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(57) ABSTRACT 

A method for making an electronic device may include 
forming ?rst and second integrated circuits including respec 
tive ?rst and second active optical devices establishing an 
optical communications link therebetWeen. The ?rst active 
optical device may include a superlattice including a plu 
rality of stacked groups of layers. Each group of layers of the 
superlattice may include a plurality of stacked base semi 
conductor monolayers de?ning a base semiconductor por 
tion and an energy band-modifying layer thereon. The 
energy-band modifying layer may include at least one non 
semiconductor monolayer constrained Within a crystal lat 
tice of adjacent base semiconductor portions. 
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METHOD FOR MAKING ELECTRONIC DEVICE 
COMPRISING ACTIVE OPTICAL DEVICES WITH 

AN ENERGY BAND ENGINEERED 
SUPERLATTICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 10/647,069 ?led Aug. 22, 2003, 
Which in turn is a continuation-in-part of US. patent appli 
cation Ser. Nos. 10/603,696 and 10/603,621, both ?led on 
Jun. 26, 2003, the entire disclosures of Which are hereby 
incorporated by reference herein. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the ?eld of semi 
conductors, and, more particularly, to serniconductors hav 
ing enhanced properties based upon energy band engineer 
ing and associated rnethods. 

BACKGROUND OF THE INVENTION 

[0003] 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, US. Patent Application No. 2003/0057416 to 
Currie et al. discloses strained material layers of silicon, 
silicon-germanium, and relaxed silicon and also including 
irnpurity-free Zones that Would otherWise cause performance 
degradation. The resulting biaxial strain in the upper silicon 
layer alters the carrier rnobilities enabling higher speed 
and/or loWer poWer devices. Published US. Patent Appli 
cation No. 2003/0034529 to Fitzgerald et al. discloses a 
CMOS inverter also based upon sirnilar strained silicon 
technology. 

[0004] US. Pat. 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 ?eld applied to the 
gate electrode, are con?ned in the second silicon layer, thus, 
an n-channel MOSFET is asserted to have a higher rnobility. 

[0005] US. Pat. No. 4,937,204 to Ishibashi et al. discloses 
a superlattice in Which a plurality of layers, less than eight 
rnonolayers, and containing a fraction or a binary cornpound 
serniconductor layers, are alternately and epitaxially groWn. 
The direction of main current How is perpendicular to the 
layers of the superlattice. 

[0006] US. Pat. No. 5,357,119 to Wang et al. discloses a 
Si—Ge short period superlattice With higher rnobility 
achieved by reducing alloy scattering in the superlattice. 
Along these lines, US. Pat. No. 5,683,934 to Candelaria 
discloses an enhanced rnobility MOSFET including a chan 
nel 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. 

[0007] US. Pat. No. 5,216,262 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 

Feb. 10, 2005 

of SiOZ/Si With a thickness generally in a range of tWo to six 
rnonolayers. Arnuch thicker section of silicon is sandWiched 
betWeen the barriers. 

[0008] An article entitled “Phenomena in silicon nano 
structure devices” also to Tsu and published online Sep. 6, 
2000 by Applied Physics and Materials Science & Process 
ing, pp. 391-402 discloses a serniconductor-atornic super 
lattice (SAS) of silicon and oxygen. The Si/O superlattice is 
disclosed as useful in a silicon quantum and light-ernitting 
devices. In particular, a green electrolurninescence diode 
structure Was constructed and tested. Current How in the 
diode structure is vertical, that is, perpendicular to the layers 
of the SAS. The disclosed SAS may include serniconductor 
layers separated by adsorbed species such as oxygen atoms, 
and CO molecules. The silicon groWth beyond the adsorbed 
rnonolayer of oxygen is described as epitaxial With a fairly 
loW defect density. One SAS structure included a 1.1 nrn 
thick silicon portion that is about eight atornic layers of 
silicon, and another structure had tWice this thickness of 
silicon. An article to Luo et al. entitled “Chernical Design of 
Direct-Gap Light-Ernitting Silicon” published in Physical 
RevieW Letters, Vol. 89, No. 7 (Aug. 12, 2002) further 
discusses the light emitting SAS structures of Tsu. 

[0009] Published International Application WO 02/103, 
767 A1 to Wang, Tsu and Lofgren, discloses a barrier 
building block of thin silicon and oxygen, carbon, nitrogen, 
phosphorous, antirnony, arsenic or hydrogen to thereby 
reduce current ?oWing 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. 

[0010] Published Great Britain Patent Application 2,347, 
520 to Mears et al. discloses that principles of Aperiodic 
Photonic Band-Gap (APBG) structures may be adapted for 
electronic bandgap engineering. In particular, the applica 
tion discloses that material parameters, for example, the 
location of band rninirna, effective mass, etc., can be tailored 
to yield neW aperiodic materials with desirable band-struc 
ture characteristics. Other parameters, such as electrical 
conductivity, thermal conductivity and dielectric perrnittiv 
ity or magnetic permeability are also disclosed as possible to 
be designed into the material. 

[0011] Despite considerable efforts at rnaterials engineer 
ing to increase the mobility of charge carriers and provide 
enhanced optical characteristics in semiconductor devices, 
there is still a need for greater irnprovernents. 

SUMMARY OF THE INVENTION 

[0012] In vieW of the foregoing background, it is therefore 
an object of the present invention to provide a method for 
making an electronic device comprising one or more active 
optical devices With enhanced energy band engineered mate 
rials. 

[0013] This and other objects, features, and advantages in 
accordance With the present invention are provided by a 
method for making an electronic device Which may include 
forrning ?rst and second integrated circuits including respec 
tive ?rst and second active optical devices establishing an 
optical communications link therebetWeen. The ?rst active 
optical device may include a superlattice including a plu 
rality of stacked groups of layers. More particularly, each 
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group of layers of the superlattice may include a plurality of 
stacked base semiconductor monolayers de?ning a base 
semiconductor portion and an energy band-modifying layer 
thereon. Moreover, the energy-band modifying layer may 
include at least one non-semiconductor monolayer con 
strained Within a crystal lattice of adjacent base semicon 
ductor portions. 

[0014] The ?rst active optical device may be an optical 
transmitter, and at least one portion of the superlattice of the 
optical transmitter may de?ne an optical emission region. 
The optical transmitter may further include at least one facet 
adjacent the optical emission region. Further, the ?rst active 
optical device may also be an optical receiver, and at least 
one portion of the superlattice of the optical receiver may 
de?ne an optical detector region coupled to the Waveguide. 
Moreover, the optical receiver may further include a light 
absorbing region adjacent the optical detector for absorbing 
scattered light. The second active optical device may also 
include the superlattice. 

[0015] The superlattice may have a common energy band 
structure therein, and the superlattice may have a higher 
charge carrier mobility than Would otherWise be present 
Without the at least one non-semiconductor monolayer. By 
Way of example, each base semiconductor portion may 
comprise at least one of silicon and germanium, and each 
energy band-modifying layer may comprise oxygen. 

[0016] Additionally, each energy band-modifying layer 
may be a single monolayer thick, and each base semicon 
ductor portion may be less than eight monolayers thick, for 
eXample. The superlattice may also have a substantially 
direct energy bandgap, and it may further include a base 
semiconductor cap layer on an uppermost group of layers. 
Each energy band-modifying layer may include a non 
semiconductor selected from the group consisting of oXy 
gen, nitrogen, ?uorine, and carbon-oxygen, for eXample. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a top plan vieW of an integrated circuit in 
accordance With the present invention including active opti 
cal devices and a Waveguide having an energy band engi 
neered superlattice. 

[0018] FIG. 2A is a schematic cross-sectional vieW of the 
integrated circuit of FIG. 1 taken along line 2-2. 

[0019] FIG. 2B is an enlarged schematic cross-sectional 
vieW illustrating an alternate embodiment of the Waveguide 
of the integrated circuit of FIG. 2A. 

[0020] FIG. 3 is a cross-sectional end vieW of the inte 
grated circuit of FIG. 1 taken along line 3-3 and illustrating 
the Waveguide thereof. 

[0021] FIG. 4 is a top plan vieW of an electronic device in 
accordance With the present invention including ?rst and 
second integrated circuits each having an active optical 
element With an energy band engineered superlattice. 

[0022] FIG. 5 is a schematic cross-sectional vieW of the 
electronic device of FIG. 4 taken along line 5-5. 

[0023] FIG. 6 is a schematic cross-sectional vieW illus 
trating the electronic device of FIG. 4 implemented in a 
multi-chip module. 
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[0024] FIG. 7 is a greatly enlarged schematic cross 
sectional vieW of the superlattice material used in the 
integrated circuits of FIGS. 1 and 4. 

[0025] FIG. 8 is a perspective schematic atomic diagram 
of a portion of the superlattice material used in the integrated 
circuits of FIGS. 1 and 4. 

[0026] FIG. 9 is a greatly enlarged schematic cross 
sectional vieW of another embodiment of a superlattice 
material that may be used in the integrated circuits of FIGS. 
1 and 4. 

[0027] FIG. 10A is a graph of the calculated band struc 
ture 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. 
7 and 8. 

[0028] FIG. 10B is a graph of the calculated band struc 
ture 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. 7 and 
8. 

[0029] FIG. 10C is a graph of the calculated band struc 
ture 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. 9. 

[0030] FIGS. 11-13 are schematic cross-sectional vieWs 
illustrating a method for making the integrated circuit of 
FIG. 1. 

[0031] FIGS. 14-15 are schematic cross-sectional vieWs 
illustrating a method for making the electronic device of 
FIG. 4. 

[0032] FIGS. 16 and 17 are cross-sectional vieWs illus 
trating alternate contact con?gurations for the optical detec 
tor region of the integrated circuit of FIG. 1. 

[0033] FIG. 18A is a top-plan vieW of another alternate 
contact con?guration for the optical detector region of the 
integrated circuit of FIG. 1. 

[0034] FIG. 18B is a cross-sectional vieW of the optical 
detector of FIG. 18A taken along line 18B-18B. 

[0035] FIGS. 19A-19C are cross-sectional vieWs illustrat 
ing alternate embodiments of the Waveguide of FIG. 3. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0036] The present invention Will noW be described more 
fully hereinafter With reference to the accompanying draW 
ings, 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 and multiple prime notation 
are used to indicate similar elements in alternate embodi 
ments. 

[0037] The present invention relates to controlling the 
properties of semiconductor materials at the atomic or 
molecular level to achieve improved performance Within 
semiconductor devices. Further, the invention relates to the 
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identi?cation, creation, and use of improved materials for 
use in the conduction paths of semiconductor devices as Well 
as in optical devices. 

[0038] 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 de?nitions in the literature. As a 
measure of the improvement in effective mass Applicants 
use a “conductivity reciprocal effective mass tensor”, Me“1 
and Mlfl for electrons and holes respectively, de?ned as: 

[0039] for electrons and: 

Will-(BF. T) = 

[0040] for holes, Where f is the Fermi-Dirac distribution, 
EF 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 nth energy 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. 

[0041] Applicants’ de?nition of the conductivity recipro 
cal 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 superlattices 
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. Moreover, these super 
lattices also may advantageously be con?gured to provide 
direct band gaps and, thus, desired optical transmission 
characteristics. 

[0042] 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 may be used to distinguish improved mate 
rials. 

[0043] Using the above-described measures, one can 
select materials having improved band structures for speci?c 
purposes. One such eXample Would be a superlattice 25 
material for use in optical elements in a semiconductor 
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device, such as the integrated circuit 20 illustrated in FIGS. 
1 and 2A. The integrated circuit 20 illustratively includes 
tWo active optical devices formed in a semiconductor sub 
strate 21 (e.g., silicon). The ?rst active optical device is an 
optical transmitter 22, and the second optical device is an 
optical receiver 23. Furthermore, a Waveguide 24 is coupled 
betWeen the optical transmitter 22 and the optical receiver 
23. In the illustrated embodiment, each of the optical trans 
mitter 22, optical receiver 23, and Waveguide 24 includes the 
superlattice material 25, Which Will be described further 
beloW. The superlattice material 25 is shoWn With stippling 
in FIG. 1 for clarity of illustration. 

[0044] It should be noted that the superlattice material 25 
need not be used in each of the optical transmitter 22, optical 
receiver 23, and Waveguide 24 in all embodiments. For 
eXample, the superlattice material 25 may be used solely in 
the optical transmitter 22 and/or receiver 23, or it may be 
used in the Waveguide 24 With or Without being used in 
either of the optical transmitter or receiver. Furthermore, 
While only a single optical transmitter 22, optical receiver 
23, and Waveguide 24 are shoWn for clarity of illustration, it 
Will be appreciated by those skilled in the art that numerous 
such devices may be included Within the integrated circuit 
20. On the other hand, in some embodiments a single type 
of active optical device may be included in the semicon 
ductor device 20, and there may be one or more of such 
devices. 

[0045] In the illustrated embodiment, the superlattice 
material portion of the optical transmitter 22 de?nes an 
optical emission region of the optical transmitter Which is 
coupled to the Waveguide 24. The optical transmitter 22 also 
illustratively includes a pair of facets 26a, 26b and conduc 
tive contacts 27 (e. g., metal or silicide contacts) adjacent the 
optical emission region to de?ne a laser light transmitter. It 
should be noted that, While the contacts 27 are not shoWn in 
section in FIG. 1, they are hatched for clarity of illustration. 

[0046] More particularly, the optical emission region and 
facets 26a, 26b de?ne an optical cavity that contains photons 
emitted When a voltage is applied across the contacts 27. The 
?rst facet 26a is located on the side of the optical emission 
region opposite the Waveguide 24, and it is made to re?ect 
the photons. The facet 26b, on the other hand, is positioned 
betWeen the optical emission region and the Waveguide 24, 
and it is made partially re?ecting so that some radiation can 
escape from the cavity into the Waveguide, as Will be 
appreciated by those skilled in the art. It should be noted that 
various other optical transmission con?gurations may be 
used. By Way of eXample, the optical transmitter 22 may be 
a light emitting diode (LED). 
[0047] In the optical receiver 23, the superlattice material 
25 de?nes an optical detector region Which is illustratively 
coupled to the Waveguide 24. The optical detector region 
receives the photons emitted from the optical emission 
region of the optical transmitter 22 via the Waveguide 24, 
Which may then be detected as a voltage across top and 
bottom contacts 31t, 31b (e.g., metal or silicide contacts) 
coupled to the optical detector region. Moreover, if desired, 
the optical receiver 23 may further include a light absorbing 
region 28 Which is doped in the substrate 21 adjacent the 
optical detector for absorbing scattered light, as Will be 
appreciated by those skilled in the art. 

[0048] The bottom contact 31b may be a metal via Which 
is electrically connected to the bottom portion of the super 
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lattice 25 in the optical detection region through a doped 
contact region 32. HoWever, those skilled in the art Will 
appreciate that numerous contact arrangements are possible 
for both the optical transmitter 22 and the optical receiver 23 
(e.g., top/bottom, front-back, side contacts), depending upon 
the given implementation. 

[0049] By Way of example, several additional contact 
con?gurations are illustrated in FIGS. 16-18. More particu 
larly, an optical detection region is illustrated in FIG. 16 in 
Which the superlattice 25 is formed on a substrate 160, and 
a plurality of back-to-back p-type and n-type regions 161, 
162, respectively, are doped through the superlattice into the 
substrate. The superlattice 25 is shoWn With dashed lines in 
the areas Where doping has occurred for clarity of illustra 
tion. Contacts 163, 164 (e.g., metal or silicide) are respec 
tively formed on the top of the p-type and n-type regions 
161, 162. In operation, the p-n regions 161, 162 are reverse 
biased and conduct When photons arrive in the depletion 
regions therebetWeen, creating charge carriers in the super 
lattice 25, as Will be appreciated by those skilled in the art. 
Using a plurality of p-n regions advantageously alloWs more 
light to be captured, Which may be desirable in certain 
embodiments Where a relatively small thickness of the 
superlattice 25 is used. 

[0050] Another embodiment is illustrated in FIG. 17, in 
Which the superlattice 25 is formed on a substrate 170 
having a ?rst conductivity type (e.g., n-type). Atop cap layer 
52 of the superlattice 25, Which is described further beloW, 
is implanted With an impurity of a second conductivity type 
(e.g., p-type). Further, a contact region 172 of the ?rst 
conductivity type is doped through the superlattice 25 to the 
substrate 170, Which provides a bottom contact to the 
superlattice. A contact 173 is formed on the cap layer 52 to 
provide a top contact for the superlattice 25, and a contact 
174 is also formed on the contact region 172. 

[0051] Yet another embodiment is illustrated in FIGS. 
18A and 18B, in Which a p-type contact region 181 and an 
n-type contact region 182 are formed in a substrate 180 (e. g., 
n-type) in parallel With the path light travels through the 
superlattice 25, as shoWn With a dashed arroW in FIG. 18A. 
Again, contact regions 183 and 184 are respectively formed 
on the p and n-type contact regions 181, 182. 

[0052] From the foregoing it Will be appreciated by those 
skilled in the art that the contact regions may advanta 
geously be con?gured in numerous Ways relative to the 
given orientation of the superlattice 25 and the direction of 
light propagation depending upon the particular implemen 
tation. Generally speaking, it is desirable to minimiZe the 
distance that light has to pass through the doped regions to 
avoid signal loss, as Will be appreciated by those skilled in 
the art. Also, While the foregoing contact con?gurations 
Were described With reference to optical receivers, it Will be 
appreciated that they may be used for optical transmitters as 
Well. 

[0053] While the superlattice 25 is shoWn as being sub 
stantially lateral or parallel to the upper surface of the 
substrate in the above-noted embodiments, the superlattice 
may also be substantially vertically oriented (i.e., perpen 
dicular to the upper surface of the substrate) in other 
embodiments, for example, and the contact regions con?g 
ured accordingly. Further details regarding vertical imple 
mentations of the superlattice 25 in semiconductor devices 
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is provided in co-pending application entitled SEMICON 
DUCTOR DEVICE COMPRISING AVERTICAL SUPER 
LATTICE STRUCTURE, attorney docket number 62651. 

[0054] As noted above, the Waveguide 24 transports the 
photons generated by the optical transmitter 22 to the optical 
receiver 23. In the embodiment illustrated in FIG. 1, the 
Waveguide 24 is a rib Waveguide including an upper layer 29 
on the superlattice material 25 de?ning a rib 33. By Way of 
example, the layer 29 may be an epitaxial silicon layer (or 
layers) groWn on top of the superlattice 25 (or it could be the 
cap layer of the superlattice). In certain embodiments, it may 
be desirable to increase the thickness of the superlattice 
material 25 adjacent the optical transmitter 22 and/or optical 
receiver 23 to facilitate alignment of the various compo 
nents, as shoWn in the enlarged vieW of FIG. 2B. 

[0055] A cross-sectional vieW of the rib Waveguide 24 is 
illustrated in FIG. 3. The light transmission ?eld 34 is 
shoWn With dashes and extends Within the rib 33, layer 29, 
and into the superlattice 25. For the illustrated example, the 
superlattice 25 of the Waveguide 24 may be about 500 nm in 
thickness, While the layer 29 and rib 33 may be about 2 to 
4 pm thick, although other dimensions may also be used. 

[0056] Another similar Waveguide 24‘ is illustrated in 
FIG. 19A. The Waveguide 24‘ is also a rib Waveguide, but 
rather than being formed directly on the substrate 21‘ it is 
instead formed on an insulating layer 190‘ (e.g., silicon 
dioxide) to provide a silicon-on-insulator (SOI) implemen 
tation, as Will be appreciated by those skilled in the art. 
Another SOI rib Waveguide 24“ is illustrated in FIG. 19B. 
Here, p+ and n+regions 191“, 192“ are included for biasing 
the superlattice 25“, Which extends therebetWeen. Yet 
another exemplary Waveguide embodiment is illustrated in 
FIG. 19C. The Waveguide 24“‘ is a ridge Waveguide, Where 
the ridge is made up a vertical stack of top and bottom 
semiconductor (e.g., silicon or germanium) layers 193‘“, 
194‘“ With the superlattice 25‘“ therebetWeen. The ridge may 
optionally be formed on the insulating layer 190‘“, if desired. 

[0057] It Will be appreciated by those skilled in the art that 
numerous con?gurations of elements may be used to provide 
different features in different embodiments. For example, a 
single optical transmitter 22 could be used to distribute clock 
and/or data signals optically to numerous other components 
of the integrated circuit 20. For example, the Waveguide 24 
may be con?gured in a netWork, such as an H-tree netWork, 
to distribute clock and/or data signals to a plurality of optical 
receivers 23 distributed throughout the integrated circuit 20, 
as Will be appreciated by those skilled in the art. Moreover, 
the Waveguide 24 including the superlattice 25 may also 
advantageously be used for providing voltage isolation 
betWeen components, i.e., as an opto-isolator. This may be 
particularly important Where high voltage components are 
included in the integrated circuit 20. 

[0058] While the integrated circuit 20 advantageously 
provides “on-chip” optical communications betWeen the 
optical transmitter 22 and optical receiver 23, multiple 
integrated circuits may be combined in accordance With the 
present invention to also provide off-chip or betWeen-chip 
optical communications. Referring to FIGS. 4 and 5, an 
electronic device 60‘ illustratively includes a ?rst integrated 
circuit 20a‘ having an optical transmitter 22‘, and a second 
integrated circuit 20b‘ having an optical receiver 23‘. In the 
illustrated embodiment, the optical transmitter 22‘ includes 



US 2005/0029510 A1 

an optical emission region de?ned by the superlattice 25a‘ 
and contacts 27‘ coupled thereto. Here, the optical emission 
region is positioned adjacent an edge of the integrated circuit 
20a‘ to provide an edge emitting device as shoWn. 

[0059] The ?rst and second integrated circuits 20a‘, 20b‘ 
are positioned relative to one another so that the optical 
transmitter 22‘ and optical receiver 23‘ are aligned to estab 
lish an optical communications link therebetWeen. In the 
exemplary embodiment, the optical communications link is 
a free space optical (FSO) communications link, as shoWn. 
HoWever, a Waveguide or other optical elements/devices 
(e. g., lenses, mirrors, etc.) may also be coupled in the optical 
path betWeen the optical transmitter 22‘ and optical receiver 
23‘ in certain embodiments, if desired. 

[0060] Moreover, it should be noted that con?gurations 
other than edge emitting/receiving devices may also be used. 
By Way of example, the optical transmitter 22‘ may be a 
vertical surface emitting device. Various optical elements/ 
devices may also be used With such a surface emitting 
con?guration, such as a hologram grating and/or mirror, for 
example, as Will be appreciated by those skilled in the art. In 
one particularly advantageous embodiment, the electronic 
device 60‘ may be implemented in a multi-chip module 61‘ 
(FIG. 6), as Will be appreciated by those skilled in the art, 
although other con?gurations may also be used. 

[0061] Referring additionally to FIGS. 7 and 8, the super 
lattice 25 for use in the integrated circuit 20 is noW further 
described. The materials/structures used to form the super 
lattice 25, Whose structure is controlled at the atomic or 
molecular level, 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 speci?c 
reference to the schematic cross-sectional vieW of FIG. 7. 

[0062] Each group of layers 45a-45n of the superlattice 25 
illustratively includes a plurality of stacked base semicon 
ductor monolayers 46 de?ning a respective base semicon 
ductor portion 46a-46n and an energy band-modifying layer 
50 thereon. The energy band-modifying layers 50 are indi 
cated by stippling in FIG. 7 for clarity of illustration. 

[0063] The energy-band modifying layer 50 illustratively 
includes one non-semiconductor monolayer constrained 
Within a crystal lattice of adjacent base semiconductor 
portions. In other embodiments, more than one such mono 
layer may be possible. It should be noted that reference 
herein to a non-semiconductor/semiconductor monolayer 
means that the material used for the monolayer Would be a 
non-semiconductor/semiconductor if formed in bulk. That 
is, a single monolayer of material, such as a semiconductor, 
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. 

[0064] 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 another 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 structure. 
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[0065] As a result of the band engineering achieved by the 
present invention, the superlattice 25 may have a substan 
tially direct energy bandgap, Which is particularly advanta 
geous for opto-electronic devices, as discussed further 
beloW. As Will be appreciated by those skilled in the art, 
transportation of charge carriers through the superlattice is 
in a parallel direction relative to the layers of the stacked 
groups 45a-45n. 

[0066] The superlattice 25 also illustratively includes a 
cap layer 52 on an upper layer group 4511. The cap layer 52 
may comprise a plurality of base semiconductor monolayers 
46. The cap layer 52 may have betWeen 2 to 100 monolayers 
of the base semiconductor, and, more preferably betWeen 10 
to 50 monolayers. 

[0067] Each base semiconductor portion 46a-46n may 
comprise a base semiconductor selected from the group 
consisting of Group IV semiconductors, Group III-V semi 
conductors, and Group II-VI semiconductors. Of course, the 
term Group IV semiconductors also includes Group IV-IV 
semiconductors, as Will be appreciated by those skilled in 
the art. More particularly, the base semiconductor material 
may comprise at least one of silicon and germanium, for 
example 
[0068] Each energy band-modifying layer 50 may com 
prise a non-semiconductor selected from the group consist 
ing of oxygen, nitrogen, ?uorine, 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-semiconduc 
tor may be another inorganic or organic element or com 
pound that is compatible With the given semiconductor 
processing as Will be appreciated by those skilled in the art. 

[0069] 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 occu 
pied. For example, With particular reference to the atomic 
diagram of FIG. 8, a 4/1 repeating structure is illustrated for 
silicon as the base semiconductor material, and oxygen as 
the energy band-modifying material. Only half of the pos 
sible sites for oxygen are occupied. 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 ?at plane, 
as Will also be appreciated by those of skill in the art of 
atomic deposition. By Way of example, a preferred occupa 
tion 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. 

[0070] Silicon and oxygen are currently Widely used in 
conventional semiconductor processing, and, hence, manu 
facturers 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. 

[0071] It is theoriZed Without Applicants Wishing to be 
bound thereto that for a superlattice, such as the Si/O 








