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(57) ABSTRACT 

Ahigh voltage MOS transistor is provided that is compatible 
With loW-voltage, sub-micron CMOS and BiCMOS pro 
cesses. The high voltage transistor of the present invention 
has dopants that are implanted into the substrate prior to 
formation of the epitaxial layer. The implanted dopants 
diffuse into the epitaxial layer from the substrate during the 
formation of the epitaxial layer and subsequent heating 
steps. The implanted dopants increase the doping concen 
tration in a loWer portion of the epitaxial layer. The 
implanted dopants may diffuse father into the epitaxial layer 
than dopants in the buried layer forming an up -retro Well that 
prevents vertical punch-through at high operating voltages 
for thin epitaxial layers. In addition, the doping concentra 
tion beloW the gate may be light so that the threshold voltage 
of the transistor is loW. Also, the high voltage transistor of 
the present invention may be isolated from the substrate and 
the buried layer, and have symmetrical source and drain 
regions so that it can be used as a pass transistor. 
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HIGH VOLTAGE MOS TRANSISTOR WITH 
UP-RETRO WELL 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This is a divisional of commonly-assigned US. 
patent application Ser. No. 10/858,619 ?led on Jun. 1, 2004, 
Which is continuation of commonly-assigned US. patent 
application Ser. No. 10/345,467 ?led Jan. 14, 2003, Which 
issued as US. Pat. No. 6,768,173 on Jun. 27, 2004, Which 
is a divisional of commonly-assigned US. patent application 
Ser. No. 09/564,597 ?led May 3, 2000, Which issued as US. 
Pat. No. 6,528,850 on Mar. 4, 2003. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates to high voltage MOS tran 
sistors. More particularly, this invention relates to apparatus 
and methods for forming an MOS transistor With a substrate 
implant to achieve various combinations of loW threshold 
voltage, high breakdown voltage, and transistor operation at 
high voltages Without experiencing vertical punch-through. 

[0003] Many applications for semiconductor devices 
require transistors that are isolated from the substrate and 
that can operate at high voltages (e.g., greater than 40 volts). 
Applying a high voltage to a transistor can cause several 
problems. For example, a high voltage at the drain can cause 
vertical-punch-through in an NMOS transistor With an 
P-type substrate and in a PMOS transistor With an N-type 
substrate. Vertical punch-through can cause unWanted cur 
rent ?oW betWeen the drain and the buried layer at high drain 
voltages. 
[0004] One previously knoWn high voltage DMOS tran 
sistor 10 is shoWn in FIG. 1A. DMOS transistor 10 has a 
grounded body and a high threshold voltage. DMOS tran 
sistor 10 includes highly doped N-type (i.e., N+) source 
region 12, N+ drain region 14, P-type body region 16, gate 
15, N-type drain region 13 of an N-type epitaxial layer, and 
P-type substrate 17. N-type drain region 13 is tied electri 
cally to N+ drain region 14 (because both regions are 
N-type) to form an extension of the drain. Thick oxide layer 
18 lies betWeen gate 15 and N-type drain region 13. This 
con?guration reduces the impact generation rate of carriers 
by reducing the electric ?eld in the drain at high drain 
voltages. HoWever, thick oxide layer 18 causes DMOS 
transistor 10 to have undesirably large device dimensions. 
Thick oxide layer 18 also increases the drain-to-source 
resistance (RDS_ON) Which is also undesirable, because thick 
oxide 18 encroaches doWn into N-type drain region 13. A 
further disadvantage of transistor 10 is that the N-type 
doping concentration in N-type drain region 13 is higher 
near bird’s beak 18A of thick oxide 18 than the N-type 
doping concentration near the loWer boundary 18B of thick 
oxide 18. This effect causes an increased electric ?eld under 
the gate Which is also undesirable. 

[0005] A further disadvantage of DMOS transistor 10 is 
that it cannot be used as a pass transistor, particularly a high 
voltage pass transistor. Apass transistor is a device in Which 
the source and the drain regions are interchangeable and 
preferably symmetrical. In a pass transistor, the source, 
drain, and body regions must be isolated from the substrate. 
Furthermore, in a high voltage pass transistor, the body 
region cannot be tied electrically to either the source or the 
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drain. Transistor 10 does not meet these criteria, because its 
source (region 12) and drain (region 14 and a portion of 
layer 13) are not symmetrical, body region 16 is tied 
electrically to the source, and body region 16 is tied elec 
trically to substrate 17. Further features of the DMOS 
transistor With grounded body are described in an article by 
Parpia et al., entitled “A CMOS Compatible High-Voltage 
IC Process,” IEEE Transactions on Electron Devices, Vol. 
35, No. 10, October 1988, pp. 1687-1694. 

[0006] Another previously knoWn high voltage DMOS 
transistor 20 With an isolated body is shoWn in FIG. 1B. 
DMOS transistor 20 includes highly doped N-type (i.e., N+) 
source region 22, N+ drain region 27, P-type body region 24, 
gate 21, thick oxide 25, P-type epitaxial layer 26, P-type 
substrate 29, N-type Well 23 in P-epitaxial layer 26, and 
highly doped N+ buried layer 28. N+ buried layer 28 isolates 
substrate 29 from body region 24 to prevent current ?oW 
betWeen these tWo regions. HoWever, N+ buried layer 28 is 
tied electrically to drain region 27 through N-Well 23. 
Therefore, the output capacitance at the drain is undesirably 
high because N+ buried layer 28 has a Wide area. High 
output capacitance is undesirable because it sloWs doWn the 
frequency of the transistor’s output signal. Furthermore, 
DMOS transistor 20 cannot be used as a pass transistor, 
because the source (region 22) and the drain (including 
regions 27 and 23) are not symmetrical, and body region 24 
is tied electrically to the source at P+ region 19. Further 
features of the DMOS transistor With isolated body are 
described in an article by Tsui et al., entitled “Integration of 
PoWer LDMOS into a LoW-Voltage 0.5 pm BICMOS Tech 
nology,” IEDM Digest, 1992, pp. 27-30. 

[0007] Yet another previously knoWn high voltage MOS 
transistor 30 is shoWn FIG. 1C. Transistor 30 has high 
voltage P-type Well 35 that forms the body region of the 
device in N-type epitaxial layer 42. N-type extension 
regions 36 and 38 in P-Well 35 form extensions of the drain 
and source regions. Transistor 30 also has highly doped 
N-type regions 32 and 34. Regions 32/36 and regions 34/38 
are symmetrical and may be used interchangeably as drain 
and source regions of transistor 30. Transistor 30 also has 
N+ buried layer 40 that is not tied electrically to the drain as 
shoWn in FIG. 1C. In transistor 30, vertical punch-through 
betWeen the drain and buried layer 40 can occur When the 
depletion regions of the drain and N-epitaxial layer 42 merge 
in P-Well 35 at high drain voltages. For example, if regions 
32 and 36 form the drain, then vertical punch-through can 
occur When the depletion region of the N-extension 36 PN 
junction in P-Well 35 meets the depletion region of the 
N-epitaxial layer 42 PN junction in P-Well 35. The output 
capacitance of transistor 30 is high during vertical-punch 
through because the drain and buried layer 40 become 
electrically coupled together. 

[0008] To prevent vertical punch-through in transistor 30, 
tWo parameters may be changed. First, the doping concen 
tration of P-Well body 35 may be increased (e.g., 4-5><10l2 
cm_2) to reduce expansion of the drain and buried layer 
depletion regions at high voltages. High doping in body 
region 35 causes the undesirable effects of increasing the 
threshold voltage of the transistor and reducing the break 
doWn voltage at the drain-to-body junction. Secondly, the 
depth of body region 35 and the thickness of epitaxial layer 
42 may be increased so that the depletion regions do not 
merge at high voltages. 
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[0009] Because the drain and epitaxial layer depletion 
regions at 40 volts are each about 3.3 microns (micrometers) 
thick for MOSFETs, the thickness of the epitaxial layer must 
be greater than 6 microns. A vertical NPN bipolar junction 
transistor (BJT) With a breakdown voltage of 40 volts 
requires only about 4 microns of epitaxial thickness. In 
BiCMOS processes a uniform epitaxial layer is used for 
MOSFETs and BJTs (bipolar junction transistors). Because 
the MOSFETs must have an epitaxial thickness of at least 6 
microns to operate properly, the thickness of all of the 
devices formed in the same Wafer including the BJTs must 
be at least 6 microns to achieve isolation. A thicker epitaxial 
layer undesirably reduces fT (the frequency at Which the 
current gain goes to unity), causes a higher VCE_SAT (col 
lector-emitter saturation voltage), and causes a higher col 
lector resistance for the BJTs. 

[0010] A further technique for reducing the threshold 
voltage in high voltage transistors involves using retrograde 
Wells. A retrograde Well is a region of doped silicon that has 
a doping concentration Which decreases toWard the surface 
of the Well. The retrograde Well may be used for the body of 
the transistor to achieve a reduced threshold voltage. FIG. 
2A is a graph of the doping concentration along a vertical 
cross section beloW the gate oxide of an NMOS device With 
a retrograde P-type Well formed in an N-type epitaxial layer 
on a P-type substrate With a highly doped N-type buried 
layer. In FIG. 2A, solid lines 44 represent the concentration 
of P-type dopants, and dotted line 46 represents the concen 
tration of N-type dopants. FIG. 2B is a graph of the doping 
concentration along a vertical cross section beloW the gate 
oxide of an NMOS device With a retrograde P-type Well 
formed in a P-type epitaxial layer on a P-type substrate With 
a highly doped N-type buried layer. In FIG. 2B, solid line 
47 represents the concentration of P-type dopants and dotted 
line 48 represents the concentration of N-type dopants. 

[0011] A retrograde P-Well may be formed using Boron 
diffusion folloWed by surface oxidation in order to reduce 
the Boron doping concentration at the surface of the Well. 
HoWever, the reduction in the P-type doping concentration 
at the surface of the retrograde Well is typically not adequate 
to achieve the desired reduction in surface concentration to 
achieve a suf?cient reduction in the threshold voltage and 
protection against vertical punch-through. For example, a 
reduction of 4-8 times in the P-type doping concentration at 
the surface of the retrograde Well is typically required. 

[0012] Retrograde Wells may also be achieved using high 
energy, deep ion implantation. HoWever, for high voltage 
(>20 V) applications, the peak doping concentration of the 
retrograde Well must be high enough to prevent vertical 
punch-through. In addition, the highly concentrated dopants 
must be deep enough in the epitaxial layer so that the 
breakdoWn voltage of the transistor is not reduced. More 
than 400 KeV of implantation energy is required to implant 
the peak doping concentration deep enough into the epitaxial 
layer so that breakdoWn voltage criteria are achieved While 
taking into account diffusion of the implanted dopants. High 
energy implanters are therefore required for this process. 
These tools are not commonly available and are extremely 
expensive. 

[0013] It Would, hoWever, be desirable to provide a tran 
sistor that has a thin epitaxial layer and that can operate a 
high voltage Without experiencing vertical punch-through or 
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breakdoWn. It Would further be desirable to provide a high 
voltage MOS transistor having a loW threshold voltage. It 
Would also be desirable to provide a high voltage MOS 
transistor that can be fabricated With loW-voltage CMOS and 
BiCMOS processes. It Would also be desirable to provide a 
high-voltage MOS transistor that has a symmetrical struc 
ture and that is fully isolated from the substrate so that it can 
operate effectively as a pass transistor. 

SUMMARY OF THE INVENTION 

[0014] It is an object of the present to provide an MOS 
transistor that has a thin epitaxial layer and can operate at 
high voltages Without experiencing vertical punch-through 
or breakdoWn. 

[0015] It is also an object of the present invention to 
provide an MOS transistor With a loW threshold voltage. 

[0016] It is a further object of the present invention to 
provide a high voltage MOS transistor that is compatible 
With loW-voltage sub-micron CMOS and BiCMOS pro 
cesses. 

[0017] It is a further object of the present invention to 
provide a high voltage MOS transistor that has a symmetri 
cal structure and that is fully isolated from the substrate so 
that it can operate as a pass transistor. 

[0018] These and other objects of the present invention are 
provided by high-voltage MOS transistors having substrate 
implants. In a preferred embodiment, the MOS transistor has 
an up-retro Well extending from a buried layer in the 
substrate into the epitaxial region of the transistor. The 
present invention also includes methods for forming MOS 
transistors With a substrate implant. In a preferred embodi 
ment of the present invention, dopants are implanted and 
driven into the substrate of a semiconductor Wafer to form 
a highly doped buried layer. Additional dopants are then 
implanted into the substrate to form an up-retro Well. An 
epitaxial layer is then formed on the substrate. The up-retro 
Well dopants di?‘use up from the substrate into the epitaxial 
layer to form an up-retro Well region. The up-retro Well 
dopants have a high diffusivity so that they diffuse up into 
the epitaxial layer beyond the buried layer. 

[0019] The up-retro Well prevents vertical punch-through 
and breakdoWn, and alloWs for a loW threshold voltage in 
high voltage MOS transistors. High voltage MOS transistors 
With an up-retro Well may be formed in a semiconductor 
Wafer that has a thin epitaxial layer. Also, high voltage MOS 
transistors of the present invention can be used as pass 
transistors because the source and drain regions may be used 
interchangeably. High-voltage MOS transistors of the 
present invention may be fabricated using processes that are 
standard in loW voltage sub-micron CMOS and BiCMOS 
process technology. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The above-mentioned objects and features of the 
present invention can be more clearly understood from the 
folloWing detailed description considered in conjunction 
With the folloWing draWings, in Which the same reference 
numerals denote the same structural elements throughout, 
and in Which: 

[0021] FIG. 1A is a cross-sectional diagram of a prior art 
DMOS transistor With a grounded body; 



US 2006/0071269 A1 

[0022] FIG. 1B is a cross-sectional diagram of a prior art 
DMOS transistor With an isolated body; 

[0023] FIG. 1C is a cross-sectional diagram of a prior art 
MOS transistor; 

[0024] FIGS. 2A-2B are graphs of the doping concentra 
tion of NMOS transistors With prior art retrograde Wells; 

[0025] FIGS. 3A-3F are cross-sectional diagrams of pro 
cess steps for the fabrication of an illustrative embodiment 
of a high voltage NMOS transistor With an up-retro Well in 
accordance With the principles of the present invention; 

[0026] FIGS. 4A-4C are cross-sectional diagrams of pro 
cess steps for the fabrication of another illustrative embodi 
ment of a high voltage NMOS transistor With an up-retro 
Well in accordance With the principles of the present inven 
tion; 
[0027] FIG. 5A is a graph of the doping concentration 
through a vertical cross section of the NMOS transistor of 
FIG. 3F; 

[0028] FIG. 5B is a graph of the doping concentration 
through a vertical cross section of the NMOS transistor of 
FIG. 4C; 

[0029] FIGS. 6A-6C are cross-sectional diagrams of fur 
ther process steps for the fabrication of illustrative embodi 
ments of a high voltage MOS transistor With an up-retro Well 
in accordance With the principles of the present invention; 

[0030] FIGS. 7A-7F are cross-sectional diagrams of pro 
cess steps for the fabrication of an illustrative embodiment 
of a high voltage PMOS transistor With an up-retro Well in 
accordance With the principles of the present invention; 

[0031] FIGS. 8A-8C are cross-sectional diagrams of pro 
cess steps. for the fabrication of another illustrative embodi 
ment of a high voltage PMOS transistor With an up-retro 
Well in accordance With the principles of the present inven 
tion; 
[0032] FIG. 9A is a graph of the doping concentration of 
a vertical cross section of the PMOS transistor of FIG. 7F; 

[0033] FIG. 9B is a graph of the doping concentration. of 
a vertical cross section of the PMOS transistor of FIG. 8C. 

PREFERRED EMBODIMENT OF THE 
INVENTION 

[0034] Process steps for an illustrative embodiment of a 
high voltage MOS transistor With an up-retro Well are shoWn 
in FIGS. 3A-3F. In this embodiment, an NMOS transistor 
is formed in a P-type epitaxial layer on a P-type substrate. 
A highly doped N+ buried layer is formed in the P-substrate 
to isolate the P-epitaxial layer and the P-substrate. The 
NMOS transistor has a P-type up-retro Well that is formed 
from dopants implanted into the substrate. The up-retro Well 
P-type dopants diffuse into the P-epitaxial layer (farther than 
the N-type buried layer dopants) When the epitaxial layer is 
formed and during subsequent heating steps. The P-type 
up-retro Well dopants increase the net concentration of 
P-type dopants in the region of the P-epitaxial layer into 
Which the up-retro Well dopants diffuse. The region of 
increased net P-type doping concentration is above the 
epitaxy-substrate interface. The up-retro Well dopants alloW 
the epitaxial layer to be made relatively thin. The increased 
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net concentration of P-type dopants in the up-retro Well 
region of the epitaxial layer prevents vertical punch-through 
at high operating voltages despite the thin epitaxial layer by 
reducing the expansion of the drain and buried layer deple 
tion regions in the epitaxial layer. 

[0035] In the NMOS transistor formed by the process 
steps of FIGS. 3A-3F, a loW concentration of P-type 
dopants may be achieved in the body region of the transistor 
beloW the gate to alloW the transistor to turn on at a loW 
threshold voltage. Also, the NMOS transistor of FIGS. 
3A-3F may be used as a pass transistor because its drain and 
source regions are symmetrical and interchangeable; the 
drain, source, and body regions are isolated from the sub 
strate; and the body is not tied electrically to the source or 
drain. The isolation of the drain, source, and body regions 
also provides loW output capacitance. The high-voltage 
MOS transistor of FIGS. 3A-3F may be fabricated using 
processes that are standard in loW voltage sub-micron 
CMOS and BiCMOS process technology. 

[0036] FIG. 3A shoWs the ?rst step of the process during 
Which a thin screen oxide layer 50 (e.g., 200-600 angstroms) 
is groWn upon a silicon substrate. A portion 52 of the silicon 
P-substrate (doped With P-type dopants) is shoWn in FIG. 
3A. Amask ?lm such as photo-resist is applied to the surface 
of the oxide layer for selective implantation of an N+ buried 
layer. A high concentration of N-type dopants are then 
implanted into the P-substrate through the oxide layer to 
form a highly doped N+ buried layer as shoWn in FIG. 3B. 
The N-type dopant may be, for example, Antimony or 
Arsenic and may have an implant doping concentration of, 
e.g., 5><l0l4 to 5><l0l5 atoms/cm2. The N-type dopants are 
implanted in the substrate only in region 54 Where the mask 
is not present over the oxide. The mask is then removed from 
the oxide layer, and P-substrate 52 heated to a high tem 
perature (e.g., 12500 C.) so that the N-type dopant implant 
atoms in region 54 form the N+ buried layer in region 58. 
FIG. 3C shoWs N+ buried layer 58 after the heating step and 
the up-retro Well dopant implant. 

[0037] In the next step of the process, a mask ?lm such as 
photo-resist is placed over oxide 50 so that P-type dopants 
for the up-retro Well may be implanted into the substrate. 
Then P-type dopants for the up-retro Well are implanted into 
the substrate through oxide layer 50 into region 56 as shoWn 
in FIG. 3C. For example, the P-type dopant may be Boron 
With a doping implant concentration of 5><l0ll to 5><l0l4 
atoms/cm2 in region 56. Preferably, a P-type dopant such as 
Boron that has a di?‘usivity coef?cient greater than the 
diffusivity coef?cient of the N-type dopant in the N+ buried 
layer (e.g., Arsenic or Antimony) is chosen. A dopant With 
a higher di?‘usivity coe?icient diffuses faster in silicon. The 
P-type dopant does not penetrate the region Where the mask 
has been placed over the oxide. The silicon Wafer may then 
be heated With a rapid thermal anneal (e.g., 11000 C. for 
10-45 seconds With argon or nitrogen) so that any crystal 
damage from the implant step is annealed While minimizing 
diffusion of the dopants into the Wafer. The rapid thermal 
anneal step is optional and is not needed for the formation 
of the up-retro Well discussed beloW, particularly When the 
up-retro Well implant is less than 1014 atoms/cm2. 

[0038] The results of the next step of the process are 
shoWn in FIG. 3D. Oxide layer 50 is removed from P-sub 
strate 52 and then the surface of the substrate may be 
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cleaned. NoW P-type epitaxial layer 65 may be grown on the 
surface of substrate 52. P-type epitaxial layer 65 may be, for 
example, 4-12 microns thick With a P-type doping concen 
tration of 3-8><l0l5 atoms/cm3 (prior to diffusion of P-type 
dopants from the up-retro Well implant in the epitaxial 
layer). MOS transistors of the present invention may use 
these epitaxial layer thickness and doping parameters for 
high voltage applications (e.g., more than 40 volts at the 
drain) Without experiencing vertical punch-through. The 
relatively loW doping concentration of the P-epitaxial layer 
provides for a loW threshold voltage. 

[0039] During deposition of epitaxial layer 65, the N-type 
dopants in buried layer 58 di?‘use up into epitaxial layer 65 
as shoWn in FIG. 3D. During deposition of epitaxial layer 
65, the P-type dopants implanted into region 56 (FIG. 3C) 
diffuse up into epitaxial layer 65 and doWn into substrate 52 
forming region 64 as shoWn in FIG. 3D. The high di?‘usivity 
coef?cient of the P-type dopant in region 64 (e.g., Boron) 
causes it to diffuse faster than the N-type dopant in region 
58. Therefore, region 64 expands upWard more than N+ 
buried layer region 58. Up-retro Well 62 is the portion of 
region 64 above N+ buried layer 58 that is not overlapped by 
N+ buried layer 58 in FIGS. 3D-3F. 

[0040] Once the epitaxial layer has been formed, screen 
oxide layer 60 may be formed over it as shoWn in FIG. 3D. 
NoW further steps involving the formation of the transistor 
may be performed. Highly doped N+ type and P+ type 
sinkers may be formed in the high voltage transistor of the 
present invention, such as N+ Sinker region 72 in FIG. 3E, 
to isolate the transistor. Sinker region 72 is an N-type region 
that has a high N-type doping concentration. Sinker 72 
provides a loW resistance electrical contact to N+ buried 
layer 58 from the surface of epitaxial 65 layer. A region of 
silicon that has a high concentration of P-type or N-type 
dopants has a higher conductivity than a region of silicon 
With a loW concentration of P-type or N-type dopants. 

[0041] N-type extension regions 68 and 70 may be formed 
in the high voltage transistor of FIG. 3E using N-type ?eld 
implants. The N-extension regions increase the breakdoWn 
voltage of the source-to-body and drain-to-body junctions. 
During the formation of the N-extension regions, N-type 
dopants are implanted into epitaxial layer 65. The silicon 
Wafer is then heated so that the N-type dopants diffuse doWn 
into epitaxial layer 65. During this heating process (and 
during subsequent heating procedures) the P-type dopants in 
region 64 continue to diffuse doWn into substrate 52 and up 
into epitaxial layer 65 causing up-retro Well 62 to expand 
upWard. The net P-type doping concentration in up-retro 
Well region 62 decreases toWard its upper boundary (see 
FIG. 5A). The N-extension regions should not penetrate 
beyond the loWer boundary of epitaxial layer 65, and are 
preferably shalloW compared to the thickness of the epitaxial 
layer. The N-extension regions may, for example, have a 
thickness of 0.4-1.0 microns for a 4-12 micron epitaxial 
layer. The N-extension regions may, for example, have an 
N-type doping concentration at the surface of the epitaxial 
layer of about l><l0l5-5><l0l7 atoms/cm3. N-type loW doped 
drain (LDD) regions (not shoWn) may be formed on the 
source and/or the drain side of the transistor of FIGS. 3E-3F 
instead of the N-extension regions. 

[0042] Selective oxidation (deposition, masking, and etch 
ing) may be performed using silicon nitride to form oxide 
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regions 80-83 in FIG. 3F. Oxide layer 60 may be selectively 
etched to form gate oxide layer 84. If desired, oxide layer 60 
may be removed and further gate oxidation performed to 
form gate oxide layer 84. Polysilicon deposition and doping 
may be performed to create polysilicon 88 Which is the gate 
of the transistor. A layer of silicide 86 (WSiX) may be 
formed over the gate to reduce the resistance of the gate. 
Polysilicon and silicide etching may be performed to form 
the gate of the transistor as shoWn in FIG. 3F. Further, 
highly doped N+ source and drain regions 74 and 76 may be 
formed in N-extension regions 68 and 70 as shoWn in FIG. 
3F. N+ regions 74 and 76 may, for example, be doped With 
Arsenic. Also, a highly doped P+ body implant may be 
groWn in region 78 as shoWn in FIG. 3F to form a loW 
resistance contact to region of P-epitaxial layer 65 Which is 
the body region of the transistor. Region 78 may be doped, 
for example, With Boron or BF2. 

[0043] The region of P-epitaxial layer 65 Which is the 
body of the transistor of FIG. 3F (to the left of sinker 72) 
is not coupled electrically to the drain or the source. Also, 
the drain, source, and body are isolated from substrate 52 
and buried layer 58. Also, regions. 68 and 70 are symmetri 
cal, and regions 74 and 76 are symmetrical. Therefore, the 
transistor of FIG. 3F may be used as a pass transistor 
because N-type regions 74/68 and N-type regions 76/70 may 
be used interchangeably as the source and the drain of the 
transistor. Also, the transistor of FIG. 3F has a loW output 
capacitance since it is isolated from the substrate and buried 
layer. 
[0044] The graph of FIG. 5A illustrates example doping 
concentrations for a cross section of the high voltage tran 
sistor of FIG. 3F beloW gate oxide 84 betWeen N-extension 
regions 68 and 70. In FIG. 5A, the concentration of P-type 
dopants in shoWn by solid line 90, and the concentration of 
N-type dopants is shoWn by dotted line 92. Buried layer 58 
has P-type dopants from region 64. HoWever, buried layer 
58 is N-type because the concentration of N-type dopants is 
greater than the concentration of P-type dopants in this 
region. 
[0045] FIG. 5A shoWs that the doping concentration of 
P-type dopants in P-epitaxial layer 65 is loW at the gate 
oxide boundary on the left side of the graph. A loW doping 
concentration beloW the gate alloWs the transistor to have a 
loW threshold voltage. If desired, the P-type doping concen 
tration of epitaxial layer 65 may be higher for further 
protection against drain-source punch-through at the 
expense of an increase in threshold voltage and a reduction 
in breakdoWn voltage. Drain-source punch-through can 
occur When the depletion regions of the drain and the source 
touch each other in the body region causing unWanted 
current to How betWeen the drain and the source. 

[0046] The concentration of P-type dopants increases 
deeper into the epitaxial layer in the region of the up-retro 
Well (moving to the right in the graph of FIG. 5A). The 
gradual increase in doping concentration is due to the 
diffusion of the P-type dopants into the P-epitaxial layer 
from region 64 during the heating steps. The increased 
concentration of P-type dopants in up-retro Well 62 mini 
miZes the expansion of the drain (region 68 or 70) and buried 
layer (region 58) depletion regions into epitaxial layer 65. 

[0047] Vertical punch-through can occur When the drain 
and buried layer depletion regions meet in the body region 
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as the drain voltage of the transistor increases. The up-retro 
well allows the transistor of the present invention to operate 
at high voltages without experiencing vertical punch 
through between the drain and the buried layer even when 
the epitaxial layer is relatively thin. The increased concen 
tration of P-type dopants in up-retro well 62 is deep enough 
in the epitaxial layer to have no effect on the surface doping 
in the body region and no effect on the threshold voltage. 
Thus, the up-retro well allows an NMOS transistor of the 
present invention to be formed with a thin epitaxial layer, to 
turn on at a low threshold voltage, and to operate properly 
at high voltages without experiencing vertical punch 
through. 

[0048] The doping concentration of P-type dopants in 
up-retro well 62 should be set to balance vertical punch 
through and breakdown.voltage constraints. The doping 
concentration of the up-retro well may be increased to add 
further protection against vertical punch-through. However, 
increasing the doping concentration of the up-retro well 
reduces the breakdown voltage between the body and the N+ 
buried layer. Therefore, the concentration of dopants in the 
up-retro well should be chosen so that neither vertical 
punch-through nor breakdown occurs at the expected oper 
ating voltages. 

[0049] High voltage NMOS transistors with an up-retro 
well may be formed in an N-type epitaxial layer on a P-type 
substrate. The steps and doping concentrations shown and 
described with respect FIGS. 3A-3C are the same initial 
steps used in this embodiment of the invention. Further steps 
of this embodiment are shown in FIGS. 4A-4C. These steps 
involve the formation of an N-type epitaxial layer on the 
P-type substrate, and the subsequent formation of a P-type 
well (P-well) in the N epitaxial layer. Source and drain 
regions may be formed in the P-well. The P-well is the body 
region of the transistor. P-type dopants implanted in the 
P-substrate di?‘use up into the epitaxial layer to form an 
up-retro well. 

[0050] The net P-type doping concentration in a P-type 
up-retro well region in an N-type epitaxial layer (e.g., the 
embodiment of FIGS. 4A-4C) can be less than the net 
P-type doping concentration a P-type up-retro well region in 
an P-type epitaxial layer (e.g., the embodiment of FIGS. 
3D-3F). In an embodiment such as FIGS. 3D-3F that have 
a P-type epitaxial layer, the P-type dopants from the P-type 
up-retro well implant that diffuse into epitaxial layer 65 in 
region 64 combine with the P-type dopants present through 
out P-epitaxial layer 65 thereby forming a greater net P-type 
doping concentration in up-retro well 62. 

[0051] However, the up-retro well of FIGS. 4A-4C 
increases protection against vertical punch-through between 
the drain and the buried layer in a thin epitaxial layer (e.g., 
4-12 microns thick) by moving the PN junction below the 
body region deeper into the epitaxial layer to the boundary 
of the buried layer. Thus, an up-retro well in an N-epitaxial 
layer of an NMOS transistor provides protection against 
vertical punch-through even if the net P-type doping con 
centration in the up-retro well is about the same as the net 
P-type doping concentration in the P-well body below the 
gate oxide. The doping concentration of the P-well can be set 
so that the transistor has a low threshold voltage. The 
high-voltage MOS transistor of FIGS. 4A-4C may be fab 
ricated using processes that are standard in low voltage 
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sub-micron CMOS and BiCMOS process technology. The 
transistor of FIG. 4C also has low output capacitance and 
can operate as a pass transistor. 

[0052] The steps shown in FIGS. 4A-4C are now 
described in detail. N-type dopants for the buried layer and 
P-type dopants for the up-retro well are implanted in P-sub 
strate 52 as shown and described with respect to FIGS. 
3A-3C. Oxide layer 50 is then removed and the wafer may 
be cleaned. Then, N-type epitaxial layer 66 is grown on 
P-substrate 52 as shown in FIG. 4A. The N-type epitaxial 
layer may be, for example, 4 to 12 microns thick with a 
doping concentration of l-8><l0l5 atoms/cm3 for applica 
tions of greater than 40 volts. During deposition of epitaxial 
layer 66, the N-type dopants in N+ buried layer 58 and the 
P-type dopants in region 64 (from the implant in region 56) 
diffuse up into epitaxial layer 66 as shown in FIG. 4A. The 
P-type dopants in region 64 penetrate farther up into epi 
taxial layer 66 than the N-type dopants in region 58 as 
shown in FIG. 4A because the P-type dopants in region 64 
have a higher diffusivity coe?icient than the N-type dopants 
in buried layer 58. Up-retro well region 63 is the portion of 
region 64 that has expanded farther into epitaxial layer 66 
than region 58. 

[0053] Screen oxide layer 60 may be grown on epitaxial 
layer 66. P-type dopants may now be implanted through 
oxide layer 60 to form P-well 55. The silicon wafer may then 
be heated so that the P-type dopants di?‘use down into 
N-epitaxial layer 66 to form P-well 55 as shown in FIG. 4B. 
During this heating step and subsequent heating steps, the 
P-type dopants in region 64 continue to expand upward 
toward P-well 55 and downward into substrate 52. The 
P-type dopants in up-retro well region 63 are more concen 
trated than the N-type dopants in epitaxial layer 66. There 
fore, up-retro well region 63 is P-type. This is advantageous 
because it moves the PN junction below the body region 
down to the N+ buried layer-to-up-retro well boundary 67 in 
FIG. 4C. 

[0054] The P-type doping concentration in up-retro well 
63 decreases farther up into epitaxial layer 66 (toward the 
gate) because the dopants become more spread out as they 
diffuse upwardly as shown in FIG. 5B. If desired, the P-type 
doping concentration of P-well 55 may be higher for further 
protection against drain-source punch-through at the 
expense of an increase in threshold voltage and a reduction 
in breakdown voltage. 

[0055] Highly doped N+ and P+ sinkers such as N+ sinker 
72 may be implanted into epitaxial layer 66 to form a low 
resistance contact to the N+ buried layer as shown in FIG. 
4B. N-type extension regions 68 and 70 may be formed in 
P-well 55 using N-type ?eld implants as shown in FIG. 4B. 
The N-extension regions should not penetrate beyond the 
lower boundary of the epitaxial layer, and are preferably 
shallow compared to the thickness of the epitaxial layer. The 
N-extension regions may, for example, have a thickness of 
0.4-1 .0 microns for a 4-12 micron epitaxial layer. The 
N-extension regions may, for example, have a surface dop 
ing concentration of about 5><l0l6-l><l0l7 atoms/cm3. The 
N-extension regions may also be formed after the formation 
of gate oxide 84. N-type low doped drain (LDD) regions 
(not shown) may be formed on the source and/or the drain 
side instead of the N-extension regions. 

[0056] Selective oxidation (deposition, masking, and etch 
ing) may be performed using silicon nitride to form oxide 
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regions 80-83 in FIG. 4C. Oxide layer 60 may be selectively 
etched to form gate oxide layer 84. If desired, oxide layer 60 
may be stripped and further gate oxidation performed to 
form gate oxide layer 84. In addition, polysilicon deposition 
and doping may be performed to form polysilicon 88 Which 
is the gate of the transistor. A layer of silicide 86 may be 
formed over the gate to reduce the resistance of the gate. 
Further, highly doped N+ source and drain regions 74 and 76 
may be groWn in N-extension regions 68 and 70 as shoWn 
in FIG. 4C. The N-type dopant used for regions 74 and 76 
may, for example, be Arsenic. Also, a highly doped P-type 
(P+) body implant 78 may be groWn in region 68 as shoWn 
in FIG. 4C to form a loW resistance contact to body region 
P-Well 55. 

[0057] The transistor of FIG. 4C has symmetrical and 
interchangeable source and drains regions (i.e., regions 
68/74 and regions 70/76). Also, the drain, source, and body 
region 55 are fully isolated from substrate 52 and buried 
layer 58, and body 55 is not tied electrically to the source or 
the drain of the transistor. Therefore, the transistor of FIG. 
4C can operate as a pass transistor. The isolation of the drain, 
source, and body regions also provides loW output capaci 
tance. 

[0058] FIG. 5B is graph that illustrates an example of 
doping concentrations for a cross section of the high voltage 
transistor of FIG. 4C beloW gate oxide 84 betWeen N-ex 
tension regions 68 and 70. In FIG. 5B, the concentration of 
P-type dopants is shoWn by solid line 94, and the concen 
tration of N-type dopants is shoWn by dotted line 96. Buried 
layer 58 has P-type dopants from region 64. HoWever, 
buried layer 58 is N-type because the concentration of 
N-type dopants is greater than the concentration of P-type 
dopants in this region. Epitaxial layer 66 is P-type in the 
cross section shoWn in FIG. 5B because the concentration of 
P-type dopants from P-Well 55 and up-retro Well 63 is 
greater than the concentration of N-type dopants. 

[0059] FIG. 5B shoWs that the concentration of P-type 
dopants in P-Well 55 is highest at the gate-oxide boundary on 
the left side of the graph. The doping concentration of the 
P-Well may be relatively loW so that the transistor has a loW 
threshold voltage and a higher breakdown voltage. 

[0060] The concentration of P-type dopants in the P-Well 
decreases farther doWn into the epitaxial layer (to the right 
in FIG. 5B). The concentration of P-type dopants increases 
in P-type up-retro Well region 63. Without up-retro Well 63, 
a PN junction Would exist betWeen P-Well body region 55 
and the N-type region of N-epitaxial layer 66 beloW the 
P-Well. Up-retro Well 63 shifts the PN junction deeper into 
the epitaxial layer to Where up-retro Well 63 meets N+ buried 
layer 58 at boundary 67 (FIG. 4C). This provides greater 
distance betWeen the drain-to -body PN junction and the next 
PN junction beneath the drain. The greater distance betWeen 
these PN junctions reduces the likelihood of vertical punch 
through betWeen the drain and the N+ buried layer at drain 
high voltages (even if the net P-type doping concentration in 
up-retro Well 63 is made to be about the same as the peak net 
P-type doping concentration in P-Well 55 beloW gate oxide 
84). The doping concentration of P-type dopants in up-retro 
Well 63 may be increased to provide further protection 
against vertical punch-through at the expense of a reduced 
breakdoWn voltage betWeen up-retro Well region 63 and N+ 
buried layer 58. 
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[0061] Further process steps for the formation of another 
embodiment of the present invention are shoWn in FIGS. 
6A-6C. If desired, the steps of FIGS. 6A-6C may be used 
instead of the steps shoWn in FIGS. 3A-3C to form the 
transistors shoWn in FIGS. 3F and 4C. In the process steps 
of FIGS. 6A-6C, thick oxide 100 is formed over the 
substrate instead of thin oxide 50. Referring to FIG. 6A, 
thick oxide layer 100 is initially groWn on top of P-type 
substrate 102. Oxide layer 100 may, for example, have a 
thickness of 4000-l0,000 angstroms. A mask layer is then 
placed over oxide layer 100, and the middle portion of oxide 
layer 100 is etched aWay as shoWn in FIG. 6B. A high 
concentration of N-type dopants are then implanted in 
substrate 102 to form an N+ buried layer. The implalrlit 
N-type doping concentration may be, for example, 5x10 - 
5><l0l5 atoms/cm2. The N-type dopants only penetrate sub 
strate 102 in region 104 Where oxide 100 has been etched 
aWay as shoWn in FIG. 6B. The mask layer prevents the 
dopants from penetrating substrate 102 elseWhere. The mask 
layer is then removed from oxide layer 100. 

[0062] Substrate 102 is then heated to a high temperature 
(e.g., 12500 C.) so that the N-type dopant implants may be 
driven into P-substrate 102 to form N+ buried layer 109. 
Buried layer 109 is shoWn in FIG. 6C after the heating step 
and after the up -retro Well implant step. Substrate 102 is noW 
re-oxidiZed to form a thin oxide layer 106 betWeen the tWo 
portions of thick oxide 100 as shoWn in FIG. 6C. Thin oxide 
layer 106 may have a thickness of, for example, 500-2500 
angstroms. After re-oxidation, P-type dopants (e.g., Boron) 
are implanted through thin oxide layer 106. The P-type 
dopants penetrate substrate 102 in region 108 as shoWn in 
FIG. 6C. The P-type dopants may be implanted into region 
108, for example, With an energy of 100-180 KeV. The 
dopants implanted into region 108 may have a P-type 
implant doping concentration, for example, of 5x10 -5>< 
l0l4 atoms/cm2. 

[0063] Substrate 102 may then be heated With a rapid 
thermal anneal (e.g., 1100° C. for 10-45 seconds With argon 
or nitrogen) so that any crystal damage from the implant step 
is annealed While minimiZing diffusion of the dopants into 
the Wafer. The rapid thermal anneal is an optional step as 
With the previous embodiments. Oxide layers 100 and 106 
may then be removed from substrate 102. The subsequent 
processing steps and doping concentrations of the embodi 
ment of FIGS. 6A-6C are the same as in previous embodi 
ments described With respect to FIGS. 3D-3F and FIGS. 
4A-4C. An N-type or P-type epitaxial layer may be groWn 
on substrate 102 so that the implanted P-type dopants di?‘use 
up into the epitaxial layer to form an up-retro Well. The ?nal 
NMOS transistor layout may look like FIG. 3F or FIG. 4C. 
Also, the thick oxide process of FIGS. 6A-6C may be used 
to form a PMOS transistor With an N-type substrate and an 
up-retro Well of the present invention in a P-type or N-type 
epitaxial layer as shoWn and described beloW With respect to 
FIGS. 7A-7F and FIGS. 8A-8C. 

[0064] High voltage PMOS transistors With a substrate 
implant may include an N-type up-retro Well. PMOS tran 
sistors of the present invention may have an N-type epitaxial 
layer (FIGS. 7D-7F) or a P-type epitaxial layer (FIGS. 
8A-8C) on an N-type substrate. A PMOS transistor of the 
present invention With an N-type epitaxial layer may have an 
N-type up-retro Well that increases the net concentration of 
N-type dopants in a portion of the N-epitaxial layer above 
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the substrate. The increased doping concentration in the 
N-type up-retro Well reduces the expansion of the drain and 
P+ buried layer depletion regions in the up-retro Well at high 
drain voltages, reducing the likelihood of vertical punch 
through betWeen the drain and the P+ buried layer. 

[0065] A PMOS transistor of the present invention With a 
P-type epitaxial layer may have an N-type up-retro Well that 
the causes the region of the epitaxial layer betWeen the 
N-Well (the body region of the transistor) and the P+ buried 
layer to be doped N-type. The N-type up-retro Well moves 
the PN junction from beneath the N-Well doWn to the upper 
boundary of the P+ buried layer. The up-retro Well-to-buried 
layer PN junction is deeper in the epitaxial layer than an 
N-Well-to-epitaxy PN junction. The up-retro Well reduces 
the likelihood of vertical punch-through at high drain volt 
ages because the up-retro Well-to-buried layer PN junction is 
a farther distance from the drain-to-body (N-Well) PN junc 
tion. 

[0066] The PMOS transistors of FIGS. 7F and 8C may be 
used as pass transistors, and may have a loW threshold 
voltage and loW output capacitance. The high-voltage 
PMOS transistors of FIGS. 7A-7F and 8A-8C may be 
fabricated using processes that are standard in loW voltage 
sub-micron CMOS and BiCMOS process technology. 

[0067] The initial processing steps of the PMOS transistor 
embodiments of the present invention are shoWn in FIGS. 
7A-7C. Initially, screen oxide layer 110 (e.g., 200-600 
angstroms thick) is groWn on N-type substrate 112 as shoWn 
in FIG. 7A. A mask layer is then applied to the surface of 
oxide layer 110. The mask layer has an opening for the 
implantation of P+ buried layer dopants in substrate 112. 
Highly concentrated P-type dopants (e.g., Boron or BF2 at an 
implant P-type doping concentration of l><l0l2 to 2><l0l5 
atoms/cm2) are then implanted through screen oxide layer 
110 into region 114 as shoWn in FIG. 7B. After the mask 
layer is removed, substrate 112 may be heated so that the 
P-type dopants diffuse doWn into region 118. P+ Buried 
layer 118 is shoWn in FIG. 7C after the heating step and 
after the implantation of up-retro Well dopants. 

[0068] Another mask layer may then be applied to the 
surface of oxide 110 to mask the implantation of N-type 
dopants into substrate 112. Fast diffusing N-type dopants 
such as phosphorous (e.g., at an implant N-type doping 
concentration of 5><l0l2 to 5><l0l4 atoms/cm2) may be 
implanted through the mask layer into region 116 as shoWn 
in FIG. 7C for the formation of the up-retro Well. The mask 
layer is then removed and substrate 112 is heated With a 
rapid thermal anneal (e.g., 11000 C. for 10-45 seconds With 
argon or nitrogen) so that any crystal damage from the 
implant step is annealed While minimiZing diffusion of the 
dopants into the Wafer. The anneal step is optional as With 
the previous NMOS embodiments. 

[0069] An epitaxial layer may noW be groWn upon the 
surface of N-substrate 112 after oxide layer 110 has been 
removed and substrate 112 is cleaned. The epitaxial layer 
may be N-type as shoWn in FIGS. 7D-7F, or P-type as 
shoWn in FIGS. 8A-8C. Presently, the embodiment of 
FIGS. 7D-7F is discussed. During the formation of N-epi 
taxial layer 125 as shoWn in FIG. 7D, the N-type dopants 
that Were implanted into region 116 noW diffuse into epi 
taxial layer 125 and substrate 112 in region 124. Also, P+ 
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buried layer 118 expands into epitaxial layer 125. After 
formation of epitaxial layer 125, oxide layer 120 may be 
groWn on top of it. 

[0070] The N-type dopants in region 124 diffuse farther 
into epitaxial layer 125 than the P-type dopants in P+ buried 
layer 118 forming up-retro Well region 122. The N-type 
dopants in region 124 diffuse farther into epitaxial layer 125 
than the P-type dopants in region 118 because the N-type 
dopants in region 124 have a greater diffusivity coef?cient 
than the P-type dopants in region 118. For example, Phos 
phorous has a greater diffusivity coefficient than Boron and, 
therefore, diffuses faster than Boron. The concentration of 
P-type dopants is greater than the concentration of N-type 
dopants in P+ buried layer 118. Therefore, P+ buried layer 
118 is P-type. 

[0071] Highly doped N+ and P+ sinkers such as P+ sinkers 
131 and 132 may be implanted into epitaxial layer 125 to 
form a loW resistance contact to the P+ buried layer and to 
isolate the transistor as shoWn in FIG. 7E. P+ sinkers 131 
and 132 have a high net P-type doping concentration. P-type 
extension regions 128 and 130 may be formed in the high 
voltage transistor of FIG. 7E using P-type ?eld implants. 
The P-extension regions increase the breakdoWn voltage of 
the source-to-body and drain-to-body junctions. During the 
formation of the P-extension regions, P-type dopants are 
implanted into epitaxial layer 125, and then the silicon Wafer 
is heated so that the P-type dopants diffuse doWn into the 
epitaxial layer. The P-extension regions should not penetrate 
beyond the loWer boundary of the epitaxial layer, and are 
preferably shalloW compared to the thickness of the epitaxial 
layer. During this heating process (and during subsequent 
heating procedures), the N-type dopants in region 124 
continue to diffuse doWn into substrate 112 and up into 
epitaxial layer 125 causing up-retro Well 122 to expand 
upWard. 
[0072] Selective oxidation (deposition, masking, and etch 
ing) may be performed using silicon nitride to form oxide 
regions 139-143. Oxide layer 120 may be selectively etched 
to form gate oxide layer 144. If desired, oxide layer 120 may 
be removed and further gate oxidation performed to form 
gate oxide layer 144. In addition, polysilicon deposition and 
doping may be performed to form polysilicon region 148 
Which is the gate of the transistor. A layer of silicide 146 may 
be formed over the gate to reduce the resistance of the gate. 

[0073] Highly doped P+ (P-type) regions 134 and 136 may 
noW be formed in the P-extension regions as shoWn in FIG. 
7F. Regions 134 and 136 have a high net concentration of 
P-type dopants. Regions 134 and 136 may interchangeably 
serve as the source or the drain of the transistor. P-type loW 

doped drain (LDD) regions (not shoWn) may be formed on 
the source and/or the drain side of the transistor of FIG. 7F 
(and FIG. 8C), instead of the P-extension regions. The 
N-type portion of epitaxial layer 125 betWeen P+ sinkers 
131 and 132 is the body region of the transistor. Aregion 138 
Which has a high net concentration of N-type dopants may 
be formed in epitaxial layer 125 for a loW resistance contact 
to the body of the transistor. 

[0074] The source and drain regions (regions 128/134 and 
regions 130/136) in FIG. 7F are symmetrical and inter 
changeable. The source, drain, and body regions are isolated 
from substrate 112 and P+ buried layer 118. The body region 
is not tied electrically to the source or the drain. Therefore, 








