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(57) ABSTRACT

The object of the present invention is to provide a hetero-
Junction bipolar transistor with high breakdown tolerance
which can be manufactured at a high reproducibility and a
high yield, the heterojunction bipolar transistor includes: a
sub-collector layer; a collector layer formed on the sub-
collector layer; a base layer formed on the collector layer;
and an emitter layer, which is formed on the base layer and
is made of a semiconductor that has a larger bandgap than
a semiconductor of the base layer, in which the collector
layer includes: a first collector layer formed on the sub-
collector layer; a second collector layer formed on the first
collector layer; and a third collector layer formed between
the second collector layer and the base layer, a semiconduc-
tor of the first collector layer differs from semiconductors of
the third collector layer and the second collector layer, and
an impurity concentration of the second collector layer is
lower than an impurity concentration of the sub-collector
layer and higher than an impurity concentration of the third
collector layer.
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HETEROJUNCTION BIPOLAR TRANSISTOR AND
MANUFACTURING METHOD THEREOF

BACKGROUND OF THE INVENTION

[0001] (1) Field of the Invention

[0002] The present invention relates to a heterojunction
bipolar transistor, and particularly to an InGaP/GaAs het-
erojunction bipolar transistor.

[0003] (2) Description of the Related Art

[0004] Heterojunction bipolar transistors (HBT) using
semiconductor with large bandgap for emitter have been in
practical use as high-frequency analogue elements for
mobile phones and the like. In particular, an InGaP/GaAs
HBT using InGaP as an emitter has small temperature
dependency of current gain (HFE) since discontinuity of
valence band (AEv) is large, and is expected to be widely
used as a highly reliable device.

[0005] A device structure of a general InGaP/GaAs HBT
is described hereafter with reference to a diagram (for
example, see Japanese Laid-Open Patent Application No.
2000-260783).

[0006] FIG. 1 is a diagram showing a structure of an
npn-type InGaP/GaAs HBT.

[0007] As shown in FIG. 1, in the InGaP/GaAs HBT, an
n*-type GaAs sub-collector layer 202 which is formed by
doping an n-type impurity at a high concentration is stacked
on a semi-insulating GaAs substrate 201. On the sub-
collector layer 202, a GaAs collector layer 203 that is either
non-doped or of n-type with low impurity concentration,
p-type GaAs base layer 207 with a high-impurity concen-
tration, and an n-type InGaP emitter layer 208 are sequen-
tially stacked. These layers form a convex portion formed
only on a range of the sub-collector layer 202. Furthermore,
on the emitter layer 208, an n-type GaAs emitter cap layer
209 and a low-resistance n-type InGaAs emitter contact
layer 210 are sequentially stacked. The emitter cap layer 209
and the emitter contact layer 210 form the second convex
portion formed only on the emitter layer 208.

[0008] Here, on the emitter contact layer 210, an emitter
electrode 251 made of, for example, Ti/Pt/Au and the like,
is formed. On the emitter layer 208, a base electrode 252
made of multi-layer metal and the like including Pt is formed
by heat diffusion on the emitter layer 208 that is exposed in
the periphery of the emitter cap layer 209 so as to contact the
base layer 207. On the sub-collector layer 202, a collector
electrode 253 made of AuGe/Ni/Au and the like is formed.
Furthermore, in order to electrically separate the HBT from
other HBT, an element isolation region 254 ranging from the
sub-collector layer 202 to the substrate 201 is formed by ion
implantation and inactivated heat treatment in an element
peripheral region of the substrate 201 and the sub-collector
layer 202.

SUMMARY OF THE INVENTION

[0009] In recent years, the usage of InGaP/GaAs transis-
tors has been expanded. For example, only as transmission
amplifier for cellular phones, practical use as a power device
in a terminal transmission unit, not only for the conventional
CDMA system but also for the GSM system has been
considered. When used in the GSM system, it is required for
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an HBT to be more tolerant of over input and load change.
For example, in the WCDMA system, the required break-
down tolerance level is to achieve Vs=4.2V in VSWR=8:1,
while in the GSM system, the required breakdown tolerance
level is to achieve Vs=4.5V in VSWR=20:1. In other words,
higher breakdown tolerance is required for the GSM system.
Thus, in order to apply an InGaP/GaAs HBT as a transmis-
sion amplifier in the GSM system, it is essential to achieve
the breakdown tolerance level. However, with the conven-
tional InGaP/GaAs HBT technology, the required break-
down tolerance level cannot be achieved.

[0010] An HBT breakdown is described hereafter.

[0011] FIG. 2 is a diagram showing a collector voltage
Ve-collector current Ic and a breakdown curve drawn by
plotting the points where transistor breakdown occurs in
each base current Ib.

[0012] As shown in FIG. 2, the HBT breakdowns can be
divided into the breakdowns in the low-current area A and
the breakdowns in the high-current area B. The device
breakdown during power operation in the GSM system
occurs when either the low-current area A or the high-
current area B overlaps with the load curve.

[0013] FIGS. 3A, 3B, and 3C are diagrams showing the
results of an electric intensity simulation of the conventional
HBT shown in FIG. 1, performed by the inventor of the
present invention. In FIGS. 3A, 3B, and 3C, the horizontal
axis indicates the distance from the emitter layer surface to
the sub-collector layer, and the vertical axis indicates the
electric intensity in each current value. FIG. 3A is in the
low-current area A (for example, I;=1 pA), FIG. 3B is
between the low-current area A and the high-current area B
(for example, I5=10 pA), and FIG. 3C is in the high-current
area B (for example, [;=34 pA).

[0014] InFIGS.3A, 3B, and 3C, in the low-current area A,
maximum electric intensity is applied on the boundary
surface of the base layer and the collector layer, and ava-
lanche breakdown which causes device breakdown occurs
on the boundary surface of the base layer and the collector
layer (FIG. 3A). However, when current increases and
electrons with a density more than the collector density is
implanted to the collector (Kirk effect), an area where the
maximum electric intensity is applied, shifts from the base
side to the sub-collector side (FIG. 3B). Furthermore, when
the current further increases, the maximum electric intensity
is applied on the boundary surface of the collector layer and
the sub-collector layer (FIG. 3C), occurrence of avalanche
breakdown that causes device breakdown is qualitatively
observed. Note that this phenomenon is described in detail
in page 147 of a reference book “2nd edition of Semicon-
ductor Devices” by A. Sze.

[0015] As described above, in order to improve break-
down tolerance of an HBT, it is required to relax both the
electric intensity concentrations between the base layer and
the collector layer in the low-current area A and between the
collector layer and the sub-collector layer in the high-current
area B. There has been several proposals for lowering the
electric intensity concentration between the base layer and
the collector layer in the low-current area A, and an example
is described hereafter.

[0016] FIG. 4 is a cross-section diagram showing a struc-
ture of a high breakdown tolerance HBT.
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[0017] As shown in FIG. 4, in this HBT, a sub-collector
layer 302, a collector layer 303, a base layer 306, an emitter
layer 307, an emitter cap layer 308 and an emitter contact
layer 309 are sequentially stacked on a semi-insulating
GaAs substrate 301.

[0018] Here, the collector layer 303 is made of two layers,
a first collector layer 304 and a second collector layer 305.
The first collector layer 304 contacts the sub-collector layer
302 and has a medium impurity concentration approxi-
mately at 5x10'® cm™. The second collector layer 305
contacts the base layer 306, and is non-doped or doped at a
low impurity concentration.

[0019] On the emitter contact layer 309, an emitter elec-
trode 351 is formed. On the emitter layer 307, a base
electrode 352 is formed. On the sub-collector layer 302, a
collector electrode 353 is formed. Furthermore, in an ele-
ment periphery region on the substrate 301 and the sub-
collector layer 302, an element isolation region 354 is
formed.

[0020] FIGS. 5A, 5B, and 5C are diagrams showing the
results of an electric intensity simulation of the HBT shown
in FIG. 4 and the conventional HBT shown in FIG. 1
performed by the inventor. The HBT shown in FIG. 4
includes the second collector 305 made of a GaAs layer of
800 nm in film thickness with a low impurity concentration,
the first collector layer 304 made of n-type GaAs of 200 nm
in thickness with a medium impurity concentration, and the
total film thickness of the collector layer 303 is 1000 nm.

[0021] In FIGS. 5A, 5B, and 5C, the horizontal axis
indicates distance from the emitter layer surface to the
sub-collector surface, and the vertical axis indicates electric
intensity intensity in each current value. FIG. 5A is in the
low-current area A (for example, Ip=1 uA), FIG. 5B is
between the low-current area A and the high-current area B
(for example, I;=10 pA), and FIG. 5C is in the high-current
area B (for example, [;=34 pA).

[0022] From FIGS. 5A, 5B, and 5C, an HBT with the
structure mentioned above, electric intensity is controlled in
a low level compared with the conventional HBT shown in
FIG. 1 both in the low-current area A and the high-current
area B, and avalanche breakdown is unlikely to occur. In
other words, breakdown tolerance of the HBT is improved.
Note that this method is described in detail in an invention
by Skyworks (U.S. patent No: U.S. Pat. No. 6,531,721 Bl).

[0023] However, when manufacturing the HBT with a
structure described above, in the case where the film of the
collector layer 303 is extremely thick and is 1000 nm or
more in thickness, etching for exposing the surface of the
collector layer 303 cannot be controlled well, and the
processing difficulty significantly increases.

[0024] Here, it is possible to improve reproducibility by
using an etching stopper layer made of a material with high
etching tolerance against the first collector layer 304, the
second collector layer 305 or the sub-collector layer 302 for
the collector layer 303 or the sub-collector layer 302.
However, material used for etching stopper layer is gener-
ally AlGaAs or InGaP and the like, which have large
bandgaps against GaAs, often causing in conduction band
discontinuity in the collector layer. As a result, collector
resistance increase caused by the conduction band discon-
tinuity or degradation of high-frequency characteristics of
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the transistor caused by the accumulation and staying effect
of the carrier occur. In addition, in the case where the etching
stopper layer is made of ordered InGaP, carrier location
occurs in InGaP, and local electric intensity concentration
occurs, and thus breakdown tolerance degrades. Further-
more, in the case where a material different from the
materials described above as the etching stopper layer is
used, it might cause increase in defect level of the base layer
and the boundary surface of the base layer and the emitter
layer due to lowered crystallinity, which could lower f§ and
credibility.

[0025] Inview of the problem mentioned above, an object
of the present invention is to provide a high breakdown
tolerance HBT which can be manufactured with a good
reproducibility and a high yield.

[0026] In order to achieve the object above, a heterojunc-
tion bipolar transistor according to the present invention is
a heterojunction bipolar transistor including: a sub-collector
layer; a collector layer formed on said sub-collector layer; a
base layer formed on said collector layer; and an emitter
layer, which is formed on the base layer and is made of a
semiconductor that has a larger bandgap than a semicon-
ductor of the base layer, in which the collector layer
includes: a first collector layer formed on the sub-collector
layer; a second collector layer formed on the first collector
layer; and a third collector layer formed between the second
collector layer and the base layer, a semiconductor of the
first collector layer differs from semiconductors of the third
collector layer and the second collector layer, and an impu-
rity concentration of the second collector layer is lower than
an impurity concentration of the sub-collector layer and
higher than an impurity concentration of the third collector
layer. Here, the first collector layer may be made of AlGaAs
having an impurity concentration higher than the impurity
concentration of the sub-collector layer. In addition, the third
collector layer may be made up of two or more layers of
different impurity concentrations, an impurity concentration
of the third collector layer may gradually increase from a
boundary surface of the third collector layer and the base
layer toward a boundary surface of the third collector layer
and the second collector layer.

[0027] With this structure, the collector layer includes a
semi-conductor layer with a low impurity concentration and
a semiconductor layer with a medium impurity concentra-
tion. Thus, as shown in FIGS. SA, 5B, and 5C, electtic
intensity concentration can be relaxed, and breakdown tol-
erance of an HBT can be improved. In addition, the first
collector layer is formed with a semiconductor different
from the third collector layer and the second collector layer,
and functions as an etching stopper layer when an etching
for the collector layer is performed. Therefore, etching
stability can be improved and it is possible to manufacture
HBTs at a high reproducibility and a high yield. In other
words, it is possible to realize a high breakdown tolerance
heterojunction bipolar transistor which can be manufactured
at a high reproducibility and a high yield.

[0028] Inaddition, the first collector layer may be made of
InGaP having an impurity concentration higher than the
impurity concentration of said sub-collector layer.

[0029] With this structure, a resistance of the first collector
layer can be lowered by increasing the impurity concentra-
tion of the first callector layer to, for example, 10**® order.
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Thus, high breakdown voltage and high yield can be realized
without increasing collector resistance.

[0030] In addition, the first collector layer may be made of
InGaP having a disordered structure.

[0031] With this structure, since doping efliciency of
InGaP can be improved and the impurity concentration of
the first collector layer can be increased, the resistance of the
first collector layer can be lowered further. In addition, since
carrier location in InGaP can be prevented, electric intensity
concentration can be suppressed and thus breakdown toler-
ance of the heterojunction bipolar transistor can be
improved.

[0032]
InGaAs.

In addition, the first collector layer may be made of

[0033] With this structure, the first collector layer is made
of InGaAs with a small bandgap against GaAs, and thus a
conduction band discontinuity (3Ec) does not occur in the
collector layer. Thus, it is possible to suppress degradation
of transistor high-frequency characteristics caused by carrier
accumulation effect and staying effect. In other words, a high
performance heterojunction bipolar transistor can be real-
ized. In addition, since the collector electrode is formed on
an InGaAs layer with a small bandgap, contact resistance
can be lower than a conventional case.

[0034] Inaddition, the first collector layer may be made up
of a non-doped or doped InGaP layer placed in contact with
the sub-collector layer, and a semiconductor layer, placed in
contact with the second collector layer, with an impurity
concentration higher than the impurity concentration of the
InGaP layer.

[0035] With this structure, 6Ec can be reduced, and thus a
heterojunction bipolar transistor with higher performance
can be realized.

[0036] In addition, the InGaP layer may have a disordered
structure.

[0037] With this structure, doping efficiency of InGaP
increases, and the impurity concentration of the first collec-
tor layer can be increased. Thus, the resistance of the first
collector layer can be lowered further. In addition, since
carrier location in InGaP can be prevented, electric intensity
concentration can be suppressed and thus breakdown toler-
ance of the heterojunction bipolar transistor can be
improved.

[0038] Inaddition, the thickness of the first collector layer
may range from 5 nm to 50 nm inclusive.

[0039] With this structure, resistance increase caused by
the first collector layer hardly occurs, and thus it is possible
to improve breakdown tolerance while suppressing charac-
teristic degradation and increase yield.

[0040] In addition, the impurity concentration of the sec-
ond collector layer ranges from 3x10*® em™ to 2x10*” cm™
and the impurity concentration of the third collector layer
may be lower than 3x10*¢ cm™2.

[0041] With this structure, electric intensity concentration
can be effectively relaxed in a wide current region.

[0042] In addition, the second collector layer may be 400
nm or more in film thickness and the third collector layer
may be 600 nm or less in film thickness.
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[0043] With this structure, electric intensity concentration
can be effectively relaxed.

[0044] In addition, the present invention may be a method
for manufacturing a heterojunction bipolar transistor, the
method including: stacking a sub-collector layer, a first
collector layer, a second collector layer, a third collector
layer, a base layer, and an emitter layer successively; and
etching a part of the emitter layer, base layer, third collector
layer, and second collector layer so that the first collector
layer is exposed, in which, in said stacking, the following
layers are stacked: the first collector layer made of a semi-
conductor different from semiconductors of the third col-
lector layer and the second collector layer; the second
collector layer with an impurity concentration lower than the
impurity concentration of the sub-collector layer, the impu-
rity concentration being higher than the impurity concen-
tration of the third collector layer; and the emitter layer made
of a semiconductor with a bandgap larger than a bandgap of
a semiconductor forming the base layer.

[0045] According to this manufacturing method, by form-
ing the first collector layer with a semiconductor having an
etching selectiveness against the third collector layer and the
second collector layer, the first collector layer can function
as an etching stopper layer when etching for the collector
layer is performed. Thus, etching process can be facilitated,
and it is possible to manufacture a heterojunction bipolar
transistor at a high reproducibility and a high yield.

[0046] According to the present invention, a high break-
down tolerance heterojunction bipolar transistor can be
manufactured with higher processability. In other words, it
is possible to realize a high breakdown tolerance hetero-
junction bipolar transistor which can be manufactured at a
high reproducibility and a high yield compared with a
conventional InGaP/GaAs heterojunction bipolar transistor.

[0047] Therefore, the present invention presents new pos-
sibility of an InGaP/GaAs HBT as a power amplifier in the
terminal transmission unit of the GSM system, and the
present invention is highly suitable for practical use.

Further Information about Technical Background to this
Application

[0048] The disclosure of Japanese Patent Application No.
2005-370916 filed on Dec. 22, 2005 including specification,
drawings and claims is incorporated herein by reference in
its entirety.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] These and other objects, advantages and features of
the invention will become apparent from the following
description thereof taken in conjunction with the accompa-
nying drawings that illustrate a specific embodiment of the
invention. In the Drawings:

[0050] FIG. 1 is a cross-section diagram showing a struc-
ture of a conventional HBT;

[0051] FIG. 2 is a diagram showing Vec-Ie curve and
breakdown curve of an HBT;
[0052] FIG. 3Ato 3C are diagrams showing the results of

electric intensity simulation of an HBT;

[0053] FIG. 4 is a cross-section diagram showing a struc-
ture of a high breakdown tolerance HBT;
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[0054] FIG. 5A to 5C are diagrams showing the results of
the electric intensity simulation in the HBT;

[0055] FIG. 6 is a cross-section diagram showing a struc-
ture of an HBT according to the first embodiment of the
present invention,

[0056] FIG. 7A to TE are cross-section diagrams showing
a manufacturing method of the HBT according to the first
embodiment of the present invention;

[0057] FIG. 8 is a cross-section diagram showing the
structure of the HBT according to the second embodiment of
the present invention;

[0058] FIG. 9A to 9E are cross-section diagrams showing
a manufacturing method of the HBT according to the second
embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

[0059] Heterojunction bipolar transistors according to the
embodiments of the present invention shall be described
with reference to the diagrams.

First Embodiment

[0060] FIG. 6 is a cross-section diagram showing a struc-
ture of an HBT according to the first embodiment of the
present invention.

[0061] As showninFIG. 6, in this HBT, on a substrate 101
made of semi-insulating GaAs, a sub-collector layer 102, a
collector layer 110, a base layer 106, an emitter layer 107,
an emitter cap layer 108, and an emitter contact layer 109 are
sequentially formed. The sub-collector layer 102 is made of
n*-type GaAs doped with n-type impurity at a high concen-
tration of 5%10*® cm™>. The collector layer 110 is doped with
n-type impurity, and is formed on the sub-collector layer
102. The base layer 106 is formed on the collector layer 110,
and is made of p-type GaAs of 100 nm in film thickness,
doped with impurity at a high concentration of 4x10"? cm™>.
The emitter layer 107 with a larger bandgap than the base
layer 106 is formed on the base layer 106, and is made of
InGaP doped with n-type impurity at an impurity concen-
tration of 3x10'7 ecm™. The collector layer 110, the base
layer 106, and the emitter layer 107 are processed for
forming a convex so as to separate the base region, and form
a base island region. The emitter cap layer 108 and the
emitter contact layer 109 are formed on the emitter layer 107
in a convex form for forming an emitter island region. The
emitter cap layer 108 is made of GaAs of 200 nm in film
thickness doped with n-type impurity at an impurity con-
centration of 3x10® cm=, The emitter contact layer 109 is
made of InGaAs of 100 nm in film thickness, doped with
n-ty};e impurity at an impurity concentration of 1x10'*
cm™.

[0062] On a collector window formed in a region where
the sub-collector layer 102 is exposed, a collector electrode
153 made of AuGe/Ni/Au and the like is formed by evapo-
ration. In addition, on the emitter contact layer 109, an
emitter electrode 151 made of Pt/Ti/Pt/Au and the like is
formed. In a region where the emitter layer 107 is exposed
around the emitter cap layer 108, a base electrode 152 made
of Pt/Ti/Pt/Au and the like is formed by diffusing impurity
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with heat from the emitter layer 107 so as to make ohmic
contact with the base layer 106.

[0063] The collector layer 110 is made up of a first
collector layer 103 formed on the sub-collector layer 102, a
second collector layer 104 formed on the first collector layer
103, and a third collector layer 105 formed between the
second collector layer 104 and the base layer 106.

[0064] Here, the first collector layer 103 is made of a
semiconductor which differs from semiconductors making
up of the third collector layer 105 and the second collector
layer 104. For example, the first collector layer 103 is made
of n-type disordered InGaP of 30 nm in film thickness,
doped with impurity at an impurity concentration of 5x10'®
cm™, an impurity concentration higher than the impurity
concentration of the sub-collector layer 102. Since the film
thickness of the first collector layer 103 is 5 nm or more and
50 nm or less, increase of resistance caused by the first
collector layer 103 hardly occurs, and thus the characteristic
degradation can be controlled. In addition, since the impu-
rity concentration of the first collector layer 103 is high at
the 10" order, the resistance of the first collector layer 103
can be lowered and thus the characteristic degradation can
be controlled lower.

[0065] The second collector layer 104 is made of a semi-
conductor having an impurity concentration lower than the
impurity concentration of the sub-collector layer 102 and
higher than the third collector layer 105. For example, the
second collector layer 104 is made of n-type GaAs of 400
nm in film thickness, doped with impurity at an impurity
concentration of 5x10'° cm™3,

[0066] The third collector layer 105 is made of a semi-
conductor with an impurity concentration lower than impu-
rity concentration of the second collector layer 104. For
example, the third collector layer 105 is made of n-type
GaAs of 600 nm in film thickness, doped with impurity at an
impurity concentration of 5x10** cm™3, or non-doped i-type
GaAs. Here, since the impurity concentration of the second
collector layer 104 is in a range from 3x10% to 2x10*7 em™
and the impurity concentration of the third collector layer
105 is in a range from none to 3x10'° em™>, electric intensity
concentration can be effectively relaxed in a wide current
region. In addition, since the film thickness of the second
collector layer 104 is 400 nm or more and the film thickness
of the third collector layer is 600 nm or less, electric
intensity concentration can be effectively relaxed.

[0067] Next, a manufacturing method of an HBT with the
abovementioned structure is described with reference to
FIGS. 7A to 7E. FIGS. 7A to 7E are diagrams showing a
manufacturing method of the HBT.

[0068] First of all, as shown in FIG. 7A, on the semi-
insulating the sub-collector layer 102, the first collector
layer 103, the second collector layer 104, the third collector
layer 105, the base layer 106, the emitter layer 107, the
emitter cap layer 108, and the emitter contact layer 109 are
sequentially stacked using a crystal growth method such as
the MBE (molecular beam epitaxy) method or the MOCVD
(metal organic chemical vapor deposition) method or the
like. The sub-collector layer 102 is made of n*-type GaAs
doped with n-type impurity at a high concentration of
5x10" cm™. The first collector layer 103 is made of InGaP
of 30 nm in film thickness, doped with n-type impurity at an
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impurity concentration of 5x10"® cm™. The second collector
layer 104 is made of GaAs of 400 nm in film thickness,
doped with n-type impurity at an impurity concentration of
5x10'® cm™>. The third collector layer 105 is made of GaAs
of 600 nm in film thickness, doped with n-type impurity at
an impurity concentration of 5x10'* cm™. The base layer
106 is made of GaAs of 100 nm in film thickness, doped
with p-type impurity at an impurity concentration of 4x10'?
cm™>. The emitter layer 107 is made of InGaP of 50 nm in
film thickness, doped with n-type impurity at an impurity
concentration of 3x10'7 cm™>. The emitter cap layer 108 is
made of GaAs of 200 nm in film thickness, doped with
n-type impurity at an impurity concentration of 3x10'®
em™>. The emitter contact layer 109 is made of InGaAs of
100 nm in film thickness, doped with n-type impurity at an
impurity concentration of 1x10*° cm™.

[0069] Next, as shown in FIG. 7B, the emitter island
region is covered with a photo resist mask 141, and the
emitter island region is formed by sequentially etching a part
of the emitter contact layer 109 and a part of the emitter cap
layer 108 with a mixed solution of phosphoric acid, hydro-
gen peroxide, and water. Here, the emitter layer 107 is
hardly etched.

[0070] Next, as shown in FIG. 7C, the base island region
is covered with another photo resist mask 142. The base
island region is formed by etching a part of the emitter layer
107 selectively with hydrochloric acid diluted with water,
and sequentially removing part of the base layer 106, the
third collector layer 105, and the second collector layer 104
with mixed solution of phosphoric acid, hydrogen peroxide,
and water using the emitter layer 107 as a mask. Here, the
etching for forming the base island region is a selective
etching in which etching is stopped against etching solution
made of phosphoric acid and hydrogen peroxide, the first
collector layer 103 made of InGaP functions as an etching
stopper layer. Thus, compared to the conventional technol-
ogy, accuracy in etching depth can be significantly improved
when forming a base island region. Subsequently, using the
second collector layer 104 as a mask, the first collector layer
103 is selectively etched using a solution made of hydro-
chloric acid diluted with water, a solution different from the
etching solution used for the etching of the base layer 103,
the third collector layer 105, and the second collector layer
104. Here, the sub-collector layer 102 made of GaAs func-
tions as an etching stopper layer. Note that 5 nm or more is
sufficient as the film thickness of the first collector layer 103
for an etching stopper layer. For example, if the first col-
lector layer 103 is of approximately 30 nm in film thickness,
the first collector layer can adequately function as an etching
stoppet.

[0071] Next, as shown in FIG. 7D, the element isolation
region 154 1s formed in order to electrically isolate the HBT
to be manufactured from other HBT. More specifically, after
the photo resist mask 143 is formed, ion implantation is
performed to the sub-collector layer 102 under an ion
implantation condition at an accelerating voltage of 100 kev
and a dose amount of 6x10'* cm™2,

[0072] Since a manufacturing method to be described
hereafter is a general HBT manufacturing method, detailed
description shall be omitted. As shown in FIG. 7E, an HBT
is formed through a process of sequentially forming the
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collector electrode 153, the emitter electrode 151, and the
base electrode 152 and a process for forming an insulating
film.

[0073] As described above, according to the HBT of the
first embodiment, the collector layer 110 includes a low-
impurity concentration semiconductor layer and a medium-
impurity concentration semiconductor layer. Thus, as
described in FIGS. 5A, 5B, and 5C, electric intensity con-
centration can be relaxed and the breakdown tolerance of the
HBT can be improved. In addition, etching selection ratio of
InGaP is 30 times more than the etching selection ratio of
GaAs in dry etching using chlorinated etching gas, and 100
times more in wet etching using phosphoric acid. According
to the HBT of the first embodiment, the third collector layer
105 and the second collector layer 104 is made of GaAs and
the first collector layer 103 are made of InGaP with an
etching selectivity against GaAs, and thus the first collector
layer 103 functions as an etching stopper layer when etching
the collector layer 110. As a result, reproducibility by
etching can be improved, and thus a high-breakdown toler-
ance HBT which can be manufactured at a high reproduc-
ibility and a high yield can be realized.

[0074] In addition, according to the HBT of the first
embodiment, the first collector layer 103 is made of disor-
dered InGaP. Thus, doping efliciency of InGaP improves,
and the impurity concentration for the first collector layer
103 can be increased, and it is possible to lower the
resistance of the first collector layer 103 and to control
increase in resistance caused by the first collector layer 103.
In addition, since it is possible to prevent carrier location in
InGaP, electric intensity concentration can be suppressed
and breakdown tolerance of an HBT can be improved as
well.

Second Embodiment

[0075] FIG. 8 is a cross-section diagram showing a struc-
ture of an HBT according to the second embodiment of the
present invention.

[0076] As shown in FIG. 8, in this HBT, on the substrate
101 made of semi-insulating GaAs, the sub-collector layer
102, a collector layer 410, the base layer 106, the emitter
layer 107, the emitter cap layer 108, and the emitter contact
layer 109 are sequentially stacked. Here, the collector layer
410, the base layer 106, and the emitter layer 107 are
processed to form a convex form, forming a base island
region. The emitter cap layer 108 and the emitter contact
layer 109 are stacked for forming a convex forn, forming an
emitter island region.

[0077] On a collector window formed where the first
collector layer 403 is exposed, the collector electrode 153
made of AuGe/Ni/Au and the like is formed by evaporation.
On the emitter contact layer 109, the emitter electrode 151
made of Pt/Ti/Pt/Au and the like is formed, and where the
emitter layer 107 is exposed around the emitter cap layer
108, the base electrode 152 is formed by diffusing impurity
with heat from the emitter layer 107 so as to make ohmic
contact with the base layer 106.

[0078] The collector layer 410 includes a first collector
layer 403, a second collector layer 104 formed on the first
collector layer 403, a third collector layer 105 formed
between the second collector layer 104 and the base layer
106.
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[0079] Here, the first collector layer 403 is made of a
semiconductor different from the semiconductors forming
the third collector layer 105 and the second collector layer
104. For example, the first collector layer 403 is made of
InGaAs of 30 nm in film thickness doped with impurity at
an impurity concentration of 5x10™® cm™, an impurity
concentration more than the impurity concentration of the
sub-collector layer 102. Here, if the ratio of In in the first
collector layer 403 is increased, lattice mismatch increases,
and crystallinity of the base layer 106 and the emitter layer
107 to be subsequently formed decreases. Thus, it is impor-
tant that the film thickness of the first collector layer does not
exceed critical film thickness. The film thickness of the first
collector layer 403 is 30 nm, and the In ratio is less than 3.0,
for example, 0.24, and thus it is possible to form a layer over
the first collector layer 403 without lowering crystallinity.

[0080] Next, the manufacturing method of the HBT with
the structure above shall be described with reference to
FIGS. 9A to 9E. FIGS. 9A to 9E are cross-section diagrams
showing a manufacturing method of an HBT.

[0081] First, as shown in FIG. 9A, on the semi-insulating
substrate 101, the sub-collector layer 102, the first collector
layer 403, the second collector layer 104, the third collector
layer 105, the base layer 106, the emitter layer 107, the
emitter cap layer 108, and the emitter contact layer 109 are
sequentially stacked with a crystal growth method such as
the MBE (molecular beam epitaxy) method or the MOCVD
(metal organic chemical vapor deposition) method or the
like. The sub-collector layer 102 is made of n*-type GaAs
doped w1th n-type impurity at a high concentration of
5x10" cm™>. The first collector layer 403 is made of InGaAs
0f30 nm in film thickness, doped with n-type impurity at an
impurity concentration of 5x10" cm>, The second collector
layer 104 is made of GaAs of 400 nm in film thickness,
doped with n-type impurity at an impurity concentration of
5x10'® cm™>. The third collector layer 105 is made of GaAs
of 600 nm in film thickness, doped with n-type impurity at
an impurity concentration of 5x10'* cm™. The base layer
106 is made of GaAs of 100 nm in film thickness, doped
with ptype impurity to at an impurity concentration of
4x10 cm™. The emitter layer 107 is made of InGaP of 50
nm in film thickness, doped with n-type impurity at an
impurity concentration of 3x10"” ¢cm™. The emitter cap
layer 108 is made of GaAs of 200 nm in film thickness,
doped with n-type impurity at an impurity concentration of
3x10'® cm™. The emitter contact layer 109 is made of
InGaAs of 100 nm in film thickness, doped with n-type
impurity at an impurity concentration of 1x10*° cm™.

[0082] Next, as shown in FIG. 9B, the emitter island
region is covered with a photo resist mask 141, and the
emitter island region is formed by sequentially etching a part
of the emitter contact layer 109 and a part of the emitter cap
layer 108 with a mixed solution of phosphoric acid, hydro-
gen peroxide, and water. Here, the emitter layer 107 is
hardly etched.

[0083] Next, as shown in FIG. 9C, the base island region
is covered with another photo resist mask 142. The base
island region is formed by etching a part of the emitter layer
107 selectively with hydrochloric acid diluted with water,
and sequentially removing part of the base layer 106, the
third collector layer 105, and the second collector layer 104
with mixed solution of citric acid, hydrogen peroxide, and
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water using the emitter layer 107 as a mask. Here, the
etching for forming the base island region is a selective
etching in which etching is stopped against etching solution
made of citric acid and hydrogen peroxide, and the first
collector layer 403 made of InGaAs functions as an etching
stopper layer. Thus, compared to the conventional technol-
ogy, accuracy in etching depth can be significantly improved
when forming the base island region.

[0084] Next, as shown in FIG. 9D, the element isolation
region 154 is formed in order to electrically isolate the HBT
to be manufactured from other HBT. More specifically, after
the photo resist mask 143 is formed, ion implantation is
performed to the sub-collector layer 102 under an ion
implantation condition at an accelerating voltage of 100 kev
and a dose amount of 6x10** cm™2,

[0085] Next, as shown in FIG. 9E, after a photo resist
mask with an opening for the region where the collector
electrode 153 is to be formed, AuGe/Ni/Au for the collector
electrode 153 is formed by evaporation, and the collector
electrode 153 is formed by lifting off the metal on the photo
resist mask. Here, it is not necessary to remove the first
collector layer 403 made of InGaAs because collector con-
tact resistance can be lowered by forming the collector
electrode 153 on InGaAs with a small bandgap while
leaving the first collector layer 403 below the collector
electrode 153. Since a manufacturing method to be
described hereafter is a general HBT manufacturing method,
detailed description shall be omitted. An HBT is formed
with a process for sequentially forming the emitter electrode
151 and the base electrode 152, and a process for forming an
insulating film.

[0086] As described above, according to the HBT of the
second embodiment, an HBT with high breakdown toler-
ance can be manufactured at a high reproducibility and a
high yield for the same reasons as the HBT of the first
embodiment.

[0087] In addition, according to the HBT of the second
embodiment, since InGaAs with a small bandgap against the
first collector layer 403 is used, it is possible to manufacture
a HBT with lower resistance than the HBT of the first
embodiment.

[0088] Although only some exemplary embodiments of
the HBTs according to this invention have been described in
detail above, those skilled in the art will readily appreciate
that many modifications are possible in the exemplary
embodiments without materially departing from the novel
teachings and advantages of this invention. Accordingly, all
such modifications are intended to be included within the
scope of this invention.

[0089] For example, although in the HBTs according to
the embodiments above, single-layer InGaP and InGaAs are
presented as a semiconductor forming the first collector
layer, the first collector layer may be formed with a lami-
nated body of InGaP and GaAs. The InGaP has a disordered
structure, is either doped or non-doped, and contacts the
sub-collector layer 102. The GaAs has a higher impurity
concentration than the impurity concentration of the InGaP,
and contacts the second collector layer 104.

[0090] In addition, although in the HBTs according to the
embodiments above, InGaP and InGaAs are presented as
semiconductors for forming the first collector layer. How-
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ever, it is needless to say that similar effect can be achieved
with AlGaAs. For example, the first collector layer may be
formed with AlGaAs doped with impurity at an impurity
concentration higher than the impurity concentration of the
sub-collector layer. In the case where AlGaAs is used as the
first collector layer, an etching solution made of citric acid
or hydrogen peroxide is used for wet etching, and chloride
etching gas is used for dry etching. Thus, the first collector
layer functions as an etching stopper layer, and accuracy of
etching process can be significantly in a similar manner
when InGaP and InGaAs is used.

[0091] In addition, in the HBTs according to the embodi-
ments above, a single-layer semiconductor with a low impu-
rity concentration is presented as a semiconductor for form-
ing the third collector layer 105. However, the
semiconductor may be a multi-layer semiconductor with two
or more layers, in which the impurity concentration of the
semiconductor gradually increases from the boundary sur-
face of the base layer to the boundary surface of the second
collector layer 104. Alternatively, the impurity concentration
of the semiconductor may gradually changes from the
boundary surface of the base layer to the second collector
layer 104.

[0092] In addition, although in the HBTs according to the
embodiments above, InGaP is presented as a semiconductor
for forming the emitter layer 107, it is needless to say that
similar effect can be achieved with AlGaAs.

[0093] In addition, in the embodiments above, although
part of the first collector layer is removed by wet etching, the
part of the first collector layer may be removed by dry
etching. When the first collector layer is made of InGaAs,
chloride etching gas is used.

INDUSTRIAL APPLICABILITY

[0094] The present invention is used for a heterojunction
bipolar transistor, and particularly to a power amplifier and
the like used for a terminal transmission unit in the GSM
system.

What is claimed is:
1. A heterojunction bipolar transistor comprising:

a sub-collector layer;,
a collector layer formed on said sub-collector layer;
a base layer formed on said collector layer; and

an emitter layer, which is formed on said base layer and
is made of a semiconductor that has a larger bandgap
than a semiconductor of said base layer,

wherein said collector layer includes:
a first collector layer formed on said sub-collector layer;

a second collector layer formed on said first collector
layer; and

a third collector layer formed between said second col-
lector layer and said base layer,

a semiconductor of said first collector layer differs from
semiconductors of said third collector layer and said
second collector layer, and

an impurity concentration of said second collector layer is
lower than an impurity concentration of said sub-
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collector layer and higher than an impurity concentra-
tion of said third collector layer.
2. The heterojunction bipolar transistor according to claim
15

wherein said first collector layer is made of InGaP having
an impurity concentration higher than the impurity
concentration of said sub-collector layer.
3. The heterojunction bipolar transistor according to claim
25

wherein said first collector layer is made of InGaP having
a disordered structure.
4. The heterojunction bipolar transistor according to claim
1,

wherein said first collector layer is made of InGaAs.
5. The heterojunction bipolar transistor according to claim
ls

wherein said first collector layer is made of AlGaAs
having an impurity concentration higher than the impu-
rity concentration of said sub-collector layer.
6. The heterojunction bipolar transistor according to claim
1,

wherein the first collector layer is made up of a non-doped
or doped InGaP layer placed in contact with said
sub-collector layer, and a semiconductor layer, placed
in contact with said second collector layer, with an
impurity concentration higher than the impurity con-
centration of the InGaP layer.

7. The heterojunction bipolar transistor according to claim

65

wherein the InGaP layer has a disordered structure.
8. The heterojunction bipolar transistor according to claim
l 3

wherein the thickness of said first collector layer ranges
from 5 nm to 50 nm inclusive.
9. The heterojunction bipolar transistor according to claim
15

wherein said third collector layer is made up of two or
more layers of different impurity concentrations.
10. The heterojunction bipolar transistor according to
claim 1,

wherein an impurity concentration of said third collector
layer gradually increases from a boundary surface of
said third collector layer and said base layer toward a
boundary surface of said third collector layer and said
second collector layer.
11. The heterojunction bipolar transistor according to
claim 1,

wherein the impurity concentration of said second col-
lector layer ranges from 3x10'% cm™ to 2x10'7 ecm™,
and

the impurity concentration of said third collector layer is
lower than 3x10'¢ cm™.
12. The heterojunction bipolar transistor according to
claim 1,

wherein the second collector layer is 400 nm or more in
film thickness, and

the third collector layer is 600 nm or less in film thickness.
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13. A method for manufacturing a heterojunction bipolar
transistor, said method comprising:

stacking a sub-collector layer, a first collector layer, a
second collector layer, a third collector layer, a base
layer, and an emitter layer successively; and

etching a part of the emitter layer, base layer, third
collector layet, and second collector layer so that the
first collector layer is exposed,

wherein, in said stacking, the following layers are
stacked: the first collector layer made of a semicon-
ductor different from semiconductors of the third col-
lector layer and the second collector layer; the second
collector layer with an impurity concentration lower
than the impurity concentration of the sub-collector
layer, the impurity concentration being higher than the
impurity concentration of the third collector layer; and
the emitter layer made of a semiconductor with a
bandgap larger than a bandgap of a semiconductor
forming the base layer.

Jun. 28,2007

14. The method for manufacturing the heterojunction
bipolar transistor according to claim 13, further comprising

etching the exposed part of the first collector layer using
etching solution different from etching solutions used
for etching the second collector layer and the third
collector layer.
15. The method for manufacturing the heterojunction
bipolar transistor according to claim 14,

wherein, in said stacking, the first layer made of InGaP,
the second layer made of GaAs, and the third collector
layer made of GaAs are stacked.
16. The method for manufacturing the heterojunction
bipolar transistor according to claim 13,

wherein, in said stacking, the first collector layer made of
InGaAs, the second collector layer made of GaAs, and
the third collector layer made of GaAs are stacked.
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