominates
over the electron current in affecting the dark
current of the MSM (metal semiconductor metal)
photodetector 350, as schematically illustrated by the
band diagram 390 in Figure 3B, which is taken along
line A-A' of Figure 3A. [0052] Figure 3C shows a
cross-sectional view of the photodetector 300 built in
accordance with an embodiment. 



[0053] The photodetector 300 includes a waveguide
layer 306; a detector region 312; an isolation region
308a; a passivation layer 310; a second contact region
318; a buffer layer 322; a second valence mending
adsorbate region 317; and a second electrode 314.
[0054] The second contact region 318 forms an
interface with the detector region 312, wherein the
second valence mending adsorbate region 317 is
disposed between the second contact region 318 and the
detector region 312. In the embodiment shown in Figure
3C, the second contact region 318 forms the interface
with the detector region 312 by being in contact with
the detector region 312 so that the upper surface of
the second contact region 318 is flush or
substantially flush with the upper surface of the
detector region 312.[0055] The buffer layer 322 is
disposed above the waveguide layer 306, while the
detector region 312 is disposed above the buffer layer
322. The isolation region 308a is disposed above the
waveguide layer 306 and adjacent to an opposing edge
of the detector region 312. The passivation layer 310
is disposed above the isolation region 308a and the
detector region 312. [0056] The second electrode 314
includes at least a first conductive material 314a and
a second conductive material 314b, wherein it is the
first conductive material 314a that is in contact with
both the second contact region 318 and a second trench
312b formed in the passivation layer 310. [0057]
Figure 3D shows the band gap diagram 340, which is
taken along line BB' of Figure 3C. As mentioned above,
the valence mending adsorbate region brings about a
modulation of hole Schottky barrier height. Comparing
Figure 3D with Figure 3C, an increase in the hole
Schottky barrier height 342 is attained. For the
embodiment shown in Figure 3D, the hole Schottky
barrier fa 344 is around 0.49 eV. [0058] Figure 4
shows a photodetector 400 built in accordance with an
embodiment. [0059] The photodetector 400 includes an
isolation layer/buried oxide layer 404; a waveguide
layer 406; a compliant layer 424; a buffer layer 422,
a detector region 412; isolation regions 408a and
408b; a passivation layer 410; a first contact region
420; a second contact region 418; and a first valence
mending adsorbate region 415. [0060] The waveguide
layer 406 is disposed above the buried oxide 404. The
detector region 412 is disposed above the waveguide
layer 406. The isolation regions 408a and 408b are
disposed above the waveguide layer 406 and adjacent to
opposing edges of the detector region 412. [0061] The
passivation layer 410 is disposed above the detector
region 412, wherein the passivation layer 410 has a
first trench 412a and a second trench 412b. The first
trench 412a and the second trench 412b define openings
within the passivation layer 410 to portions of the
detector region 412 at the base of the first trench
412a and the second trench 412b. The region of the
passivation layer 410between the first trench 412a and
the second trench 412b is discontinuous from the
remainder of the passivation layer 410. 



[0062] Within the first trench 412a, the first contact
region 420 forms an interface with the detector region
412, wherein the first valence mending adsorbate
region 415 is disposed between the first contact
region 420 and the detector region 412. Similarly,
within the second trench 412b, the second contact
region 418 forms an interface with the detector region
412. A second valence mending adsorbate region (not
shown) may be disposed between the second contact
region 418 and the detector region 412. [0063] In the
embodiment shown in Figure 4, the first contact region
420 forms the interface with the detector region 412
by being in contact with the detector region 412 so
that the upper surface of the first contact region 420
is flush with the upper surface of the detector region
412. This allows a first electrode (not shown, but
compare first electrode 216 of Figure 2) to directly
contact the upper surface of the first contact region
420. [0064] Similarly, the second contact region 418
forms an interface with the detector region 412 by
being in contact with the detector region 212 so that
the upper surface of the second contact region 418 is
flush with the upper surface of the detector region
412. This allows a second electrode (not shown, but
compare second electrode 214 of Figure 2) to directly
contact the upper surface of the first contact region
420. [0065] Figure 5 shows a flow chart 500 of a
fabrication process to manufacture a photodetector
built in accordance with an embodiment. [0066] The
fabrication process begins at step 502 with the
forming of a detector region. In step 504, a first
contact region is formed as an interface with the
detector region. In step 506, a first valence mending
adsorbate region is formed between the first contact
region and the detector region. [0067] Further detail
on the fabrication process outlined in flow chart 500
is described with reference to Figures 6A to 6F.
[0068] Figures 6A to 6F show cross-sectional views of
several fabrication stages of a photodetector 600
according to an embodiment of the present
invention.[0069] In one embodiment, the photodetector
600 may be a Ge MSM (germanium 612 metal semiconductor
metal) photodetector fabricated on an 8 inch SOI
(siliconon- insulator) substrate with (100) surface
orientation. [0070] Starting with Figure 6A, an
isolation layer/buried oxide layer 604 is formed above
a substrate layer (not shown). A silicon waveguide
layer 606 is formed by dry etching or deposition on
the isolation layer/buried oxide layer 604. The
silicon waveguide layer 606 and the isolation
layer/buried oxide layer 604 form a SOI substrate
having a silicon body thickness of around 250 nm and a
buried oxide thickness of around 1 mm. [0071] Plasma
enhanced chemical vapor deposition (PECVD) oxide of
around 120nm thickness is then deposited on the
silicon waveguide layer 606. As shown in Figure 6B,
the PECVD oxide is patterned by reactive ion etching,
thereby forming the isolation regions 608a and 608b
defining an active window 603 between the 



isolation regions 608a and 608b. The active window 603
allows for the formation of a Ge detector region 612
(see Figure 6C) on the silicon waveguide layer 606,
where the isolation regions 608a and 608b are adjacent
to opposing edges of the detector region 612 (Figure
6C) that will be subsequently formed. [0072] The wafer
is then subjected to pre-epitaxy cleaning using a
standard SCl (NH4OH : H2O2 : H2O) clean and a HF-last
wet process. [0073] Ge epitaxy growth, in an ultra
high vacuum chemical vapor deposition (UHVCVD)
reactor, first starts with an in-situ baking in
nitrogen (N2) ambient at 800C for native oxide
removal. [0074] A Si compliant layer 624 of around 5
nm thickness is deposited at around 530C through the
active window 603. A silicon-germanium (SiGe) buffer
layer 622 of around 10 nm thickness with [Ge] of
around 20% is then deposited on the Si compliant layer
624 to minimize lattice mismatch with an eventually
deposited Ge detector region 612 (see Figure 6C) and
have a gradual transition at the interface between the
Si waveguide layer 606 and the eventually deposited Ge
detector region 612 (see Figure 6C). A low temperature
growth at around 3700C is subsequently employed to
form a Ge seed of around 30 nm thickness, before the
high temperature Ge deposition of around 300 nm
thickness and at around 550C to form the Gedetector
region 612, as shown in Figure 6C. Precursor gases
including pure disilane Si2H6 and diluted germane GeH4
(10% GeH4 : 90% Ar) were employed for the epitaxy
growth of the SiGe buffer layer 622 and the Ge
detector region 612. The RMS surface roughness and the
defects density of the Ge epilayer were measured to be
around 1.2  0.2 nm and around 6 x 106 cm 2 ,
respectively. It will thus be appreciated that forming
the Ge detector region 612 may further include forming
the SiGe buffer layer 622 between the Ge detector
region 612 and the silicon waveguide layer 606, and
forming the Ge detector region 612 may further include
forming the Si compliant layer 624 between the buffer
layer 622 and the silicon waveguide layer 606. [0075]
In another embodiment (refer Figure 2A) the Ge
detector region 612 may be directly formed on a bulk
substrate layer. [0076] In Figure 6D, PECVD oxide
deposition is performed to form the passivation layer
610, of around 320 nm thickness, above the detector
region 612 and the isolation regions 608a and 608b.
The passivation layer 610 is then contact hole
patterned to create a first trench 612a and a second
trench 612b within the passivation layer 610. Ion
implantation 650 of valence mending absorbate, such as
sulfur (S) with a dose of 1 x 1015 cm 2 and at an
implant energy of 10 KeV is selectively performed in
the first trench 612a so that a first valence mending
absorbate region 615 is formed in the Ge detector
region 612. It will be appreciated that the ion
implantation can also be performed in the second
trench 612b, so that a second valence mending
absorbate region (not shown) is formed in the Ge
detector region 612. [0077] The ion implantation 650
step can be integrated into existing CMOS 



fabrication processes, thus facilitating use of the
fabrication process outlined in the flow chart 500
(see Figure 5) in full optoelectronics integrated
circuit applications. Further, the ion implantation
650 step provides the advantage of easy modulation, in
a localized manner, of the Schottky barrier height by
adjusting the dose of the species being implanted
compared to photodetectors which use two different set
of electrodes with different work functions to
modulate the Schottky barrier height.[0078] After
diluted HF clean, nickel (Ni) films with a thickness
of 30 nm are deposited in both the trenches 612a and
612b. A germanidation process is then performed, as
shown in Figure 6E, at a RTA (Rapid Thermal Anneal) of
500C for 30 seconds in N2 ambient to form the
nickel-monogermanide (NiGe) first and second contact
regions 620 and 618 respectively. The sulfur first
valence mending absorbate region 615 will then be
disposed between the first contact region 620 and the
detector region 612. [0079] While the germanidation
front proceeds, the implanted sulfur atoms 650 are
observed to segregate at the interface between the
NiGe first contact region 620 and the Ge detector 612.
Due to this segregation, the dangling bonds at the
NiGe/Ge interface can be effectively passivated,
resulting in the pinning of germanide Fermi level
close to the conduction band edge. In this manner,
local Schottky barrier modulation is achieved without
affecting the optical characteristics of the
eventually fabricated Ge photodetector 600 (see Figure
6F). [0080] A photodetector (not shown) without the
first valence mending absorbate region 615 may also be
fabricated to act as a control sample. [0081] Figure
6F shows the metallization stage. A first electrode
616 is deposited above the first contact region 620
and in contact with the first trench 612a; and a
second electrode 614 is deposited above the second
contact region 618 and in contact with the second
trench 612b. The first electrode 616 includes at least
a first conductive material 616a and a second
conductive material 616b, wherein it is the first
conductive material 616a that is in contact with both
the first contact region 620 and the first trench
612a. Similarly, the second electrode 614 includes at
least a first conductive material 614a and a second
conductive material 614b, wherein it is the first
conductive material 614a that is in contact with both
the second contact region 618 and the second trench
612b. The first conductive materials 616a and 614a may
each be tantalum nitride (TaN) of around 200 A to
around 5OqA, while the second conductive materials
616b and 614b may each be aluminum (Al) of around
6OOqA. The first electrode 616 and the second
electrode 614 are patterned and etched to desired
shapes. The spacing S between the metal contacts of
the device is around 1 mm.[0082] Example dimensions
for a photodetector (100, 300, 400 and 600) built in
accordance with an embodiment are as follows. The
thickness of the isolation/buried oxide layer (404 and
604) is around lmm, while the thickness of the
waveguide layer (306, 406 and 606) is around 200nm.
The thickness of the isolation regions (208a and 208b;
308a; 408a and 408b; and 608a and 608b) is around
120nm each. The thickness of the passivation layer
(210, 310, 410 and 610) is around 320nm. The 



first electrode (216 and 616) and the second electrode
(214 and 614) are separated by a distance of around S
= around O.lmm to around l Omm. Smaller finger spacing
S is desirable for better speed performance. [0083]
Example materials used to realize a photodetector
(100, 300, 400 and 600) built in accordance with an
embodiment of the invention are as follows. Both the
first contact region (220, 420 and 620) and the second
contact region (218, 318, 418 and 618) may be made of
material from any one or more of a group consisting of
nickel-germanide, nickel-platinum-germanide,
nickel-titanium-germanide, and platinum-germanide.
Both the first valence mending adsorbate region (215,
415 and 615) and the second valence mending adsorbate
region (317) may be made of material from any one or
more of a group consisting of sulfur, selenium and
tellurium. The detector regions (212, 312, 412 and
612) may be made of material from any one or more of a
group consisting of germanium, silicon,
silicongermanium- silicon and
silicon-germanium-germanium quantum well. The
passivation layer (210, 310, 410 and 610) may be made
of insulating materials from any one or more of group
insulating materials consisting of silicon dioxide,
silicon nitride, silicon oxynitride and undoped
silicate glass. The waveguide layer (206, 306, 406 and
606) may be made of material from a group consisting
of silicon, polysilicon, silicon nitride and silicon
oxynitride. Other material that has a higher
refractive index than the isolation/buried oxide layer
(404 and 604) and/or any transparent materials to the
operating wavelength of the photodetector (100, 300,
400 and 600) can also be used for the waveguide layer
(206, 306, 406 and 606). The buffer layer (322, 422
and 622) may be made of material from any one or more
of a group consisting of silicon, silicon-germanium
and silicon-germanium-carbon. The compliant layer (424
and 624) may be made of material from any one or more
of agroup consisting of silicon, silicon-germanium and
silicon-germanium-carbon. The isolation regions (208a
and 208b; 308a; 408a and 408b; and 608a and 608b) may
be made of insulating materials from any one or more
of a group consisting of silicon dioxide, silicon
nitride and silicon oxynitride. The first conductive
material (314a, 614a and 616a) may be made of
materials, having low electrical resistivity and which
give rise to a high Schottky barrier height when the
first conductive material (314a, 614a and 616a) is in
contact with the contact regions (318, 618 and 620).
Such materials may be from any one or more of a group
consisting of tantalum nitride, hafnium nitride,
tantalum and titanium and the second conductive
material (314b, 614b and 616b) may be made of
materials, having low electrical resitivity, from any
one or more of a group consisting of aluminium,
tungsten and copper. [0084] Experimental Results and
Discussion [0085] Figures 7A and 7B show high
resolution transmission electron microscopy (HRTEM)
images of a NiGe/Ge junction in a photodetector built
in accordance with an embodiment. [0086] Figure 7A
shows a NiGe contact region 718/720 disposed above a
Ge detector region 712, where the Ge detector region
712 is disposed above a Si buffer 



layer 722. From Figure 7A, it can be seen that the
ratio of Ni to Ge varies across the thickness of the
NiGe/Ge contact region 718/720. [0087] An excellent
interface 701 is formed, with an approximately uniform
NiGe thickness of around 70 nm, between the NiGe
contact region 718/720 and the Ge detector region 712
to define a NiGe/Ge junction. An X-ray diffraction
(XRD) analysis confirmed the formation of a
nickel-monogermanide (NiGe) phase after a RTA of 500C
for 30 seconds. [0088] Figure 7C shows a
secondary-ion-mass spectroscopy (SIMS) depth profile
of a sulfur-segregated NiGe Schottky contact of the
photodetector of Figures 7A and 7B. While
germanidation front proceeds, implanted sulfur atoms
are observed to segregate at the interface 701 between
the NiGe contact region 718/720 and the Ge detector
region 712. Due to this segregation, the dangling
bonds at the NiGe/Ge interface 701 can be effectively
passivated, which concomitantly results in the pinning
of germanide Fermi level close to the conduction band
edge. An extractionof Schottky barrier height based on
a thermionic-emission model at low reverse bias
voltage from around 0.05V to around 0.2V reveals the
achievement of hole Schottky barrier modulation from
around 0.1 eV (for a photodetector without a
sulfursegregation region) to around 0.49 eV as a
result of the sulfur-segregation at the NiGe/Ge
interface. This leads to the formation of asymmetrical
Schottky barriers in MSM photodetectors, where high
and low hole barrier height are achieved for contacts
with and without sulfur-segregation, respectively.
[0089] Figure 8 is a plot of room-temperature
current-voltage (I- V) curves to compare the
characteristics between a fabricated NiGe Schottky
barrier MSM photodetector having sulfur segregation in
accordance with an embodiment of the invention, and a
photodetector without sulfur segregation. Curves 802,
804 and 806 represent I-V curves for a control
photodetector without sulfur segregation and having an
effective diameter f of around 40mm, 32mm and 20mm
respectively. Curves 808, 810 and 812 represent I-V
curves for a photodetector with sulfur segregation and
having an effective diameter f of around 40mm, 32mm
and 20mm respectively. [0090] At an applied bias VA of
1.0 V, high dark current I ark i the order of around
2.45 mA and around 1.69 mA was observed in the control
photodetector without sulfur segregation with a device
area of 4=804 mm2 and A=IXA mm2 respectively. Such
high dark current performance is predominantly
attributed to the low hole Schottky barrier height fbh
814 of around 0.1 eV. However, through the
introduction of sulfur segregation at the NiGe/Ge
interface (see reference numeral 701 in Figure 7B), a
significant dark current suppression by more than 3
orders of magnitude was achieved as a result of the
enhanced hole Schottky barrier fbh 816 of around 0.49
eV. At VA = 1.0 V, the Idark of a sulfur-segregated
NiGe Schottky photodetector was measured to be around
0.92 mA and around 0.42 mA for a device area of =804
mm2 and A=3 14 mm2 respectively. [0091] Figures 9A and
9B are plots of current versus applied voltage VA for
a 



photodetector built in accordance with an embodiment.
The photodetector has an effective diameter f of
around 32mm. Figures 9A and 9B show the photo-response
characteristics of a NiGe Schottky photodetector with
sulfur-segregation, anembodiment, obtained from
optical measurements performed at a photon wavelength
of 850nm and 1300 nm respectively. At F = 1.0 V, good
spectra response or a corresponding quantum efficiency
of around 0.36 A/W, and around 34% respectively were
demonstrated. An appreciable signal-to-noise ratio of
around 102 was also observed in these devices. [0092]
Figure 10 is a plot of response (dB) versus frequency
(Hz) for a photodetector built in accordance with an
embodiment. Figure 9 shows the frequency response of
the photodetector measured at an illumination
wavelength of 1550 nm, as obtained from the Fourier
transform of a pulse response. An around -3dB
bandwidth of around 15 GHz was achieved for an applied
bias of 1.0 V, showing comparable speed performance
consistent with theoretical modeling results. [0093]
While embodiments of the invention have been
particularly shown and described with reference to
specific embodiments, it should be understood by those
skilled in the art that various changes in form and
detail may be made therein without departing from the
spirit and scope of the invention as defined by the
appended claims. The scope of the invention is thus
indicated by the appended claims and all changes which
come within the meaning and range of equivalency of
the claims are therefore intended to be
embraced.CLAIMS 1. A photodetector comprising: a
detector region; a first contact region forming an
interface with the detector region; and a first
valence mending adsorbate region between the first
contact region and the detector region. 2. The
photodetector of claim 1 further comprising a second
contact region forming an interface with the detector
region, wherein the second contact region is
electrically isolated from the first contact region.
3. The photodetector of claim 2, further comprising a
second valence mending adsorbate region between the
second contact region and the detector region. 4. The
photodetector of any one of the preceding claims,
wherein the first contact region is disposed above the
detector region. 5. The photodetector of any one of
the claims 1 to 3, wherein both the first contact
region and the first valence mending adsorbate region
are formed within the detector region. 6. The
photodetector of any one of the preceding claims,
wherein the first contact region is in contact with
the detector region.7. The photodetector of any one of
the claims 2 to 6, wherein the second contact region
is disposed above the detector region. 8. The
photodetector of any one of the claims 3 to 6, wherein
both the second contact region and the second valence
mending adsorbate region are formed within the
detector region. 



9. The photodetector of any one of the claims 2 to 8,
wherein the second contact region is in contact with
the detector region. 10. The photodetector of any one
of the preceding claims, further comprising: a
passivation layer disposed above the detector region,
the passivation layer having a first trench, wherein
both the first contact region and the first valence
mending adsorbate region are disposed in the first
trench. 11. The photodetector of claim 2, further
comprising: a passivation layer disposed above the
detector region, the passivation layer having a first
trench and a second trench so that the region of the
passivation layer between the first trench and the
second trench is discontinuous from the remainder of
the passivation layer, wherein both the first contact
region and the first valence mending adsorbate region
are disposed in the first trench, and wherein the
second contact region is disposed in the second
trench.12. The photodetector of any one of the claims
3 to 9, further comprising: a passivation layer
disposed above the detector region, the passivation
layer having a first trench and a second trench so
that the region of the passivation layer between the
first trench and the second trench is discontinuous
from the remainder of the passivation layer, wherein
both the first contact region and the first valence
mending adsorbate region are disposed in the first
trench, and wherein both the second contact region and
the second valence mending adsorbate region are
disposed in the second trench. 13. The photodetector
of any one of the preceding claims, further
comprising: a waveguide layer, wherein the detector
region is disposed above the waveguide layer. 14. The
photodetector of claim 13, further comprising: a
buffer layer disposed between the detector region and
the waveguide layer. 15. The photodetector of claim
14, further comprising: a compliant layer disposed
between the buffer layer and the waveguide layer. 16.
The photodetector of any one of the claims 13 to 15,
further comprising:an isolation region disposed above
the waveguide layer and adjacent to opposing edges of
the detector region. 17. The photodetector of any one
of the claims 13 to 16, further comprising: an
isolation layer, wherein the waveguide layer is
disposed above the isolation layer. 18. The
photodetector of any one of the claims 10 to 16,
further comprising: a first electrode disposed above
the first contact region and in contact with the first
trench. 19. The photodetector of any one of the claims
11 to 17, further comprising: a first electrode
disposed above the first contact region and in contact
with the first trench, and a second electrode disposed
above the second contact region and in contact with
the second trench. 



20. The photodetector of claims 18 or 19, wherein the
first electrode comprises at least a first conductive
material and a second conductive material, wherein the
first conductive material is in contact with the first
contact region and the first trench. 21. The
photodetector of claims 19 or 21, wherein the second
electrode comprises at least a first conductive
material and a second conductive material, wherein
thefirst conductive material is in contact with the
second contact region and the second trench. 22. The
photodetector of any one of the preceding claims,
wherein the first contact region comprises any one or
more of a group consisting of nickel-germanide,
nickel-platinum-germanide, nickel-titanium-germanide,
and platinum-germanide. 23. The photodetector of any
one of the claims 2 to 22, wherein the second contact
region comprises any one or more of a group consisting
of nickel-germanide, nickel-platinum-germanide,
nickel-titanium-germanide, and platinum-germanide. 24.
The photodetector of any one of the preceding claims,
wherein the first valence mending adsorbate region
comprises any one or more of a group consisting of
sulfur, selenium and tellurium. 25. The photodetector
of any one of the claims 3 to 24, wherein the second
valence mending adsorbate region comprises any one or
more of a group consisting of sulfur, selenium and
tellurium. 26. The photodetector of any one of the
preceding claims, wherein the detector region
comprises any one or more of a group consisting of
germanium, silicon, silicongermanium- silicon and
silicon-germanium-germanium.27. The photodetector of
any one of the claims 12 to 26, wherein the
passivation layer comprises any one or more of
insulating materials consisting of silicon dioxide,
silicon nitride, silicon oxynitride and undoped
silicate glass. 28. The photodetector of any one of
the claims 15 to 27, wherein the waveguide layer
comprises any one or more of a group consisting of
silicon, poly-silicon, silicon nitride and silicon
oxynitride. 29. The photodetector of any one of the
claims 16 to 28, wherein the buffer layer comprises
any one or more of a group consisting of silicon,
silicon-germanium and silicon-germanium-carbon. 30.
The photodetector of any one of the claims 17 to 29,
wherein the compliant layer comprises any one or more
of a group consisting of silicon, silicon-germanium
and silicon-germanium-carbon. 31. The photodetector of
any one of the claims 18 to 30, wherein the isolation
region comprises any one or more of insulating
materials consisting of silicon dioxide, silicon
nitride and silicon oxynitride. 32. The photodetector
of any one of the claims 22 to 31, wherein the first
conductive material comprises any one or more of a
group consisting of tantalum nitride, titanium
nitride, hafnium nitride, tantalum and titanium; and
the secondconductive material comprises any one or
more of a group of materials consisting of aluminium,
tungsten and copper. 33. A method of forming a
photodetector, the method comprising: 



forming a detector region; forming a first contact
region as an interface with the detector region; and
forming a first valence mending adsorbate region
between the first contact region and the detector
region. 34. The method of claim 33 further comprising:
forming a second contact region as an interface with
the detector region, wherein the second contact region
is electrically isolated from the first contact
region. 35. The method of claim 34, further
comprising: forming a second valence mending adsorbate
region between the second contact region and the
detector region. 36. The method of any one of the
claims 33 to 35, wherein the first contact region is
formed above the detector region. 37. The method of
any one of the claims 33 to 35, wherein both the first
contact region and the first valence mending adsorbate
region are formed within the detector region.38. The
method of any one of the claims 34 to 37, wherein the
second contact region is formed above the detector
region. 39. The method of any one of the claims 35 to
37, wherein both the second contact region and the
second valence mending adsorbate region are formed
within the detector region. 40. The method of any one
of the claims 33 to 39, wherein forming the first
contact region further comprises: forming a
passivation layer on the detector region; and forming
a first trench in the passivation layer, wherein both
the first contact region and the first valence mending
adsorbate region are formed in the first trench. 4 1.
The method of claim 34, wherein forming the first
contact region and forming the second contact region
further comprises: forming a passivation layer on the
detector region; and forming a first trench and a
second trench in the passivation layer, so that the
region of the passivation layer between the first
trench and the second trench is discontinuous from the
remainder of the passivation layer,wherein both the
first contact region and the first valence mending
adsorbate region are formed in the first trench, and
wherein the second valence mending adsorbate region is
formed in the second trench. 42. The method of any one
of the claims 35 to 39, wherein forming the first
contact region and forming the second contact region
further comprises: forming a passivation layer on the
detector region; and forming a first trench and a
second trench in the passivation layer, so that the
region of the passivation layer between the first
trench and the second trench is discontinuous from the
remainder of the passivation layer, wherein both the
first contact region and the first valence mending
adsorbate region are formed in the first trench, and
wherein both the second contact region 



and the second valence mending adsorbate region are
disposed in the second trench. 43. The method of any
one of the claims 33 to 42, wherein the detector
region is formed on a waveguide layer. 44. The method
of claim 43, wherein forming the detector region
further comprises forming a buffer layer between the
detector region and the waveguide layer. 45. The
method of claim 44, wherein forming the detector
region further comprises forming a compliant layer
between the buffer layer and the waveguide layer.46.
The method of any one of the claims 43 to 45, wherein
forming the detector region further comprises forming
an isolation region on the waveguide layer so that the
isolation region is adjacent to opposing edges of the
detector region. 47. The method of any one of the
claims 43 to 46, wherein the waveguide layer is formed
on an isolation layer. 48. The method of any one of
the claims 4 1 to 47, further comprising: forming a
first electrode above the first contact region and in
contact with the first trench. 49. The method of any
one of the claims 4 1 to 47, further comprising:
forming a first electrode above the first contact
region and in contact with the first trench; and
forming a second electrode above the second contact
region and in contact with the second trench. 50. The
method of claims 48 or 49, wherein the first electrode
comprises at least a first conductive material and a
second conductive material, and wherein the first
conductive material is in contact with the first
contact region and the first trench.51. The method of
claims 49 or 50, wherein the second electrode
comprises at least a first conductive material and a
second conductive material, and wherein the first
conductive material is in contact with the second
contact region and the second trench. 52. The method
of any one of the claims 33 to 51, wherein the
detector region is formed by selective epitaxial
growth. 53. The method of any one of the claims 33 to
52, wherein the first contact region is formed by
deposition and subsequent rapid thermal annealing
(RTA). 54. The method of any one of the claims 34 to
53, wherein the second contact region is formed by
deposition and subsequent rapid thermal annealing
(RTA). 55. The method of any one of the claims 33 to
54, wherein the first valence mending adsorbate region
is formed by deposition or ion implantation. 56. The
method of any one of the claims 35 to 55, wherein the
second valence mending adsorbate region is formed by
deposition or ion implantation. 57. The method of any
one of the claims 40 to 56, wherein the passivation
layer is formed by PECVD.58. The method of any one of
the claims 40 to 57, wherein the first trench is
formed by contact hole patterning and etching. 59. The
method of any one of the claims 4 1 to 56, wherein the
first trench and the 



second trench are formed by contact hole patterning
and etching. 60. The method of any one of the claims
43 to 59, wherein the waveguide layer is formed by a
lithography patterning and etching process and/or by
film deposition. 6 1. The method of any one of the
claims 44 to 60, wherein the buffer layer is formed by
selective epitaxial growth. 62. The method of any one
of the claims 45 to 61, wherein the compliant layer is
formed by selective epitaxial growth. 63. The method
of any one of the claims 47 to 62, wherein the
isolation region is formed by PECVD. 64. The method of
any one of the claims 48 to 63, wherein the first
electrode is formed by deposition. 65. The method of
any one of the claims 49 to 64, wherein the first
electrode and the second electrode are formed by
deposition.6. A photodetector comprising: a detector
region; a first contact region; and a first valence
mending adsorbate region forming an interface between
the detector region and the first contact region,
wherein the first valence mending adsorbate region
passivates dangling bonds between the first contact
region and the detector region. 


