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DC/DC CONVERTER USING BIPOLAR 
TRANSISTOR, METHOD OF MANUFACTURING 
THE SAME AND DC POWER SUPPLY MODULE 

USING THE SAME 

[0001] Cross-Reference to Related Application This appli 
cation is a continuation of an international application Ser. 
No. PCT/JP2004/009765, ?led on Jul. 2, 2004, the entire 
disclosure of Which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention is generally related to a 
DC/DC converter and a DC poWer supply module Which 
contains the same, particularly, to a DC/DC converter and a 
DC poWer supply module Which contains the same, Which 
are especially suitable for consumer electronics and built-in 
battery-poWered apparatuses. 

[0004] 2. Description of the Related Art 

[0005] DC/DC converters are utiliZed in a number of 
different switching poWer supply circuits. The basic sWitch 
ing poWer supply topologies are a step-up DC/ DC converter 
and a step-doWn DC/DC converter, as disclosed in “Tran 
sistor Technology Special - - - Introduction to Practical 

PoWer Electronics - - - ”, published by CQ Publishing 
Company in August 1998. 

[0006] An exemplary step-doWn DC/DC converter is 
illustrated in FIG. 1A, and designated by reference numeral 
100. The DC/DC converter 100 includes a ?eld effect 
transistor (FET) Q1, a diode D1, a diode D2, an inductor L, 
a capacitor C, an input terminal 11, an output terminal 12 
and a grounded terminal 13, Which may be also referred to 
as a common terminal. The FET Q1 receives an input DC 
voltage Vin on the drain thereof. The diode D1 has a cathode 
connected to a drain of the FET Q1, and an anode connected 
to a source of the FET Q1. The diode D2 has a cathode 
connected to the source of the FET Q1, and an anode 
connected to the grounded terminal. The inductor L is 
connected betWeen the source of the FET Q1 and the output 
terminal. The capacitor C is connected betWeen the output 
and grounded terminals. The FET Q1 may be replaced With 
an insulated gate bipolar transistor (IGBT). 

[0007] When the FET Q1 is turned on, the input voltage 
Vin is applied to the inductor L, and poWer is delivered to 
the output terminal. An output voltage Vout is Vin-VL, 
Where the VL is the voltage across the inductor L. The output 
voltage Vout also is formed across the capacitor C, thus the 
capacitor C charges and the output voltage increases each 
time the FET Q1 is turned on. 

[0008] When the FET Q1 is turned off, the voltage across 
the inductor L reverses due to inductive ?yback, thus making 
the diode D2 forWard biased. A circuit loop generated by the 
diode D2 alloWs the energy stored in the inductor L to be 
delivered to the output terminal, Wherein an output current 
is smoothed by the capacitor C. In this Way, the input voltage 
Vin is converted to output voltage Vout. The output voltage 
can be controlled by varying the duty-cycle of the control 
voltage on the gate of PET. 

[0009] The inductor L and the capacitor C are used for 
smoothing the ripple of the output voltage Vout. The FET Q1 
is sWitched at a relatively high frequency to produce a 

Jul. 27, 2006 

chopped output voltage, hoWever, the inductor L and the 
capacitor C operate together as an LC ?lter to produce a 
relatively smooth output voltage having a DC component 
With a reduced ripple voltage. The inductor and the capacitor 
are used to suppress the ripple voltage. 

[0010] An exemplary step-up DC/DC converter is illus 
trated in FIG. 1B, and designated by reference numeral 101. 
The step-up type DC/DC converter 101 includes a ?eld 
effect transistor (FET) Q2, a diode D1, a diode D2, an 
inductor L, a capacitor C, an input terminal 11, an output 
terminal 12 and a grounded terminal 13. The inductor L is 
connected betWeen the input terminal 11 and a drain of the 
FET Q2. The FET Q2 receives Vin-VL on the drain terminal 
thereof, Wherein the Vin is the input DC voltage and VL is 
the voltage across the inductor L. The diode D1 has a 
cathode connected to a drain of the FET Q2, and an anode 
connected to a source of the FET Q2. The diode D2 has a 
cathode connected to the output terminal, and an anode 
connected to the drain of the FET Q2. The capacitor C is 
connected betWeen the output terminal and the grounded 
terminal. The FET Q2 may be replaced With an insulated 
gate bipolar transistor (IGBT). An operation of the DC/DC 
converter 101 is similar to that of the DC/ DC converter 100. 

[0011] Bipolar transistors are generally used as sWitching 
devices or ampli?ers in a number of different circuit appli 
cations. Important requirements for bipolar transistors as 
sWitching devices are a high Withstand voltage, a loW 
voltage at its on-state, a high speed sWitching, and a high 
current gain. Conventional bipolar transistors are disclosed 
in Japanese Unexamined Patent Applications No. P2001 
338928A and P2002-299602A. 

[0012] An NPN bipolar transistor disclosed in No. P2002 
299602A is illustrated in FIG. 2, and designated at reference 
numeral 200. The NPN bipolar transistor 200 includes a 
collector electrode 28, a collector 23 formed on the collector 
electrode 28, a base 24 formed on the collector 23, emitters 
25 formed on the base 24, base electrodes 26 formed on the 
base 24, and emitter electrodes 27 formed on the emitters 25. 
A collector 23 consists of an N+ substrate 22, an N type 
region 23a and an N-type region 23b. The N+ substrate 22 
is located at the bottom of the collector 23, and the region 
2311 is formed on the N+ substrate 22. The region 23b is 
formed betWeen the region 2311 and the base 24. A dopant 
concentration of the region 23b is higher than that of region 
2311. 

[0013] The structure 200 improves the current gain 
because the region 23b prevents hole injection into the 
region 23a. 

[0014] An NPN silicon germanium transistor disclosed in 
Japanese Laid Open Patent Application No. P2001-338928A 
and its corresponding US. Pat. No. 6,423,989 is illustrated 
in FIG. 3, and designated at reference numeral 300. The 
NPN silicon germanium transistor 300 includes a collector 
electrode 37, a collector 31, 32 formed on the collector 
electrode 37, a base 33, 34 formed on the collector 31, 32, 
an emitter 35, 36 formed on the base, base electrodes 38 
formed on the base 34 and emitter electrodes 39 formed on 
the emitter 36. For high current gain and high breakdown 
voltage, the base is formed of tWo layers: a P type silicon 
germanium layer 33 Within Which the lifetime and the 
mobility of the electrons are relatively reduced, and a P type 
silicon layer 34 Within Which the lifetime and the mobility 
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of electrons are relatively increased. A germanium concen 
tration in the base increases as distance from the collector 
decreases. This structure effectively improves transfer effi 
ciency of electrons from the emitter 35 to the collector 32. 
As a result, the current gain is enhanced. 

[0015] In many applications, the poWer loss of a DC/DC 
converter is to be suppressed to be as small as possible. The 
poWer loss of the DC/DC converter is generated at the 
on-state and transient state of turn-on and turn-off. LoW 
saturation voltage at the on-state and short transient time at 
turn-on and turn-off are required When a sWitching semi 
conductor device is used in a DC/DC converter. HoWever, a 
conventional FET or IGBT is not able to realiZe all these 
performance requirements in one device at the same time. 
Also, the on-state resistances of FETs and IGBTs tend to be 
high. The high on-state resistance causes poWer loss While 
FETs or IGBTs are turned on. Current FETs have only one 
advantage of high sWitching speed or loW resistance; no PET 
is knoWn having both of these advantages. IGBTs are useful 
for large capacity applications; hoWever their transient times 
at turn-on or turn-off are as large as one microsecond, and 
the on-state voltages at the saturation state are as large as 1.5 
voltage. 

[0016] The sloW sWitching speed of FETs and IGBTs 
limits the sWitching frequency of the DC/DC converters to 
below 1 MHZ. The sWitching frequency limitation undesir 
ably increases the ripple of the output voltage. In order to 
suppress the ripple voltage, a capacitor of large capacitance 
and an inductor of large inductance have to be used, Which 
prevents a volume or siZe reduction of the DC/DC convert 
ers. The large inductance needs a coil of many turns, and the 
resistance and resistance loss of the inductor undesirably 
increases. 

[0017] Accordingly, there is a need for a DC/DC converter 
Which has a suppressed poWer loss and a reduced volume 
using a neW sWitching semiconductor device. 

SUMMARY OF THE INVENTION 

[0018] In summary, the present invention addresses an 
improvement in DC/DC converters, a method of manufac 
turing the same and a DC poWer supply module Which 
contains the same. 

[0019] In detail, one object of the present invention is to 
provide DC/DC converters in Which poWer loss is sup 
pressed. 

[0020] Another object of the present invention is to pro 
vide volume-reduced, compact-sized DC/DC converters. 

[0021] In an aspect of the present invention, a DC/DC 
converter includes an input terminal receiving a DC poWer 
input from a battery and so forth, an output terminal for 
feeding DC poWer of a suitable and adjustable voltage, a 
grounded terminal, a smoothing capacitor connected 
betWeen the output and grounded terminals, and a bipolar 
transistor. The bipolar transistor receives the DC poWer 
input through the input terminal to generate an output DC 
signal on the output terminal. Abase of this bipolar transistor 
includes a silicon germanium (SiGe) layer. 

[0022] The DC/DC converter of present invention has a 
suppressed poWer loss and a reduced volume because the 
neW DC/DC converter of this invention uses a silicon 
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germanium bipolar transistor With a high sWitching speed 
and loW on-state voltage. The transistor With high sWitching 
speed can reduce the ripple voltage of the output. This ripple 
voltage can be realiZed With the small inductance and the 
small capacitance by high sWitching frequency. The volume 
of the DC/DC converter is reduced as the inductance and the 
capacitance is reduced. In addition, the transistor With loW 
on-state voltage reduces poWer loss therein, because the 
poWer loss of the transistor potentially increases proportion 
ally to the collector-emitter voltage While the transistor is in 
the on-state at Which its voltage should be suf?ciently 
saturated. 

[0023] FIGS. 11A and 11B shoW another advantage of 
this invention: realiZing loW loss. FIG. 11A shoWs the 
sWitching speed of conventional sWitching devices like 
FETs, Where t11 is the starting time of turn-on and t12 is the 
end time of turn-on, t13 is the starting time of turn-off, and 
t14 is the end time of turn-off. FIG. 11B shoWs the sWitching 
speed of the SiGe bipolar transistor of this invention, Where 
t12 is the starting time of turn-on, t22 is the end time of 
turn-on, t23 is the starting time of turn-off, and t24 is the end 
time of turn-off. 

[0024] The small transient time through turn-on or turn-off 
can decrease total sWitching losses in turn-on and turn-off, 
because the integration of product betWeen Voltage and 
current through the transient time comes to be sWitching loss 
on each sWitching. 

[0025] The SiGe transistor of this invention has a transient 
time on turn-on and turn-off that is 12 times smaller than 
conventional transistors like FETs. 

[0026] In addition, the reduced inductance suppresses the 
poWer loss of the DC/DC converter because a small induc 
tance can be achieved by a coil of feWer turns, Which thus 
has a small resistance. 

[0027] In another aspect of present invention, the DC/DC 
converter preferably further includes an inductor connected 
betWeen an emitter of the bipolar transistor and the output 
terminal, a diode having a cathode connected to the emitter 
of the bipolar transistor and an anode connected to the 
grounded terminal. The collector of the bipolar transistor is 
connected to the input terminal. 

[0028] The DC/DC converter preferably further includes 
another diode having a cathode connected to the collector of 
the bipolar transistor and an anode connected to the emitter 
of the bipolar transistor. 

[0029] The base of the silicon germanium bipolar transis 
tor preferably includes a silicon layer in addition to the 
silicon germanium layer. The silicon layer is formed on the 
emitter. The silicon germanium layer is formed on the 
collector. Preferable concentration of the germanium ranges 
from 6 to 16%. The thickness of the base of the silicon 
germanium bipolar transistor is preferably in the range 
betWeen 60 and 90 nm. A thickness of the collector is 
preferably in the range betWeen 1.5 and 2.5 pm. 

[0030] The base of the silicon germanium bipolar transis 
tor preferably includes another silicon germanium layer in 
addition to the ?rst silicon germanium layer. The ?rst silicon 
germanium layer is formed on the collector and the other 
silicon germanium layer is formed on the emitter. The 
germanium concentration of the silicon germanium layer 



US 2006/0163611A1 

ranges from 6 to 16%. The germanium concentration of the 
other silicon germanium layer is preferably less than that of 
the ?rst silicon germanium layer. The thickness of the base 
of the silicon germanium bipolar transistor is preferably in 
the range betWeen 60 and 90 nm. Athickness of the collector 
is preferably in the range betWeen 1.5 and 2.5 pm. 

[0031] The germanium concentration of the base prefer 
ably increases as distance from the collector decreases. The 
germanium concentration at the interface betWeen the base 
and the collector preferably ranges from 6% to 16%. The 
thickness of the base of the silicon germanium bipolar 
transistor is preferably in the range betWeen 60 and 90 nm. 
A thickness of the collector is preferably in the range 
betWeen 1.5 and 2.5 pm. A dopant concentration of the 
collector is preferably in the range betWeen 5><10l4 to 
1x10 cm_3. 

[0032] The DC/DC converter preferably further includes a 
?eld effect transistor having a source connected to the 
emitter of SiGe bipolar transistor and a drain connected to 
the grounded terminal. 

[0033] In still another aspect of present invention, the 
DC/DC converter preferably further includes an inductor 
connected betWeen the input terminal and the collector of 
the bipolar transistor and a diode having a cathode con 
nected to the output terminal and an anode connected to the 
collector of the bipolar transistor. The emitter of the bipolar 
transistor is connected to the grounded terminal. 

[0034] The DC/DC converter preferably further includes 
another diode having a cathode connected to the collector of 
the bipolar transistor and an anode connected to the emitter 
of the bipolar transistor. 

[0035] The base of the silicon germanium bipolar transis 
tor preferably includes a silicon layer in addition to the 
silicon germanium layer. The silicon layer is formed on the 
emitter. The silicon germanium layer is formed on the 
collector. Preferable concentration of the germanium ranges 
from 6 to 16%. The thickness of the base of the silicon 
germanium bipolar transistor is preferably in the range 
betWeen 60 and 90 nm. A thickness of the collector is 
preferably in the range betWeen 1.5 and 2.5 pm. A dopant 
concentration of the collector is preferably in the range 
betWeen 5><10l4 to 1><10l6 cm_3. 

[0036] The base of the silicon germanium bipolar transis 
tor preferably includes another silicon germanium layer in 
addition to the ?rst silicon germanium layer. The ?rst silicon 
germanium layer is formed on the collector and the other 
silicon germanium layer is formed on the emitter. The 
germanium concentration of the silicon germanium layer 
ranges from 6 to 16%. The germanium concentration of the 
other silicon germanium layer is preferably less than that of 
the silicon germanium layer. The thickness of the base of the 
silicon germanium bipolar transistor is preferably in the 
range betWeen 60 and 90 nm. Athickness of the collector is 
preferably in the range betWeen 1.5 and 2.5 pm. A dopant 
concentration of the collector is preferably in the range 
betWeen 5><10l4 to 1><10l6 cm_3. 

[0037] The germanium concentration of the base prefer 
ably increases as distance from the collector decreases. The 
germanium concentration at the interface betWeen the base 
and the collector preferably ranges from 6% to 16%. The 
thickness of the base of the silicon germanium bipolar 
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transistor is preferably in the range betWeen 60 and 90 nm. 
A thickness of the collector is preferably in the range 
betWeen 1.5 and 2.5 pm. A dopant concentration of the 
collector is preferably in the range betWeen 5><10l4 to 
1x10 cm_3. 

[0038] The DC/DC converter preferably further includes a 
?eld effect transistor having a source connected to the 
grounded terminal and a drain connected to the emitter of 
SiGe bipolar transistor. 

[0039] The aforementioned DC/DC converters may be 
integrated into a DC poWer supply module. The DC poWer 
supply module includes some aforementioned DC/DC con 
verters, a common input terminal, and a common grounded 
terminal. Each input terminal of the DC/DC converters is 
connected to the common input terminal, and each grounded 
terminal of the DC/DC converters is connected to the 
common grounded terminal. The DC poWer supply module 
may have a plurality of common input terminals and a 
plurality of common grounded terminals. The input termi 
nals of the DC/DC converters are connected to selected one 
of the common input terminals, and the grounded terminals 
of the DC/DC converters are connected to selected one of 
the common input terminals. 

[0040] The DC/DC converter of the present invention is 
manufactured by a method including steps of forming a 
silicon germanium bipolar transistor and assembling the 
silicon germanium bipolar transistor, an inductor, a smooth 
ing capacitor, a diode, an input terminal, an output terminal, 
and a grounded terminal into a DC/DC converter. A step 
doWn DC/ DC converter is assembled by the folloWing steps: 
connecting a collector of the silicon germanium bipolar 
transistor to the input terminal, connecting the inductor 
betWeen the output terminal and an emitter of the transistor, 
connecting the smoothing capacitor betWeen the output and 
grounded terminals, connecting a cathode of the diode to the 
emitter of the bipolar transistor and connecting an anode of 
the diode to the grounded terminal, and connecting the 
anode of another diode to the emitter of the bipolar transistor 
and its cathode to the collector of the bipolar transistor. A 
step-up DC/DC converter is assembled by the folloWing 
steps: connecting an emitter of the transistor to the grounded 
terminal, connecting the inductor betWeen the input terminal 
and a collector of the transistor, connecting an anode of the 
diode to the collector, connecting a cathode of the diode to 
the output terminal, connecting the smoothing capacitor 
betWeen the output and grounded terminals, and connecting 
the anode of another diode to the emitter of the bipolar 
transistor and its cathode to the collector of the bipolar 
transistor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0041] FIG. 1A is a schematic circuit diagram illustrating 
a conventional step-doWn DC/DC converter; 

[0042] FIG. 1B is a schematic circuit diagram illustrating 
a conventional step-up DC/DC converter; 

[0043] FIG. 2 is a cross-sectional vieW of a conventional 
bipolar transistor; 
[0044] FIG. 3 is a cross sectional vieW of a conventional 
silicon germanium bipolar transistor; 
[0045] FIG. 4A is a schematic circuit diagram illustrating 
a step-doWn DC/DC converter according to an embodiment 
of the present invention; 
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[0046] FIG. 4B is a schematic circuit diagram illustrating 
a step-up DC/DC converter according to an alternative 
embodiment of the present invention; 

[0047] FIG. 4C is a schematic circuit diagram illustrating 
a step-doWn DC/DC converter according to an alternative 
embodiment; 
[0048] FIG. 4D is a schematic circuit diagram illustrating 
a step-up DC/DC converter according to an alternative 

embodiment; 
[0049] FIGS. 5A, 5B, 5C and 5D are schematic circuit 
diagrams illustrating DC/DC converters according to alter 
native embodiments; 

[0050] FIG. 6A is a cross sectional vieW of the silicon 
germanium bipolar transistor according to the embodiment 
of the present invention; 

[0051] FIG. 6B is a cross sectional vieW of the silicon 
germanium bipolar transistor according to the embodiment 
of the present invention; 

[0052] FIG. 7 is a graph of dopant and germanium con 
centrations versus depth from the surface of the emitter, 
taken at A-A' in FIG. 6A; 

[0053] FIG. 8 is a graph of current gain hfe versus maxi 
mum germanium concentration; 

[0054] FIG. 9 is a graph of dopant and germanium con 
centrations versus depth from the surface of the emitter 
taken at A-A' in FIG. 6B; 

[0055] FIG. 10 is a cross sectional vieW of a silicon 
germanium bipolar transistor of planar structure; 

[0056] FIG. 11A is a schematic sWitching speed charac 
teristics diagram of a ?eld effect transistor used in conven 
tional DC/DC converters; 

[0057] FIG. 11B is a schematic sWitching speed charac 
teristics diagram of a silicon germanium bipolar transistor 
used in DC/DC converters of present invention; and 

[0058] FIGS. 12A and 12B are schematic circuit dia 
grams of DC poWer supply modules according to an 
embodiment of present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0059] Preferred embodiments of the present invention are 
described beloW in detail With reference to the attached 
draWings. In the draWings, like or similar elements are 
designated With identical reference numerals throughout the 
several vieWs thereof, and the various elements depicted are 
not necessarily draWn to scale. 

DC/ DC converter Structure 

[0060] In one embodiment, a step-doWn DC/DC converter 
is illustrated in FIG. 4A, and designated at reference 
numeral 40. The DC/DC converter 40 includes a silicon 
germanium bipolar transistor Q, a diode D1, an inductor L, 
a smoothing capacitor C, an input terminal 41, an output 
terminal 42, and a grounded terminal 43. The silicon ger 
manium bipolar transistor Q receives an input DC voltage 
Vin on the collector thereof. The diode D1 has a cathode 
connected to an emitter of the transistor Q. The inductor L 

Jul. 27, 2006 

is connected betWeen the emitter and the output terminal 42. 
The smoothing capacitor C is connected betWeen the output 
and grounded terminals 42, 43. 

[0061] The operation of the silicon germanium bipolar 
transistor Q is described beloW. 

[0062] When the transistor Q is turned on, the input 
voltage Vin is applied to the inductor L and poWer is 
delivered to the output terminal. An output voltage Vout is 
Vin-VL, Wherein the VL is the voltage across the inductor L. 
The output voltage Vout also is formed across the smoothing 
capacitor C, and thus the capacitor C charges and the output 
voltage increases each time the transistor Q is turned on. 

[0063] When the transistor Q is turned off, the voltage 
across the inductor L reverses due to inductive ?yback, thus 
making the diode D1 forWard biased. A circuit loop gener 
ated by the diode D1 alloWs the energy stored in the inductor 
L to be delivered to the output terminal 42, Wherein the 
output current is smoothed by the smoothing capacitor C. 
The output voltage can be controlled by varying the duty 
cycle of the control current to the base of the bipolar 
transistor control voltage. In this Way, the input voltage Vin 
is converted to the output voltage Vout having a DC com 
ponent With a reduced ripple voltage. 

[0064] The DC/DC converter 40 preferably further 
includes another diode D2 as shoWn in FIG. 4C. The diode 
D2 has a cathode connected to the collector of the transistor 
Q, and an anode connected to the emitter of the transistor Q. 
The diode D2 protects the transistor Q against a surge 
voltage into the emitter. 

[0065] The DC/DC converter 40 may further include a 
?eld effect transistor Q1 as shoWn in FIGS. 5A and 5C. The 
?eld effect transistor Q1 and the diode D1 are connected in 
parallel betWeen the grounded terminal 43 and the emitter of 
the silicon germanium bipolar transistor Q. A drain of the 
?eld effect transistor O1 is connected to the cathode of the 
diode D1. The ?eld effect transistor O1 is turned on syn 
chronously With tum-off of the silicon germanium bipolar 
transistor Q. The diode D1 is forWard biased at the same 
time. A circuit loop generated by the ?eld effect transistor 
Q1 and the diode D1 alloWs the energy stored in the inductor 
L to be delivered to the output terminal 42 and capacitor C. 
Because of the resistance of the diode D1, the output current 
?oWs through the ?eld effect transistor Q1 more than the 
diode D1. The poWer loss of the DC/DC converter is reduced 
because the poWer loss of the ?eld effect transistor O1 is less 
than that of the diode D1. 

[0066] In an alternative embodiment, a step-up DC/DC 
converter is illustrated in FIG. 4B, and designated by 
reference numeral 50. The DC/DC converter 50 includes an 
inductor L, a silicon germanium bipolar transistor Q, a diode 
D1 a smoothing capacitor C, an input terminal 41, an output 
terminal 42 and a grounded terminal 43. The inductor L is 
connected betWeen the input terminal 41 and a collector of 
the transistor Q. The transistor Q has an emitter connected 
to the grounded terminal 43. The diode D1 has a cathode 
connected to the output terminal 42 and an anode connected 
to the collector of the transistor Q. The smoothing capacitor 
C is connected betWeen the output terminal 42 and grounded 
terminals 43. 

[0067] When the transistor Q is turned on, a circuit loop is 
generated by the inductor L and the sWitched transistor Q. 
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The input voltage Vin is applied to the inductor L and the 
energy is stored in the inductor L. The diode D1 is reverse 
biased. 

[0068] When the transistor Q is turned off, the voltage 
across the inductor L reverses due to inductive ?yback, thus 
making the diode D1 forWard biased. The energy stored in 
the inductor L is then delivered to the output terminal 42, 
Wherein an output current is smoothed by the capacitor C. 
The output voltage is Vin+VL, Wherein the VL is the voltage 
across the inductor L. The output voltage Vout is also formed 
across the capacitor C, thus the capacitor C is charged and 
the output voltage increases each time the transistor Q1 is 
turned off. In this Way the input voltage Vin is converted to 
output voltage Vout. 

[0069] The DC/DC converter 50 preferably further 
includes another diode D2 as shoWn in FIG. 4D. The diode 
D2 has a cathode connected to the collector of the transistor 
Q, and an anode connected to the emitter of the transistor Q. 
The diode D2 protects the transistor Q from surge voltage. 

[0070] As is the case of the step-doWn DC/DC converter 
shoWn in FIGS. 5A and 5B, the DC/DC converter 50 may 
further include a ?eld effect transistor. The ?eld effect 
transistor Q1 and the diode D1 are connected in parallel 
betWeen the grounded terminal 43 and the collector of the 
silicon germanium bipolar transistor Q. A drain of the ?eld 
effect transistor Q1 is connected to the cathode of the diode 
D1. The ?eld effect transistor Q1 is turned on synchronously 
With tum-off of the silicon germanium bipolar transistor Q. 
The diode D1 is forWard biased at the same time. A circuit 
loop generated by the ?eld effect transistor Q1 and the diode 
D1 alloWs the energy stored in the inductor L to be delivered 
to the output terminal 42. Because of the resistance of the 
diode D1, an output current ?oWs through the ?eld effect 
transistor Q1 more than the diode D1. The poWer loss of the 
DC/DC converter is reduced more because the poWer loss of 
the ?eld effect transistor Q1 is less than that of the diode D1. 

[0071] The aforementioned DC/DC converters are manu 
factured by a method including the steps of forming the 
silicon germanium bipolar transistor Q and assembling the 
silicon germanium bipolar transistor Q, the inductor L, the 
smoothing capacitor C, the diode D1, the input terminal 41, 
the output terminal 42, and grounded terminal 43 into a 
DC/DC converter. In detail, the step-doWn DC/DC converter 
is assembled by the folloWing steps of: connecting the 
collector of the silicon germanium bipolar transistor Q to the 
input terminal 41, connecting the inductor L betWeen the 
output terminal 42 and an emitter of the transistor Q. 
connecting the smoothing capacitor C betWeen the output 
terminal 42 and grounded terminal 43, connecting an anode 
of the diode D1 to the emitter, and connecting a cathode of 
the diode D1 to the output terminal. The step-up DC/DC 
converter is assembled by the folloWing steps of: connecting 
an emitter of the transistor Q to the grounded terminal 43, 
connecting the inductor L betWeen the input terminal 41 and 
a collector of the transistor Q, connecting an anode of the 
diode D1 to the collector, connecting a cathode of the diode 
D1 to the output terminal 42, and connecting the smoothing 
capacitor C betWeen the output and grounded terminals 42, 
43. 

[0072] Use of a silicon germanium bipolar transistor for 
the sWitching transistor Q effectively alloWs the aforemen 
tioned DC/DC converters to have a reduced volume due to 
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the high sWitching speed thereof. A transistor With high 
sWitching speed loWers a ripple of the output voltage of the 
DC/DC converter. The small ripple voltage can be suffi 
ciently suppressed by small inductance and small capaci 
tance. The volume of the DC/DC converter is thus reduced 
as the inductance and the capacitance is reduced. 

[0073] In addition, the use of the transistor With loW 
on-state voltage alloWs the DC/DC converter to have sup 
pressed poWer loss. The loW on-state voltage, that is, the loW 
collector-emitter voltage While the transistor Q is turned on, 
decreases the poWer loss of the DC/DC converter because a 
poWer loss in the transistor increases proportionally to the 
collector-emitter voltage While the transistor Q is turned on. 

[0074] In addition, the small inductance suppresses the 
poWer loss of the DC/DC converter because a small induc 
tance can be achieved by a coil of feWer turns, Which has a 
small resistance. 

Silicon Germanium Bipolar Transistor Structure 

[0075] Although having advantages of high sWitching 
speed and loW on-state voltage, conventional silicon germa 
nium transistors suffer from loW Withstand voltage and loW 
current gain hfe. This prevents the use of silicon germanium 
transistors as sWitching transistors Within DC/DC convert 
ers. 

[0076] Nevertheless, the inventors has proved that these 
drawbacks can be overcome through optimiZation of the 
structure of the base and collector layers, the optimiZation 
including adopting the appropriate germanium concentra 
tion and distribution, and appropriately adjusting the thick 
nesses of the base and collector layers. Details of the silicon 
germanium bipolar transistor Q used in above embodiments 
are described in Japanese patent No. P2002-299602A and its 
corresponding US. Pat. No. 6,660,623, the disclosure of 
Which is incorporated herein by reference. 

[0077] FIG. 6A shoWs a cross sectional vieW of the silicon 
germanium bipolar transistor Q. The transistor Q includes an 
N+ type silicon substrate 52, a collector layer 53, a base 
layer 54, and an emitter layer 55. A collector electrode 58 is 
formed on the rear surface of the substrate 52, and a base 
electrode 56 is formed on the base layer 54 and an emitter 
electrode 57 is formed on the emitter layer 55. The collector 
layer 53 is an N-type silicon layer formed on the silicon 
substrate 52. The base layer 54 is composed of a P type 
silicon germanium layer 5411 and a P type silicon layer 54b. 
The emitter layer 55 is an N+ type silicon or N+ type 
amorphous silicon layer. 

[0078] FIG. 7 shoWs pro?les of dopant and germanium 
concentrations versus depth from the surface of the emitter, 
taken on the A-A' section in FIG. 6A. An interface of the 
emitter layer 55 and the P type silicon layer 54b is desig 
nated at P0, an interface of the silicon germanium layer 54a 
and the P type silicon layer 54b is designated at P1, and an 
interface of the silicon germanium layer 54a and the col 
lector layer 53 is designated at P2. A distance betWeen P1 
and P2, Which is a thickness of the silicon germanium layer 
5411, is designated as Xsige. 

[0079] The N type dopant for the substrate 52 includes 
phosphorus and arsenic. The substrate 52 has a dopant 
concentration preferably in the range betWeen l><l0l8 and 
3x10 cm_3. The substrate 52 preferably has a thickness of 
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100 to 500 pm. In this embodiment, the substrate 52 has a 
dopant concentration of 5><1018cm_3 and the thickness of 
100 um. 

[0080] The N type dopant for the collector layer 53 
includes phosphorus and arsenic. The collector layer 53 has 
a do 4ant concentration preferably in the range betWeen 
5x10 and 1><10l6 cm_3. The collector layer 53 preferably 
has a thickness of 1.5 to 2.5 um. The collector layer 53, 
Which has the dopant concentration and thickness in the 
aforementioned range, advantageously improves the break 
doWn voltage of the transistor. In this embodiment, the 
collector layer 53 has a dopant concentration of 8><10l5 cm'3 
and a thickness of 2 pm. 

[0081] The P type dopant for the base layer 54 includes 
boron. The base layer 54 has a dopant concentration pref 
erably in the range betWeen 3><10l7 and 8><10l7 cm'3 . Atotal 
thickness of the base layer 54 is preferably in the range 
betWeen 60 and 90 nm. The base layer less than 60 nm in 
thickness undesirably loWers the breakdoWn voltage and the 
base layer more than 90 nm in thickness undesirably loWers 
the current gain hfe. In this embodiment, the total base layer 
54 has a dopant concentration of 8><10l7 cm'3 and the 
thickness of 70 nm. 

[0082] The germanium concentration in the silicon ger 
manium layer 5411 has trapeZoidal distribution. The maxi 
mum germanium concentration is preferably in the range 
betWeen 6 and 16%. FIG. 8 is a graph of the current gain hfe 
versus maximum germanium concentration of the silicon 
germanium layer 5411. In order to achieve a current gain 
more than 300, the maximum germanium concentration is 
required to be in the range betWeen 6 and 16%. For a current 
gain more than 400, the maximum germanium concentration 
is required to be in the range betWeen 8 and 13%. 

[0083] Referring back to FIG. 7, the thickness of the 
silicon germanium layer 5411 is preferably in the range of 20 
to 60 nm. If the thickness of the silicon germanium layer 54a 
is more than 60 nm, the thickness of the silicon layer 54b is 
restricted beloW 10 nm, Which undesirably loWers the cur 
rent gain hfe. If the thickness of the silicon germanium layer 
54a is reduced beloW 20 nm, the breakdoWn voltage is 
undesirably loWered beloW 50V. In this embodiment, the 
maximum germanium concentration is 10%, the base layer 
54a is 50 nm in thickness, and the total base layer 54 is 70 
nm in thickness. 

[0084] The N type dopant for the emitter layer 55 includes 
phosphorus and arsenic. The dopant in the emitter layer 55 
has a Gaussian distribution. The concentration at the surface 
of the emitter layer 55 is 1><102Ocm_3, Which is the peak 
value. The concentration at the interface P0 betWeen the 
emitter layer 55 and the base layer 54b is 5><1016cm_3. The 
dopant may have a trapeZoidal distribution in place of a 
Gaussian distribution. The thickness of the emitter layer 55 
is preferably in the range betWeen 0.5 and 2 pm. In this 
embodiment, the emitter is 1 pm in thickness. 

[0085] In an alternative embodiment, the silicon layer 54b 
may be replaced With a silicon germanium layer Whose 
germanium concentration is less than 3%. In this case, as 
described above, the germanium concentration of the silicon 
germanium layer 54a preferably has a trapeZoidal distribu 
tion. The maximum germanium concentration of the trap 
eZoidal distribution is preferably in the range betWeen 6 and 
16%, more preferably, betWeen 8 and 13% 
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[0086] In an alternative embodiment, as shoWn in FIG. 
6B, the silicon germanium layer 5411 and the silicon layer 
54b may be replaced With a silicon germanium base layer 
54'. The germanium distribution of the base layer 54' is 
different from that of the base layer 54. 

[0087] FIG. 9 shoWs pro?les of dopant and germanium 
concentration versus depth from the surface of the emitter, 
taken on the A-A' section in FIG. 6B. An interface of the 
emitter layer 55 and the base layer 54' is designated at P0 
and an interface of the base layer 54' and the collector layer 
53 is designated at P2. The germanium concentration in the 
base layer 54' increases as the distance from the collector 
decreases and the germanium concentration peaks at the 
interface P2. The maximum germanium concentration is 
preferably in the range betWeen 8 and 13%. The germanium 
concentration at the interface P0 is preferably less than 3%. 
In this embodiment, the germanium concentration is 10% at 
the interface P2 and 2% at the interface P0. 

[0088] In an alternative embodiment, the transistors Q1 
may adopt a planar structure as shoWn in FIG. 10. The 
planar type transistor shoWn in FIG. 10 includes a SiO2 
layer 59 connected betWeen the base and collector electrodes 
56 and 58. Dopant and germanium concentration pro?les of 
the planar transistor are identical With those of the vertical 
transistor. 

Comparison of the Present Invention and the 
Conventional Technique 

[0089] A characteristics comparison of the DC/DC con 
verter of the present invention and the conventional DC/DC 
converter is described in the folloWing. 

[0090] FIGS. 11A and 11B shoWs the sWitching speed 
characteristics diagrams of the DC/DC converter of present 
invention and the conventional DC/DC converter in terms of 
output currents versus time. The DC/DC converter of the 
present invention includes the silicon germanium bipolar 
transistor, While the conventional DC/DC converter includes 
a ?eld effect transistor. 

[0091] The conventional DC/DC converter requires more 
than 5 ns to sWitch from the off state (no current; t11) to the 
on state (steady state; t12) as shoWn in FIG. 11A. It also 
requires more than 5 ns to sWitch from the on state (t13) to 
the off state. 

[0092] On the other hand, the DC/DC converter of the 
present invention takes 0.5 ns to sWitch from the off state 
(t21) to the on state (t22) and 0.5 ns from the on state (t23) 
to the off state (t24) as shoWn in FIG. 11B. 

[0093] The small transient time through turn-on or turn-off 
can decrease total sWitching losses in turn-on and tum-off, 
because the integration of product betWeen Voltage and 
current through the transient time comes to be sWitching loss 
on each sWitching. The SiGe transistor of the present inven 
tion has a transient time on turn-on and turn-off 12 times 
smaller than conventional transistors like FETs. Because of 
the short transient sWitching time 12 times smaller than a 
conventional transistor like FET, the sWitching frequency of 
the DC/DC converter can be increased up to several tens of 
MHZ. 

[0094] The DC/DC converter sWitching frequency of the 
present invention is several tens of times as large as that of 








