
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2015/077580 Al
28 May 2015 (28.05.2015)

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
H01L 29/06 (2006.01) H01L 29/10 (2006.01) kind of national protection available): AE, AG, AL, AM,
H01L 21/762 (2006.01) H01L 29/15 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
H01L 29/78 (2006.01) H01L 29/16 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

PCT/US20 14/066854 KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

(22) International Filing Date: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
2 1 November 2014 (21 . 1 1.2014) PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,

61/907,626 22 November 2013 (22. 11.2013) US GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,

(71) Applicant: MEARS TECHNOLOGIES, INC. [US/US]; TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
189 Wells Ave, 3rd Floor, Newton, Massachusetts 02459 DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(US). LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,(72) Inventors: MEARS, Robert J.; 12 High Meadow Circle,
GW, KM, ML, MR, NE, SN, TD, TG).

Wellesley, Massachusetts 02482 (US). TAKEUCHI,
Hideki; 9805 Knotty Pine Cove, Austin, Texas 78750 Published:
(US). TRAUTMANN, Erwin; 5581 Country Club Park

— with international search report (Art. 21(3))
way, San Jose, California 95 138 (US).

(74) Agents: REGAN, Christopher F. et al; Allen, Dyer, Dop-
pelt, Milbrath & Gilchrist, P.A., 255 S Orange Avenue
Suite 1401, Orlando, FL 32801 (US).

(54) Title: SEMICONDUCTOR DEVICES INCLUDING SUPERLATTICE DEPLETION LAYER STACK AND RELATED
METHODS

100

122 /

(P OS) ( OS)
©
00

FIG
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strate, with each superlattice layer including a plurality of stacked group of layers, and each group of layers of the superlattice layer
including a plurality of stacked base semiconductor monolayers defining a base semiconductor portion and at least one non-semicon

o ductor monolayer constrained within a crystal lattice of adjacent base semiconductor portions. The semiconductor device may fur
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bulk semiconductor layers, a gate on the upper bulk semiconductor layer between the spaced apart source and drain regions, an STI

o trench extending through the bulk and superlattice layers into the substrate, and the bulk layers may be doped with alternating
dopant conductivity types.



SEMICONDUCTOR DEVICES INCLUDING SUPERLATTICE DEPLETION LAYER
STACK AND RELATED METHODS

Field of the Invention

[0001]The present invention relates to the field of semiconductors, and, more

particularly, to semiconductor devices comprising superlattices and associated

methods.

Background of the Invention

[0002]Structures and techniques have been proposed to enhance the performance of

semiconductor devices, such as by enhancing the mobility of the charge carriers. For

example, U.S. Patent Application No. 2003/0057416 to Currie et al. discloses strained

material layers of silicon, silicon-germanium, and relaxed silicon and also including

impurity-fr ee zones that would otherwise cause performance degradation. The resulting

biaxial strain in the upper silicon layer alters the carrier mobilities enabling higher speed

and/or lower power devices. Published U.S. Patent Application No. 2003/0034529 to

Fitzgerald et al. discloses a CMOS inverter also based upon similar strained silicon

technology.

[0003] U.S. Patent No. 6,472,685 B2 to Takagi discloses a semiconductor device

including a silicon and carbon layer sandwiched between silicon layers so that the

conduction band and valence band of the second silicon layer receive a tensile strain.

Electrons having a smaller effective mass, and which have been induced by an electric

field applied to the gate electrode, are confined in the second silicon layer, thus, an n-

channel MOSFET is asserted to have a higher mobility.

[0004] U.S. Patent No. 4,937,204 to Ishibashi et al. discloses a superlattice in which a

plurality of layers, less than eight monolayers, and containing a fractional or binary or a

binary compound semiconductor layer, are alternately and epitaxially grown. The

direction of main current flow is perpendicular to the layers of the superlattice.

[0005] U.S. Patent No. 5,357,119 to Wang et al. discloses a Si-Ge short period

superlattice with higher mobility achieved by reducing alloy scattering in the superlattice .

Along these lines, U.S. Patent No. 5,683,934 to Candelaria discloses an enhanced

mobility MOSFET including a channel layer comprising an alloy of silicon and a second



material substitutionally present in the silicon lattice at a percentage that places the

channel layer under tensile stress.

[ 6] U.S. Patent No. 5,2 6,262 to Tsu discloses a quantum well structure comprising

two barrier regions and a thin epitaxially grown semiconductor layer sandwiched

between the barriers. Each barrier region consists of alternate layers of Si0 2/Si with a

thickness generally in a range of two to six monolayers. A much thicker section of

silicon is sandwiched between the barriers.

[ 7]An article entitled "Phenomena in silicon nanostructure devices" also to Tsu and

published online September 6, 2 by Applied Physics and Materials Science &

Processing, pp. 39 4 2 discloses a semiconductor-atomic superlattice (SAS) of silicon

and oxygen. The Si/O superlattice is disclosed as useful in a silicon quantum and light-

emitting devices. In particular, a green electromuminescence diode structure was

constructed and tested. Current flow in the diode structure is vertical, that is,

perpendicular to the layers of the SAS. The disclosed SAS may include semiconductor

layers separated by adsorbed species such as oxygen atoms, and CO molecules. The

silicon growth beyond the adsorbed monolayer of oxygen is described as epitaxial with

a fairly low defect density. One SAS structure included a . nm thick silicon portion that

is about eight atomic layers of silicon, and another structure had twice this thickness of

silicon. An article to Luo et al. entitled "Chemical Design of Direct-Gap Light-Emitting

Silicon" published in Physical Review Letters, Vol. 89, No. 7 (August 2, 2 2) further

discusses the light emitting SAS structures of Tsu.

[ 8] Published International Application WO 2 3,767 A to Wang, Tsu and

Lofgren, discloses a barrier building block of thin silicon and oxygen, carbon, nitrogen,

phosphorous, antimony, arsenic or hydrogen to thereby reduce current flowing vertically

through the lattice more than four orders of magnitude. The insulating layer/barrier layer

allows for low defect epitaxial silicon to be deposited next to the insulating layer.

[ 9] Published Great Britain Patent Application 2,347,52 to Mears et al. discloses

that principles of Aperiodic Photonic Band-Gap (APBG) structures may be adapted for

electronic bandgap engineering. In particular, the application discloses that material

parameters, for example, the location of band minima, effective mass, etc, can be

tailored to yield new aperiodic materials with desirable band-structure characteristics.



Other parameters, such as electrical conductivity, thermal conductivity and dielectric

permittivity or magnetic permeability are disclosed as also possible to be designed into

the material.

[0010] Despite the advantages provided by such structures, further developments may

be desirable for integrating advanced semiconductor materials in various semiconductor

devices.

Summary

[001 1]A method for making a semiconductor device may include forming an alternating

stack of superiattice and bulk semiconductor layers on a substrate, with each

superlattice layer including a plurality of stacked group of layers, and each group of

layers of the superiattice layer including a plurality of stacked base semiconductor

monolayers defining a base semiconductor portion and at least one non-semiconductor

monolayer constrained within a crystal lattice of adjacent base semiconductor portions.

The method may also include forming spaced apart source and drain regions in an

upper bulk semiconductor layer of the alternating stack of superiattice and bulk

semiconductor layers, and forming a gate on the upper bulk semiconductor layer

between the spaced apart source and drain regions.

[001 2] More particularly, the method may further include forming at least one shallow

trench isolation (STI) region extending through the alternating stack of superiattice and

bulk semiconductor layers and into the substrate. In addition, the method may also

include doping bulk layers between respective superlattices with alternating dopant

conductivity types.

[001 3] By way of example , each base semiconductor portion may comprise silicon,

germanium, etc. Also by way of example, the at least one non-semiconductor

monolayer may comprise a non-semiconductor selected from the group consisting of

oxygen, nitrogen, fluorine, and carbon-oxyg en. Forming the gate may include forming

an oxide layer on the upper bulk semiconductor layer between the spaced apart source

and drain regions, and forming a gate electrode overlying the oxide layer. Furthermore,

at least some semiconductor atoms from opposing base semiconductor portions may be

chemically bound together through the non-semiconductor layer therebetween.



[0014] A related semiconductor device may include an alternating stack of superlattice

and bulk semiconductor layers on a substrate , with each superlattice layer including a

plurality of stacked group of layers, and each group of layers of the superlattice layer

including a plurality of stacked base semiconductor monolayers defining a base

semiconductor portion and at least one non-semiconductor monolayer constrained

within a crystal lattice of adjacent base semiconductor portions. The semiconductor

device may further include spaced apart source and drain regions in an upper bulk

semiconductor layer of the alternating stack of superlattice and bulk semiconductor

layers, and a gate on the upper bulk semiconductor layer between the spaced apart

source and drain regions.

Bri ef Description of the Drawings

[001 5] FIG. 1 is a greatly enlarged schematic cross-sectional view of a superlattice for

use in a semiconductor device in accordanc e with the present invention.

[0016] FIG. 2 is a perspective schematic atomic diagram of a portion of the superlattice

shown in FIG. 1.

[0017] FIG. 3 is a greatly enlarged schematic cross-sectional view of another

embodim ent of a superlattice in accordanc e with the invention.

[0018] FIG. 4A is a graph of the calculat ed band structure from the gamma point (G) for

both bulk silicon as in the prior art, and for the 4/1 Si O superlattice as shown in FIGS.

1-2.

[0019] FIG. 4B is a graph of the calculated band structure from the Z point for both bulk

silicon as in the prior art, and for the 4/1 SI/O superlattice as shown in FIGS. 1-2.

[0020] FIG. 4C is a graph of the calculated band structure from both the gamma and Z

points for both bulk silicon as in the prior art, and for the 5/1/3/1 Si O superlattice as

shown in FIG. 3.

[0021] FIG. 5 is a cross-sectional view of a planar CMOS device including a superlattice

depletion layer stack in accordanc e with an example embodiment.

[0022] FIGS. 6-8 are a seri es of cross-sectional diagrams illustrating a method of

making the planar CMOS device of FIG. 5.

[0023] FIG. 9 is a flow diagram corresponding with the processing steps illustrated in

FIGS. 5-8.



Detail ed Description of the Preferred Embodim ents

[0024]The present invention will now be described more fully hereinafter with reference

to the accompanying drawings, in which preferred embodiments of the invention are

shown. This invention may, however, be embodied in many different forms and should

not be construed as limited to the embodiments set forth herein. Rather, these

embodiments are provided so that this disclosure will be thorough and complete, and

will fully convey the scope of the Invention to those skilled in the art. Like numbers refer

to like elements throughout, and prime notation is used to indicate similar elements in

different embodiments.

[0025]The present invention relates to controlling the properties of semiconductor

materials at the atomic or molecular level. Further, the invention relates to the

identification, creation, and use of improved materials for use In semiconductor devices.

[0026]Applicants theorize, without wishing to be bound thereto, that certain

superlattices as described herein reduce the effective mass of charge carriers and that

this thereby leads to higher charge carrier mobility. Effective mass is described with

various definitions in the literature. As a measure of the improvement in effective mass

Applicants use a "conductivity reciprocal ef fective mass tensor", and for

electrons and holes respectively, defined as:

for electrons and:



for holes, where f is the Fermi-Dirac distribution, E is the Fermi energy, T is the

temperature, E(k,n) is the energy of an electron in the state corresponding to wave

vector k and the nt henergy band, the indices i and j refer to Cartesian coordinates x, y

and z, the integrals are taken over the Brillouin zone (B.Z.). and the summations are

taken over bands with energies above and below the Fermi energy for electrons and

holes respectively.

[0027]Applicants' definition of the conductivity reciprocal effective mass tensor is such

that a tensorial component of the conductivity of the material is greater for greater

values of the corresponding component of the conductivity reciprocal effective mass

tensor. Again Applicants theorize without wishing to be bound thereto that the

superiattices described herein set the values of the conductivity reciprocal effective

mass tensor so as to enhance the conductive properties of the material, such as

typically for a preferred direction of charge carrier transport. The inverse of the

appropriate tensor element is referred to as the conductivity effective mass in other

words, to characterize semiconductor material structures, the conductivity effective

mass for electrons/holes as described above and calculated in the direction of intended

carrier transport is used to distinguish improved materials.

[0028]Applicants have identified improved materials or structures for use in

semiconductor devices. More specifically, the Applicants have identified materials or

structures having energy band structures for which the appropriate conductivity

effective masses for electrons and/or holes are substantially less than the

corresponding values for silicon. In addition to the enhanced mobility characteristics of

these structures, they may also be formed or used in such a manner that they provide

piezoelectric, pyroelectric, and/or ferroelectric properties that are advantageous for use

in a variety of different types of devices, as will be discussed further below.

[0029] Referring now to F S. 1 and 2, the materials or structures are in the form of a

superlattice 25 whose structure is controlled at the atomic or molecular level and may

be formed using known techniques of atomic or molecular layer deposition. The

superlattice 25 includes a plurality of layer groups 45a-45n arranged in stacked



relation, as perhaps best understood with specific reference to the schematic cross-

sectional view of FIG. 1.

[0030] Each group of layers 45a-45n of the superlattice 25 illustratively includes a

plurality of stacked base semiconductor monolayers 46 defining a respective base

semiconductor portion 46a-46n and an energy band-modifying layer 50 thereon. The

energy band-modifying layers 50 are indicated by stippling in FIG. 1 for clarity of

illustration.

[0031]The energy band-modifying layer 50 illustratively includes one non-

semiconductor monolayer constrained within a crystal lattice of adjacent base

semiconductor portions. By "constrained within a crystal lattice of adjacent base

semiconductor portions" it is meant that at least some semiconductor atoms from

opposing base semiconductor portions 46a-46n are chemically bound together through

the non-semiconductor monolayer 50 therebetween, as seen in FIG. 2. Generally

speaking, this configuration is made possible by controlling the amount of non-

semiconductor material that is deposited on semiconductor portions 46a-46n through

atomic layer deposition techniques so that not all (i.e., less than full or 100% coverage)

of the available semiconductor bonding sites are populated with bonds to non-

semiconductor atoms, as will be discussed further below. Thus, as further monolayers

46 of semiconductor material are deposited on or over a non-semiconductor monolayer

50, the newly deposited semiconductor atoms will populate the remaining vacant

bonding sites of the semiconductor atoms below the non-semiconductor monolayer.

[0032] In other embodiments, more than one such non-semiconductor monolayer may

be possible. It should be noted that reference herein to a non-semiconductor or

semiconductor monolayer means that the material used for the monolayer would be a

non-semiconductor or semiconductor if formed in bulk. That is, a single monolayer of a

material, such as silicon, may not necessarily exhibit the same properties that it would if

formed in bulk or in a relatively thick layer, as will be appreciated by those skilled in the

art.

[0033]Applicants theorize without wishing to be bound thereto that energy band-

modifying layers 50 and adjacent base semiconductor portions 46a-46n cause the

superlattice 25 to have a lower appropriate conductivity effective mass for the charge



carriers in the parallel layer direction than would otherwise be present. Considered

anoth er way, this parallel direction is orthogonal to the stacking direction. The band

modifying layers 50 may also cause the superlattice 25 to have a common energy band

structur e , while also advantag eously functioning as an insulator between layers or

regions vertically above and be low the superlattice.

[0034] Moreover, this superlattice structur e may also advantag eously act as a barrier to

dopant and/or material diffusion between layers vertically above and below the

superlattice 25. These properties may thus advantag eously allow the superlattice 25 to

provide an interface for high-K dielectrics which not only reduces diffusion of the high-K

material into the chann el region, but which may also advantag eously reduce unwanted

scattering effects and improve device mobility, as will be appreciated by those skilled in

the art.

[0035] It is also theorized that semiconductor devices including the superlattice 25 may

enjoy a higher charge carrier mobility based upon the lower conductivity effective mass

than would otherwise be present. In some embodim ents, and as a result of the band

engineering achieved by the present invention, the superlattice 25 may further have a

substantially direct energy bandgap that may be particularly advantag eous for opto¬

electronic devices, for example .

[0036]The superlattice 25 also illustrativ ely includes a cap layer 52 on an upper layer

group 45n. The cap layer 52 may compris e a plurality of base semiconductor

monolay ers 46. The cap layer 52 may have between 2 to 100 monolay ers of the base

semiconductor, and, more preferably between 10 to 50 monolay ers.

[0037] Each base semiconductor portion 46a-46n may compris e a base semiconductor

selected from the group consisting of Group IV semiconductors, Group -V

semiconductors, and Group 11-VI semiconductors. Of course, the term Group IV

semiconductors also includes Group IV-IV semiconductors, as will be appreciated by

thos e skilled in the art. More particularly, the base semiconductor may compris e at least

one of silicon and germanium, for exampl e.

[0038] Each energy band-modifying layer 50 may compris e a non-semiconductor

selected from the group consisting of oxygen, nitrogen, fluorin e, carbon and carbon-

oxygen, for example . The non-semiconductor is also desirably thermally stable through



deposition of a next layer to thereby facilitate manufacturing. In other embodiments, the

non-semiconductor may be another inorganic or organic element or compound that is

compatibl e with the given semiconductor processing as will be appreciated by those

skilled in the art. More particularly, the base semiconductor may comprise at least one

of silicon and germanium, for example

[0039] It should be noted that the term monolayer is meant to include a single atomic

layer and also a single molecular layer. It is also noted that the energy band-modifying

layer 50 provided by a single monolayer is also meant to include a monolayer wherein

not all of the possible sites are occupied (i.e., there is less than full or 100% coverage).

For example, with particular reference to the atomic diagram of FIG. 2, a 4/1 repeating

structur e is illustrated for silicon as the base semiconductor material, and oxygen as the

energy band-modifying material. Only half of the possible sites for oxygen are occupied

in the illustrated example.

[0040] In other embodiments and/or with different materials this one-half occupation

would not necessarily be the case as will be appreciated by those skilled in the art.

Indeed it can be seen even in this schematic diagram, that individual atoms of oxygen in

a given monolayer are not precisely aligned along a flat plane as will also be

appreciated by those of skill in the art of atomic deposition. By way of example, a

preferred occupation range is from about one-eighth to one-half of the possible oxygen

sites being full, although other numbers may be used in certain embodiments.

[0041] Silicon and oxygen are currently widely used in conventional semiconductor

processing, and, hence, manufactur ers will be readily able to use these materials as

described herein. Atomic or monolayer deposition is also now widely used. Accordingly,

semiconductor devices incorporating the superlattice 25 in accordance with the

invention may be readily adopted and implemented, as will be appreciated by those

skilled in the art.

[0042] It is theorized without Applicants wishing to be bound thereto that for a

superlattice, such as the Si O superlattice , for example, that the number of silicon

monolayers should desirably be seven or less so that the energy band of the

superlattice is common or relatively uniform throughout to achieve the desired

advantag es. The 4/1 repeating structure shown in FIGS. 1 and 2, for Si/O has been



modeled to indicate an enhanced mobility for electrons and holes in the X direction. For

example, the calculated conductivity effective mass for electrons (isotropic for bulk

silicon) is .26 and for the 4/ SiO superlattice in the X direction it is . 2 resulting in a

ratio of .46. Similarly, the calculation for holes yields values of .36 for bulk silicon and

. 6 for the 4/ Si/O superlattice resulting in a ratio of .44.

[ 43] While such a directionally preferential feature may be desired in certain

semiconductor devices, other devices may benefit from a more uniform increase in

mobility in any direction parallel to the groups of layers. It may also be beneficial to have

an increased mobility for both electrons and holes, or just one of these types of charge

carriers as will be appreciated by those skilled in the art.

[ 44] The lower conductivity effective mass for the 4/ Si/O embodiment of the

superlattice 25 may be less than two-thirds the conductivity effective mass than would

otherwise occur, and this applies for both electrons and holes. Of course, the

superlattice 25 may further comprise at least one type of conductivity dopant therein, as

will also be appreciated by those skilled in the art.

[ 45] Indeed, referring now additionally to FIG. 3, another embodiment of a superlattice

25' in accordance with the invention having different properties is now described. In this

embodiment, a repeating pattern of 3/ /5/ is illustrated. More particularly, the lowest

base semiconductor portion 46a* has three monolayers, and the second lowest base

semiconductor portion 46b* has five monolayers. This pattern repeats throughout the

superlattice 25'. The energy band-modifying layers 5 ' may each include a single

monolayer. For such a superlattice 25' including Si/O, the enhancement of charge

carrier mobility is independent of orientation in the plane of the layers. Those other

elements of FIG. 3 not specifically mentioned are similar to those discussed above with

reference to F G. and need no further discussion herein.

[ 46] In some device embodiments, all of the base semiconductor portions of a

superlattice may be a same number of monolayers thick. In other embodiments, at least

some of the base semiconductor portions may be a different number of monolayers

thick. In still other embodiments, all of the base semiconductor portions may be a

different number of monolayers thick.



[ 47] In FIGS. 4A-4C, band structures calculated using Density Functional Theory

(DFT) are presented. It is well known in the art that DFT underestimates the absolute

value of the bandgap. Hence all bands above the gap may be shifted by an appropriate

"scissors correction." However the shape of the band is known to be much more

reliable. The vertical energy axes should be interpreted in this light.

[ 48] FIG. 4A shows the calculated band structure from the gamma point (G) for both

bulk silicon (represented by continuous lines) and for the 4/ Si/O superlattice 25 shown

in FIG. (represented by dotted lines). The directions refer to the unit cell of the 4/

Si/O structure and not to the conventional unit cell of Si, although the ( ) direction in

the figure does correspond to the ( ) direction of the conventional unit cell of Si, and,

hence, shows the expected location of the Si conduction band minimum. The ( ) and

( ) directions in the figure correspond to the ( ) and (- ) directions of the

conventional Si unit cell. Those skilled in the art will appreciate that the bands of Si on

the figure are folded to represent them on the appropriate reciprocal lattice directions for

the 4/ Si/O structure.

[ 49] It can be seen that the conduction band minimum for the 4/ Si/O structure is

located at the gamma point in contrast to bulk silicon (Si), whereas the valence band

minimum occurs at the edge of the Brillouin zone in the ( ) direction which we refer to

as the Z point. One may also note the greater curvature of the conduction band

minimum for the 4/ Si/O structure compared to the curvature of the conduction band

minimum for Si owing to the band splitting due to the perturbation introduced by the

additional oxygen layer.

[ 5 ] FIG. 4B shows the calculated band structure from the Z point for both bulk silicon

(continuous lines) and for the 4/ Si/O superlattice 25 (dotted lines). This figure

illustrates the enhanced curvature of the valence band in the ( ) direction.

[ 5 ] FIG. 4C shows the calculated band structure from both the gamma and Z point

for both bulk silicon (continuous lines) and for the 5/ /3/ Si/O structure of the

superlattice 25' of FIG. 3 (dotted lines). Due to the symmetry of the 5/ /3/ Si/O

structure, the calculated band structures in the ( ) and ( ) directions are

equivalent. Thus the conductivity effective mass and mobility are expected to be

isotropic in the plane parallel to the layers, i.e. perpendicular to the ( ) stacking



direction. Note that in the 5/1/3/1 Si O example the conduction band minimum and the

valence band maximum are both at or close to the Z point.

[0052]Although increased curvature is an indication of reduced effective mass, the

appropriat e comparison and discrimination may be made via the conductivity reciprocal

effective mass tensor calculation. This leads Applicants to further theorize that the

5/1/3/1 superlattice 25' should be substantially direct bandgap. As will be understood by

those skilled in the art, the appropriat e matrix element for optical transition is another

indicator of the distinction between direct and indirect bandgap behavior.

[0053] Using the above-described measures, one can select materials having improved

band structures for specific purposes. Referring more particularly to FIG. 5, a plurality of

superlattice material layers 125 may be used in a semiconductor device 100, which in

the illustrated example is a CMOS device (with a PMOS transistor on the left and an

NMOS transistor on the right), to form a respective "quasi-BOX" structur e on a silicon

substrat e 105 beneath the source 106, drain 107, and channel region 108 of the PMOS

transistor, and beneath the source 109, drain 110, and channel region 111 of the NMOS

transistor. More particularly, each quasi-BOX compris es a series of vertically spaced-

apart superlattice layers 125 with regions or layers 112-1 15 of a bulk semiconductor

material (e.g., silicon) stacked therebetween and with alternating dopant types. In the

illustrated example, the NMOS stack includes a bottom superlattice layer 125 on the

substrat e 105, an N-type silicon layer 114 on the bottom superlattice layer, an

intermediate superlattice layer on the N-type silicon layer, a P-type silicon layer 115 on

the intermediate superlattice layer, and an upper superlattice layer on the P-type silicon

layer. For the PMOS stack, the P-type silicon layer 112 is on the bottom and the N-type

silicon layer 113 is on the top, as shown.

[0054]The upper semiconductor layer 116 (FIG. 6) in which the channel regions 108,

111 and source regions 106, 109 and drain regions 107, 110 are defined may

advantag eously be epitaxially grown on top of the upper superlattice layer 125, as

described above. However, in some embodiments the channel may reside partially or

completely in the upper superlattice layer, if desired. This quasi-BOX stack may

conceptually be considered to perform a similar function as a buried oxide (BOX) layer,

but here the quasi-BOX stack provides an added benefit of an embedded P-N junction



to provide a depletion layer for further electrical isolation of the channel regions 108,

11 1, as will be appreciated by those skilled in the art. The quasi-BOX depletion layer

stack may accordingly be used in various applications, such as a replacement for an

SOI or BOX layer in partially depleted (PD) or fully depleted (FD) SOI implementations,

for example.

[0055]An example method for making the semiconductor device 100 will now be

described with reference to FIGS. 6-9. Beginning at Block 201, a plurality of blanket

superiattice layers 125 may be formed on the silicon substrat e 105 with intervening

epitaxial silicon layers 117 formed therebetween, at Block 201. An ST module may then

be performed to form the STI regions 120 between NMOS and PMOS transistors, at

Block 202. The STI processing may include, for example, etching a trench in the desired

locations through the three superiattice layers 125, pad oxidation, liner oxidation, a

densificiation anneal, and a sacrificial oxidation, as will be appreciated by those skilled

in the art. A well implantation module may then be performed to implant the respective

P or N-type dopants in the semiconductor layers 11 -115 between the superiattice

layers 125, followed by an anneal (e .g., a rapid thermal anneal (RTA)), as appropriate,

at Block 203. The method may furth er include formation of gates and sourc e 106, 109

and drain 107, 110 implantations, at Blocks 204-205, as will be appreciated by those

skilled in the art Each gate illustrativ ely includes an oxide layer 121 overlying each of

the respective channel regions 108, 111, between the source and drain regions 106,

107 and 109, 110, and a gate electrod e layer 122 on each of the oxide layers.

[0056] It should be noted that while specific parameters (e.g., dimensions, etc.) and

materials are provided in the exampl es set forth herein, other suitable parameters and

materials may be used in different embodim ents, as will be appreciated by those skilled

in the art. For exampl e, the depletion layer stack or quasi-BOX need not be used in both

of the NMOS and PMOS devices (e.g., it may be used in one or the other). Moreover,

more than one P-N junction may be included in a stack. That is, additional superiattice

layers 1 5 and doped semiconductor layers may be included in the stack, if desired.

[0057] Many modifications and other embodim ents will come to the mind of one skilled

in the art having the benefit of the teachings presented in the foregoing descriptions and

the associat ed drawings. Therefore , it is understood that the invention is not to be



limited to the specific embodiments disclosed, and that modifications and embodiments

are intended to be included within the scope of the appended claims.



THAT WHICH IS CLAIMED IS:

1. A method for making a semiconductor device comprising:

forming an alternating stack of superiattice and bulk semiconductor layers

on a substrat e, each superiattice layer including a plurality of stacked group of layers,

each group of layers of the superiattice layer comprising a plurality of stacked base

semiconductor monolayers defining a base semiconductor portion and at least one non-

semiconductor monolayer constrain ed within a crystal lattice of adjacent base

semiconductor portions;

forming spaced apart source and drain regions in an upper bulk

semiconductor layer of the alternating stack of superiattice and bulk semiconductor

layers; and

forming a gate on the upper bulk semiconductor layer between the spaced

apart source and drain regions.

2. The method of Claim 1 further comprising forming at least one

shallow trench isolation (STI) region extending through the alternating stack of

superiattice and bulk semiconductor layers and into the substrate.

3. The method of Claim 1 further comprising doping bulk layers

between respective superlattices with alternating dopant conductivity types.

4. The method of Claim 1 wherein each base semiconductor portion

comprises silicon.

5. The method of Claim 1 wherein each base semiconductor portion

comprises germanium.

6. The method of Claim 1 wherein the at least one non-semiconductor

layer compris es oxygen.

7. The method of Claim 1 wherein the at least one non-semiconductor

monolayer comprises a non-semiconductor selected from the group consisting of

oxygen, nitrogen, fluorine , and carbon-oxyg en.



8. The method of Claim 1 wherein forming the gate comprises forming

an oxide layer on the upper bulk semiconductor layer between the spaced apart source

and drain regions, and forming a gate electrode overlying the oxide layer.

9. The method of Claim 1 wherein at least some semiconductor atoms

from opposing base semiconductor portions of each superlattice layer are chemically

bound together through the non-semiconductor layer therebetween.

10. A semiconductor device comprising:

an alternating stack of superlattice and bulk semiconductor layers on a

substrate, each superlattice layer including a plurality of stacked group of layers, each

group of layers of the superlattice layer comprising a plurality of stacked base

semiconductor monolayers defining a base semiconductor portion and at least one non-

semiconductor monolayer constrained within a crystal lattice of adjacent base

semiconductor portions;

spaced apart source and drain regions in an upper bulk semiconductor

layer of the alternating stack of superlattice and bulk semiconductor layers; and

a gate on the upper bulk semiconductor layer between the spaced apart

source and drain regions.

11. The semiconductor device of Claim 10 further comprising at least

one shallow trench isolation (STI) region extending through the alternating stack of

superlattice and bulk semiconductor layers and into the substrate .

12. The semiconductor device of Claim 10 wherein the bulk layers

between respective superiattices are doped with alternating dopant conductivity types.

13. The semiconductor device of Claim 10 wherein each base

semiconductor portion comprises silicon.

1 . The semiconductor device of Claim 10 wherein each base

semiconductor portion comprises germanium.

15. The semiconductor device of Claim 10 wherein the at least one

non-semiconductor layer comprises oxygen.



16. The semiconductor device of Claim 10 wherein the at least one

non-semiconductor monolayer comprises a non-semiconductor selected from the group

consisting of oxygen, nitrogen, fluorine, and carbon-oxygen.

17. The semiconductor device of Claim 10 wherein the gate comprises

an oxide layer on the upper bulk semiconductor layer between the spaced apart source

and drain regions, and a gate electrode overlying the oxide layer.

18. The semiconductor device of Claim 10 wherein at least some

semiconductor atoms from opposing base semiconductor portions are chemically bound

together through the non-semiconductor layer therebetween.

19. A semiconductor device comprising:

an alternating stack of superlattice and bulk semiconductor layers on a

substrate, each superlattice layer including a plurality of stacked group of layers, each

group of layers of the superlattice layer comprising a plurality of stacked base silicon

monolayers defining a base silicon portion and at least one oxygen monolayer

constrained within a crystal lattice of adjacent base silicon portions;

spaced apart source and drain regions in an upper bulk silicon layer of the

alternating stack of superlattice and bulk silicon layers; and

a gate on the upper bulk silicon layer between the spaced apart source

and drain regions.

20. The semiconductor device of Claim 19 further comprising at least

one shallow trench isolation (STI) region extending through the alternating stack of

superlattice and bulk silicon layers and into the substrate.

2 1. The semiconductor device of Claim 19 wherein the bulk layers

between respective superiattices are doped with alternating dopant conductivity types.
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