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(57) ABSTRACT

The present invention relates to a semiconductor device com-
prising a homojunction or a heterojunction with a controlled
dopant (concentration) profile and a method of making the
same. Accordingly, one aspect of the invention is a method for
manufacturing a junction comprising forming a first semicon-
ductor material comprising a first dopant having a first con-
centration and thereupon; forming a second semiconductor
material comprising a second dopant, having a second con-
centration thereby forming a junction, and depositing by
Atomic Layer Epitaxy or Vapor Phase Doping at least a frac-
tion of a monolayer of a precursor suitable to form the second
dopant on the first semiconductor material, prior to forming
the second semiconductor material, thereby increasing the
second concentration of the second dopant at the junction.
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METHOD FOR MANUFACTURING A
JUNCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the priority of U.S. Provi-
sional Patent Application Ser. No. 61/141,197, filed Dec. 29,
2008, which is hereby incorporated herein by reference in its
entirety.

TECHNICAL FIELD OF THE INVENTION

[0002] The present invention relates to a semiconductor
device comprising a homojunction or a heterojunction with a
controlled dopant (concentration) profile and a method of
making the same. For example, the present invention can be
suitably applied in the manufacturing of a bipolar device for
BiCMOS technology or of a photovoltaic device having a
controlled dopant (concentration) profile at the emitter-base
interface.

BACKGROUND OF THE INVENTION

[0003] Inthe npn (pnp) bipolar transistor, the emitter layer
consists of n-type (p-type) semiconducting material that is
deposited on top of the epitaxially-grown base structure. The
emitter itself is either polycrystalline or monocrystalline. A
monocrystalline emitter is preferred from the point of view of
device integration because it allows for a reduction of para-
sitic resistance and enables band gap engineering of the emit-
ter stack in the perspective of optimization of the transistor
performances. In both cases, high dopant concentration
(above 1x10?° atoms/cm?) is desired in order to achieve a
low-resistance emitter layer.

[0004] Nowadays the fabrication of a bipolar transistor is
performed in a BiICMOS process flow, which means that the
thermal anneal that drives the dopants from the emitter layer
into the base layer also serves as junction activation anneal for
the CMOS part of the device. This step, which consists of a
spike anneal occurring after the deposition of the emitter
layer, is usually fixed by the optimization of the CMOS part of
the process flow and provides a relatively high thermal budget
which might adversely impact the bipolar device character-
istics.

SUMMARY OF THE INVENTION

[0005] In one aspect, the present invention provides a
method for controlling the dopant concentration profile at the
emitter-base interface of a bipolar transistor.

[0006] More particularly, in certain embodiments the
present invention provides a method for controlling a dopant
overshoot (or adopant concentration peak) at the emitter-base
interface of a bipolar transistor.

[0007] Furthermore, in one aspect, the present invention
provides a method for improving the control of the doping
profile at the emitter-base interface of a bipolar transistor
(when compared to methods described in the art).

[0008] The present invention provides in certain embodi-
ments a method for controlling the in-diffusion depth of the
dopants at the emitter-base interface of a bipolar transistor
upon a rapid thermal treatment.

[0009] More particularly, in certain embodiments the
present invention provides a method for improving the con-
trol ofthe in-diffusion depth ofthe dopants at the emitter-base
interface of a bipolar complementary metal-oxide-semicon-
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ductor (BiCMOS), upon applying the activation anneal of the
complementary metal-oxide-semiconductor (CMOS) flow
(when compared to methods described in the art).

[0010] In one aspect, the present invention provides a
method for forming a highly doped semiconductor layer in a
bipolar transistor having a dopant concentration exceeding
(or above) the dopant solid solubility.

[0011] According to one aspect of the present invention, a
method is provided for manufacturing a junction with a con-
trolled dopant (concentration) profile comprising (or consist-
ing of, or consisting essentially of):

[0012] forming a firstsemiconductor material comprising a
first dopant having a first concentration and thereupon
[0013] forming a second semiconductor material compris-
ing a second dopant, having a second concentration thereby
forming a junction, and

[0014] depositing by Atomic Layer Epitaxy or Vapor Phase
Doping at least a fraction of a monolayer of a precursor
suitable to form the second dopant on the first semiconductor
material, prior to forming the second semiconductor material,
thereby increasing the second concentration of the second
dopant at the junction. Said increase of the second concen-
tration is defined as a higher concentration of the second
dopant at the junction with respect to the second concentra-
tion of the second dopant in the second semiconductor mate-
rial (or bulk concentration of the second dopant in the emitter
region).

[0015] Inthe context of the present invention, a controlled
dopant (concentration) profile refers to a steep (or abrupt or
box-shaped or sharp) (concentration) profile of the second
dopant at the junction in the as-deposited structures/layers.
[0016] More particularly, in one embodiment of a method
of the present invention, the second concentration of the
second dopant is increased locally (or an overshoot is created)
at the junction. Otherwise stated, the second dopant (concen-
tration) profile at the junction is controlled by steepening the
second dopant (concentration) profile at the emitter-base
junction.

[0017] Inoneembodiment of a method of the invention, the
first semiconductor material can be a monolayer, or can com-
prise multiple layers, each of them being epitaxially grown.
Said monolayer is a single layer of semiconductor material, in
contrast with e.g. said multiple layers.

[0018] Inoneembodiment of a method of the invention, the
first concentration of the first dopant in the first semiconduc-
tor material can be between (about) 10'®* atoms/cm® and
(about) 10'® atoms/cm?>, preferably lower than 1x10?° atoms/
cm?®.

[0019] In the context of the present invention, a fraction of
amonolayer of a precursor refers to the deposition of less than
one monolayer of said precursor on the surface (of a semi-
conductor material), whereby said surface is not fully covered
with said precursor (i.e. incomplete coverage of the surface).
Furthermore, it is to be understood that clustering of said
precursor does not occur in said fraction of said monolayer.
[0020] In the context of the present invention, one mono-
layer (or one ML, or one single atomic layer) of a precursor
refers to the deposition of said precursor on the surface (of a
semiconductor material), whereby said surface is fully cov-
ered with said precursor. Furthermore, it is to be understood
that clustering of said precursor does not occur in said mono-
layer.

[0021] Preferably, in one embodiment of a method accord-
ing to the invention, the first semiconductor material and the
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second semiconductor material have the same composition,
thereby forming a homojunction.
[0022] Preferably, in one embodiment of a method accord-
ing to the invention, the first semiconductor material and the
second semiconductor material have different compositions,
thereby forming a heterojunction.
[0023] Preferably, in one embodiment of a method accord-
ing to the invention, forming the second semiconductor mate-
rial comprises
[0024] performing a sequence comprising, consisting
essentially of or consisting of

[0025] epitaxially growing a layer of a second semicon-

ductor material and thereupon
[0026] depositing by Atomic Layer Epitaxy a monolayer
of a precursor suitable to form the second dopant; and

[0027] repeating the sequence at least twice, thereby incor-
porating the second dopant in substitutional sites in the sec-
ond semiconductor material.
[0028] Preferably, in one embodiment of a method accord-
ing to the invention, the second concentration of the second
dopant in the second semiconductor material is higher or
equal to 1x107°° cm ™.
[0029] Preferably, in one embodiment of a method accord-
ing to the invention, the second dopant is a n-type dopant.

[0030] Preferably, the n-type dopant is arsenic (As) or
phosphorus (P).
[0031] Preferably, the precursors suitable to form the

n-type dopant are arsine (AsH;) or phosphine (PH,).

[0032] Preferably, in one embodiment of a method accord-
ing to the invention, the first dopant is a p-type dopant.
[0033] Preferably, the p-type dopant is boron.

[0034] Preferably, in one embodiment of a method accord-
ing to the invention, the second semiconductor material com-
prises Si, Ge or combinations thereof.

[0035] Preferably, in one embodiment of a method accord-
ing to the invention, the second semiconductor material is an
emitter region of a bipolar transistor.

[0036] Preferably, in one embodiment of a method accord-
ing to the invention, the first semiconductor material com-
prises Si, Ge or combinations thereof.

[0037] Preferably, in one embodiment of a method accord-
ing to the invention, the first semiconductor material is a base
region of a bipolar transistor.

[0038] Preferably, a method according to the invention fur-
ther comprises a rapid thermal treatment (or rapid thermal
anneal (RTA) or spike anneal).

[0039] In one embodiment of a method of the invention,
said rapid thermal treatment is performed after the step of
forming a second semiconductor material.

[0040] According to one aspect of the invention, said rapid
thermal treatment is performed after the step of forming a
second semiconductor material, at the same time (or simul-
taneously) with the activation anneal of the CMOS device.
[0041] Certain embodiments of the present invention pro-
vide a method for controlling the in-diffusion depth of the
dopants at the emitter-base interface of a bipolar transistor
upon a rapid thermal treatment.

[0042] In the context of the present invention, the in-diffu-
sion depth (or electrical junction depth or (in-)diffusion
length) of the dopants refers to the depth to which said
dopants are diffused into the base region upon performing a
rapid thermal anneal.
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[0043] In one embodiment of a method of the invention,
said rapid thermal treatment is performed using any method
known in the art, more preferably by rapid thermal anneal, by
laser anneal or flash anneal.

[0044] Preferably, the temperature of said rapid thermal
anneal (or spike anneal) is between (about) 1050° C. and
(about) 1200° C., more preferably (about) 1100° C.

[0045] Preferably, the rapid thermal treatment is a typical
HDD (highly doped drain) activation anneal used in CMOS
technology.

[0046] Preferably, an in-diffusion depth of Arsenic (As)
into the first semiconductor material is lower or equal to 15
nm upon (performing) the rapid thermal treatment.

[0047] According to another aspect, the present invention
relates to the use of a method as above described for the
manufacture of a bipolar CMOS (BiCMOS) device.

[0048] In still another aspect, the present invention relates
to the use of a method as above described for the manufacture
of a photovoltaic device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] FIG. 1a represents schematically the emitter-base
heterojunction (Si/SiGe) of a bipolar transistor, wherein the
emitter is n-type heavily doped and the base is p-type doped
(before performing a rapid thermal anneal).

[0050] FIG. 15 represents schematically the emitter-base
heterojunction (Si/SiGe) of a bipolar transistor, wherein the
emitter is n-type heavily doped and the base is p-type doped,
having an overshoot (or concentration peak magnitude) ofthe
n-type dopant (As) present at the emitter-base metallurgical
junction (before performing a rapid thermal anneal). Said
overshoot of the n-type dopant (As) may then be used as a
reservoir of n-type dopant (As) for adjusting the concentra-
tion profile of said dopant, during (or upon performing) a
subsequent rapid thermal anneal (i.e. diffusion of said dopant
into the base region).

[0051] FIG. 2a represents schematically the emitter-base
heterojunction of FIG. 1a, upon (performing or after having
performed a) rapid thermal anneal, the junction being elec-
trically activated (the transition region or the emitter-base
interface region in FIG. 2a represents the region from the
metallurgical junction up to (and including) the SiGe2
region).

[0052] FIG. 24 represents schematically the emitter-base
heterojunction of FIG. 15, upon (performing or after having
performed a) rapid thermal anneal, the junction being elec-
trically activated.

[0053] FIG. 3 represents the Arsenic (As) dose as measured
by X-Ray photoelectron spectroscopy (XPS) on as-deposited
material as function of the exposure time to the precursor gas
(AsH,;) in the CVD reactor.

[0054] FIG. 4 represents schematically the process
sequence comprising an Atomic Layer Epitaxy (ALE) step
and an epitaxial (over)growth step repeated n-times (or
n-cycles) to achieve a dopant dose exceeding the dopant solid
solubility.

[0055] FIG. 5a shows the Arsenic (As), Germanium (Ge),
Silicon (Si) concentration as measured by secondary ion mass
spectrometry (SIMS) (the transition region between the emit-
ter region and the (base cap of the) base region is indicated on
top of said figure). The origin of the depth scale is at the top
surface of the base region (or metallurgical junction): (curve
1) no anneal, without ALE; (curve 2) with anneal, without
ALE; (curve 3) no anneal, with ALE; (curve 4) with anneal,
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with ALE. The (rapid) thermal anneal was performed at
1085° C. (spike anneal). In the right figure of FIG. 54 (i.e.
depicting a zoom of curve 1 and curve 3) the expected profile
for reduced ALE dose (submonolayer) is simulated.

[0056] FIG. 55 shows only the Arsenic (As) concentration
(as represented in FIG. 5a) as measured by secondary ion
mass spectrometry (SIMS).

[0057] FIG. 6a (and FIG. 65) represents the results of the
Technology Computer Aided Design (TCAD) simulations of
an emitter grown using ALE (i.e. depicting the Ge and As
concentration (atoms/cm?®) versus the depth of the substrate
(um) after mono-emitter growth and after performing a spike
anneal, respectively).

DETAILED DESCRIPTION OF THE INVENTION

[0058] In the context of the present invention, a metallur-
gical (emitter-base) junction refers to the physical junction
between the emitter region and the (base cap of the) base
region of a bipolar transistor. In the context of the present
invention, an (emitter-base) interface (region) or transition
region refers to the region from the metallurgical junction up
to (and including) the SiGe2 region. In the context of the
present invention, a top surface of the base region refers to the
starting surface for depositing the emitter (region) onto the
base (region).

[0059] In the context of the present invention, an electrical
(emitter-base) junction refers to the emitter-base n-p hetero-
junction being electrically activated upon performing a rapid
thermal anneal. The electrical junction is positioned at the
intersection between the n-type dopant concentration profile
and the p-type dopant concentration profile upon performing
the thermal anneal.

[0060] Inthe context of the present invention, an abrupt (or
box-shaped, sharp, or steep) dopant (concentration) profile at
the emitter-base interface refers to a dopant (concentration)
profile represented by a curve of the dopant concentration
versus the depth of the substrate, said curve having a steep
slope (such as represented e.g. in FIG. 1a, 15, or in FIG. 5a,
5b (curve 3)). More particularly, the slope of said curve (i.e.
doping concentration decrease per nm depth) should be as
steep as possible. Typically a steep curve shows about 1
decade decrease in doping concentration for 1.5 nm to 3 nm
depth. Upon performing the rapid thermal anneal said slope is
less steep (or less abrupt) and shows a kink (such as repre-
sented e.g. in FIG. 2a, 2b, or in FIG. 5a, 56 (curve 4)) due to
the diffusion of the dopant into the base region.

[0061] One aspect of the invention relates to a semiconduc-
tor device comprising a homojunction or a heterojunction
with a controlled dopant (concentration) profile and a method
of making the same.

[0062] Another aspect of the invention relates to a method
for manufacturing a bipolar device (suitable for BICMOS
technology) having a controlled dopant (concentration) pro-
file at the emitter-base interface and a controlled in-diffusion
depth for a (pre-determined) rapid thermal treatment compat-
ible with the conventional CMOS flow. Preferably, the dopant
(concentration) profile at the (emitter-base) interface is steep
(i.e. abrupt/box-shaped).

[0063] Another aspect of the invention relates to a method
for manufacturing a photovoltaic device having a controlled
dopant (concentration) profile at the emitter-base interface.
Preferably, the dopant (concentration) profile at the interface
is steep (i.e. abrupt/box-shaped).
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[0064] Yet another aspect of the invention relates to a
method for forming a highly doped semiconductor layer for a
photovoltaic device (e.g. an emitter layer) having a dopant
concentration exceeding the dopant solid solubility.

[0065] Another aspect of the present invention relates to a
method for forming for forming a highly doped semiconduc-
tor layer in a tunnel Field Effect Transistor (FET) having a
dopant concentration exceeding the dopant solid solubility.
[0066] Various aspects of the present invention will be
described with respect to particular embodiments and with
reference to certain drawings but the invention is not limited
thereto but only by the claims. Any reference signs in the
claims shall not be construed as limiting the scope. The draw-
ings described are only schematic and are non-limiting. In the
drawings, the size of some of the elements may be exagger-
ated and not drawn on scale for illustrative purposes.

[0067] Ina bipolar transistor an electrical junction is (typi-
cally) formed between an emitter region and a base region.
[0068] Incaseofanpn bipolar transistor, the emitter region
comprises a n-type heavily-doped semiconductor material
and the base region comprises a p-type doped semiconductor
material (the emitter layer being deposited on top of the
surface of the epitaxially-grown base structure).

[0069] Incaseofa pnp bipolar transistor, the emitter region
comprises a p-type heavily-doped semiconductor material
and the base region comprises a n-type doped semiconductor
material (the emitter layer being deposited on top of the
surface of the epitaxially-grown base structure).

[0070] The base region can comprise multiple layers, each
of them being epitaxially grown. For the purpose of illustra-
tion, the direction of growth is e.g. indicated by the arrow in
the upper (right) corner of FIG. 1a (and FIG. 15).

[0071] Different embodiments of the invention disclose a
base region comprising Si and/or SiGe. Optionally, the con-
centration of Ge has a flat (i.e., relatively constant) profile.
Alternatively, the concentration of Ge has a ramped profile
towards the top surface (of said base region), or a ramped
profile towards the substrate.

[0072] Inone particular embodiment ofthe invention a base
region is disclosed having a 2-step Ge profile. More specifi-
cally the base region comprises a layer of SiGe with a first Ge
concentration (SiGel in e.g. FIG. 1a and FIG. 15), thereupon
asecond SiGe layer with a second Ge concentration (SiGe2 in
e.g. FIG. 1a and FIG. 15) and a base cap layer of Si. Prefer-
ably, the second Ge concentration is lower than the first Ge
concentration

[0073] Theemitter region comprises a heavily-doped semi-
conductor material which can be either polycrystalline or
monocrystalline. A monocrystalline emitter is preferred from
device integration point of view since it allows a reduction of
parasitic resistance and enables band gap engineering of the
emitter stack. Throughout the description, a heavily doped
semiconductor material is defined as a semiconductor mate-
rial having a dopant concentration above (about) 1x10%°
atoms/cm®. The heavily doped emitter is required in order to
achieve low-resistance emitter region.

[0074] FIG. 1a (and FIG. 1b) shows schematically a
Si/SiGe heterojunction bipolar transistor before applying
(rapid) thermal treatment (or anneal). The optional (epitaxi-
ally grown) Ge peak in the emitter region is designed to
improve the device operation by increasing the base current
without degradation of the high-frequency performance.
[0075] FIG. 2a (and FIG. 2b) represents schematically the
Si/SiGe heterojunction of the bipolar transistor of FIG. 1a
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(and FIG. 15, respectively) after applying a rapid thermal
treatment (or anneal). As shown in FIG. 2a (and FIG. 25), the
junction is electrically activated (upon applying said rapid
thermal treatment) and the emitter-base n-p (electrical) junc-
tion occurs in the layer SiGe2.

[0076] For a good performance of the heterojunction bipo-
lar transistor, several requirements need to be fulfilled: (a) a
high doping level in the emitter region (to reduce the emitter
resistance), typically above 1x10°° atoms/cm?; (b) a sharp
(i.e. abrupt, or steep) doping (concentration) profile at the
emitter-base interface (e.g. in FIG. 1a and F1G. 15); (¢) agood
control over the location of the electrical emitter-base junc-
tion (i.e. control of the electrical junction depth, given by the
quality of the VPD/ALE process control), preferably posi-
tioned in the SiGe layer with low Ge content (e.g. SiGe2 in
FIG. 2a and FIG. 25, i.e. the electrical emitter-base junction
preferably not being spread over the whole base thickness). In
case of a base region with a ramped Ge profile, the in-diffu-
sion depth should be reproducible (i.e. electrical emitter-base
junction positioned at a fixed Ge content). A typical thickness
of'thebase Si cap layer is about 7-15 nm, which means that the
(electrical) junction depth should be lower than 15 nm, pref-
erably lower than 7 nm, the depth being measured from the
metallurgical junction.

[0077] When the fabrication of a bipolar transistor is per-
formed in a BICMOS process flow, the (rapid) thermal anneal
that drives the dopants from the emitter layer into the base
region also serves as a HDD (Highly Doped Drain) activation
anneal for the CMOS part of the device. This step, which
consists of a spike (i.e. rapid thermal) anneal occurring after
the deposition of the emitter layer/region, is usually fixed by
the optimization of the CMOS-process flow and provides a
relatively high thermal budget. A typical spike anneal for
CMOS flow is a rapid thermal treatment (or anneal) at a
temperature higher than 1050° C., e.g. at 1085° C.

[0078] The thermal budget of the spike anneal determines
the in-diffusion depth of the emitter dopants and the position
of the electrical emitter-base junction, which has a direct
impact on the device characteristics. The method of the inven-
tion allows to control the effect of a high thermal budget
activation anneal on dopant in-diffusion.

[0079] Ingeneral, forming a perfect sharp (i.e. box-shaped)
dopant (concentration) profile at the emitter-base interface
region is hampered by the lack of abruptness of the transition
region between the emitter layer and the substrate (i.e. base
cap), especially for highly-doped layers with e.g. arsenic
introduced by an in-situ doping process in a chemical vapor
deposition chamber.

[0080] The difficulty of realizing abrupt (i.e. steep) transi-
tions (or (concentrations) profiles) originates both in the poor
surface adhesion of the dopant (e.g. As, P, B) and the strong
surface segregation of the dopant during growth. The segre-
gation effect results in an incorporated bulk concentration
lower than that the surface concentration by several orders of
magnitude. These combined effects lead to a ‘corner-
rounded’ (or an undershoot) of the concentration profile at the
emitter-base interface in the as-deposited structures (illus-
trated in FIG. 1a), instead of the intended box-shape (i.e.
steep) profile (as illustrated in FIG. 2a).

[0081] The invention discloses a method for manufacturing
a junction with a controlled dopant (concentration) profile
comprising:

[0082] forming a first semiconductor material comprising a
first dopant having a first concentration and thereupon
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[0083] forming a second semiconductor material compris-
ing a second dopant having a second concentration, thereby
forming a (physical/metallurgical) junction, and

[0084] depositing by Atomic Layer Epitaxy or Vapor Phase
Doping at least a fraction of a monolayer of a precursor
suitable to form the second dopant on the first semiconductor
material, prior to forming the second semiconductor material,
thereby increasing locally the second concentration of the
second dopant at the (physical/metallurgical) junction.
[0085] In various embodiments of the invention the term
‘controlled dopant (concentration) profile’ refers to steep (i.e.
abrupt/box-shaped) (concentration) profile of the second
dopant at the junction in the as-deposited structures/layers.
This can be achieved by increasing locally the second con-
centration (or creating an overshoot) of the second dopant at
the junction. In line with the above, steepening the second
dopant (concentration) profile at the emitter-base junction
means controlling (or creating an overshoot in) the second
dopant (concentration) profile at the junction (i.e. at the met-
allurgical junction, before the step of performing the rapid
thermal anneal, and subsequently, at the electrical junction,
after having performed the rapid thermal anneal).

[0086] In different embodiment of the invention, the first
semiconductor material and the second semiconductor mate-
rial are made of the same material and have the same compo-
sition, thereby forming a homojunction.

[0087] Inotherembodiments ofthe invention the first semi-
conductor material and the second semiconductor material
are made of different materials or have different composi-
tions, thereby forming a heterojunction.

[0088] The method of the invention may comprise addi-
tional steps in between forming a first semiconductor material
comprising a first dopant and forming a second semiconduc-
tor material comprising a second dopant. In case of a BiC-
MOS process flow, the emitter growth is not performed in the
same process step as the base growth. The process flow may
comprise at least a photolithographic step for emitter window
definition. However, in all cases the emitter layer/region is
overlying and in contact with the base region/stack.

[0089] The method of the invention allows the control of
the dopant (concentration) profile at the emitter-base inter-
face. Locally a dopant containing layer (of high dopant con-
centration) is provided that is used as a dopant reservoir for
the in-diffusion during the subsequent (rapid) thermal treat-
ment (or activation anneal).

[0090] Vapor Phase Doping (VPD) is a Chemical Vapor
Deposition (CVD) process wherein species (i.e. precursors)
suitable to form dopants are deposited directly from the gas
phase onto a substrate (e.g. a semiconductor material)
through pyrolysis of a precursor gas, such as e.g. diborane
(B,Hy) for p-type doping and phosphine (PH;) or arsine
(AsH,) for n-type doping.

[0091] Preferably, the precursors are diluted in hydrogen
gas (H,), orin an inert gas, such as nitrogen gas (N, ) or argon
(Ar).

[0092] The precursors used in manufacturing are mostly
diluted in hydrogen (i.e. mixtures of the species suitable to
form dopants and H,).

[0093] Forming a dopant containing layer has to be per-
formed at a temperature lower than the corresponding dopant
desorption limit for the n-type dopants (As, P) and, respec-
tively, lower than the dopant in-diffusion limit for the p-type
dopants (B). The dopant desorption limit is defined as the
temperature at which the dopants start to desorb from the
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substrate. The dopant in-diffusion limit is defined as the tem-
perature at which the dopants start to diffuse into the sub-
strate.

[0094] Typical examples of n-type dopant precursors are
arsine (AsH;) and phosphine (PH;). Advantageously, form-
ing an arsine/phosphine containing layer is performed at a
temperature lower or equal to the dopant desorption limit. In
case of arsine, the dopant desorption limit is 600° C. The
dopant desorption limit put also a constraint on the deposition
temperature of the epitaxial overgrowth of a semiconductor
material as referred to elsewhere in the description.

[0095] A typical example of a p-type dopant precursor is
diborane (B,H). Advantageously, forming a diborane con-
taining layer is performed at a temperature lower or equal to
the dopant in-diffusion limit.

[0096] When the dopant deposition step from the gas phase
in the Vapor Phase Doping process occurs epitaxially on the
substrate and when the amount of dopants (or dopant dose)
can be atomically controlled (typically at lower temperatures
then usual VPD), the technique is also known as Atomic
Layer Epitaxy (ALE). Atomic Layer Epitaxy is a chemical
vapour deposition (CVD) process wherein dopant atoms
chemisorb on a heated substrate through the thermal decom-
position from a gaseous precursor (e.g., AsH;, PH;, B,Hy). In
the case of n-type doping, the chemisorption mechanism is
self-limiting resulting in one single atomic layer (i.e. one
monolayer) of dopant atoms (illustrated in FIG. 3). In the case
of p-type doping, the self-limitation can be observed only at
very low temperature, of the order of 100° C.

[0097] Inthe case of n-type doping (e.g. with As) the depo-
sition is self-limited to 1 monolayer (ML). Below 1 ML, the
deposited dose is determined by the duration of the exposure
to the gaseous precursor (AsH,), as shown in FIG. 3 in the
region labeled with (1).

[0098] Atomic Layer Epitaxy can be applied for in-situ
doping of a semiconductor material. In this case, a layer of a
semiconductor material (e.g. Si, Ge or SiGe) is epitaxially
grown on top of a dopant layer already formed as illustrated in
FIG. 4.

[0099] The self-limitation of ALE to 1 monolayer of dopant
is an additional advantage, since the dopant atoms can all be
incorporated in substitutional sites during the epitaxial (over)
growth of the semiconductor material. The growth processes
are non-equilibrium processes which can be performed below
the surface diffusion temperature of the dopants (related to
the kinetics of the deposition process). In this way, very high
active levels of doping can be obtained, above the dopant
solid solubility. When the chemisorption is done on a Si (100)
surface, the saturation dose (i.e. the dose of one monolayer)
corresponds to a surface concentration of about 6.8x10'*
atoms/cm?>.

[0100] The basic sequence that combines a dopant deposi-
tion step followed by the epitaxial overgrowth of a semicon-
ductor layer can be repeated several times (or cycles). Each
time, the overgrown semiconductor layer provides a fresh
surface which allows the formation of a new dopant layer.
This process is represented schematically in FIG. 4.

[0101] Embodiments of the invention disclose depositing
at least a fraction of a monolayer of a precursor suitable to
form a dopant at a pressure between about 0.1 Pa and about 1
atm (101 kPa). The reaction chamber can be, for example, an
epitaxial reactor, a low pressure chemical vapor deposition
(LPCVD) chamber, a reduced pressure chemical vapor depo-
sition (RPCVD) chamber, an atmospheric pressure chemical
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vapor deposition (APCVD) chamber or a ultra high vacuum
chemical vapor deposition (UHVCVD) chamber, or a gas
source molecular beam epitaxy chamber (GSMBE).

[0102] In specific embodiments of the invention a method
is disclosed to improve the steepness of the doping profile at
the interface between the emitter and the base region of a
bipolar transistor (when compared to methods described in
the art). Secondly, the method allows a good (or improved)
control of the in-diffusion depth of the dopants at the emitter-
base interface of a bipolar CMOS, upon applying the conven-
tional activation anneal of the CMOS flow (when compared to
methods described in the art).

[0103] Since the as-deposited dose can be varied with con-
tinuous values between 0 and 1 ML, ALE can be tuned to fit
the profile steepness at the (emitter-base) interface and, at the
same time, the diffusion length in the base (upon rapid ther-
mal anneal).

[0104] The bulk of the emitter can be grown either by
conventional in-situ doping techniques (e.g. Chemical
Vapour Deposition (CVD)) or by performing multiple cycles
of ALE.

[0105] The emitter region can comprise multiple layers,
each of them being epitaxially grown.

[0106] The sequence of dopant deposition (ALE) and epi-
taxial overgrowth of a semiconductor material such as Si, Ge,
SiGe is repeated several times (FIG. 4). Because the over-
grown layer provides a fresh surface for the dopant atoms, the
dopant dose can be increased to any arbitrary value, provided
that a sufficient amount of cycles is performed. Due to the
layer growth, the thickness of the structure increases with the
number of cycles.

[0107] Ifthe exposure time is short enough during the ALE
step, the substrate surface is not saturated by dopants. By an
adequate choice of the exposure time, it is possible to tune the
as-deposited dose at the required value (see e.g. FIG. 3 in the
region labeled with (1)).

[0108] IfALEisfollowedby a(rapid)thermal treatment (or
anneal), the dopant atoms will be activated in the semicon-
ductor material. The maximum active dopant level that can be
achieved is determined by the solid solubility limit at the
anneal temperature. In the case of n-type dopants, without the
deposition of a capping layer (or overgrown semiconductor
material) immediately after the ALE step, most of the
adsorbed atoms will desorb during the anneal step at tempera-
tures higher than 550° C.-600° C. Therefore the semiconduc-
tor material must be grown/deposited at a temperature lower
than the desorption temperature, to act as a protective cap
layer with minimal alteration of the as-deposited dopant dose.

[0109] InFIG. 54 (and FIG. 5b), secondary ion mass spec-
trometry (SIMS) measurements of the As concentration in the
emitter layer are shown for 4 samples in the neighborhood of
the physical interface between the emitter region (left hand
side of the figure) and the base region (right hand side of the
figure) (said transition region between the emitter region and
the (base cap ofthe) base region being indicated with a dashed
rectangle on FIGS. 54 and 56 and on top of said figures). Inthe
as-deposited sample with the ALE (curve 3), the problem of
the corner-rounded profile (curve 1) is solved, obtaining even
a dopant concentration peak, with a magnitude of 6.2x10%°
atoms/cm® (i.e., cm™>) This magnitude of the concentration
peak corresponds to 1 ML of As, but can be tuned/controlled
towards lower values, upon the requirements of a particular
device, by depositing a fraction of a monolayer of arsine. The
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possibility to control the dopant overshoot (or concentration
peak magnitude) is a particular advantage of the invention.
[0110] As apositive effect of ALE, the As concentration in
the region (between -5 nm to —10 nm in said figure) of the
overgrown layer close to the ALE peak (curve 3) is more
uniform, compared to the profile of the sample without ALE
(curve 1). Without being bound to theory, it is believed that
the small dip in dopant (As) concentration at —14 nm is most
probably due to the presence of Ge in the emitter or to a
calibration issue of the SIMS measurement due to the pres-
ence of Ge.
[0111] After a spike anneal at 1085° C., the dopant (con-
centration) profile of the sample using ALE (curve 4) shows
deeper in-diffusion compared to that of the sample without
ALE (curve 2). The difference is due to the high amount of
dopant (1 ML) that is available from the ALE, which acts as
a reservoir of dopant atoms during the drive-in anneal. As
indicated above, this amount of dopant can be reduced to a
fraction of a monolayer in order to adjust the in-diffusion
depth upon needs.
[0112] FIG. 6a (and FIG. 6b) represents the results of
TCAD simulations of an emitter grown using the (multiple)
ALE.
[0113] FIG. 6a shows the ALE peaks (1) (grey) to (5)
(dashed black) with increasing magnitude. FIG. 65 shows the
corresponding in-diffusion depth after a spike anneal at 1085°
C. for the ALE peaks (1) to (5).
[0114] The simulations show that a proper tuning of the
magnitude of the ALE peak close to the emitter/base interface
allow to control the in-diffusion length after (or upon) the
(rapid) thermal anneal.
[0115] The higher the ALE peak magnitude (i.e. the dis-
tance measured from the top of the (grey) peak (1) to the top
of the (black-dashed) peak (5) in FIG. 6a the higher is the
in-diffusion depth (measured in microns on the x-scale) in the
direction indicated by the arrow in FIG. 65 (i.e. from the grey
curve (1) to the black-dashed curve (5)). Upon anneal, the
other ALE peaks in the bulk emitter region are leveled off at
the same bulk concentration in the emitter.
[0116] The present invention can be applied in different
areas of semiconductor device manufacturing. While the
invention is described in conjunction with a bipolar transistor
and more particularly to a bipolar CMOS (BiCMOS) device,
it will be apparent to those ordinary skilled in the art that the
benefits of this invention can be applied to other applications.
Another possible application is growing thin highly doped
semiconductor layers on a substrate. The method of the inven-
tion can be used e.g. to form thin n+ Si layer for photovoltaic
applications or to control the dopant (concentration) profile at
the emitter-base junction in a photovoltaic device.
[0117] It is to be understood that although preferred
embodiments, specific constructions and configurations, as
well as materials, have been discussed herein for devices
according to the present invention, various changes or modi-
fications in form and detail may be made without departing
from the scope of this invention as defined by the appended
claims.
1. A method for manufacturing a junction with a controlled
dopant profile comprising:
forming a first semiconductor material comprising a first
dopant having a first concentration and thereupon
forming a second semiconductor material comprising a
second dopant, having a second concentration thereby
forming a junction, and
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depositing by Atomic Layer Epitaxy or Vapor Phase Dop-
ing at least a fraction of a monolayer of a precursor
suitable to form the second dopant on the first semicon-
ductor material, prior to forming the second semicon-
ductor material, thereby increasing the second concen-
tration of the second dopant at the junction.

2. The method according to claim 1, wherein the first
semiconductor material and the second semiconductor mate-
rial have the same composition, thereby forming a homojunc-
tion.

3. The method according to claim 1, wherein the first
semiconductor material and the second semiconductor mate-
rial have different compositions, thereby forming a hetero-
junction.

4. The method according to claim 1, wherein forming the
second semiconductor material comprises

performing a sequence consisting of

epitaxially growing a layer of a second semiconductor
material and thereupon
depositing by Atomic Layer Epitaxy a monolayer of a
precursor suitable to form the second dopant, and
repeating the sequence at least twice, thereby incorporat-
ing the second dopant in substitutional sites in the sec-
ond semiconductor material.

5. The method according to claim 1, wherein the second
concentration of the second dopant in the second semicon-
ductor material is higher or equal to 1x10%° atoms/cm>.

6. The method according to any of claims 1, wherein the
second dopant is a n-type dopant.

7. The method according to claim 6, wherein the n-type
dopant is arsenic (As) or phosphorus (P).

8. The method according to claim 7, wherein the precursors
suitable to form the n-type dopant are arsine (AsH3) or phos-
phine (PH,).

9. The method according to claim 1, wherein the first
dopant is a p-type dopant.

10. The method according to claim 9, wherein the p-type
dopant is boron.

11. The method according to claim 1, wherein the second
semiconductor material comprises Si, Ge or combinations
thereof.

12. The method according to claim 1, wherein the second
semiconductor material is an emitter region of a bipolar tran-
sistor.

13. The method according to claim 1, wherein the first
semiconductor material comprises Si, Ge or combinations
thereof.

14. The method according to claim 1, wherein the first
semiconductor material is a base region of a bipolar transistor.

15. The method according to claim 1, further comprising a
rapid thermal treatment.

16. The method according to claim 15, wherein the rapid
thermal treatment is a typical HDD activation anneal used in
CMOS technology.

17. The method according to claim 15, wherein upon the
rapid thermal treatment an in-diffusion depth of As into the
first semiconductor material is lower or equal to 15 nm.

18. Use of the method according to claim 1 for the manu-
facture of a bipolar CMOS (BiCMOS) device.

19. Use of the method according to claim 1 for the manu-
facture of a photovoltaic device.
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