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(57) Abstract: A vertical semiconductor device, for example a trench-gate MOSFET power transistor (1), has a drift region (12) of
& one conductivity type containing spaced vertical columns (30) of the opposite conductivity type for charge compensation increase
& of the device breakdown voltage. Insulating material (31) is provided on the sidewalls only of trenches (20) in the drift region
B (12) and the opposite conductivity type material is epitaxially grown from the bottom of the trenches (20). The presence of the
& sidewall insulating material (31) prevents any defects in the charge compensation columns crossing into the drain drift material
& which therefore prevents any excessive leakage currents in the device (1). The insulating material (31) also prevents epitaxial growth
on the trench sidewalls and hence substantially prevents forming voids in the trenches which would lessen the accuracy of charge
compensation. The epitaxial growth by this method can be well controlled and may be stopped at an upper level (21) below the top
major surface (10a). Thus, for example,20 trench-gates 22, 23 may be formed in the same trenches (20) above the compensation

columns (30).



WO 2006/025035 A2 I} N0 A0VOH0 AT 00 0N 0 AR

Declaration under Rule 4.17: patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR,

— as to applicant’s entitlement to apply for and be granted GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT, RO,
a patent (Rule 4.17(ii)) for the following designations AE, SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA,
AG, AL, AM, AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, GN, GQ, GW, ML, MR, NE, SN, TD, TG)

CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN,
1S, JP. KE, KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU,
LV, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI,
NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG,
SK, SL, SM, SY, TJ], TM, TN, TR, TT, TZ, UA, UG, UZ, VC,
VN, YU, ZA, ZM, ZW, ARIPO patent (BW, GH, GM, KE,  For two-letter codes and other abbreviations, refer to the "Guid-
LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, ZW), Eurasian  ance Notes on Codes and Abbreviations" appearing at the begin-
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European  ning of each regular issue of the PCT Gazette.

Published:
—  without international search report and to be republished
upon receipt of that report



WO 2006/025035 PCT/IB2005/052873

DESCRIPTION
VERTICAL SEMICONDUCTOR DEVICES
AND METHODS OF MANUFACTURING SUCH DEVICES

This invention relates to vertical semiconductor devices and methods of

manufacturing such devices.

In particular, this invention relates to a semiconductor device arranged
10 for forward current flow in a vertical direction between top and bottom major
surfaces of the device, wherein the device has a drift region consisting of
material of one conductivity type. Such a device which is of particular interest
in relation to this invention is a vertical insulated gate field effect power
transistor in which the drift region is a drain drift region, although the invention
15 is applicable to other vertical semiconductor devices such as bipolar
transistors and diodes. The reverse breakdown voltage of these devices
conventionally can be increased by reducing the dopant concentration and
increasing the size of the drift region. However, this also increases the on-
resistance of the device in proportion to approximately the square of the

20 desired reverse breakdown voltage.

It is known for this problem to be addressed in vertical insulated gate
field effect power transistors by having the drain drift region contain spaced
vertical columns of material of the opposite conductivity type which provide
charge compensation to increase the reverse breakdown voltage of the

25 transistor. That is to say that for a given doping level of the forward current
drain drift material of one conductivity type, the space charge per unit area in
that material when the fransistor is reverse biased is substantially
compensated, or balanced, by the space charge per unit area in the columns
of material of the opposite conductivity type and the breakdown voltage is

30 higher than that for a conventional transistor without the columns of opposite
conductivity type. Also this means that, for a given desired breakdown voltage

of the transistor, the doping level of the one conductivity type material can be
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higher for a given depth of the drain drift region, and hence the on-resistance

of the transistor can be lower than for a conventional transistor. Increasing the

breakdown voltage by increasing the depth of the drain drift region in these

charge compensation/balance transistors increases the on-resistance in linear
5 proportion instead of in square proportion.

An early disclosure of this type of charge compensation/charge balance
transistor with explanations of its properties corresponding to those given
above is found in US Patent No. 4,754,310 (our reference PHB32740). In this
US Patent it is suggested that the charge balance structure can be formed by

10 etching trenches in the one conductivity type drain drift region and then
epitaxially depositing material of the opposite conductivity type to fill these
trenches.

A more recent disclosﬁure of this type of charge compensation power
transistor, now also known as a superjunction (SJ) device or multi-RESURF

15 device, is in an article by G. Deboy, et al., Proc. IEDM, pp 683-685 (1998).
This suggests forming the charge compensation columns of opposite
conductivity type using a multi-epitaxial growth and implantation process, that
is the alternating deposition of n-doped epitaxial layers and implantation of p-
islands. If the number of epitaxial steps is not to be too high and costly, then

20 merging the p-islands requires a high thermal budget with lateral diffusion
which means a high pitch size, thus limiting the application of these transistors
to a higher voltage range (above around 400 volts).

More recently still there have been proposals which revert to the
suggestion in US Patent No. 4,754,310 for forming the opposite conductivity

25 type columns by epitaxially filing etched trenches. The trenches for the
opposite conductivity type columns should be deep, that is extending through
most or all of the depth of the drain drift region, in order to provide good
charge compensation. These trenches should also be narrow, in order to take
up as small an area of the device as possible and also in order to have as

30 small a pitch size as possible. A smaller piich size enables charge
compensation to be obtained with a higher doping concentration of the drift

region, resulting in a lower on-resistance of the device. Also, a smaller pitch
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size with higher doping concentration of the drift region enables devices to be

made with charge compensation which may be in a lower breakdown voltage
range (down to a lower limit of approximately 20 volts).

The problems with this method of epitaxial filling of deep and narrow

5 (high aspect ratio) trenches for charge compensation columns are how to

achieve defect-less filling and how to achieve void-less filling. The mentioned

defects are in the etched trench surfaces and thus are at the boundaries

between the two conductivity type materials as well as extending into the

epitaxial filling material. These defects can allow excessive leakage currents.

10 The mentioned voids are caused by epitaxial growth from the bottom of the

trench being accompanied by simultaneous growth from the sidewalls of the

trench, this sidewall growth meeting at the top of the trench before the trench

is filled. These voids can lessen the accuracy of the charge balance. Also,

once a void is present it might be opened during subsequent etching process

15 steps and perhaps, for example, be filled with conducting material which will

detract from the charge balance. Furthermore, we have found by experiment

that small variations in the shape of a trench can have a large influence on the

position in the trench of a void produced by growth from the sidewalls of the

trench. So the position of these voids in the trenches can change between

20 different locations on a single wafer, which may give reproducibility problems.

An article by S. Yamauchi, et al., ISPSD, pp 133-136 [2002] proposes a

complex multi-stage process involving pre-Hz-annealing the trenches to reduce

defects, a first epitaxial growth, HCL etching to open the top of the trench

where the first growth has formed a void, a second epitaxial growth to fill the

25 void, and post-Hz-annealing. The multiple steps in this process require a high

thermal budget, which restricts attainable doping profiles and cell pitch. An

article by M. Rub, et al., ISPSD, pp 203-206 [2003] proposes a structure in

which trenches contain both a first n-type epitaxial thin layer and a second p-

type epitaxial thin layer so that the charge compensation is locally defined in

30 each trench. This alternative structure is recommended because it is said that

experiments show that void free epitaxial filing of etched trenches is not

homogenously distributed across a wafer. We consider that for this structure, if
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the epitaxial growth rate of the thin layers is not uniform then the charge
compensation will be significantly affected.

According to a first aspect of the present invention there is provided a
method of manufacturing a semiconductor device arranged for forward current

5 flow in a vertical direction between top and bottom major surfaces of the
device, wherein the device has a drift region consisting of material of one
conductivity type and wherein the drift region contains spaced vertical columns
of material of the opposite conductivity type which provide charge
compensation to increase the reverse breakdown voltage of the device, the

10 method including etching vertical trenches from said top major surface into the
drift region material of one conductivity type and then providing material in the
trenches for the spaced columns of the opposite conductivity type; wherein the
method includes providing insulating material on the sidewalls of the etched
trenches and then epitaxially growing material of the opposite conductivity type

15 from the bottom towards the top of the trenches.

The presence of the insulating material on the trench sidewalls prevents
any defects in the material of opposite conductivity type crossing into the drain
drift material of the one conductivity type, which therefore prevents excessive
leakage currents.

20 Because epitaxial growth inside the trenches takes place in the above-
defined method of the invention from the bottom towards the top, and not on
the sidewalls of the trenches where the insulating material is present, the
above-mentioned problem of how to achieve void-less filling is substantially
solved. Also, because this method of filling is less sensitive to the exact shape

25 of the trench, we consider that this void-less filing should be achieved
substantially across a full wafer, thus providing a higher yield of acceptable
transistors.

The above-defined method of the invention is less complex than that
proposed in Yamauchi article and will not require such a high thermal budget.

30 Also, an advantage of the above-defined method of the invention compared
with that proposed in the Rub article is that if the epitaxial growth rate is not

uniform, then excess material may be grown and then removed (for example
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using chemical-mechanical polishing).

An application of the method of the invention which is of particular
interest is where the device is a vertical insulated gate field effect power
transistor and the drift region is a drain drift region.

5 The extent of epitaxial growth from the bottom towards the top of the
trenches in accordance with the invention can be well controlled which can
simplify further processing steps in the manufacture of the transistor. Thus, in
a preferred method in accordance with the invention wherein the transistor is a
vertical trench-gate MOSFET, the epitaxial growth of the opposite conductivity

10 type material in the trenches may be stopped at an upper level below the top
of the trenches, the insulating material then being removed from the trench
sidewalls above said upper level, gate insulating material and gate conductive
material then being provided in the trenches above said upper level, and
channel accommodating regions and source regions being provided above

15  said upper level. Preferably, the channel accommodating regions and source
regions are provided after the gate insulating and gate conductive materials
are provided.

In another preferred application of the method of the invention to a
vertical insulated gate field effect power transistor, the transistor is a vertical

20 planar gate MOSFET, planar gates are provided on said top major surface
adjacent the drain drift material of said one conductivity type and adjacent
channel accommodating regions and source regions, the epitaxially grown
material is provided in the trenches at a conductivity required for charge
compensation up to the level of the junction between the drain drift region and

25  the channel accommodating region adjacent the trenches, and material having
a higher conductivity is provided in the trenches from that level up to the top
major surface. The epitaxial growth in the trenches of the opposite conductivity
type material suitable for charge compensation may be continued to the top
maijor surface, and the epitaxially grown material in the trenches above said

30 junction level then converted to said higher conductivity. Alternatively the
epitaxial growth in the trenches of the opposite conductivity type material

suitable for charge compensation may be stopped at the junction level, and the
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trenches then filled to the top major surface with said material having a higher
conductivity. In this case said insulating material may be removed from the
trench sidewalls above the junction level before the trenches are filled to the
top major surface. The channel accommodating regions and source regions

5 are preferably provided after the planar gates by at least partial self-alignment
to the planar gates.

According to a second aspect of the present invention there is provided
a semiconductor device arranged for forward current flow in a vertical direction
between top and bottom major surfaces of the device, wherein the device has

10 a drift region consisting of material of one conductivity type and wherein the
drift region contains spaced vertical columns of material of the opposite
conductivity type which provide charge compensation to increase the reverse
breakdown voltage of the device, wherein there are vertical trenches in the drift
region material of one conductivity t3|/pe, there is insulating material on the

15 sidewalls of the trenches extending from the bottom of the trenches, and there
is epitaxial material filling the area of the trenches within said insulating
material, the epitaxial material providing the spaced columns of the opposite
conductivity type. The insulating material on the trench sidewalls isolates any
defects in the epitaxial material of opposite conductivity type from the drain

20  drift material of one conductivity type, which therefore prevents any excessive
leakage currents.

In a preferred application of this aspect of the invention, the device is a
vertical insulated gate field effect power transistor and the drift region is a drain
drift region. One such transistor may be vertical trench-gate MOSFET, wherein

25 the insulating material on the sidewalls of the trenches and the epitaxial
material filling the area within the insulating material both extend to an upper
level below said top major surface, wherein gate insulating material and gate
conductive material are in the trenches above said upper level, and wherein
channel accommodating regions and source regions are above said upper

30 level. Another such transistor may be a vertical planar gate MOSFET, wherein
planar gates are provided on said top major surface adjacent the drain drift

material of said one conductivity type and adjacent channel accommodating
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regions and source regions, and wherein the epitaxial material is in the

trenches at a conductivity required for charge compensation up to the level of

the junction between the drain drift region and the channel accommodating

regions adjacent the trenches, and wherein material having a higher

5  conductivity is in the trenches from that level up to the top major surface. In

this planar gate transistor the insulating material on the trench sidewalls may
extend only up to the junction level.

Selective epitaxial growth from the bottom to the top of trenches having

insulating material on the trench sidewalls is already known per se in the

10 semiconductor art for applications other than charge compensation columns in

the drift region of vertical devices. US Patent 5,384,280 (Toshiba) is concerned

with forming isolation trenches between different integrated circuits, e.g.

DRAMs, in a semiconductor body where these isolation trenches are of

different widths, e.g. 0.2 micron wide and 1.0 micron wide trenches each being

15 0.5 micron deep. It is proposed to provide oxide-nitride sidewalls in such

trenches and then selectively grow epitaxial silicon in the trenches. The oxide-

nitride sidewalls provide the required isolation between the integrated circuits

outside the trenches, while the epitaxial silicon within the trenches does not

stress the rest of the silicon substrate. US Patent 6,555,891 (IBM) is

20 concerned with BiCMOS devices and how to provide bipolar transistors

extending deeper than the buried oxide layer of a SOI structure. It is proposed

to etch a trench through the BOX layer, insulate the trench sidewalls with

silicon oxide or nitride or oxide-nitride and epitaxially grow silicon within the

trench. The trench may have a width ranging from microns to millimetres

25 depending on the devices, e.g. DRAM cells, which are formed within the

trench, these devices being insulated at the trench sidewalls from FETs

formed in the SOI outside the trench.

Embodiments of vertical semiconductor devices and methods of making
30 these devices in accordance with the present invention will now be described,
by way of example, with reference to the accompanying diagrammatic

drawings, in which:
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Figure 1 shows a diagrammatic cross-sectional view through part of a
vertical insulated gate field effect power transistor in the form of a trench-gate
MOSFET in accordance with the present invention;

5 Figure 2 shows a diagrammatic cross-sectional view through part of a
vertical insulated gate field effect power transistor in the form of a planar gate
MOSFET in accordance with the present invention;

Figure 3 shows a diagrammatic cross-sectional view through part of
another vertical insulated gate field effect power transistor in the form of a

10 planar gate MOSFET in accorance with the present invention;

Figures 4 and 5 show steps in a method, in accordance with the present
invention, of manufacturing a vertical insulated gate field effect power
transistor, these steps being common to making the transistors of Figures 1, 2
and 3;

15 Figure 6 shows a step, further to those shown in Figures 4 and 5, in a
method of making the transistors of Figures 1 and 3; and

Figure 7 shows a step, further to those shown in Figures 4 and 5, in a

method of making the Figure 2 transistor.

20 Referring now to Figure 1, there is shown a trench-gate MOSFET form
of vertical insulated gate field effect power transistor semiconductor device 1.
The device 1 comprises a monocrystalline silicon semiconductor body 10 and
is arranged for forward current flow in a vertical direction between top and
bottom major surfaces 10a, 10b of the device body 10. The body 10 has a
25 substrate drain region 11 of one conductivity type (n+) and a drain drift region
12 of the one conductivity type (n). The drift region 12 contains spaced vertical
columns 30 of material of the opposite conductivity type (p) at a conductivity
required for charge compensation to increase the reverse breakdown voltage
of the device 1. There are vertical trenches 20 in the drift region material 12,
30 and these trenches 20 extend between the drain substrate 11 and the top
major surface 10a. Insulating material 31 on the sidewalls of the trenches 20

extends from the bottom of the trenches 20 and epitaxial material fills the area
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within the insulating material 31 and provides the spaced columns 30 of the
opposite conductivity type. The insulating material 31 and the epitaxial material
30 both extend to an upper level 21 below the top major surface 10a. Gate
insulating material 22 and gate conductive material, preferably highly doped

5 polycrystalline silicon, 23 are in the trenches 20 above the upper level 21 and
p-type channel accommodating regions 15 and n-type source regions 16 are
above the upper level 21.

The device 1 has a large number of electrically parallel transistor cells

sharing the common drain region 11. Figure 1 shows the lateral extent (cell
10  pitch) TC1 of one transistor cell with two sections of a peripheral trench-gate
22, 23 for that cell. When a suitable gate potential is applied to the gate
conductive material 23 in the on-state on the device 1, a vertical conduction
channel 15a is formed in the p-type region 15 within each cell adjacent the
trench-gate, whereby forward current flows in each transistor cell TC1 from the
15 annular source region 16 through the conduction channel 15a and vertically
through the drift region 12 to the drain region 11. Insulating regions 17 are
provided over the trench-gates 22, 23. Source metallisation 18 is provided over
the insulating regions 17. Electrical connection (not shown) to the gates 23 is
provided outside the area of the transistor cells. Drain metallisation 19 is
20 provided under the drain substrate 11.

The function and advantages of the p-type charge compensation
columns 30 for the reverse breakdown voltage and the on-resistance of the
transistor 1 have been explained above in relation to the prior art. In the device
1, the insulating material 31 on the sidewalls of the trenches 20 isolates any

25 defects in the p-type epitaxial material 30 from the n-type drain drift material
12, which therefore presents any excessive leakage currents. The junction of
the channel accommodating region 15 and the drift region 12 must be adjacent
the trench gate a little above the top of the charge compensation column 30.
The top of the material 30 is connected to the source electrical connection (not

30 shown) which enhances the RESURF effect.

Referring now to Figure 2, there is shown a planar gate MOSFET form
of vertical insulated gate field effect power transistor semiconductor device 2.
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The device 2 comprises a semiconductor body 10 with top and bottom major
surfaces 10a, 10b, a substrate drain region 11 of one conductivity type (n+)
and a drain drift region 12 of the one conductivity type (n) in like manner to the
device 1 of Figure 1, except that the drift region 12 extends to the top surface
5 10a. There are vertical trenches 20 in the drift region material 12, and these
trenches 20 extend between the drain substrate 11 and the top surface 10a.
Insulating material 311 on the sidewalls of the trenches 20 extends from the
bottom of the trenches 20 and epitaxial material of opposite conductivity type
(p) at a conductivity required for charge compensation fills the area within the

10 insulating material 311 up to the level 211 of the junction between the drain
drift region 12 and the channel accommodating regions 151 adjacent the
trenches 20 and provides spaced vertical charge compensation columns 301
contained in the drift region 12 in like manner to the device 1 of Figure 1.
Material 302 having a higher conductivity than the charge compensation

15 material 301 is in the trenches 20 within the insulating material 311 from the
level 211 up to the top major surface 10a. The material 302 can be epitaxial
silicon, or polycrystalline silicon, which is more highly doped than the material
301.

The device 2 has a large number of electrically parallel transistor cells

20 sharing the common drain region 11. Figure 2 shows the lateral extent (cell
pitch) TC2 of one transistor cell with a peripheral planar gate structure 13, 14
for that cell TC2 and for an adjacent cell. Each planar gate structure has a
planar gate insulating layer 13 on the top major surface 10a with gate
conductive material 14 thereon.

25 The drain drift region 11 extends to the top major surface 10a at a
peripheral region 12a of adjacent transistor cells. Within the peripheral drain
drift region 12a of each transistor cell, and to either side of a charge
compensation column 301, there is a p-type channel accommodating region
151 and an n-type source region 161. Thus the planar gates 13, 14 on the

30 surface 10a are adjacent the drain drift material 12 and adjacent channel
accommodating regions 151 and source regions 161. When a suitable gate
potential is applied to the gate conductive material 14 in the on-state of the
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device 2, a lateral conduction channel 151a is formed in the p-type region 151
adjacent the planar gate 13, 14 whereby forward current flows within each cell
TC2 from the source region 161 laterally through the conduction channel 151a
into the peripheral drain drift region 12a and then vertically through the drain
5  drift regions 12a and 12 to the substrate drain region 11. Insulating regions 17
over the planar gates 13, 14, source metallisation 18, electrical connection (not
shown) to the gate conductive material 14 and drain metallisation 19 are
provided in like manner to the device 1 of Figure 1.
Referring now to Figure 3, there is shown a planar gate MOSFET power

10  transistor 3 which differs from the transistor 2 shown in Figure 2 in that the
insulating material 311 on the sidewalls of the trench 20 extends only up to the
junction level 211.

In the device 3 of Figure 3 the material 302 is directly connected to the
sides of the source 161 and channel accommodating 151 regions. An

15 advantage of this is that the source metallisation 18 could be connected to the
regions 161 and 151 only via the material 302 at the top major surface 10a;
that is to say that the trenches 20 could be next to the insulating material 17
over the gates 14, so that the gates 14 could be closer together and the pitch
size could be smaller compared with the device 2 of Figure 2.

20 The function and advantages of the p-type charge compensation
columns 301 with the insulation 311 on the sidewalls of the trenches 20 are
substantially the same for the devices 2 and 3 of Figures 2 and 3 as are stated
above for the columns 30 and sidewall insulation 31 of the device 1 of Figure
1.

25 The reason for having the higher conductivity material 302 in the
trenches 20 above the level 211 of the junction between the channel
accommodating regions 151 and the drift region 12 adjacent the trenches 20 in
the planar gate MOSFET devices 2 and 3 of Figures 2 and 3 is to enhance the
RESURF effect, that is the increase in reverse breakdown voltage of the

30 devices provided by the charge compensation columns. For ideal charge
compensation the potential at the top of the charge compensation columns
301 should be the same as the potential at the level 211 of the junction
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between the channel accommodating regions 151 and the drift region 12. In
this connection, US Patent No. 6,605,862 (our reference PHNL 010137)
describes RESURF devices having trenched field-shaping regions provided by
a resistive path of semi-insulating material and it is explained how the electric
5 field distribution in the drain drift region for increased breakdown voltage is
improved if the start of the potential drop along the resistive path is closely
aligned with the depth of the junction between the channel accommodating
regions and the drain drift region. In the case of the present invention using
charge compensation columns for the RESURF effect, although for medium
10  and high voltage devices, above about 100 volts and up to about 600 volts, the
voltage- drop between the channel accommodating 151 and drain 11 regions
occurs through a deep drift region 12 up to about 30 micron depth, having only
a small voltage drop in the trenches 20 from the source metallisation 18 to the
level 211 will still be of advantage in helping equalise the potential in the trench
15 at the level 211 with that at the top of the drift region 12. This small voltage
drop is achieved by the higher conductivity material 302. In low voltage
devices, below about 100 volts, the voltage drop between the channel
accommodating 151 and drain 11 regions occurs through a comparatively
shallow drift region 12, down to about 1 micron depth for 20 volts, and it
20 becomes particularly important to have only a small voltage drop, that is a
small proportion of the voltage drop in the drift region 12, occurring in the
trenches 20 from the source metallisation 18 to the level 211 in order to
equalise the potential in the trench at the level 211 with that at the top of the
drift region 12 and therefore it is particularly important to have the higher
25  conductivity material 302. To have optimal RESURF the dopant dose in the
drift region 12 and the charge compensation column 301 should be around
1e12cm™. The doping concentration of the region 302 should be as high as
possible to limit the voltage drop in this material, for example around 120 cm’
3.
30 Possible variations in the configuration of the charge compensation
columns within the scope of the present invention include the following. The

configuration of the trench-gate MOSFET device 1 Figure 1 is advantageous
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for a smaller cell pitch in lower voltage, for example below 100 volts,
transistors, However, for larger cell-pitch trench-gate MOSFETs the trench-
gate device 1 may have the. charge compensation columns 30, 31 in the
central region of the transistor cell TC1 instead of being under the trench-gates

5 22, 23. Such central region charge compensation columns in larger cell-pitch
trench-gate MOSFETs may extend up to the top surface 10a although,
particularly for lower voltage trench-gate MOSFETS, it would be advantageous
for these central region charge compensation columns to extend in the
trenches up to the level of the junction between the drain drift region 12 and

10 the channel accommodating regions 15 with higher conductivity material
provided in the trenches 20 from that level up to the top major surface 10a in
the same manner as shown for the charge compensation columns 301 with
upper region higher conductivity material 302 in the planar gate MOSFETs 2
and 3 of Figures 2 and 3. For the planar gate MOSFETSs of Figures 2 and 3 the

15 - upper region higher conductivity material 302 could be omitted, particularly for
higher voltage devices, within the scope of the present invention.

Referring now to Figures 4 and 5, there are shown steps in a method in
accordance with the invention, these steps being common to making the
Figure 1 trench-gate transistor and the Figures 2 and 3 planar gate transistors.

20 Initially a monocrystalline silicon semiconductor body 10 is provided consisting
of an n+ conductivity type substrate 11 for forming the drain region and an n
conductivity type epitaxial layer 12 is grown on the substrate 11 for forming the
drain drift region. The top of the layer 12 will form the top major surface 10a of
the transistor and the bottom of the substrate 11 will form the bottom major

25 surface 10b of the transistor. A thick hard mask 40, for example silicon oxide,
is provided on the top surface 10a and windows provided by this mask are
used to anisotropically etch deep vertical trenches 20 from the top surface 10a
into the drift region material 12. The trenches 20 preferably extend through the
whole depth of the layer 12 down to the substrate 11. In an experiment, we

30 have etched such trenches 1.5 micron wide and 12 micron deep. These
trenches 20 will be approximately 1 micron deep for each 20 volts of the

required reverse breakdown voltage of the transistor, that is up to about 30
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micron deep for a 600 volts device. A thin, for example 40nm, layer 31, 311 of
insulating material is then provided inside the trenches 20 on the trench bottom
and sidewalls, for example by deposition or growth of silicon oxide as shown in
Figure 4. Anisotropic dry oxide etching is then performed to remove the oxide
5 at the trench bottoms leaving the oxide insulating material 31, 311 provided
only on the sidewalls of the etched trenches 20 as shown in Figure 5. P
conductivity type material 30, 301 is then epitaxially grown from the bottom

towards the top of the trenches 20 as shown in Figures 6 and 7.
In an experiment, we cleaned the semiconductor body as shown in
10  Figure 5 followed by an in-situ bake at 1050°C in order to remove the natural
oxide on the body. The epitaxial growth was then done at a temperature of
1050°C and total pressure of 40 Torr using TCS (trichlorosilane) as a silicon
gas precursor with hydrogen as a precursor gas. A high growth rate of greater
than one micron per minute and good selectivity to oxide, that is to say
15 substantially no epitaxial silicon growth on the sidewall layers 31, 311, was
obtained without process optimisation. The deposition time for filling the 12
micron trenches mentioned above was about 5 minutes. The sidewall:
insulating material prevents any defects in the charge compensation columns
crossing into the drain drift material which therefore prevénts any leakage

20  currents from being excessive.

Because epitaxial growth inside the trenches takes place from the
bottom towards the top, and not on the sidewalls of the trenches where the
insulating material is present, substantially void-less filling of the trenches is
achieved. Also, because this method of filling is less sensitive to the exact

25 shape of the trench, we consider that this void-less filling should be achieved
substantially across a full wafer, thus provided a higher yield of acceptable
transistors.

The silicon level height inside the trenches can be well controlled by
adapting the silicon growth time during the epitaxy process in the above-

30 described method in accordance with the present invention. This can simplify
further processing in manufacture of the semiconductor devices.

Figure 6 shows that, for the trench-gate MOSFET device 1 of Figure 1
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and for the planar gate MOSFET devices 2 and 3 of Figures 2 and 3, the
epitaxial growth of the p conductivity type material 30, 301 is stopped at an

upper level 21, 211 below the top of the trenches 20.
The next step in making the device 1 of Figure 1 is to remove the
5  sidewall insulating material 31 from the trench sidewalls above the upper level
21. Gate insulating material 22 as shown in Figure 1 is then provided, by
growth of silicon oxide, in the trenches 20 above the upper level 21 and gate
conductive material 23 is then provided, after removal of the hardmask 40, by
deposition of doped polycrystalline silicon and planarised to the top major
10 surface 10a. The channel accommodating regions 15 and source regions 16
as shown in Figure 1 are preferably provided by implantation and annealing
after the gate insulating and gate conductive materials 22, 23 are provided.
This is preferred because the channel accommodating regions and source
regions can be easily adjusted to the required depth compared to the trench-
15 gate depth with advantages for the thermal budget. Alternatively, the channel
accommodating regions and perhaps also the source regions can be formed
before etching the trenches 20 and the upper level 21 of the epitaxial growth
' can then be adjusted to provide the trench-gates at the required depth
compared to the channel accommodating regions. The device 1 is then
20 completed by providing the insulating regions 17 over the trench-gates 22, 23
and then providing the source metallisation 18, gate metallisation (not shown)

and drain metallisation 19.

For the device 2 of Figure 2, after stopping the epitaxial growth of the
material 301 at the level 211, the sidewall insulation 311 remains in place and
25  the trenches 20 are filled with the higher conductivity material 302. This filling
may be by further epitaxial growth of more highly doped silicon, or by
deposition of more highly doped material which may be polycrystalline silicon.
Then, after removal of the hard mask 40, steps in making the device 2 of
Figure 2 are as follows. Gate insulating material is provided as a layer on the
30  top surface 10a, by growth of silicon oxide, a layer of gate conductive material
is then deposited as doped polycrystalline silicon, and these two layers are

then patterned to provide the planar gates 13, 14. The channel
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accommodating regions 151 and source regions 161 are provided by
implantation and annealing, preferably after forming the planar gates 13, 14
and furthermore preferably by at least partial self-alignment to the planar
gates. The device 2 is then completed by providing the insulating regions 17

5 over the planar gates 13, 14 and then providing the source metallisation 18,
gate metallisation (not shown) and drain metallisation 19.

Figure 7 shows that, for the planar gate MOSFET device 2 of Figure 2,
the epitaxial growth of the p conductivity type material 301 may be continued
to the top of the trenches 20. The material 301 above the level 211 is then

10  converted to the higher conductivity material 302 by implantation.

For the planar gate MOSFET device 3 of Figure 3, the sidewall
insulation 311 is removed above the level 211 after stopping the epitaxial
growth of the material 301 at the level 211 as shown in Figure 6. After removal
of the hardmask 40, the upper part of the trenches 20 is then filled with the

15  higher conductivity material 302. This filling step may be by deposition, for
example of polycrystalline silicon; or it may be by epitaxial growth, for example
of boron doped silicon, on top of the material 301 and on the sides of the
trenches 20. The device 3 is then completed in the same manner as has been
described for the device 2 of Figure 2.

20
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CLAIMS

1. A method of manufacturing a semiconductor device (1,2)

5 arranged for forward current flow in a vertical direction between top and bottom
major surfaces (10a,10b) of the device, wherein the device (1,2) has a drift
region (12) consisting of material of one conductivity type and wherein the drift
region contains spaced vertical columns (30,301) of material of the opposite
conductivity type which provide charge compensation to increase the reverse

10 breakdown voltage of the device, the method including etching vertical
trenches (20) from said top major surface (10a) into the drift region (12)
material of one conductivity type and then providing material (30,301) in the
trenches (20) for the spaced columns of the opposite conductivity type;
wherein the method includes providing insulating material (31,311) on the

15 sidewalls of the etched trenches (20) and then epitaxially growing material of

the opposite conductivity type from the bottom towards the top of the trenches.

2. A method as claimed in claim 1, wherein the device is a vertical
insulated gate field effect power transistor (1,2) and the drift region (12) is a -
20  drain drift region.

3. A method as claimed in claim 2, wherein the transistor is a
vertical trench-gate MOSFET (1), wherein the epitaxial growth of the opposite
conductivity type material (30) in the trenches (20) is stopped at an upper level

25 (21) below the top of the trenches, the insulating material (31) then being
removed from the trench sidewalls above said upper level (21), and wherein
gate insulating material (22) and gate conductive material (23) are then
provided in the trenches (20) above said upper level (21), and wherein channel
accommodating regions (15) and source regions (16) are provided above said

30  upper level.

4, A method as claimed in claim 3, wherein the channel
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accommodating regions (15) and source regions (16) are provided after the

gate insulating (22) and gate conductive (23) materials are provided.

5. A method as claimed in claim 2, wherein the transistor is a

5 vertical planar gate MOSFET (2), wherein planar gates (13,14) are provided on

said top major surface (10a) adjacent the drain drift material (12) of said one

conductivity type and adjacent channel accommodating regions (151) and

source regions (161), wherein the epitaxially grown material (301) is provided

in the trenches (20) at a conductivity required for charge compensation up to

10 the level (211) of the junction between the drain drift region (12) and the

channel accommodating regions (151) adjacent the trenches (20), and wherein

material (302) having a higher conductivity is provided in the trenches (20)
from that level (211) up to the top major surface (10a).

15 6. A method as claimed in claim 5, wherein the epitaxial growth in
the trenches (20) of the opposite conductivity type material (301) suitable for
charge compensation is continued to the top major surface (10a), and wherein
the epitaxially grown material (301) in the trenches above said junction level is
then converted to said higher conductivity material (302).

20

7. A method as claimed in claim 5, wherein the epitaxial growth in
the trenches (20) of the opposite conductivity type material (301) suitable for
charge compensation is stopped at the junction level (211), and wherein the
trenches (20) are then filled to the top major surface (10a) with said material

25  (302) having a higher conductivity.

8. A method as claimed in claim 7, wherein said insulating material
(311) is removed from the trench sidewalls above the junction level (211)
before the trenches are filled to the top major surface (10a).
30
9. A method as claimed in any one of claims 5 to 8, wherein the

channel accommodating regions (151) and source regions (161) are provided
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after the planar gates (13,14) by at least partial self-alignment to the planar

gates.

10. A semiconductor device made by the method as claimed in any

5 oneofclaims 1t{o 9.

11. A semiconductor device (1,2) arranged for forward current flow in

a vertical direction between top and bottom major surfaces (10a,10b) of the
device, wherein the device (1,2) has a drift region (12) consisting of material of

10 one conductivity type and wherein the drift region contains spaced vertical
columns (30,301) of material of the opposite conductivity type which provide
charge compensation to increase the reverse breakdown voltage of the device,
wherein there are vertical trenches (20) in the drift region (12) material of one
conductivity type, there is insulating material (31,311) on the sidewalls of the

15 trenches (20) extending from the bottom of the trenches and there is epitaxial
material (30,301) filling the area of the trenches within said insulating material,

the epitaxial material providing the spaced columns of the opposite

conductivity type.

20 12. A device as claimed in claim 11, wherein the device is a vertical
insulated gate field effect power transistor (1,2) and the drift region (12) is a

drain drift region.

13. A transistor as claimed in claim 12, wherein the transistor is a

25  vertical trench-gate MOSFET (1), wherein the insulating material (31) on the
sidewalls of the trenches (20) and the epitaxial material (30) filling the area
within the insulating material both extend to an upper level (21) below said top
major surface (10a), wherein gate insulating material (22) and gate conductive
material (23) are in the trenches (20) above said upper level (21), and wherein

30 channel accommodating regions (15) and source regions (16) are above said

upper level.
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14. A transistor as claimed in claim 12, wherein the transistor is a
vertical planar gate MOSFET (2,3), wherein planar gates (13, 14) are on said
top major surface (10a) adjacent the drain drift material (32) of said one
conductivity type and adjacent channel accommodating regions (151) and

5 source regions (161), and wherein the epitaxial material (301) is in the
trenches (20) at the conductivity required for charge compensation up to the
level (211) of the junction between the drain drift region (12) and the channel
accommodating regions (151) adjacent the trenches (20), and wherein
material (302) having a higher conductivity is in the trenches (20) from that

10  level (211) up to the top major surface (10a).

15. A transistor as claimed in claim 14, wherein the insulating
material (311) on the trench sidewalls extends only up to the junction level
(211).

15
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