US 20200066886A1
a9y United States

a2y Patent Application Publication o) Pub. No.: US 2020/0066886 A1

OBU et al. 43) Pub. Date: Feb. 27, 2020
(54) HETEROJUNCTION BIPOLAR TRANSISTOR HOIL 29/205 (2006.01)
AND SEMICONDUCTOR DEVICE HOIL 29/08 (2006.01)
HOIL 29/417 (2006.01)
(71) Applicant: Murata Manufacturing Co., Ltd., HOIL 29/737 (2006.01)
Kyoto-fu (JP) HOIL 21/8252 (2006.01)
HOIL 21/285 (2006.01)
(72) Inventors: Isao OBU, Nagaokakyo-shi (JP); HOIL 21/306 (2006.01)
Yasunari UMEMOTO, ) HOIL 21/308 (2006.01)
Nagaokakyo-shi (JP); Takayuki HOIL 29/66 (2006.01)

TSUTSUI, Nagaokakyo-shi (JP); (52) US.CL
Satoshi TANAKA, Nagaokakyo-shi CPC ..... HOIL 29/7304 (2013.01); HOIL 27/0823

(p) (2013.01); HOIL 29/205 (2013.01); HOIL
29/0817 (2013.01); HOIL 29/0826 (2013.01);
HOIL 29/41708 (2013.01); HO3F 3/245
(2013.01); HOIL 21/8252 (2013.01); HOIL

(73) Assignee: Murata Manufacturing Co., Ltd.,
Kyoto-fu (IP)

(21) Appl. No.: 16/525,400 21/28575 (2013.01); HOI1L 21/30617

(2013.01); HOIL 21/308 (2013.01); HOIL

(22) Filed: Jul. 29, 2019 29/66242 (2013.01); HOIL 29/7371 (2013.01)
(30) Foreign Application Priority Data (57) ABSTRACT

Aug. 24, 2018 (JP) ................................. 2018-157609 A first sub-collector layer functions as an inflow path of a

collector current that flows in a collector layer of a hetero-

Publication Classification junction bipolar transistor. A collector ballast resistor layer

(51) Int. CL having a lower doping concentration than the first sub-
HOIL 29/73 (2006.01) collector layer is disposed between the collector layer and
HOIL 27/082 (2006.01) the first sub-collector layer.

~ 50




Patent Application Publication  Feb. 27,2020 Sheet 1 of 32 US 2020/0066886 A1

FIG 1

Yool Veo? / 40

48

— 43 41 =44 47 45
. INPUT INTER-STAGE CUTPUT
RFin (i matcring MATCHING MATCHING {3 RFout
CIRCUIT CIRCUIT CIRCUIT

. oy iTALSTAGE b 40
Vbias1 ) BIAS GIRCUIT
47
oy i ~ QUTPUT-STAGE ¢~
vbias2 (O -3 BIAS CIRCUIT

Vhat () &




US 2020/0066886 A1

Feb. 27,2020 Sheet 2 of 32

Patent Application Publication

FIG 2




Patent Application Publication  Feb. 27,2020 Sheet 3 of 32 US 2020/0066886 A1

FIG. 3




Patent Application Publication  Feb. 27,2020 Sheet 4 of 32 US 2020/0066886 A1

FiG 4A

]| e

Vb




Patent Application Publication  Feb. 27,2020 Sheet 5 of 32 US 2020/0066886 A1

FIG. 5

44~\




Patent Application Publication  Feb. 27,2020 Sheet 6 of 32 US 2020/0066886 A1

FIG 6




Patent Application Publication  Feb. 27,2020 Sheet 7 of 32 US 2020/0066886 A1

FIG 7A

FIG 7B




Patent Application Publication  Feb. 27,2020 Sheet 8 of 32 US 2020/0066886 A1

FIG. 8




Patent Application Publication  Feb. 27,2020 Sheet 9 of 32 US 2020/0066886 A1

FIG 9

/52

71

ff/ ,




Patent Application Publication

FIG 10

Feb. 27,2020 Sheet 10 of 32

US 2020/0066886 A1

INITIAL-STAGE
BIAS CIRCUIT

E\

QUTPUT-STAGE
BIAS CIRCUHT




US 2020/0066886 A1

Feb. 27,2020 Sheet 11 of 32

Patent Application Publication

42

FIG. 11




12 of 32 US 2020/0066886 A1

Sheet

Feb. 27, 2020

atent Application Publication

2 w 18

___ \\%\\\\\\\\ 7l

€5 - \ / \ 7
.............. a7 LA “\... 7
\

._______\

.\\\\
\

............. ///////////////

A




Patent Application Publication  Feb. 27,2020 Sheet 13 of 32  US 2020/0066886 A1

Y

757
427 —\\%

Fia. 13

............

422 —_

426 é ]
N
% 7
3
77




Patent Application Publication  Feb. 27,2020 Sheet 14 of 32 US 2020/0066886 A1

FIG 14

44m\

ARARRASASANSASSSASNSRSSRSRS % ) 6 SR S5 U5 5 68 AR U5 U5 0 62 SR U UG A R SR S O 80 68

471 =




Patent Application Publication  Feb. 27,2020 Sheet 15 of 32 US 2020/0066886 A1

FiGa 15




US 2020/0066886 A1

Feb. 27,2020 Sheet 16 of 32

Patent Application Publication

TN

N

T

P

91 Oid




28

18

US 2020/0066886 A1

05

. T e
R \\\\\\\\.W\\\\\.\\\\\N\\\ _ ““\\\\\\\\\% @M

Feb. 27, 2020

Patent Application Publication




US 2020/0066886 A1

%

TN@\%Y%:@Q&% .............................
Wm\\\\\\\\\\ - \\
7

N /// SN SN //f//// // SOOI

81 Oid

Patent Application Publication

68~y NN NN S ///u//u//nﬂ?,v//n//w//n//nfv//u/ﬁ,
P Y IS L A A OV A S0 A S A S A LS A A IOV A Y M SE I JOF 407 LBV YA A OF 0 A S A A S A A

QU —BlrS bbbty Sy oefigelipforyoyeomlegelomlapmfenyloymlepiomy e YA

Vi D 4 p ooyl bopsopdeseylgscnsas oy by ..«\\\ \\ s yigdopiopsalyleylptin iy 4

mms\ it ol \1\..‘ ity byt VAT AW

65




Patent Application Publication  Feb. 27,2020 Sheet 19 of 32  US 2020/0066886 A1

W
LY
,
\\
.
\\
e \\\
N
\\
\\
Chon i~ *
LY
[ L\\
(Lol L‘\ 4 N
>,
\\
&,
\\ x\\
Q‘k'*a
\‘k
\\
o -
R
\‘\k
N
4
X,
,
,
, ,
\\\ \\
\\ \\
N >
b o, o
. \\
[ \\
aY
&) aY
rd
,
>,
>,
&,
N
Y
Y
Y
AN
"
"
/[ N
,
,
\\ \\
\\
&,
o
\“x
/l \“«.‘\
A
‘\\
-,
M,
\\
\\\
,
N ,
>,
\\




e

i \\ i 7 i,

\\ \\ \ \\ .

\\\\\




Feb. 27,2020 Sheet 21 of 32 US 2020/0066886 A1

Publication

Patent Application

55 ~

Eemeames e

\\ Gl

\\\\\ \\\\\\\ \\\\\

ERARNEERRNREN /f/// \ /// NN /// B

AR E



Patent Application Publication  Feb. 27,2020 Sheet 22 of 32 US 2020/0066886 A1

™,
™,
g, D
., N,
., D
-
. D
",

FiG. 22

\\
R
R
\\
)




Patent Application Publication  Feb. 27,2020 Sheet 23 of 32 US 2020/0066886 A1

N N =3 )
M~ | % I e Ly Ly

\;\\\\\k
N

\

FIG. 23
83
[.




Patent Application Publication  Feb. 27,2020 Sheet 24 of 32  US 2020/0066886 A1

82

FIG. 24

a1




Patent Application Publication  Feb. 27,2020 Sheet 25 of 32 US 2020/0066886 A1

Y
\ .
\\
>
,
,
\\
, %\\
\\
[
\ *"\\ . 2]
\\ \\
R
Ko
(oY ot
g
2
-
\,\
&
I.\\
et
o
\,\
o




Patent Application Publication  Feb. 27,2020 Sheet 26 of 32  US 2020/0066886 A1

e
oo™ N
M~ N Lo

N

\5\
\\
o
N
N
\%
\\
\\
=
NN
N
(<] \\
od NN
T
o &Y £~
e [¥g] LY




Patent Application Publication  Feb. 27,2020 Sheet 27 of 32 US 2020/0066886 A1

FIG. 27




Patent Application Publication  Feb. 27,2020 Sheet 28 of 32  US 2020/0066886 A1

FIG. 28




US 2020/0066886 A1

Sheet 29 of 32

Feb. 27, 2020

05 —

w7 \\\ 7 \ \\\\\\ m \

gt

Q 7 \\\
. \x \
\\
> f N
\\\ v \\ W\\WM \ \MMM
% 7 Z
7 %
4

6¢ Ol



US 2020/0066886 A1

Sheet 30 of 32

Feb. 27, 2020

atent Application

\\\\\\\\\\\\\\\\\\\\

\\ \\

0e i




US 2020/0066886 A1

Feb. 27,2020 Sheet 31 of 32

Patent Application Publication

Sp——L

8

bE DId

g - L |

L2 B B BE BN N ]

FgAY
™

T4




US 2020/0066886 A1

Feb. 27,2020 Sheet 32 of 32

Patent Application Publication

T

o, a0t

: LN
£3- ]
[
i
- TAY
&
72T —+
N - 1720 -

S~ zzp

ok i




US 2020/0066886 Al

HETEROJUNCTION BIPOLAR TRANSISTOR
AND SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims benefit of priority to Japa-
nese Patent Application No. 2018-157609, filed Aug. 24,
2018, the entire content of which is incorporated herein by
reference.

BACKGROUND

Technical Field

[0002] The present disclosure relates to a heterojunction
bipolar transistor and a semiconductor device.

Background Art

[0003] Mobile communication systems used in, for
example, cellular phone terminals are to be transferred from
the fourth generation (4G) to the fifth generation (5G). In the
fifth-generation mobile communication systems, a fre-
quency band (band) higher than that in the fourth-generation
mobile communication systems is also used. With an
increase in the frequency, the power loss in radio-frequency
circuits increases. Therefore, for radio-frequency power
amplifiers, which are main components of cellular phone
terminals for the fifth-generation mobile communication
systems, the demand for the realization of a higher output
has been increasing.

[0004] In general, heterojunction bipolar transistors
(HBTs) are used as transistors that form radio-frequency
power amplifiers. One conceivable method for realizing a
higher output of a radio-frequency power amplifier is a
method for achieving a high-frequency operation by increas-
ing the collector voltage of an HBT. However, the increase
in the collector voltage increases the intensity of an electric
field inside a semiconductor in a collector layer, resulting in
an increase in the risk of breakage of an HBT due to
avalanche multiplication. To prevent the breakage of an
HBT, a protection circuit for preventing breakage, the pro-
tection circuit acting such that the collector voltage is not
equal to or higher than a predetermined value, is provided,
as described, for example, in Japanese Unexamined Patent
Application Publication No. 2005-236259.

SUMMARY

[0005] The protection circuit disclosed in Japanese Unex-
amined Patent Application Publication No. 2005-236259 is
formed by connecting a plurality of diodes in series. This
protection circuit is connected between the emitter and the
collector of an HBT in the forward bias direction. When a
voltage equal to or higher than an on-state voltage of the
diodes that are connected in multiple stages is applied
between the collector and the emitter, the protection circuit
turns to an ON-state, thereby preventing the HBT from
being broken.

[0006] In order to use, as a protection circuit, a plurality of
diodes that are connected in multiple stages, it is necessary
to secure a region where the plurality of diodes are formed
on a substrate besides a region where HBTs are formed. The
method for forming a protection circuit by using diodes
causes an increase in the chip size, and thus it is difficult to
reduce the chip cost.
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[0007] Accordingly, the present disclosure provides an
HBT whose breakage due to avalanche multiplication can be
suppressed without causing an increase in the chip size. It is
another object of the present disclosure to provide a semi-
conductor device including the HBT.

[0008] According to an aspect of the present disclosure,
there is provided a heterojunction bipolar transistor includ-
ing a collector layer, a base layer, an emitter layer, a first
sub-collector layer functioning as an inflow path of a col-
lector current that flows in the collector layer, and a collector
ballast resistor layer disposed between the collector layer
and the first sub-collector layer and having a lower doping
concentration than the first sub-collector layer.

[0009] According to another aspect of the present disclo-
sure, there is provided a semiconductor device including, in
sequence, a substrate, a first sub-collector layer, a collector
ballast resistor layer having a lower doping concentration
than the first sub-collector layer, a second sub-collector layer
having a higher doping concentration than the collector
ballast resistor layer, a collector layer, a base layer, and an
emitter layer. In a first region within a plane of the substrate,
the first sub-collector layer, the collector ballast resistor
layer, the second sub-collector layer, the collector layer, the
base layer, and the emitter layer form a first heterojunction
bipolar transistor. A collector electrode of the first hetero-
junction bipolar transistor is connected to the first sub-
collector layer. In a second region different from the first
region, at least the second sub-collector layer, the collector
layer, the base layer, and the emitter layer form a second
heterojunction bipolar transistor. The semiconductor device
further includes an interconnection line that connects the
collector layer of the second heterojunction bipolar transis-
tor to the emitter layer of the first heterojunction bipolar
transistor.

[0010] When the collector current increases, the collector
ballast resistor layer acts so as to decrease the collector
voltage. As a result, a rapid increase in the collector current
due to avalanche multiplication can be suppressed. Conse-
quently, breakage of an HBT due to avalanche multiplication
can be suppressed.

[0011] Other features, elements, characteristics and advan-
tages of the present disclosure will become more apparent
from the following detailed description of preferred embodi-
ments of the present disclosure with reference to the
attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a block diagram of a radio-frequency
power amplifier circuit including HBTs according to a first
embodiment;

[0013] FIG. 2 is an equivalent circuit diagram of an
output-stage amplifier circuit in the circuit shown in FIG. 1;
[0014] FIG. 3 is a sectional view of one HBT used in a
radio-frequency power amplifier circuit according to the first
embodiment;

[0015] FIG. 4A is an equivalent circuit diagram for
explaining an operation of an HBT including no collector
ballast resistor;

[0016] FIG. 4B is an equivalent circuit diagram for
explaining an operation for avalanche multiplication of one
HBT according to the first embodiment;

[0017] FIG. 5 is an equivalent circuit diagram of an
output-stage amplifier circuit in the circuit shown in FIG. 1
including HBTs according to a second embodiment;
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[0018] FIG. 6 is a sectional view of an HBT according to
the second embodiment;

[0019] FIG. 7A is an equivalent circuit diagram for
explaining an operation of an HBT circuit including a base
ballast resistor and a collector ballast resistor;

[0020] FIG. 7B is an equivalent circuit diagram for
explaining an operation for avalanche multiplication of an
HBT according to the second embodiment;

[0021] FIG. 8 is a sectional view of an HBT according to
a third embodiment;

[0022] FIG. 9 is a sectional view of an HBT according to
a fourth embodiment;

[0023] FIG. 10 is a block diagram of a radio-frequency
power amplifier circuit according to a fiftth embodiment;
[0024] FIG. 11 is an equivalent circuit diagram of an
output-stage amplifier circuit in the circuit shown in FIG. 10
included in a radio-frequency power amplifier circuit
according to the fifth embodiment;

[0025] FIG. 12 is a sectional view of a semiconductor
device that forms one cascode circuit included in a radio-
frequency power amplifier circuit according to the fifth
embodiment;

[0026] FIG. 13 is an equivalent circuit diagram of an
output-stage amplifier circuit in the circuit shown in FIG. 10
included in a radio-frequency power amplifier circuit
according to a sixth embodiment;

[0027] FIG. 14 is an equivalent circuit diagram of an
output-stage amplifier circuit in the circuit shown in FIG. 10
included in a radio-frequency power amplifier circuit
according to a seventh embodiment;

[0028] FIG. 15 is a sectional view of a semiconductor
device that forms one cascode circuit included in a radio-
frequency power amplifier circuit according to the seventh
embodiment;

[0029] FIG. 16 is an equivalent circuit diagram of an
output-stage amplifier circuit in the circuit shown in FIG. 10
included in a radio-frequency power amplifier circuit
according to an eighth embodiment;

[0030] FIG. 17 is a sectional view of a semiconductor
device that forms one cascode circuit included in a radio-
frequency power amplifier circuit according to a ninth
embodiment;

[0031] FIG. 18 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0032] FIG. 19 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0033] FIG. 20 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0034] FIG. 21 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0035] FIG. 22 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0036] FIG. 23 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0037] FIG. 24 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;
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[0038] FIG. 25 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0039] FIG. 26 is a sectional view of a semiconductor
device according to the ninth embodiment during its pro-
duction;

[0040] FIG. 27 is a sectional view of an HBT according to
a tenth embodiment;

[0041] FIG. 28 is a sectional view of an HBT according to
a modification of the tenth embodiment;

[0042] FIG. 29 is a sectional view of a semiconductor
device according to an eleventh embodiment;

[0043] FIG. 30 is a sectional view of a semiconductor
device according to a modification of the eleventh embodi-
ment;

[0044] FIG. 31 is an equivalent circuit diagram of an
output-stage amplifier circuit included in a radio-frequency
power amplifier circuit according to a twelfth embodiment;
and

[0045] FIG. 32 is an equivalent circuit diagram of an
output-stage amplifier circuit included in a radio-frequency
power amplifier circuit according to a thirteenth embodi-
ment.

DETAILED DESCRIPTION

First Embodiment

[0046] An HBT according to a first embodiment will be
described with reference to FIGS. 1 to 4B.

[0047] FIG. 1 is a block diagram of a radio-frequency
power amplifier circuit 40 including HBTs according to the
first embodiment. An input signal input from a radio-
frequency signal input terminal RF,, is input to an initial-
stage amplifier circuit 41 through an input matching circuit
43. The signal amplified by the initial-stage amplifier circuit
41 is input to an output-stage amplifier circuit 42 through an
inter-stage matching circuit 44. The signal amplified by the
output-stage amplifier circuit 42 is output from a radio-
frequency signal output terminal RF, . through an output
matching circuit 45.

[0048] A bias power supply voltage is supplied from a bias
voltage input terminal V,,,, to an initial-stage bias circuit 46
and an output-stage bias circuit 47. The initial-stage bias
circuit 46 supplies a bias voltage to an initial-stage amplifier
circuit 41 on the basis of a bias control signal input from an
initial-stage bias control terminal V,,, . The output-stage
bias circuit 47 supplies a bias voltage to an output-stage
amplifier circuit 42 on the basis of a bias control signal input
from an output-stage bias control terminal V,,, . A power
supply voltage is applied from an initial-stage amplifier
circuit power supply voltage supply terminal V_,, to the
initial-stage amplifier circuit 41 through an inductor 48. A
power supply voltage is applied from an output-stage ampli-
fier circuit power supply voltage supply terminal V__, to the
output-stage amplifier circuit 42 through an inductor 49.
[0049] FIG. 2 is an equivalent circuit diagram of the
output-stage amplifier circuit 42 (FIG. 1). The output-stage
amplifier circuit 42 includes a plurality of HBTs 420 that are
connected in parallel. Each of the HBTs 420 includes a
collector ballast resistor 4201 connected to a collector. ADC
cut capacitor 425 and a base ballast resistor 426 are con-
nected to a base of each of the plurality of HBTs 420. The
base ballast resistor 426 is inserted for the purpose of
suppressing thermal runaway of the HBT 420. The radio-

out
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frequency signal output from the inter-stage matching circuit
44 is input to each of the bases of the HBTs 420 through the
corresponding DC cut capacitor 425. A bias voltage is
applied from the output-stage bias circuit 47 to each of the
bases of the HBTs 420 through the corresponding base
ballast resistor 426. An emitter of each of the HBTs 420 is
grounded. The collector of each of the HBTs 420 is con-
nected to the output matching circuit 45 with the collector
ballast resistor 4201 therebetween and connected to the
output-stage amplifier circuit power supply voltage supply
terminal V__, with the inductor 49 therebetween.

[0050] FIG. 3 is a sectional view of one HBT 420. In FIG.
3, illustration of an interlayer insulating film, a passivation
film, metal wiring lines, etc. is omitted.

[0051] A first sub-collector layer 51, a collector ballast
resistor layer 52, a second sub-collector layer 53, a collector
layer 54, a base layer 55, an emitter layer 56, a first contact
layer 57, a second contact layer 58, and a third contact layer
59 are stacked on a substrate 50 made of semi-insulating
GaAs and processed to have a desired shape. Specifically,
semiconductor layers from the collector ballast resistor layer
52 to the emitter layer 56 are processed to have a mesa
shape, and semiconductor layers from the first contact layer
57 to the third contact layer 59 are processed to have a
smaller mesa shape. The electrical resistance of the collector
ballast resistor layer 52 corresponds to the collector ballast
resistor 4201 (FIG. 2).

[0052] An example of the composition, the doping con-
centration, and the thickness of each of the semiconductor
layers will be described below. Each of the first sub-collector
layer 51 and the second sub-collector layer 53 is formed of
n-type GaAs having a Si doping concentration of 5x10'®
cm™ and has a thickness of 600 nm. The collector ballast
resistor layer 52 is formed of n-type AlGaAs having a Si
doping concentration of 1x10'7 cm™ and a molar ratio of
AlAs of 0.33 and has a thickness of 200 nm.

[0053] The collector layer 54 is formed of n-type GaAs
having a Si doping concentration of 1x10'® cm™ and has a
thickness of 1,000 nm. The base layer 55 is formed of p-type
GaAs having a C doping concentration of 5x10'° cm™ and
has a thickness of 96 nm. The emitter layer 56 is formed of
n-type InGaP having a Si doping concentration of 4x10'7
cm™ and a molar ratio of InP of 0.48 and has a thickness of
35 nm.

[0054] The first contact layer 57 is formed of n-type GaAs
having a Si doping concentration of 5x10*® cm™ and has a
thickness of 50 nm. The second contact layer 58 is formed
of n-type InGaAs which has a Si doping concentration of
5x10™® ¢cm™ and in which a molar ratio of InAs is changed
from 0 to 0.5 in a direction from the first contact layer 57
toward the third contact layer 59 and has a thickness of 50
nm. The third contact layer 59 is formed of n-type InGaAs
having a Si doping concentration of 1x10'° ¢cm™ and a
molar ratio of InAs of 0.5 and has a thickness of 50 nm.

[0055] A collector electrode 60 is formed on the first
sub-collector layer 51. The collector electrode 60 has a
multilayer metal structure in which a AuGe layer having a
thickness of 60 nm, a Ni layer having a thickness of 10 nm,
and a Au layer having a thickness of 200 nm are sequentially
stacked. The lowest AuGe layer is in contact with a partial
region of the surface of the first sub-collector layer 51 to
establish electrical connection between the collector elec-
trode 60 and the first sub-collector layer 51. The first
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sub-collector layer 51 has a function as an inflow path of a
current that flows in the collector layer 54.

[0056] A base electrode 61 is formed on the emitter layer
56, extends through the emitter layer 56, and is electrically
connected to the base layer 55. The base electrode 61 has a
multilayer metal structure in which a Pt layer having a
thickness of 20 nm, a Ti layer having a thickness of 50 nm,
a Ptlayer having a thickness of 50 nm, and a Au layer having
a thickness of 200 nm are sequentially stacked. The lowest
Pt layer extends through the emitter layer 56 and reaches the
base layer 55.

[0057] An emitter electrode 62 is formed on the third
contact layer 59. The emitter electrode 62 has a multilayer
metal structure in which a Mo layer having a thickness of 10
nm, a Ti layer having a thickness of 5 nm, a Pt layer having
a thickness of 30 nm, and a Au layer having a thickness of
200 nm are sequentially stacked. The lowest Mo layer is in
contact with a partial region of the upper surface of the third
contact layer 59. The emitter electrode 62 is electrically
connected to the emitter layer 56 with the second contact
layer 58 and the first contact layer 57 therebetween.

[0058] Next, the function of the collector ballast resistor
4201 (FIG. 2) will be described with reference to FIGS. 4A
and 4B.

[0059] FIG. 4A is an equivalent circuit diagram for
explaining an operation of an HBT including no collector
ballast resistor 4201 (FIG. 2). The sectional structure of this
HBT is, for example, the same as the structure obtained by
removing the collector ballast resistor layer 52 from the
sectional structure illustrated in FIG. 3. A collector bias
voltage V_ is applied to a collector of the HBT, and a base
bias voltage V, is applied to a base of the HBT. With an
increase in the collector bias voltage V_, the intensity of the
electric field in the collector layer 54 (FIG. 3) increases.
When the intensity of the electric field in the collector layer
54 becomes higher than an intensity of the electric field at
which avalanche multiplication occurs, in addition to a
collector current I in normal operation, an avalanche current
1., due to the avalanche multiplication flows.

[0060] Among electron-hole pairs generated in the deple-
tion region of the collector layer 54 by avalanche multipli-
cation, electrons move towards the second sub-collector
layer 53 (FIG. 3), and holes move toward the base layer 55
(FIG. 3). Most of the holes reaching the base layer 55 flow
into the base electrode 61. As a result, a base current I,
having a magnitude substantially the same as the avalanche
current [, flows out from the base in a direction opposite to
a direction of a base current I, in normal operation. An
emitter current I, hardly changes even if avalanche multi-
plication occurs.

[0061] FIG. 4B is an equivalent circuit diagram for
explaining an operation for avalanche multiplication of one
HBT 420 according to the first embodiment. A collector
ballast resistor 4201 is connected to a collector of the HBT
420. The resistance of the collector ballast resistor 4201 is
represented by R_,. When an avalanche current [, flows in
the collector of the HBT 420, the voltage applied to the
collector is decreased by the voltage drop caused by the
collector ballast resistor 4201, that is, I xR_,, compared
with the case where only a collector current 1. in normal
operation flows. The decrease in the voltage applied to the
collector weakens the intensity of the electric field in the
collector layer 54 to suppress the occurrence of avalanche
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multiplication. Thus, the collector ballast resistor 4201 is an
element having a negative feedback effect with respect to the
avalanche current I_,.

[0062] Next, advantageous effects of the first embodiment
will be described.

[0063] In the first embodiment, since the collector ballast
resistor 4201 has a negative feedback effect with respect to
the avalanche current I, the occurrence of avalanche mul-
tiplication can be suppressed. Furthermore, in the first
embodiment, the collector ballast resistor layer 52 (FIG. 3)
acting as the collector ballast resistor 4201 is incorporated in
the HBT 420, and the collector ballast resistor layer 52 is
disposed inside the HBT 420 in plan view. Therefore, even
when the collector ballast resistor 4201, which is an element
for suppressing the occurrence of avalanche multiplication,
is arranged, the chip size is not increased. Since the occur-
rence of avalanche multiplication is suppressed, a high
output of the output-stage amplifier circuit 42 can be real-
ized by increasing the collector voltage.

[0064] Next, various modifications of the first embodi-
ment will be described.

[0065] Inthe first embodiment, the first sub-collector layer
51 and the second sub-collector layer 53 each have a doping
concentration of 5x10'® cm™>. The first sub-collector layer
51 may have such a doping concentration that the first
sub-collector layer 51 functions as a low-resistance current
path of the collector current. For example, the first sub-
collector layer 51 preferably has a doping concentration of
1x10'® cm™ or more. The doping concentration of the first
sub-collector layer 51 is not necessarily the same as the
doping concentration of the second sub-collector layer 53.
[0066] In the first embodiment, the second sub-collector
layer 53 is disposed between the collector ballast resistor
layer 52 and the collector layer 54. Alternatively, the second
sub-collector layer 53 may be omitted, and the collector
layer 54 may be formed directly on the collector ballast
resistor layer 52. In this case, the collector ballast resistor
layer 52 similarly functions as the collector ballast resistor
4201 (FIG. 2). Note that in the case where the HBT 420 is
operated under such a condition that the extension of the
depletion region extending on both sides of the p-n junction
interface between the base layer 55 and the collector layer 54
enters the collector ballast resistor layer 52, the second
sub-collector layer 53 is preferably disposed so as to sup-
press the extension of the depletion region. The second
sub-collector layer 53 preferably has a doping concentration
of 1x10'® cm™ or more in order to obtain a sufficient effect
of suppressing the extension of the depletion region.
[0067] In the first embodiment, the collector ballast resis-
tor layer 52 has a doping concentration of 1x10*7 cm™.
Alternatively, the collector ballast resistor layer 52 may have
another doping concentration at which the collector ballast
resistor layer 52 substantially functions as the collector
ballast resistor 4201. For example, the doping concentration
of the collector ballast resistor layer 52 is preferably lower
than each of the doping concentration of the first sub-
collector layer 51 and the doping concentration of the
second sub-collector layer 53. For example, the collector
ballast resistor layer 52 preferably has a doping concentra-
tion of less than 1x10'® cm™ and more preferably 5x10*7
cm™ or less.

[0068] When the thickness of the collector ballast resistor
layer 52 is reduced to the extent that a tunneling phenom-
enon occurs, the collector ballast resistor layer 52 does not
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function as the collector ballast resistor 4201. Accordingly,
the thickness of the collector ballast resistor layer 52 is
preferably increased to the extent that a tunneling phenom-
enon does not occur. For example, the thickness of the
collector ballast resistor layer 52 is preferably 30 nm or
more.

[0069] In the first embodiment, the collector ballast resis-
tor layer 52 is formed of AlGaAs and the molar ratio of AlAs
is 0.33. The molar ratio of AlAs of the collector ballast
resistor layer 52 is preferably 0.43 or less. The molar ratio
of AlAs of the collector ballast resistor layer 52 may be 0.
The collector ballast resistor layer 52 is preferably formed of
a compound semiconductor containing AlGaAs or GaAs as
a main component. AlGaAs has a property that an increase
in the resistivity with an increase in the temperature is
sharper than that in GaAs. An increase in the resistance R,
of the collector ballast resistor 4201 (FIG. 4B) enhances the
negative feedback effect with respect to the avalanche
current I, (FIG. 4B). Accordingly, in the case where a larger
negative feedback effect is desired, the collector ballast
resistor layer 52 is preferably formed of AlGaAs.

[0070] In the first embodiment, the output-stage amplifier
circuit 42 has been described with reference to FIG. 2. The
initial-stage amplifier circuit 41 also preferably has the same
circuit configuration as the equivalent circuit diagram illus-
trated in FIG. 2. In this case, the occurrence of avalanche
multiplication can be also suppressed in the initial-stage
amplifier circuit 41.

[0071] In the first embodiment, the substrate 50, the col-
lector layer 54, and the base layer 55 are formed by using
GaAs, and the emitter layer 56 is formed by using InGaP.
Alternatively, the heterojunction bipolar transistor may be
formed by using other compound semiconductor materials.

Second Embodiment

[0072] Next, an HBT according to a second embodiment
will be described with reference to FIGS. 5 to 7B. Hereafter,
descriptions of configurations that are common to those of
the HBT according to the first embodiment will be omitted.
[0073] FIG. 5 is an equivalent circuit diagram of an
output-stage amplifier circuit 42 (FIG. 1) including HBTs
according to the second embodiment. In the first embodi-
ment, the base ballast resistors 426 (FIG. 2) are provided so
as to correspond to the HBTs 420. However, in the second
embodiment, no base ballast resistors are provided. Since no
base ballast resistors are provided, bases of a plurality of
HBTs 420 are short-circuited with each other. A single DC
cut capacitor 425 is connected to the plurality of HBTs 420.
[0074] Inthe second embodiment, an emitter ballast resis-
tor 4202 is incorporated in each of the HBTs 420 instead of
the base ballast resistor. An emitter of each of the HBTs 420
is grounded via the emitter ballast resistor 4202. Specifi-
cally, each of the HBTs 420 includes a collector ballast
resistor 4201 and the emitter ballast resistor 4202. A bias
voltage is applied from an output-stage bias circuit 47 to
each of the bases of the HBTs 420 with no base ballast
resistor interposed therebetween.

[0075] FIG. 6 is a sectional view of an HBT 420 according
to the second embodiment. In the first embodiment, the first
contact layer 57 is formed directly on the emitter layer 56
(FIG. 3). In the second embodiment, an emitter ballast
resistor layer 66 is disposed on the side opposite to a base
layer 55, as viewed from an emitter layer 56 (between an
emitter layer 56 and a first contact layer 57). Furthermore, a
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spacer layer 65 is disposed between the emitter ballast
resistor layer 66 and the emitter layer 56. Other sectional
structures of the HBT 420 according to the second embodi-
ment are the same as the sectional structures (FIG. 3) of the
HBT 420 according to the first embodiment.

[0076] The emitter ballast resistor layer 66 has a multi-
layer structure in which a first emitter ballast resistor layer
66A, a second emitter ballast resistor layer 66B, and a third
emitter ballast resistor layer 66C are sequentially stacked
from the emitter layer 56 side toward the first contact layer
57 side (upward). The first emitter ballast resistor layer 66 A,
the second emitter ballast resistor layer 66B, and the third
emitter ballast resistor layer 66C are formed of n-type
AlGaAs having a Si doping concentration of 1x10'7 cm™.
The molar ratio of AlAs of the first emitter ballast resistor
layer 66A changes upward from 0 to 0.33. The molar ratio
of AlAs of the second emitter ballast resistor layer 66B is
constant at 0.33. The molar ratio of AlAs of the third emitter
ballast resistor layer 66C changes upward from 0.33 to 0.
The thicknesses of the first emitter ballast resistor layer 66 A,
the second emitter ballast resistor layer 66B, and the third
emitter ballast resistor layer 66C are 50 nm, 200 nm, and 50
nm, respectively.

[0077] The spacer layer 65 is formed of n-type GaAs
having a Si doping concentration of 3x10*” ¢cm™ and has a
thickness of 100 nm.

[0078] The first emitter ballast resistor layer 66 A having a
composition gradient in the thickness direction has a func-
tion of preventing a spike and a notch from generating in the
conduction band and the valence band at the junction
interface between the emitter ballast resistor layer 66 and the
spacer layer 65. Similarly, the third emitter ballast resistor
layer 66C has a function of preventing a spike and a notch
from generating in the conduction band and the valence
band at the junction interface between the emitter ballast
resistor layer 66 and the first contact layer 57. The spacer
layer 65 has a function of preventing a decrease in reliability
due to a direct contact between the emitter layer 56 and the
emitter ballast resistor layer 66.

[0079] Next, advantageous effects of the second embodi-
ment will be described with reference to FIGS. 7A and 7B.
[0080] FIG. 7A is an equivalent circuit diagram for
explaining an operation of an HBT circuit including a base
ballast resistor 426 and a collector ballast resistor 4201. A
base bias voltage V,, is applied to a base of an HBT through
a base ballast resistor 426. A collector bias voltage V_ is
applied to a collector of the HBT through a collector ballast
resistor 4201.

[0081] FIG. 7A illustrates a state in which an avalanche
current I, flows in the collector of the HBT while being
superimposed on a collector current I in normal operation.
A base current I, due to the avalanche current I, flows in
the base of the HBT in a direction opposite to a direction of
a base current I, in normal operation. Therefore, when the
base current I, , flows, the base voltage is increased by the
voltage drop caused by the base ballast resistor 426 due to
the base current I,, compared with the case of normal
operation. The increase in the base voltage acts so as to
increase the collector current. Accordingly, the base ballast
resistor 426 may reduce the effect of suppressing the ava-
lanche current I, the effect being achieved by the collector
ballast resistor 4201.

[0082] FIG. 7B is an equivalent circuit diagram for
explaining an operation for avalanche multiplication of an
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HBT 420 according to the second embodiment. A base
ballast resistor for suppressing thermal runaway of the HBT
420 is not inserted, and an emitter ballast resistor 4202 is
inserted instead. Even when a base current I, , flows due to
the occurrence of avalanche multiplication, the base voltage
does not substantially change. In addition, even when an
avalanche current 1, flows, most of the current flows out
from the base, and thus an emitter current I, does not
substantially increase. Accordingly, even when the emitter
ballast resistor 4202 is inserted, the emitter voltage does not
substantially change. Therefore, the emitter ballast resistor
4202 does not reduce the effect of suppressing the occur-
rence of avalanche multiplication, the effect being achieved
by the collector ballast resistor 4201. In the second embodi-
ment, a reduction in the effect achieved by inserting the
collector ballast resistor 4201 can be suppressed as
described above.

Third Embodiment

[0083] Next, an HBT according to a third embodiment will
be described with reference to FIG. 8. Hereafter, descrip-
tions of configurations that are common to those of the HBT
according to the first embodiment (FIG. 3) will be omitted.
[0084] FIG. 8 is a sectional view of an HBT according to
the third embodiment. In the first embodiment (FIG. 3), the
collector ballast resistor layer 52 is formed directly on the
first sub-collector layer 51. In the third embodiment, a first
etching stopper layer 71 is disposed between a first sub-
collector layer 51 and a collector ballast resistor layer 52. A
semiconductor material used as the first etching stopper
layer 71 is selected such that the collector ballast resistor
layer 52 can be selectively etched with respect to the first
etching stopper layer 71. For example, a semiconductor
material containing As as a group V element is used as the
collector ballast resistor layer 52, and a semiconductor
material containing P as a group V element is used as the first
etching stopper layer 71.

[0085] For example, the first etching stopper layer 71 is
formed of n-type InGaP having a Si doping concentration of
5x10'™® cm™ and a molar ratio of InP of 0.48 and has a
thickness of 5 nm. The first etching stopper layer 71 is
disposed to extend to an outer side portion of the collector
ballast resistor layer 52 in plan view. The first etching
stopper layer 71 is removed in a region where a collector
electrode 60 is disposed.

[0086] Next, advantageous effects of the third embodi-
ment will be described. In the third embodiment, in an
etching process for forming a mesa shape that includes
semiconductor layers from the collector ballast resistor layer
52 to an emitter layer 56, etching can be stopped on the
upper surface of the first etching stopper layer 71 with good
repeatability. Therefore, the third embodiment achieves, in
addition to the advantageous effects of the first embodiment,
an advantageous effect of improving the production yield
compared with the case where etching is stopped by time
control.

[0087] The thickness of the first etching stopper layer 71
is preferably reduced to the extent that the flow of the
collector current between the collector ballast resistor layer
52 and the first sub-collector layer 51 is not disturbed. For
example, the first etching stopper layer 71 preferably has
such a thickness that a tunneling phenomenon occurs
between the collector ballast resistor layer 52 and the first
sub-collector layer 51. For example, the thickness of the first
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etching stopper layer 71 is preferably 30 nm or less. On the
other hand, when the first etching stopper layer 71 has an
excessively small thickness, repeatability of the etching stop
decreases. In order to stop etching with high repeatability
using the first etching stopper layer 71, the thickness of the
first etching stopper layer 71 is preferably 5 nm or more.

Fourth Embodiment

[0088] Next, an HBT according to a fourth embodiment
will be described with reference to FIG. 9. Hereafter,
descriptions of configurations that are common to those of
the HBT according to the first embodiment (FIG. 3) will be
omitted.

[0089] FIG. 9 is a sectional view of an HBT according to
the fourth embodiment. In the fourth embodiment, a first
etching stopper layer 71 is disposed between a first sub-
collector layer 51 and a collector ballast resistor layer 52 as
in the third embodiment (FIG. 8). Furthermore, a spacer
layer 65 and an emitter ballast resistor layer 66 are disposed
between an emitter layer 56 and a first contact layer 57 as in
the second embodiment (FIG. 6).

[0090] In the fourth embodiment, the advantageous effect
of suppressing the occurrence of avalanche multiplication is
obtained as in the second embodiment, and the advanta-
geous effect of improving the production yield is obtained as
in the third embodiment.

Fifth Embodiment

[0091] Next, a radio-frequency power amplifier circuit
according to a fifth embodiment will be described with
reference to FIGS. 10 to 12. Hereafter, descriptions of
configurations that are common to those of the radio-
frequency power amplifier circuit including the HBT
according to the first embodiment (FIGS. 1, 2, and 3) will be
omitted.

[0092] FIG. 10 is a block diagram of a radio-frequency
power amplifier circuit according to the fifth embodiment. In
the first embodiment (FIG. 1), the bias supply from the
initial-stage bias circuit 46 to the initial-stage amplifier
circuit 41 and the bias supply from the output-stage bias
circuit 47 to the output-stage amplifier circuit 42 are each
performed through one system. In the fifth embodiment, the
bias supply from an initial-stage bias circuit 46 to an
initial-stage amplifier circuit 41 and the bias supply from an
output-stage bias circuit 47 to an output-stage amplifier
circuit 42 are each performed through two systems.

[0093] FIG. 11 is an equivalent circuit diagram of an
output-stage amplifier circuit 42 (FIG. 10) included in a
radio-frequency power amplifier circuit according to the
fifth embodiment. In the fifth embodiment, a first hetero-
junction bipolar transistor 421 (hereinafter referred to as a
“first HBT 421”) and a second heterojunction bipolar tran-
sistor 422 (hereinafter referred to as a “second HBT 4227)
are cascode-connected to each other to form a cascode
circuit. An emitter of the second HBT 422 is grounded. A
collector of the second HBT 422 is connected to an emitter
of the first HBT 421. A power supply voltage is supplied to
a collector of the first HBT 421 through an inductor 49. The
first HBT 421 includes a collector ballast resistor 4211
connected to the collector.

[0094] The one cascode circuit composed of the first HBT
421 and the second HBT 422 corresponds to one HBT 420
(FIG. 2) of the first embodiment. In the first embodiment, a
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plurality of HBTs 420 are connected in parallel. Similarly, a
plurality of cascode circuits each composed of the first HBT
421 and the second HBT 422 are connected in parallel in the
fifth embodiment. In each of the cascode circuits, the second
HBT 422 mainly has a function of improving radio-fre-
quency characteristics, and the first HBT 421 mainly has a
function of improving the breakdown voltage.

[0095] A bias voltage is applied from an output-stage bias
circuit 47 through a first bias supply system 471 to a base of
each of the second HBTs 422. Furthermore, a radio-fre-
quency signal is input from an inter-stage matching circuit
44 through a DC cut capacitor 425 to the base of each of the
second HBTs 422 as in the case of the first embodiment
(FIG. 2). The second HBTs 422 constitute a common-emitter
circuit. A base ballast resistor 426 is inserted in the first bias
supply system 471 as in the case of the first embodiment
(FIG. 2).

[0096] A bias voltage is applied from the output-stage bias
circuit 47 through a second bias supply system 472 to bases
of the first HBTs 421. A direct-current constant voltage is
supplied to the bases of the first HBTs 421, and the bases of
the first HBTs 421 are alternating-current (AC) grounded via
a grounding capacitor 427 with a low impedance. The first
HBTs 421 constitute a common-base circuit. The impedance
when the output-stage bias circuit 47 is viewed from the base
of a first HBT 421 is sufficiently lower than the impedance
when the inter-stage matching circuit 44 is viewed from the
base of a second HBT 422. For example, the impedance
when the output-stage bias circuit 47 is viewed from the base
of the first HBT 421 is 1/10 or less the impedance when the
inter-stage matching circuit 44 and the output-stage bias
circuit 47 are viewed from the base of the second HBT 422.
[0097] FIG. 12 is a sectional view of a semiconductor
device that forms one cascode circuit included in a radio-
frequency power amplifier circuit according to the fifth
embodiment. A first sub-collector layer 51, a collector
ballast resistor layer 52, a second sub-collector layer 53, a
collector layer 54, a base layer 55, an emitter layer 56, a first
contact layer 57, a second contact layer 58, and a third
contact layer 59 are sequentially stacked on a substrate 50 as
in the case of the first embodiment (FIG. 3). In a first region
81 within the plane of the substrate 50, the first sub-collector
layer 51, the collector ballast resistor layer 52, the second
sub-collector layer 53, the collector layer 54, the base layer
55, and the emitter layer 56 form a first HBT 421. In a
second region 82 that is different from the first region 81, the
second sub-collector layer 53, the collector layer 54, the
base layer 55, and the emitter layer 56 form a second HBT
422. The first sub-collector layer 51 and the collector ballast
resistor layer 52 are also disposed in the second region 82.
The collector ballast resistor layer 52 and semiconductor
layers disposed on and above the collector ballast resistor
layer 52 are physically isolated in the first region 81 and the
second region 82.

[0098] A collector electrode 60 of the first HBT 421 is
connected to the first sub-collector layer 51 in the first region
81 as in the HBT 420 (FIG. 3) of the first embodiment. A
base electrode 61 of the first HBT 421 is connected to the
base layer 55 in the first region 81. An emitter electrode 62
of the first HBT 421 is connected to the emitter layer 56
through the third contact layer 59, the second contact layer
58, and the first contact layer 57 in the first region 81. These
connection configurations are the same as those in the HBT
420 according to the first embodiment.
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[0099] A collector electrode 60 of the second HBT 422 is
connected to the second sub-collector layer 53 in the second
region 82. A base electrode 61 of the second HBT 422 is
connected to the base layer 55 in the second region 82. An
emitter electrode 62 of the second HBT 422 is connected to
the emitter layer 56 through the third contact layer 59, the
second contact layer 58, and the first contact layer 57 in the
second region 82.

[0100] In order to connect the collector electrode 60 to the
second sub-collector layer 53 of the second HBT 422, the
second sub-collector layer 53 in the second region 82
extends to the outside of the outer periphery of the collector
layer 54 in plan view. The collector electrode 60 of the
second HBT 422 is disposed on a portion of the second
sub-collector layer 53, the portion extending to the outside
of the outer periphery of the collector layer 54. In order to
realize this structure, an etching mask different from an
etching mask used in an etching process of the collector
layer 54 is used in an etching process of the second sub-
collector layer 53. Therefore, the second sub-collector layer
53 in the first region 81 also has a shape that extends slightly
outside the collector layer 54. Specifically, a step is gener-
ated at the interface between the second sub-collector layer
53 and the collector layer 54 of the first HBT 421.

[0101] The first sub-collector layer 51 in the first region 81
and the first sub-collector layer 51 in the second region 82
are electrically insulated from each other by an isolation
portion 83. The isolation portion 83 is formed by, for
example, performing ion implantation of H or He to a region
deeper than the interface between the first sub-collector
layer 51 and the substrate 50.

[0102] An interconnection line 85 connects the emitter
electrode 62 of the first HBT 421 to the collector electrode
60 of the second HBT 422. Consequently, the collector layer
54 of the second HBT 422 is electrically connected to the
emitter layer 56 of the first HBT 421.

[0103] Next, advantageous effects of the fifth embodiment
will be described. In the fifth embodiment, the cascode
connection between the first HBT 421 and the second HBT
422 enables radio-frequency characteristics to be improved
and enables the breakdown voltage to enhance In the cas-
code connection described in the fifth embodiment, the
voltage amplitude between the collector and the emitter of
the second HBT 422 is substantially zero, and a radio-
frequency voltage is substantially applied only between the
emitter and collector of the first HBT 421. Therefore,
avalanche multiplication tends to occur in the first HBT 421,
and avalanche multiplication is unlikely to occur in the
second HBT 422. In the fifth embodiment, since the collec-
tor ballast resistor 4211 is connected to the collector of the
first HBT 421, in which avalanche multiplication tends to
occur, the occurrence of avalanche multiplication in the first
HBT 421 can be suppressed. In addition, since the collector
ballast resistor layer 52 functioning as the collector ballast
resistor 4211 is disposed at a position that substantially
overlaps the collector layer 54 of the first HBT 421, an
increase in the chip size can be suppressed as in the case of
the first embodiment.

[0104] Since no collector ballast resistor is connected to
the collector of the second HBT 422, in which avalanche
multiplication is unlikely to occur, a decrease in the output
can be prevented.

[0105] The layered structure of the semiconductor layers
in the first region 81 in which the first HBT 421 is disposed
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is the same as the layered structure of the semiconductor
layers in the second region 82 in which the second HBT 422
is disposed. The second HBT 422 to which no collector
ballast resistor is connected is formed in the second region
82 in a state where the collector ballast resistor layer 52
remains in the second region 82. Therefore, the production
process can be simplified compared with the case where the
collector ballast resistor layer 52 in the second region 82 is
removed.

Sixth Embodiment

[0106] Next, a radio-frequency power amplifier circuit
according to a sixth embodiment will be described with
reference to FIG. 13. Hereafter, descriptions of configura-
tions that are common to those of the radio-frequency power
amplifier circuit according to the fifth embodiment (FIGS.
10, 11, and 12) will be omitted.

[0107] FIG. 13 is an equivalent circuit diagram of an
output-stage amplifier circuit 42 (FIG. 10) included in a
radio-frequency power amplifier circuit according to the
sixth embodiment. In the fifth embodiment (FIG. 11), a
plurality of cascode circuits each composed of the first HBT
421 and the second HBT 422 are connected in parallel to
form the output-stage amplifier circuit 42. In contrast, in the
sixth embodiment, a first parallel circuit 423 composed of a
plurality of first HBTs 421 connected in parallel and a
second parallel circuit 424 composed of a plurality of second
HBTs 422 connected in parallel are cascode-connected to
each other to form an output-stage amplifier circuit 42. A
base ballast resistor 426 is connected to a base of each of the
plurality of first HBTs 421. In the fifth embodiment (FIG.
11), the bases of the plurality of first HBTs 421 are AC
grounded via a single capacitor 427. In the sixth embodi-
ment, each of the bases of the plurality of first HBTs 421 is
AC grounded via a base-grounding capacitor 427 with a low
impedance.

[0108] Next, advantageous effects of the sixth embodi-
ment will be described. Advantageous effects that are the
same as or similar to those of the fifth embodiment are also
achieved in the sixth embodiment. In the fifth embodiment,
for each of the HBTs 420, the isolation portion 83 (FIG. 12)
is provided between the first HBT 421 and the second HBT
422. In contrast, in the sixth embodiment, a single isolation
portion is provided between the first parallel circuit 423
composed of the plurality of first HBTs 421 and the second
parallel circuit 424 composed of the plurality of second
HBTs 422.

Seventh Embodiment

[0109] Next, a radio-frequency power amplifier circuit
according to a seventh embodiment will be described with
reference to FIGS. 14 and 15. Hereafter, descriptions of
configurations that are common to those of the radio-
frequency power amplifier circuit according to the fifth
embodiment (FIGS. 10, 11, and 12) will be omitted.

[0110] FIG. 14 is an equivalent circuit diagram of an
output-stage amplifier circuit 42 (FIG. 10) included in a
radio-frequency power amplifier circuit according to the
seventh embodiment. In the fifth embodiment, the base
ballast resistor 426 is connected to the base of each of the
plurality of second HBTs 422. In the seventh embodiment,
no base ballast resistors are connected to bases of the second
HBTs 422. Alternatively, an emitter ballast resistor 4222
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connected to an emitter is included in each of the second
HBTs 422 as in the second embodiment (FIG. 5). Each of the
emitters of the second HBTs 422 is grounded via the
corresponding emitter ballast resistor 4222. Furthermore,
first HBTs 421 also include emitter ballast resistors 4212
connected to emitters. Accordingly, a collector of each of the
second HBTs 422 is connected to the emitter of the corre-
sponding first HBT 421 with the corresponding emitter
ballast resistor 4212 therebetween to form a cascode circuit.
[0111] FIG. 15 is a sectional view of a semiconductor
device that forms one cascode circuit included in a radio-
frequency power amplifier circuit according to the seventh
embodiment. In the cascode circuit (FIG. 12) according to
the fifth embodiment, the first contact layer 57 is disposed
directly on the emitter layer 56. In the seventh embodiment,
a spacer layer 65 and an emitter ballast resistor layer 66 are
disposed between an emitter layer 56 and a first contact layer
57 as in the second embodiment (FIG. 6).

[0112] Next, advantageous effects of the seventh embodi-
ment will be described.

[0113] In the seventh embodiment, the emitter ballast
resistors 4212 and 4222 have functions of suppressing
thermal runaway of the first HBTs 421 and the second HBTs
422, respectively. Furthermore, since no base ballast resis-
tors are provided, the effect of suppressing the occurrence of
avalanche multiplication, the effect being achieved by the
collector ballast resistors 4211, is not reduced as in the
second embodiment.

Eighth Embodiment

[0114] Next, a radio-frequency power amplifier circuit
according to an eighth embodiment will be described with
reference to FIG. 16. Hereafter, descriptions of configura-
tions that are common to those of the radio-frequency power
amplifier circuit according to the sixth embodiment (FIG.
13) will be omitted.

[0115] FIG. 16 is an equivalent circuit diagram of an
output-stage amplifier circuit 42 (FIG. 10) included in a
radio-frequency power amplifier circuit according to the
eighth embodiment. In the sixth embodiment (FIG. 13), the
base ballast resistor 426 is connected to the base of each of
the second HBTs 422. In contrast, in the eighth embodiment,
no base ballast resistors are connected to bases of second
HBTs 422, and the second HBTs 422 include emitter ballast
resistors 4222 connected to emitters. Similarly, no base
ballast resistors are connected to bases of first HBTs 421,
and the first HBTs 421 include emitter ballast resistors 4212
connected to emitters. Furthermore, the first HBTs 421
include collector ballast resistors 4211 connected to collec-
tors. Since no base ballast resistors are connected, one
grounding capacitor 427 is provided for the plurality of first
HBTs 421.

[0116] Next, advantageous effects of the eighth embodi-
ment will be described. In the eighth embodiment, since no
base ballast resistors are disposed, the effect of suppressing
the occurrence of avalanche multiplication, the effect being
achieved by the collector ballast resistors 4211, is not
reduced as in the seventh embodiment (FIG. 14) and the
second embodiment (FIG. 5).

Ninth Embodiment

[0117] Next, a radio-frequency power amplifier circuit
according to a ninth embodiment will be described with
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reference to FIGS. 17 to 26. Hereafter, descriptions of
configurations that are common to those of the radio-
frequency power amplifier circuit according to the fifth
embodiment (FIGS. 10, 11, and 12) will be omitted.
[0118] FIG. 17 is a sectional view of a semiconductor
device that forms one cascode circuit included in a radio-
frequency power amplifier circuit according to the ninth
embodiment. A first HBT 421 is formed in a first region 81
of a substrate 50, a second HBT 422 is formed in a second
region 82 of the substrate 50, and the first HBT 421 and the
second HBT 422 are cascode-connected to each other, as in
the fifth embodiment (FIG. 12).

[0119] In the fifth embodiment (FIG. 12), the first sub-
collector layer 51 and the collector ballast resistor layer 52
are in direct contact with each other. In contrast, in the ninth
embodiment, a first etching stopper layer 71 is disposed
between a first sub-collector layer 51 and a collector ballast
resistor layer 52 as in the third embodiment (FIG. 8). In the
fifth embodiment (FIG. 12), the second sub-collector layer
53 and the collector layer 54 are in direct contact with each
other. In contrast, in the ninth embodiment, a second etching
stopper layer 72 is disposed between a second sub-collector
layer 53 and a collector layer 54. Each of the first etching
stopper layer 71 and the second etching stopper layer 72 is
made of n-type InGaP having a Si doping concentration of
5x10'® cm™ and a molar ratio of InP of 0.48 and has a
thickness of 5 nm.

[0120] The first etching stopper layer 71 is disposed over
the entire region of the upper surface of the first sub-
collector layer 51 as in the third embodiment (FIG. 8). The
first etching stopper layer 71 has an opening in a region
where a collector electrode 60 of the first HBT 421 is
disposed. The collector electrode 60 is in ohmic contact with
the first sub-collector layer 51.

[0121] The second etching stopper layer 72 is disposed
over the entire region of the upper surface of the second
sub-collector layer 53. A collector electrode 60 of the second
HBT 422 is disposed in an opening formed in the second
etching stopper layer 72 and is in ohmic contact with the
second sub-collector layer 53.

[0122] Next, a method for producing a semiconductor
device used in the radio-frequency power amplifier circuit
according to the ninth embodiment will be described with
reference to FIGS. 18 to 26. FIGS. 18 to 26 are each a
sectional view of a first HBT 421 and a second HBT 422 that
are cascode-connected to each other during its production.
[0123] As illustrated in FIG. 18, a first sub-collector layer
51, a first etching stopper layer 71, a collector ballast resistor
layer 52, a second sub-collector layer 53, a second etching
stopper layer 72, a collector layer 54, a base layer 55, an
emitter layer 56, a first contact layer 57, a second contact
layer 58, and a third contact layer 59 are sequentially
epitaxially grown on a substrate 50 made of semi-insulating
GaAs. For example, metalorganic vapor phase epitaxy can
be used for the growth of these semiconductor layers.
[0124] An emitter electrode 62 of a first HBT 421 (FIG.
17) and an emitter electrode 62 of a second HBT 422 (FIG.
17) are formed on partial regions of the third contact layer
59 in a first region 81 and a second region 82, respectively.
These emitter electrodes 62 can be formed by, for example,
photolithography, vapor deposition, and a lift-off process.
[0125] As illustrated in FIG. 19, unnecessary portions of
the third contact layer 59, the second contact layer 58, and
the first contact layer 57 are removed by etching by using a
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photoresist (not shown) as an etching mask. This etching can
be performed by, for example, wet etching using an etchant
prepared by mixing phosphoric acid having a concentration
of 85% by weight, a hydrogen peroxide solution having a
concentration of 35% by weight, and water at a volume ratio
ot 1:2:40. This etchant has such etching selectivity that three
layers from the third contact layer 59 to the first contact layer
57 are selectively etched with respect to the emitter layer 56
made of n-type InGaP.

[0126] As illustrated in FIG. 20, base electrodes 61 are
formed on predetermined regions of the emitter layer 56.
The base electrodes 61 can be formed by, for example,
photolithography, vapor deposition, and a lift-off process.
After the formation of the base electrodes 61, sintering is
performed to thereby bring each of the base electrode 61 into
ohmic contact with the base layer 55.

[0127] As illustrated in FIG. 21, an unnecessary portion of
the emitter layer 56 is removed by etching by using a
photoresist (not shown) as an etching mask to expose the
base layer 55. The etching of the emitter layer 56 can be
performed by wet etching using hydrochloric acid as an
etchant. This etchant has such etching selectivity that the
emitter layer 56 made of n-type InGaP is selectively etched
with respect to the base layer 55 made of p-type GaAs.
[0128] As illustrated in FIG. 22, unnecessary portions of
the base layer 55 and the collector layer 54 are removed by
etching by using the etching mask (not shown) used in the
etching of the emitter layer 56 (FIG. 21) as it is. For this
etching, the same etchant as that used for etching the three
layers from the third contact layer 59 to the first contact layer
57 (FIG. 19) can be used. This etchant has such etching
selectivity that the collector layer 54 made of n-type GaAs
is selectively etched with respect to the second etching
stopper layer 72 made of n-type InGaP.

[0129] As illustrated in FIG. 23, an isolation portion 83 is
formed by ion implantation. For example, H or He can be
used as the ion species for forming the isolation portion 83.
The isolation portion 83 reaches a position deeper than the
interface between the first sub-collector layer 51 and the
substrate 50.

[0130] As illustrated in FIG. 24, a collector electrode 60 of
the second HBT 422 is formed on the second etching stopper
layer 72 in the second region 82. The collector electrode 60
is formed by forming an opening in the second etching
stopper layer 72 using a photoresist as an etching mask,
depositing a metal layer serving as a collector electrode 60
in the opening by vapor deposition, and subsequently per-
forming a lift-off process.

[0131] As illustrated in FIG. 25, an unnecessary second
etching stopper layer 72 in the first region 81 is removed by
using a photoresist as an etching mask (not shown) to expose
the second sub-collector layer 53. This etching can be
performed by wet etching using hydrochloric acid. This
etchant has such etching selectivity that the second etching
stopper layer 72 made of n-type InGaP is selectively etched
with respect to the second sub-collector layer 53 made of
n-type GaAs.

[0132] As illustrated in FIG. 26, unnecessary portions of
the second sub-collector layer 53 and the collector ballast
resistor layer 52 are removed by etching using the etching
mask (not shown) used in the etching of the second etching
stopper layer 72 (FIG. 25) as it is. This etching can be
performed by using the same etchant as the etchant used in
the etching of the three layers from the third contact layer 59
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to the first contact layer 57 (FIG. 19). This etchant has such
etching selectivity that the collector ballast resistor layer 52
made of n-type AlGaAs is selectively etched with respect to
the first etching stopper layer 71 made of n-type InGaP.
[0133] Asillustrated in FIG. 17, a collector electrode 60 of
the first HBT 421 is formed in the first region 81. The
collector electrode 60 is formed by forming an opening in
the first etching stopper layer 71 using a photoresist as an
etching mask, depositing a metal layer serving as a collector
electrode 60 in the opening by vapor deposition, and sub-
sequently performing a lift-off process.

[0134] Subsequently, for example, formation of a resistor
formed into a base ballast resistor 426 (FIG. 11), formation
of an interlayer insulating film, formation of wiring lines,
formation of a passivation film, reduction in the thickness of
the substrate 50, and chip separation are performed.
[0135] Next, advantageous effects of the ninth embodi-
ment will be described. In the ninth embodiment, the occur-
rence of avalanche multiplication can be suppressed, and an
increase in the chip size can be suppressed as in the fifth
embodiment. Furthermore, since the first etching stopper
layer 71 and the second etching stopper layer 72 are dis-
posed, controllability of the etching depth can be enhanced.
As a result, an improvement in the yield can be realized.

Tenth Embodiment

[0136] Next, an HBT according to a tenth embodiment
will be described with reference to FIG. 27. Hereafter,
descriptions of configurations that are common to those of
the HBT according to the first embodiment (FIG. 3) will be
omitted.

[0137] FIG. 27 is a sectional view of an HBT according to
the tenth embodiment. In the first embodiment, the collector
ballast resistor layer 52 is formed of n-type AlGaAs having
auniform composition. In contrast, in the tenth embodiment,
a collector ballast resistor layer 52 includes three layers,
namely, a first collector ballast resistor layer 521, a second
collector ballast resistor layer 522, and a third collector
ballast resistor layer 523. The first collector ballast resistor
layer 521 is in contact with a second sub-collector layer 53.
The third collector ballast resistor layer 523 is in contact
with a first sub-collector layer 51. The second collector
ballast resistor layer 522 is disposed between the first
collector ballast resistor layer 521 and the third collector
ballast resistor layer 523.

[0138] Each of the first collector ballast resistor layer 521,
the second collector ballast resistor layer 522, and the third
collector ballast resistor layer 523 is formed of n-type
AlGaAs having a Si doping concentration of 1x10*7 cm™.
The molar ratio of AlAs of the third collector ballast resistor
layer 523 is changed from 0 to 0.33 in a direction from the
bottom toward the top. The molar ratio of AlAs of the second
collector ballast resistor layer 522 is constant at 0.33. The
molar ratio of AlAs of the first collector ballast resistor layer
521 is changed from 0.33 to O in a direction from the bottom
toward the top. The first collector ballast resistor layer 521
and the third collector ballast resistor layer 523 each have a
thickness of 50 nm, and the second collector ballast resistor
layer 522 has a thickness of 200 nm.

[0139] Next, advantageous effects of the tenth embodi-
ment will be described. The tenth embodiment has, in
addition to the advantageous effects of the first embodiment,
an advantageous effect in that discontinuity of the energy at
the lower edge of the conduction band at the interface
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between the first sub-collector layer 51 and the collector
ballast resistor layer 52 can be eliminated. Furthermore, the
tenth embodiment has an advantageous effect in that dis-
continuity of the energy at the lower edge of the conduction
band at the interface between the collector ballast resistor
layer 52 and the second sub-collector layer 53 can be
eliminated. With this structure, the generation of a potential
barrier that is unnecessary for an electron can be suppressed.

[0140] Next, modifications of the tenth embodiment will
be described.
[0141] In the tenth embodiment, the first collector ballast

resistor layer 521, the second collector ballast resistor layer
522, and the third collector ballast resistor layer 523 have the
same Si doping concentration. However, the Si doping
concentrations are not necessarily the same. In order to
allow the collector ballast resistor layer 52 including three
layers to function as a collector ballast resistor, the Si doping
concentrations of the three layers are each preferably 1x10"®
cm™> or less.

[0142] Inthe tenth embodiment, the molar ratio of AlAs of
the second collector ballast resistor layer 522 is 0.33. The
molar ratio of AlAs is preferably 0.43 or less. In this case,
the molar ratio of AlAs of the third collector ballast resistor
layer 523 at the interface between the third collector ballast
resistor layer 523 and the second collector ballast resistor
layer 522 is preferably the same as the molar ratio of AlAs
of the second collector ballast resistor layer 522. Similarly,
the molar ratio of AlAs of the first collector ballast resistor
layer 521 at the interface between the first collector ballast
resistor layer 521 and the second collector ballast resistor
layer 522 is preferably the same as the molar ratio of AlAs
of the second collector ballast resistor layer 522.

[0143] Next, another modification of the tenth embodi-
ment will be described with reference to FIG. 28.

[0144] FIG. 28 is a sectional view of an HBT according to
the modification of the tenth embodiment. In the tenth
embodiment, the collector ballast resistor layer 52 includes
three layers, namely, the first collector ballast resistor layer
521, the second collector ballast resistor layer 522 and the
third collector ballast resistor layer 523. In contrast, in this
modification, the third collector ballast resistor layer 523
(FIG. 27) is omitted, and a second collector ballast resistor
layer 522 is in direct contact with a first sub-collector layer
51.

[0145] This modification has an advantageous effect in
that discontinuity of the energy at the lower edge of the
conduction band is not generated at the interface between
the collector ballast resistor layer 52 and the second sub-
collector layer 53 as in the tenth embodiment. Discontinuity
of the energy at the lower edge of the conduction band is
generated at the interface between the first sub-collector
layer 51 and the collector ballast resistor layer 52. However,
since the electron affinity of the second collector ballast
resistor layer 522 is lower than the electron affinity of the
first sub-collector layer 51, the potential barrier for an
electron that moves from the collector ballast resistor layer
52 to the interface between the second collector ballast
resistor layer 522 and the first sub-collector layer 51 toward
the first sub-collector layer 51 is low. Therefore, in this
modification, it is possible to obtain a sufficient effect of
suppressing the occurrence of a potential barrier that is
unnecessary for an electron.
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Eleventh Embodiment

[0146] Next, a semiconductor device according to an
eleventh embodiment will be described with reference to
FIG. 29. Hereafter, descriptions of configurations that are
common to those of the semiconductor device according to
the fifth embodiment (FIGS. 10, 11, and 12) will be omitted.
[0147] FIG. 29 is a sectional view of a semiconductor
device according to the eleventh embodiment. A first HBT
421 and a second HBT 422 that are cascode-connected to
each other are disposed on a substrate 50 as in the case of the
fifth embodiment (FIG. 12). In the fifth embodiment, the
collector ballast resistor layer 52 is made of n-type AlGaAs
having a uniform composition. In contrast, in the eleventh
embodiment, a collector ballast resistor layer 52 includes a
first collector ballast resistor layer 521 whose composition is
changed in the thickness direction, a second collector ballast
resistor layer 522 having a uniform composition, and a third
collector ballast resistor layer 523 whose composition is
changed in the thickness direction as in the tenth embodi-
ment (FIG. 27). The third collector ballast resistor layer 523
is disposed closest to the substrate 50 (on the lower side).
The second collector ballast resistor layer 522 is disposed
between the third collector ballast resistor layer 523 and the
first collector ballast resistor layer 521.

[0148] The compositions, the doping concentrations, and
the thicknesses of the first collector ballast resistor layer 521,
the second collector ballast resistor layer 522, and the third
collector ballast resistor layer 523 are respectively the same
as the compositions, the doping concentrations, and the
thicknesses of those of the tenth embodiment.

[0149] Next, an advantageous effect of the eleventh
embodiment will be described. In the eleventh embodiment,
the occurrence of a potential barrier that is unnecessary for
an electron can be suppressed as in the tenth embodiment.
[0150] Next, a semiconductor device according to a modi-
fication of the eleventh embodiment will be described with
reference to FIG. 30.

[0151] FIG. 30 is a sectional view of a semiconductor
device according to the modification of the eleventh embodi-
ment. In this modification, a collector ballast resistor layer
52 includes two layers, namely, a first collector ballast
resistor layer 521 and a second collector ballast resistor layer
522 as in the modification of the tenth embodiment illus-
trated in FIG. 28. The third collector ballast resistor layer
523 (FIG. 29) of the eleventh embodiment is not provided.
[0152] In this modification, it is possible to obtain a
sufficient effect of suppressing the occurrence of a potential
barrier that is unnecessary for an electron as in the modifi-
cation of the tenth embodiment illustrated in FIG. 28.

Twelfth Embodiment

[0153] Next, a radio-frequency power amplifier circuit
according to a twelfth embodiment will be described with
reference to FIG. 31. Hereafter, descriptions of configura-
tions that are common to those of the radio-frequency power
amplifier circuit according to the sixth embodiment (FIG.
13) will be omitted.

[0154] FIG. 31 is an equivalent circuit diagram of an
output-stage amplifier circuit included in a radio-frequency
power amplifier circuit according to the twelfth embodi-
ment. In the sixth embodiment (FIG. 13), each of the bases
of the first HBTs 421 is AC grounded via a grounding
capacitor 427 with a low impedance. In the twelfth embodi-
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ment, bases of first HBTs 421 are each grounded via a
corresponding base capacitor 428. The impedance when the
ground side is viewed from the base of a first HBT 421 is
substantially equal to the impedance when the input side of
a radio-frequency signal is viewed from the base of a second
HBT 422. In the sixth embodiment (FIG. 13), the second
HBTs 422 include no collector ballast resistors. In the
twelfth embodiment, the second HBTs 422 also include
collector ballast resistors 4221.

[0155] In order to incorporate collector ballast resistors
4221 in the second HBTs 422, for example, in FIG. 12, the
collector electrode 60 of the second HBT 422 is connected
to the first sub-collector layer 51 as in the collector electrode
60 of the first HBT 421.

[0156] Next, advantageous effects of the twelfth embodi-
ment will be described.

[0157] In the case where the impedance when the ground
side is viewed from the base of the first HBT 421 is
substantially equal to the impedance when the input side of
a radio-frequency signal is viewed from the base of the
second HBT 422, the first HBT 421 and the second HBT 422
perform substantially the same amplification operation.
Therefore, the collector-emitter voltage of the first HBT 421
is substantially equal to the collector-emitter voltage of the
second HBT 422. As a result, the output voltage can be
increased by about twice compared with the output-stage
amplifier circuit of the first embodiment (FIG. 2).

[0158] Since the first HBTs 421 and the second HBTs 422
include the collector ballast resistors 4211 and 4221, respec-
tively, an increase in the chip size can be suppressed, and the
occurrence of avalanche multiplication can be suppressed.

Thirteenth Embodiment

[0159] Next, a radio-frequency power amplifier circuit
according to a thirteenth embodiment will be described with
reference to FIG. 32. Hereafter, descriptions of configura-
tions that are common to those of the radio-frequency power
amplifier circuit according to the eighth embodiment (FIG.
16) will be omitted.

[0160] FIG. 32 is an equivalent circuit diagram of an
output-stage amplifier circuit included in a radio-frequency
power amplifier circuit according to the thirteenth embodi-
ment. In the eighth embodiment (FIG. 16), the bases of the
first HBTs 421 are AC grounded via a single grounding
capacitor 427 with a low impedance. In the thirteenth
embodiment, bases of first HBTs 421 are each grounded via
a single base capacitor 428. The impedance when the ground
side is viewed from the base of a first HBT 421 is substan-
tially equal to the impedance when the input side of a
radio-frequency signal is viewed from the base of a second
HBT 422, as in the case of the twelfth embodiment. In the
eighth embodiment (FIG. 16), the second HBTs 422 include
no collector ballast resistors. In the thirteenth embodiment,
the second HBTs 422 also include collector ballast resistors
4221.

[0161] Next, advantageous effects of the thirteenth
embodiment will be described. In the thirteenth embodi-
ment, the output voltage can be increased as in the twelfth
embodiment. Furthermore, since the first HBTs 421 and the
second HBT 422s include the collector ballast resistors 4211
and 4221, respectively, an increase in the chip size can be
suppressed, and the occurrence of avalanche multiplication
can be suppressed.
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[0162] The embodiments and modifications described
above are exemplary, and, needless to say, a partial replace-
ment or combination of configurations described in different
embodiments and modifications is possible. The same or
similar operations and effects achieved by the same or
similar configurations in a plurality of embodiments and
modifications will not be mentioned in each of the embodi-
ments and modifications. Furthermore, the present disclo-
sure is not limited to the embodiments and modifications
described above. For example, it is obvious for those skilled
in the art that various changes, improvements, combinations,
and the like can be made.

[0163] While preferred embodiments of the disclosure
have been described above, it is to be understood that
variations and modifications will be apparent to those skilled
in the art without departing from the scope and spirit of the
disclosure. The scope of the disclosure, therefore, is to be
determined solely by the following claims.

What is claimed is:

1. A heterojunction bipolar transistor comprising:

a collector layer;

a base layer;

an emitter layer;

a first sub-collector layer functioning as an inflow path of
a collector current that flows in the collector layer; and

a collector ballast resistor layer disposed between the
collector layer and the first sub-collector layer and
having a lower doping concentration than the first
sub-collector layer.

2. The heterojunction bipolar transistor according to claim

1, further comprising:

a second sub-collector layer disposed between the collec-
tor ballast resistor layer and the collector layer and
having a higher doping concentration than each of the
collector layer and the collector ballast resistor layer.

3. The heterojunction bipolar transistor according to claim

1, wherein the collector ballast resistor layer includes a
semiconductor layer containing AlGaAs or GaAs as a main
component.

4. The heterojunction bipolar transistor according to claim

3, wherein

the collector layer is formed of GaAs,

the collector ballast resistor layer includes a first collector
ballast resistor layer and a second collector ballast
resistor layer that is disposed between the first collector
ballast resistor layer and the first sub-collector layer,

the second collector ballast resistor layer is formed of
AlGaAs, and

a composition of the first collector ballast resistor layer is
changed from AlGaAs to GaAs in a direction from the
second collector ballast resistor layer toward the col-
lector layer.

5. The heterojunction bipolar transistor according to claim

1, further comprising:

an emitter ballast resistor layer that is disposed on a side
opposite to the base layer as viewed from the emitter
layer and that includes a semiconductor layer contain-
ing AlGaAs as a main component.

6. The heterojunction bipolar transistor according to claim

1, wherein

the first sub-collector layer, the collector layer, and the
base layer are each formed of a semiconductor con-
taining GaAs as a main component, and
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the emitter layer is formed of a semiconductor containing
InGaP as a main component.
7. The heterojunction bipolar transistor according to claim
2, wherein the collector ballast resistor layer includes a
semiconductor layer containing AlGaAs or GaAs as a main
component.
8. The heterojunction bipolar transistor according to claim
2, further comprising:
an emitter ballast resistor layer that is disposed on a side
opposite to the base layer as viewed from the emitter
layer and that includes a semiconductor layer contain-
ing AlGaAs as a main component.
9. The heterojunction bipolar transistor according to claim
3, further comprising:
an emitter ballast resistor layer that is disposed on a side
opposite to the base layer as viewed from the emitter
layer and that includes a semiconductor layer contain-
ing AlGaAs as a main component.
10. The heterojunction bipolar transistor according to
claim 2, wherein
the first sub-collector layer, the collector layer, and the
base layer are each formed of a semiconductor con-
taining GaAs as a main component, and
the emitter layer is formed of a semiconductor containing
InGaP as a main component.
11. A semiconductor device comprising, in sequence:
a substrate;
a first sub-collector layer;
a collector ballast resistor layer having a lower doping
concentration than the first sub-collector layer;
a second sub-collector layer having a higher doping
concentration than the collector ballast resistor layer;
a collector layer;
a base layer; and
an emitter layer,
wherein, in a first region within a plane of the substrate,
the first sub-collector layer, the collector ballast resistor
layer, the second sub-collector layer, the collector layer,
the base layer, and the emitter layer form a first
heterojunction bipolar transistor,
a collector electrode of the first heterojunction bipolar
transistor is connected to the first sub-collector layer,
in a second region different from the first region, at least
the second sub-collector layer, the collector layer, the
base layer, and the emitter layer form a second hetero-
junction bipolar transistor, and
the semiconductor device further includes an intercon-
nection line that connects the collector layer of the
second heterojunction bipolar transistor to the emitter
layer of the first heterojunction bipolar transistor.
12. The semiconductor device according to claim 11,
wherein
a collector electrode of the second heterojunction bipolar
transistor is connected to the second sub-collector layer
of the second heterojunction bipolar transistor, and
the interconnection line is connected to the collector
electrode of the second heterojunction bipolar transis-
tor.
13. The semiconductor device according to claim 11,
wherein
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the second heterojunction bipolar transistor further
includes the first sub-collector layer and the collector
ballast resistor layer in the second region,

a collector electrode of the second heterojunction bipolar
transistor is connected to the first sub-collector layer of
the second heterojunction bipolar transistor, and

the interconnection line is connected to the collector
electrode of the second heterojunction bipolar transis-
tor.

14. The semiconductor device according to claim 11,
wherein the collector ballast resistor layer includes a semi-
conductor layer containing AlGaAs or GaAs as a main
component.

15. The semiconductor device according to claim 14,
wherein

the collector layer is formed of GaAs,

the collector ballast resistor layer includes a first collector
ballast resistor layer and a second collector ballast
resistor layer that is disposed between the first collector
ballast resistor layer and the first sub-collector layer,

the second collector ballast resistor layer is formed of
AlGaAs, and

a composition of the first collector ballast resistor layer is
changed from AlGaAs to GaAs in a direction from the
second collector ballast resistor layer toward the col-
lector layer.

16. The semiconductor device according to claim 11,

further comprising:

an emitter ballast resistor layer that is disposed on a side
opposite to the base layer as viewed from the emitter
layer and that includes a semiconductor layer contain-
ing AlGaAs as a main component.

17. The semiconductor device according to claim 11,

wherein

the first sub-collector layer, the second sub-collector
layer, the collector layer, and the base layer are each
formed of a semiconductor containing GaAs as a main
component, and

the emitter layer is formed of a semiconductor containing
InGaP as a main component.

18. The semiconductor device according to claim 12,
wherein the collector ballast resistor layer includes a semi-
conductor layer containing AlGaAs or GaAs as a main
component.

19. The semiconductor device according to claim 12,
further comprising:

an emitter ballast resistor layer that is disposed on a side
opposite to the base layer as viewed from the emitter
layer and that includes a semiconductor layer contain-
ing AlGaAs as a main component.

20. The semiconductor device according to claim 12,

wherein

the first sub-collector layer, the second sub-collector
layer, the collector layer, and the base layer are each
formed of a semiconductor containing GaAs as a main
component, and

the emitter layer is formed of a semiconductor containing
InGaP as a main component.
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