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The possibility induction of light emission from silicon, an indirect bandgap material in which 
radiative transitions are unlikely, raises several interesting and technologically important 
possibilities, especially the fabrication of a truly integrated optoelectronic microchip. In this 
article, the natural considerations that constrain silicon from emitting light efficiently are 
examined, as are several engineered solutions to this limitation. These include intrinsic and 
alloy-induced luminescence; radiatively active impurities; quantum-confined structures, 
including zone folding and the recent developments in porous silicon; and a hybrid ap- 
proach, the integration of direct bandgap materials onto silicon. 

T h e  electronic revolution that has made a 
very profound impact on every aspect of life 
todav has been made possible bv micromin- 
iaturization, a high level of functional inte- 
gration with a simultaneous reduction of 
cost. The integration of optical compo- 
nents onto a Si-based chip allows further 
functional integration and consequently 
the realization of new concepts. To a lim- 
ited extent, optoelectronic integration has 
been achieved within the confines of the 
technology of 111-V materials and their 
hybridization with Si chips. More recently, 
there have been modest gains in the appli- 
cation of Si processing to the fabrication of 
several optoelectronic components and 
their limited integration into Si-based tech- 
nology. These include detectors ( I ) ,  wave 
guides ( 2 ) ,  modulators (3), interferometers, 
and switches. These components are all 
optically passive in that there is no means . - 
to stimulate light emission from the silicon. 

It can be argueJ that the inability of Si 
to emit light seriously compromises our 
ability to get true large-scale optoelectronic 
integration at reasonable cost. By semicon- 
ductor standards, Si is rather mediocre. The 
mobilitv of electrons in Si is low when 
compared with several compounds of 111 
and V materials, and above all, its bandgap 
is indirect. These drawbacks, however, are 
compensated for by its easy processability, 
its superior structural properties, and the 
tremendous knowledge that we have gained 
about Si. 

It is important to understand what 
makes Si an indirect bandgap material. 
Most semiconductors are direct gap materi- 
als. The band structure of a material is 
intimately dependent on several factors, 
including crystal structure, lattice constant, 
chemical species, bonding and bond 
lengths, electronegativity, stiffness, and 
elasticity. Many of these factors are lumped 
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into the crystal potential, which is then 
used in the crvstal Hamiltonian to solve for 
the crystal wave equation. Conventionally, 
the band structure of a semiconductor is 
represented by the dispersion relation 
E,(k), where E is the energy of an electron 
(or hole) at the band edge with a wave 
vector k in the first Brillouin zone (BZ) 
(Fig. 1) (4). 

Crystal symmetry requires that E(k) 
have extrema at the zone center and the 
zone boundarv. However. these are not the 
only points at which extrema can occur. In 
the case of the essentially covalent group IV 
elements and compounds (C, Sic ,  Si, and 
Ge, for example), additional extrema occur 
in the lowest lying conduction bands away 
from the zone center. Note that the va- 
lence band structure for most semiconduc- 
tors is similar, especially at k = 0, the zone 
center. The energy gap is the difference 
between the valence band at k = 0 and the 
lowest point in the conduction band. 
When this lowest point occurs at k = 0, the 
semiconductor is direct gap because a tran- 
sition can occur at the zone center with 
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Fig. 1. Energy dispersion relations for common 
semiconductors Ge, Si, and GaAs. Shows ener- 
gy gap (E,): the direct gap of GaAs and indirect 
gap for Ge and Si. Electrons at the conduction 
band minimum (minus signs) in an indirect semi- 
conductor need the assistance of a phonon to 
relax into the state filled with holes (plus signs) at 
the maximum of the valence band (4). 

both the initial and final states having the 
same momentum vector k = 0. A good 
example of such a case is GaAs. 

The case of Ge is verv interesting in that 
a higher order band actually has aWslightly 
lower energy in the X, that is, ( I l l ) ,  
direction of the BZ. Thus, Ge barely misses 
being direct gap. The minimum of its con- 
duction band, which is the lowest occupied 
conduction band state, is called a sateilite 
minimum. It is the nearest thing to a direct 
semiconductor that occurs naturally in the 
group IV systems. In Si, satellite minima in 
the L (100) direction impart a decisively 
indirect nature to the bandgap. Tin is an 
interesting group IV element in that its 
diamond allotrop, a-Sn, is a semimetal, 
that is, it has no energy gap at 0 K. We will 
discuss the possibilities of using alloys to 
bring about direct transitions later in this 
article and show how Sn can play a role. 

In a direct semiconductor, radiative 
transitions can occur quite easily as an 
electron excited into the conductibn band 
minimum at k = O can spontaneously decay 
into the valence band state also at k = 0. 
yielding a photon of energy equal to the 
bandgap (in semiconductor parlance, this is 
referred to as an electron hole radiative 
recombination). In an indirect semicon- 
ductor, a change of the electron momen- 
tum or wave vector is also needed. This can 
be accomplished by the transfer of momen- 
tum to the crystal through the creation of a 
phonon with a wave vector equal to that of 
the initial conduction-band state. This 
three-body event (electron, hole, and pho- 
non) is significantly less likely to occur than 
a direct electron hole recombination. A 
phonon of the right k-vector and energy 
must participate, the phonon availability 
being governed in part by the phonon 
dispersion relation. This simply explains 
the inability of indirect gap semiconductors 
to emit light efficiently. 

The indirect gap also affects absorption 
of incident radiation. Photoexcitation of 
carriers can occur both bv the absor~tion 
and emission of phonons in indirect semi- 
conductors. The absorption coefficient, a ,  
has quadratic dependence on photon ener- 
gy and has two branches. In direct semicon- 
ductors, no phonon assistance is needed, 
and a has a parabolic dependence on inci: 
dent photon energy. The net result is that 
when band-to-band absorption occurs in 
direct semiconductors, the incident radia- 
tion is absorbed to much shallower depth 
than in an indirect semiconductor. A state 
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Fig. 2. (A) Photolumines- 
cence (PL) spectra (cor- 
rected for the response of 
the optical system) of Si-S 
at 60 and 15 K (58). (6) 
Uncorrected PL spectrum 
of Si-Be at 7 K. (Inset) 
Thermalization behavior of 
the higher energy lumines- 
cence system (10). 

in the forbidden gap can also mediate an 
electron-hole recombination. In an indirect 
semiconductor, phonon assistance may still 
be required, making gap state-mediated 
radiative recombination potentially less ef- 
ficient than a direct transition. These con- 
cepts are developed more rigorously in some 
of the classic textbooks (5) .  

One more introductory point concem- 
ing excitonic luminescence is in order. 
Excitons are electron-hole pairs that are 
bound to each other and may, in addition, 
be either free or bound to impurities. When 
excitons decay radiatively, light is emitted. 
Excitonic luminescence is a good indicator 
of material quality, but unfortunately, in 
general, excitons have lifetimes at room 
temperature that are too short to be signif- 
icant. However, recent work by a few 
groups (6) has shown that the confinement 
of the exciton in a quantum well can be 
used to tune the emission wavelength as 
well as to increase the excitonic lifetime. 
At present, however, we believe that exci- 
tonic luminescence is more appropriate as a 
diagnostic tool. 

Engineering Luminescent 
Transitions in Silicon 

A number of avenues are available for the 
engineering of luminescing transitions in an 
otherwise indirect material. Luminescence 
is a result of significant overlap (in direct 
and reciprocal space) in the electron and 
hole wave functions. Whenever there is 
such overlap, luminescence is possible. 
However, the strength of the lumines- 
cence, that is, the emission rate and quan- 
tum efficiency, depends on the extent of 
this overlap and the transition probability. 
Engineering solutions seek to increase this 
overlap and can be split into four classes. 

1) In impurity-mediated luminescence, 
an impurity that has an energy level in the 
gap of the semiconductor is used as an 
intermediary state through which the elec- 
tron can recombine with the hole. The 
impurity level must be dispersed in k-space 
to be efficient. 

2) Band structure engineering makes 
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use of alloys. Two or more group IV ele- 
ments are alloyed to shift the energy bands 
a little so that a direct transition is allowed. 

3) Quantum confinement can also in- 
crease the probability of a direct transition. 
We consider two related phenomena: zone 
folding-where an ultra-short-period su- 
perlattice with periodicity comparable with 
the lattice constant induces greater overlap 
of the conduction band states at the zone 
edge with the valence band states at the 
zone center, increasing the possibility of a 
direct transition-and other strict quantum 
confinement in one or zero dimensions, 
such as in quantum wires and dots. We 
discuss this with special reference to recent 
results from porous Si. 

4) Strictly hybrid approaches, in which 
a direct bandgap material is grown on or 
joined to Si. 

Luminescence Through 
Impurities in Silicon 

Electron-hole pairs injected either electron- 
ically or optically can recombine through 
impurity centers with enhanced recombina- 
tion rates compared with those of the pure 
Si crystal, in which recombination is intrin- 
sically very slow (up to several millisec- 
onds). The enhancement, in a simplified 
manner, can be considered as the conse- 
quence of the relaxed k-selection (momen- 
tum conservation) requirement that is 
caused by the localization of the electron- 
hole pairs near impurity centers. The de- 
tailed processes depend on the properties of 
the specific impurity center, such as the 
symmetry of the impurity state with respect 
to that of the wave functions of the elec- 
trons and holes, the degree of localization, 
and so on. The energy from the recombi- 
nation of an electron-hole pair can be 
released by the generation of a photon, a 
phonon or phonons, or through a variety of 
other channels. Each of these channels has 
a certain probability, and the one that has 
the highest probability dominates the na- 
ture of a given impurity center. 

For example, the centers for which the 
dominant energy release channel is the emis- 

sion of a photon are customarily termed 
"radiative impurity centers," whereas those 
for which the dominant energy release chan- 
nel is phonon emission, the Auger process 
and so forth. are termed "nonradiative im- 
purity centers." In Si, the recombination of 
electron-hole pairs through impurity cen- 
ters is, in general, nonradiative. Of the 
limited number of known radiative impurity 
centers in Si, only isoelectronic centers (7) 
and rare-earth centers (8) will be discussed 
here because of their relative technological 
imuortance. 

The term isoelectronic centers stems 
from the fact that these impurities are iso- 
valent with the Si in the lattice; in other 
words, they are electrically neutral. One 
such example is the S-doped Si (Si-S). 
Samples are usually fabricated by ion im- 
plantation or diffusion of S into Si followed 
by a high-temperature anneal (= 1200°C) 
and a rapid quench (9). The photolumines- 
cence (PL) spectrum of Si-S consists of two 
peaks: one broad peak at a wavelength of 
1.32 pm and one sharp peak near 1.50 pm 
(Fig. 2A). Although the 1.32-pm emission 
does persist to a temperature of T = 170 K, 
the 1.50-pm emission decays much more 
rapidly as sample temperature rises. The 
thermal dissociation energy for the 1.32-pm 
bound exciton emission is experimentally 
determined to be =I39 meV. The quantum 
efficiency at low temperatures is 2 to 5% and 
is dependent on PL excitation power. 

Another example of radiative isoelec- 
tronic centers in Si is the Be-Be pair (10). 
The PL spectrum of Si-Be is dominated by a 
cluster of peaks around 1.08 eV (Fig. 2B). 
Recently, Modavis and his co-workers ( I  1) 
have fabricated GeSi-Si quantum wells 
doped with Be. The quantum wells are 
believed to provide confinement for excitons 
and thus raise their dissociation temperature 
(12). For Si-Be, the PL intensity decreases 
with increasing sample temperature (for T > 
34 K) and disappears at about 60 K. 

There are several common characteris- 
tics of luminescence through isoelectronic 
centers in Si. (i) It is vanishingly weak at 
300 K. The luminescence intensity togeth- 
er with the quantum efficiency increase 
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with decreasing temperature as the result of 
reduced nonradiative recombination rates 
at low temperatures, among other reasons. 
(ii) The quantum efficiency is a few percent 
at low temperatures. (iii) Because of the 
long spontaneous emission lifetime (milli- 
seconds), the radiative process is vulnerable 
to the competing nonradiative recombina- 
tion processes. These nonradiative pro- 
cesses determine the minority carrier life- 
time at high temperatures. 

The luminescence mechanism in rare- 
earth doped Si is fundamentally different 
from that of the isoelectronic centers. For 
simplicity, only Er-doped Si (Si-Er) will be 
discussed. The characteristic feature of the 
Si-Er luminescence process is that it is an 
internal transition of the 4f states of E?+ 
(1 3) (analogous to gas ions in a gas laser). 
The luminescence has one very sharp peak 
at 1.54 Fm, a wavelength that is important 
for optical fiber communications. However, 
the advantage of the emission wavelength is 
offset by the fact that the 4f-4f transitions 
are forbidden in the case of free ES+ by the 
parity selection rule and are possible in Si 
crystal only because of the crystal field. The 
crystal field intermixes states of opposite 
parities (14) and splits each single state of a 
free ESf into a manifold of substates with 
slightly different energies. The forbidden 
origin of these transitions makes the tran- - 
sition probability fairly low, which is man- 
ifested as the long spontaneous emission 
lifetime (milliseconds) and the small in- 
teraction cross section with electromag- 
netic waves. 

For optoelectronic applications, the in- 
terest is in luminescence as a result of the 
electronic current injection, known as elec- 
troluminescence (EL). To date, EL from 
the Er impurity has been observed in many 
Er-doped semiconductors, including Si 
(1 5), although the quantum efficiency and 
the overall photon intensitv have been low. 
The detaileh mechanism of energy transfer 
from the recombination of electrons and 
holes to E?+ is not understood. The pre- 
sumed process of EL is illustrated in Fig. 3, 
where the atomic transitions within the 
ES+ are shown in relation to the Si con- 
duction and valence band. Some processes 
and states are not known. Studv of the 
properties of the Er defect state as i; appears 
to the injected camers in the conduction 
and valence bands and the detailed mech- 
anism of energy transfer are two of the most 
challenging areas in the research of Er- 
doped semiconductors. Another technolog- 
ically important factor is the low solid 
solubility of Er in Si, as low as .= 10" cm3. 
The long spontaneous emission lifetime, 
small interaction cross section, and the low 
solid solubility are serious hurdles for the 
use of Er-doped Si in optoelectronic appli- 
cations (1 6). 

Fig. 3. Illustrative drawing of the electrolumi- 
nescence (EL) process of Er3+ in Si in relation 
to Si conduction band (CB) and valence band 
(VB). Detail indicates energy levels of Er3+. 
Question mark indicates unknown energy sep- 
aration or energy transfer path. 

Although the rare-earth elements and - 
isoelectronic centers in Si are fundamental- 
ly different, there are some common fea- 
tures. Three of the most im~ortant  com- 
mon features are listed below. 

1) The localization of charged carriers 
by the short-range potential associated with 
the radiative im~urities in Si enhances the 
zero-phonon transition probability for the 
injected electron-hole pairs. The enhance- 
ment is generally moderate, however, 
which leaves the luminescence vulnerable 
to nonradiative shunt oaths from unwanted 
but ever-present deep-level defects. Conse- 
quently, the samples may luminesce with 
acceptable quantum efficiency at low tem- 
peratures, but all of them degrade signifi- 
cantlv as the temperature is raised. To date. 
there is no impurity doping in Si that can 
result in a 300 K quantum efficiency close 
to that of Gap-N ( ~ 0 . 1 % )  (1 7), the mate- 
rial in commercial light-emitting diodes 
(LEDs). Research for efficient radiative im- 
purities in Si is an ongoing effort. 

2) The maximum concentration of a 
certain type of impurity in Si is limited by 
the solid solubilitv. This results in the 
saturation of the output optical intensity 
with pumping intensity. 

3) The understanding of the lumines- - 
cence mechanisms is incomplete for both 
isoelectronic centers and Si-Er. In the for- 
mer case, questions remain as to the details 
of the microstructures of the im~uritv com- . , 
plexes and their associated short-range po- 
tential. In the case of Si-Er, the excitation 
mechanism is still in question. 

We take a brief look at material that is 
used for commercial blue LEDs, namely, 
Sic.  Crystallographically, S i c  has a poly- 
type structure with a variety of packing 
orders between Si and C (18). It also has an 
indirect energy band structure very similar 
to that of Si. The values of the energy 
bandgap range from 2.2 to 3.3 eV for the 
different polytypes. The mechanism for the 
observed blue luminescence at 2.65 eV is 
believed to be associated with the A1 dop- 

Fig. 4. Band structure for Ge-Sn alloy. Shows 
transition from semimetal, direct gap, and indi- 
rect gap regimes. Schematic representations of 
the relevant conduction and valence band dis- 
persion relations are also shown (20). 

ing in 6H-Sic (a-Sic) (1 9). It is the wide 
bandgap and the know-how in the fabrica- 
tion of good pn junctions that gave S i c  
commercial viability. The external quan- 
tum efficiency, on the other hand, is fairly 
low (typical values range from 9 x for 
the 2.58-eV luminescence to 5 x for 
the 2.15-eV luminescence). This low quan- 
tum efficiency once again bears out the 
common characteristics of the impurity- 
mediated luminescence from indirect semi- 
conductors. Practically, this means that the 
currents needed to obtain EL are high, a 
disadvantage in many applications. 

Band Structure Engineering 
Through Alloying 

The achievement of compositional as well as 
strain modulation with allovs has ~roduced 
remarkable results in the engineering of the 
electronic properties of semiconductors in, 
for example, Sil-,Ge, alloys. Although al- 
lovs of Si and Ge and of Si and C do not 
cause any increase in the direct transition 
probabilitv. the case of Ge and Sn is an 
interesting one. Addition of about 23 atomic 
percent Sn to Ge is predicted to induce a 
direct transition (Fig. 4) (20). Furthermore, 
this direct gap is tunable from 0 to 0.5 eV as 
the Sn concentration is varied from 23 to 
65%. There have been many attempts to 
prove this theoretical prediction experimen- 
tally, but results have been mixed at best 
(2 1). Two problems plague the Ge-Sn sys- 
tem: the huge lattice mismatch to both Si 
and Ge. which no doubt introduces disloca- 
tions that in turn are verv likelv efficient 
nonradiative paths, and th i  extremely lim- 
ited solubility and phase instability of the 
alloy. The Si-Sn system may exhibit similar 
band structure variations but is also plagued 
with similar ~roblems. Attempts to elimi- 
nate the lattice-mismatch effect with the 
growth of Ge-Sn on lattice-matched sub- 
strates, such as CdTe, have not yet yielded 
convincing results of a direct gap alloy. 
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Fig. 5. (A) EL and (8) PL spectra show a typical 
broad feature in Si, -xGexalloys (here x = 0.18) at 
about 0.85 eV (22). The Si peak from the sub- 
strate IS also shown. The spectra are taken at 4.2 
K and persist until -80 K. Conditions for analysis: 
(A) 5 mA, 11.9 V, (B) 120 mW, 514.5 nm. 

Alloys of SiGe show an interesting lumi- 
nescence feature at about 0.85 eV (22) (Fig. 
5). The feature is broad and strong, and EL 
has been observed from this feature at tem- 
peratures as high as 80 K. The peak position 
tracks the strained bandgap of Sil-,Ge, 
lying below it by about 120 meV. Our 
present understanding of this feature is in- 
complete, but it is believed to be a result of 
com~ositional fluctuations. which lead to 
quantum-confined enhancement of either 
band edge or excitonic luminescence. The 
broadening observed in these spectra may be 
caused by size fluctuations of the luminescing 
entities. Once again, we emphasize that - 
these are as yet relatively weak features. 

Zone Folding 

The concept of zone folding was proposed 
by Gnutzmann and Clausecker (23) and is 
most easily explained with reference to Fig. 
6, where we show schematically the va- 
lence and conduction bands of Si along the 
X (100) direction of the BZ. The zone 

I 

boundarv is at Z~rsria, where a is the lattice 
constant. The concept of zone folding rests 
with an increase in the coupling of the 
conduction band minima at 0.8 of the zone 
boundarv with the valence band maxima at 
zone center. This is done conceptually by 
repeated folding of the BZ on itself in 
submultiples, chosen in this case to be 115. 
This defines the new reduced zone bound- 
ary about which the bands should be folded. 
Additionally, the requirement of extrema 
in the band structure (the Kramer condi- 
tions) at the minizone boundarv and zone 
center needs to be satisfied, resulting in the 
depicted zone-folded band structure. The 
vertical transition is referred to as a quasi- 
direct transition. In real suace. this trans- . . 
formation is effected by a decrease of the 
periodicity in the (100) direction by a factor 
of 5 (the superlattice is one-dimensional 
and transforms to reciprocal space as ~ l d ,  
where d is the period). This simple expla- 
nation assumes that the constituents of the 
superlattice have similar band structures. 
How do we realize this in uractice? One 
possible method is to make a superlattice of 

2dd00) 0 d d  Zda(100) 
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Fig. 6. Illustration of zone folding in the case of 
Si(100) (59). By folding in submultiples of one- 
fifth of the zone boundary, one can fold the 
conduction-band minimum, 0.2aia from the 
zone boundary, to zone center. This transition is 
now called quasi-direct. 

Si and a Si-like Sil-,Ge, alloy with the new 
period. However, one now has to account 
for the perturbations introduced by the 
interface and the fact that the Sil-,Ge, 
layer is strained (this itself causes shifts in 
the band position), and the simple multiple 
folding that is proposed is found not to yield 
the desired quasi-direct transition. 

The problem has been analyzed by sev- 
eral groups both theoretically (24, 25) and 
experimentally (26, 27). To summarize the 
result, one must account for the individual 
strains in the two superlattice constituents, 
as well as band offsets. Moreover, the low- 
est conduction band states in the unfolded 
structure need not fold to the lowest state in 
the folded structure; that is, the lowest 
conduction band state in the superlattice is 
indirect. In fact, this is the case for a 
Si,Ge, superlattice grown on Si (that is, 
Ge layers are strained) with m = n. 

A more elaborate analysis shows that 
quasi-direct transitions are more likely in 
structures in which the Ge layers are un- 
strained. However, in this and other cases, 
one must also be concerned with the dis- 
persion of the lowest lying states. If the 
dispersion is negative, the level that is zone 
folded is not the lowest level in that band. 
This negative dispersion is reduced when 
the period is increased, namely, when the 
individual layer thickness is increased. 

This brings up another important point. 
The character of the conduction band 
states is such that it is localized in the 
Si-like layers, while the valence band states 
are localized more in the Ge-like layer (this 
depends on the band offsets). Thus, al- 
though the transitions are "direct" in recip- 
rocal space, they are "indirect" in real space 
because the electrons and holes are local- 
ized in different layers, Si and Ge, respec- 
tively (hence the term quasi-direct) . Thus, 

Fig. 7. The PL (solid) and EL (dashed) spectra 
for a Si,Ge, mesa diode at 5 K (28). 

the optical transition matrix element that 
indicates the probability of the transition 
decreases as the period is made larger. All 
these considerations make the uractical re- 
alization of a direct gap zone-folded struc- 
ture quite difficult. In addition, if one re- 
quires a large number of periods so that the 
radiating volume is appreciable, structural 
stability of these strained layers is also a 
concern. There have been reports of low- 
temperature luminescence in Si,Ge4 super- 
lattices grown on a Si,-,Ge, (x = 0.4) 
substrate at about 0.85 eV. More recently, 
Presting et al. (28) reported 5 K PL and EL 
of comparable intensity in Si5Ge5 structures 
(Fig. 7). These results are encouraging, but 
we must be concerned with alloy-related 
luminescence that has been seen in buffer 
lavers as discussed earlier and with the fact 
that the luminescence is relatively weak 
and is negligible at 300 K. 

Quantum Wires and Dots 

Quantum confinement in thin (few nano- 
meters) wires or dots provides another pos- 
sible approach to the engineering of a direct 
transition. In many ways, the arguments are 
similar to those of zone folding. As one 
makes the physical structure of the semi- 
conductor into a fine quantum wire, the 
values of the allowed energy levels increase. 
This is analogous to the increasing energy 
levels for a particle in a quantum mechan- 
ical box. As a result, the bandgap of a 
semiconductor that is a quantum wire or 
dot increases (Fig. 8). Qualitatively, the 
confinement of the carriers in real space 
causes their wave functions to spread out in 
momentum space, which increases the like- 
lihood of strongly radiative transitions. In 
addition, scattering at the wire or dot 
boundaries, a very likely event, can supply 
the needed momentum more readily in a 
confined structure. 

Clearly, an exact estimation of the 
bandgap of a Si wire will be quite complex, 
but our qualitative arguments show that it is 
possible that such a structure could yield 
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direct, by which we mean strongly radia- 
tive, transitions. In fact, first principles 
calculations for a hydrogen-terminated Si 
filament 1.14 nm wide by Buda et al. (29), 
using density functional theory, gives a 
direct transition at k = 0 with an energy 
gap for the wire of 1.84 eV. Although the 
calculation is known to underestimate the 
gap, it shows that conceptually direct gaps 
can occur in Si filaments of sufficiently 
narrow diameter. Qualitatively similar re- 
sults have also been reported independently 
by Read et al. (30). 

Porous Si-A Special Case 

The quantum wire approach to the creation 
of direct gaps in Si received a sharp boost 
from the initial discovery that porous Si with 
very fine filaments, a few nanometers across, 
can luminesce intenselv in the visible at 
room temperature. This remarkable discov- 
ery was m'ade by Canham (31) at the Royal 
Signal and Radar Establishment (United 
Kingdom). Earlier, Lehman and Gosele (32) 
at Duke Universitv had observed that the 
absorption edge of porous Si was at a higher 
energy, by about 0.5 eV, than that of bulk 
Si. The quick and easy reproduction of these 
results in laboratories around the world gave 
them credibility and kindled intense i&es- 
tigations into this phenomenon. 

Porous Si is itself fabricated bv an anodic 
dissolution process that is usually done in a 
HF-based electrolyte. Although the micro- - 
scopic details of pore formation are complex 
and as yet incompletely understood, a lab- 
vrinth of interconnected Si is created. The 
microstructure of Qorous Si de~ends on the 
composition of the electrolyte, the type and 
resistivity of the initial Si substrate, the 
current density during anodization, and the 
oost-anodization treatment. Under the 
right conditions, a large pore structure is 
created, in which as much as 85 to 90% of 
the Si is etched off leaving filaments as thin 
as a few nanometers across. The principal 
feature of Qorous Si is extremely fine struc- 
tures, either wires or dots, which are small 
enough to exhibit some quantum confine- 
ment effects. Structural analysis of this apt- 
ly called "quantum sponge" (33) is quite 
difficult, but several workers, using electron - 
microscopy, x-ray diffraction, and Raman 
spectroscopy, have confirmed that the fila- 
ments are crvstalline. The material is fragile 
and by natuie has a very large surface arLa. 
Immediately after anodization, this surface 
is usually hydrogen-passivated with little 
evidence of oxygen or other impurities. 
One can widen the pores or, equivalently, 
make the filaments thinner, by leaching in 
HF solution. The structures show intense 
luminescence in the red region of the spec- 
trum when excited with moderate intensitv 
ultraviolet light at room temperature. 

We point out some important features in 
the typical PL spectra from porous Si (Fig. 
9): The line shape is broad compared with, 
say, the PL from GaAs or a defect level in 
Si. Although the peak intensity is smaller 
than that of a direct-gap semiconductor 
such as GaAs, the integrated intensity is 
comparable. Furthermore, by changing the 
anodization conditions to obtain a finer 
filamentary network, one can shift the peak 
to shorter wavelengths, which suggests that 
quantum confinement plays a significant 
role in the light generation mechanism. 
The broadening of the peak can be ascribed 
to quantum-size fluctuations in the porous 
Si. However, this does not by any means 
prove that the material is direct gap. In a 
direct gap semiconductor, the luminescent 
decay time is typically not more than a few 
nanoseconds. In porous Si, however, this 
lifetime can be several tens of microsec- 
onds, which raises the possibility that this is 
an indirect transition. 

In fact, some notable objections to the 
direct gap hypothesis have been proposed 
by workers at the Max Planck Institute in 
Stuttgart (34). They have correlated the 
spectral properties of porous Si to that of 
siloxene, a Si-based polymer, the inference 
being that a siloxene-like compound is 
formed on the large surface presented by 
porous Si during its formation and causes 
the luminescence observed. This argument 
is somewhat controversial but worth con- 
sidering. Using infrared spectroscopy (35), 
we can argue that the bond structure of 
freshly prepared porous Si does not contain 
Si-0 or 0- bonds. definitive features of 
siloxene and its derivatives. In fact. when 
such signatures are seen in porous Si, for 
example, after laser excitation in air, it is 
usually accompanied by a dramatic quench- 
ing of the luminescence intensity. Others 
(36) have argued that the hydrogenated 
surface of porous Si is similar to hydroge- 
nated amorphous Si, which can luminesce 
in the visible. Hydrogenated amorphous Si 
has a gap that is significantly larger than 
that of porous Si, and the luminescence is 
attributed to impurity states. Perhaps, it 
can be argued, analogous impurity states 
exist in porous Si. Note, this is not the 
same as the assertion that luminescence 
from porous Si is caused by amorphous 
Si-H, a subtle but important distinction. 

It is quite possible that the luminescence 
we observe is defect-related and, in that 
case, likely to be surface defect-mediated. 
Even so, quantum confinement will cer- 
tainly influence the energy level and radia- 
tive lifetime. Some insight into this can be 
obtained from the temperature evolution of 
luminescence. High temperatures cause the 
desorption of the hydrogen termination, 
and we observed that the emitted visible 
light is severely quenched when this hap- 

pens. However, the loss can be reversed by 
rehydrogenation through, for example, ex- 
posure to HF. Quenching can be prevented 
by the encapsulation of the porous Si with 
amorphous Si, for example. We can argue 
that the hydrogen termination is essential 
to reduce the surface recombination veloc- 
ity and keep the radiative lifetime long 
compared with the nonradiative lifetime. 
The low-temperature behavior, however, is 
very interesting. The luminescence goes 
through a maximum at about 200 K and is - 
completely quenched at temperatures below 
a few kelvin (Fig. 10) (37). This result is 
quite surprising and may indicate the 
quenching of a defect state as the tempera- 
ture is reduced. It might also be argued that 
there is a complex interplay of radiative and 
nonradiative lifetimes, and the latter be- 
come dominant at low temDeratures. It is 
more likely, however, that the radiative 

Dbmeter L (nm j 
Fig. 8. The energy of an allowed quantum- 
confined electron state plotted as a function of 
the confining dimension for a quantum sheet 
(two-dimensional confinement) and a quantum 
wire (one-dimensional confinement). The in- 
crease in the allowed energy level can explain 
the visible luminescence from Si quantum wires 
(or dots) at energies above the bulk bandgap 
(33). 

Wavelength (nm) 

Fig. 9. Typical PL spectra for porous Si etched 
under different conditions. The blue shift may 
be a consequence of the greater confinement 
designers achieve by etching a finer structure 
(37). The incident power of the laser was 3 mW 
at 488 nm; experiment done in N,. 
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transition is assisted by phonons; the pho- 
non population decreases with temperature. 
Additionally, polarization dependence, 
transport, and magneto-optic measure- 
ments, conventional methods for the iden- 
tification of quantum confinement phe- 
nomena, have been inconclusive on appli- 
cation to porous Si, presumably because of 
the isotropic nature of the quantum sponge. 

There have been reports of electrolumi- 
nescent devices made with porous Si. One 
such structure, fabricated at IBM (37), 
consists of a pn junction (Fig. 11). The 
fabrication sequence included the defini- 
tion of a mesa of highly n-type doped 
material formed by implantation into a 
lightly p-type epitaxial layer grown on a 
highly p-type substrate and the lateral pref- 
erential anodization of the p-layer, as 
shown, with a finite but small excursion of 
the porous layer into the n+ overlayer. A 
relatively good junction was obtained, and 
the device showed weak EL with a spectral 
response close to the PL produced in the 

Wavelength (nm) 

Fig. 10. Degradation of PL as a function of 
temperature. The PL spectrum of porous Si has 
a maximum around 200 K and is quenched at 
lower temperatures. This, combined with the 
long PL lifetime, suggests that impurity effects 
may play a major role (37). 

-. Al 
-.nt (partially porous) 

- .- -. p' (porous) 

... -. p+ Substrate 

Fig. 11. A pn junction that has been fabricated 
in porous Si. The structure exhibited weak EL 
(37). Others have also reported EL in porous-Si 
structures. 

same porous Si layer. Because porous Si has 
a larger gap than nonporous Si, a large-gap 
heterostructure may be required to inject 
carriers into the porous Si. This approach 
has also been reported with encouraging 
results for indium tin oxide (38). 

To sum up, the mechanism for light 
emission from porous Si remains somewhat 
controversial. but no one will areue with the u 

fact that the emission is easily reproduced, is 
intense, can be tuned, and has an intensity 
that can be stabilized after an initial decrease 
with proper control of the ambience. Even 
so, porous Si remains a complex, microscop- 
ically variable, and unstable material. At- 
tempts to produce controlled filaments of 
nanometer size are in progress in several 
laboratories around the world. but no defin- 
itive results are yet available. 

Hybrid Approaches 

An obvious way to get light from a Si-based 
chip is to integrate a 111-V material on Si. 
The issues involved in this type of integra- 
tion are significantly different from those of 
the other approaches discussed so far in that 
those main objectives were to increase the 
luminescence efficiency and to understand 
the luminescence mechanism. The empha- 
sis here is the reduction of material defects 
to imorove the device reliabilitv. This is 
because the band-to-band recombination in 
direct bandeau semiconductors is well un- - A 

derstood, and the quantum efficiency of the 
luminescence processes is, in general, high 
(tens of percent). Among the various ap- 
proaches to fabrication of these hybrids, 
two will be discussed in detail: heteroepi- 
taxy of GaAs on Si and epitaxial lift-off 
(39). The substrate orientation is assumed 
to be (100) throughout the discussion be- 
cause of the overwhelming practical impor- 
tance of the Si(100) surface. 

Heteroepitaxy of GaAs on Si. There are 
two fundamental problems for this ap- 
proach. One is the mismatch of the lattice 
constants. Amone the common semicon- " 
ductors, Si has one of the smallest lattice 
constants (5.43 10 A) (40). Consequently, 
all the practical GaAs-Si devices are fabri- 
cated with relaxed GaAs films. Disloca- 
tions, in this case, become the major con- 
cern for device reliability. Dislocations are 
known to function as fast diffusion paths for 
impurities (41) and as short circuits in pn 
junctions (42) and are known to be the 
points of origin for the catastrophic break- 
down of semiconductor lasers (43). 

A variety of methods have been used to 
reduce the threading dislocation density 
(p,). The most common approach is the use 
of the strained layer superlattices (SLS) to 
filter dislocations (44). Another approach is 
the use of a compositionally graded buffer 
layer (45). A value of pc as low as 2.9 x lo4 

cmP2 has been reported with the use of the 
SLS approach and has been characterized by 
a count of the etch-pit density (46). How- 
ever. it is imoortant to realize that investi- 
gators will have to use different characteriza- 
tion techniques to measure widely differing 
densities of dislocations to ensure an accu- 
rate count, as cautioned by Stirland (47). 

The second problem in the heteroepi- 
taxy approach is the polar-nonpolar mis- 
match. This mismatch comes from the fact 
that the group I11 element site in a 111-V 
semiconductor crystal is distinguishable 
from the group V element site, whereas all 
sites in a Si crystal are identical. The 
obvious consequence of such a mismatch is 
the problem of antiphase boundaries 
(APBs) (48). A monolayer (versus a bilay- 
er) step on the initial Si(100) surface results 
in a phase difference in the stacking se- 
quence of the compound semiconductor 
between domains on opposite sides of the 
step. The domain walls are termed APBs. 
Across an APB, the bonds are Ga-Ga or 
As-As instead of the normal Ga-As bonds 
in bulk GaAs, resulting in electronic poten- 
tial fluctuations that inevitablv affect the 
electronic properties of the crystal. As an 
example, the presence of an APB in the 
depletion region of a semiconductor pn 
junction can result in a high reverse leakage 
current through the junction. For vicinal 
growth planes to (loo), Alerhand et al. 
(49) calculated the finite temperature phase 
diagram and showed that the double-layer 
steps are the stable phase above a critical 
angle of the tilt for a given substrate tem- 
perature. Experimental results, largely from 
scanning tunneling microscopy, support the 
calculated phase diagram (50). Therefore, 
GaAs grown on the double-stepped surfaces 
can be free of APBs (5 1). 

In addition to the APB problem, a less 
obvious consequence of this mismatch is the 
interface charge problem. An abruptly ter- 
minated perfect interface between a polar 
semiconductor and a nonpolar semiconduc- 
tor necessarily results in a heavily charged 
plane (52). Interface mixing, a fraction of Si 
atoms replaced by Ga atoms, for example, 
should reduce the charge density; but, in 
reality, kinetic limitations prevent the total 
elimination of ,this interface charge. 

Epitaxial lift-of. In contrast to the ap- 
proach of the heteroepitaxy of GaAs on Si, 
the epitaxial lift-off approach consists of 
wet chemical etching and the bonding of 
the film onto an arbitrary substrate by the 
van der Waals force. The only epitaxial 
step is the growth of AlxGa,-xAs-GaAs (x 
< 0.4 on GaAs substrates with a thin 
( ~ 5 0  A ) AlAs release layer. The previously 
discussed obstacles encountered in the het- 
eroeoitaxv of GaAs on Si do not exist for 

L 1 

this approach. The key for the success of 
this technique is the high etching selectiv- 
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ity (>lo7) between Al,Ga,-,As (x < 0.4) 
and AlAs in HF acid, which was first 
observed by Konagai et al. (53). Yablono- 
vitch and co-workers (39) used this high 
selectivity and developed the technique of 
epitaxial lift-off. The process involves the 
coating of the sample with wax to exert 
tension on the film being lifted off. The 
sample is then soaked in HF acid, which 
selectively attacks the AlAs release layer. 
The lifted-off film will then be bonded to 
the substrate of choice by van der Waals 
force. It is crucial for the substrate surface 
to be free of dirt and particles to achieve 
uniform bonding. 

A variety of GaAs transistors (54, 55) 
and lasers (56), among other devices (57), 
have been successfully fabricated on Si sub- 
strates with these hybrid approaches. The 
hurdles that remain before the GaAs-Si 
technology can be commercialized are reli- 
ability and manufacturability. In other 
words, the dislocation density needs to be 
further reduced for the heteroepitaxy ap- 
proach, and techniques for the mass pro- 
duction of the films need to be established 
for the epitaxial lift-off approach. There is 
one potential problem that is common to 
all the GaAs-Si structures: mismatch of the 
thermal-expansion coefficients. This means 
that the maximum temperature cycle on 
these structures will have to be limited to 
prevent catastrophic degradation, such as 
cracking. For this reason, we expect hybrid 
integration to be associated with a low- 
temperature process. 

Conclusions 

The achievement of light emission from Si 
is a challenge with a potentially high pay- 
off. There are two issues that must be 
stressed here: one is overcoming the physics 
that makes light emission from Si an almost 
intractable problem; the other is the prac- 
ticality of the solution. Although impuri- 
ties, zone folding, and alloying do allow 
light emission, they are not necessarily 
practical, and it may not be possible to use 
these effects in the production of practical 

devices, such as LEDs and lasers, especially 
at room temperature. Porous Si, especially 
if it leads to quantum confinement, suggests 
that we might be able to engineer fine 
light-emitting structures for both the study 
of the physics as well as its practical utili- 
zation. We foresee such developments, at 
the experimental level at least, in the next 
few years. This is an exciting and challeng- 
ing task, but our best short- to medium- 
term approach remains a hybrid approach. 
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