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This paper provides a brief review of recent work on strained layer Ge, Si, _ , including modeling
of critical thicknesses for single layers and superlattices; calculations and measurements on strain
induced alteration of alloy band gap and heterostructure band alignment; and application to
modulation-doped field effect transistors (MODFET) and 1.3 um photodetector devices.

. INTRODUCTION

1t has been shown that molecular beam epitaxy (MBE) can
be used to grow nominally defect-free Ge, Si, _ , layers com-
mensurate with Si substrates.'™ Layer thicknesses can ex-
ceed calculated equilibrium limits by one and two orders of
magnitude in single layers and superlattices, respectively.
Although metastable, these layers have nevertheless been
successfully incorporated in a number of conventionally
processed devices. This paper will briefly review recent de-
velopments in the field.*

Il. LAYER STABILITY

There have been two significant developments in our un-
derstanding of Ge, Si, _ . /Si metastability. First, as shown
in Fig. 1, we have derived a formalism that accurately mod-
els the observed single layer critical thickness values.>® In
contrast to earlier equilibrium approaches,’ this kinetic
model assumes that the nucleation of isolated, stress-reliev-
ing dislocations provide an effective reaction barrier to equi-
librium. In lieu of a full atomistic model with thermally acti-
vated relaxation rates, this somewhat crude approach is
based on the equivalence of the layer strain energy and the
dislocation nucleation energy. The result involves one ad-
justable, but physically realistic parameter, to provide an
excellent fit to data over the full composition range.

Hull et a/. have also developed a simple predictive rule on
Ge, Si, _ . /Si superlattice stability.®° This rule is based on
TEM observations that superlattices do not relax to a com-
pletely strain-free state by formation of dislocations at each
heteroepitaxial interface. Instead, the superlattice forms a
single dislocation array at the substrate boundary. This pro-
duces a compressive/tensile strain field alternating with
Ge, Si, _, and Si layers to give a zero average superlattice
strain. Because the driving force and relaxing dislocations
are identical to the single layer case, a mathematical analogy
yields the result that a superlattice will be stable if (1) indi-
vidual Ge, Si, _, layers are thinner than the single layer
critical thickness and (2) the total superlattice thickness is
less than the critical thickness for a single layer of the volume
averaged superlattice composition. This rule has been tested
for a variety of compositions and Ge, Si, _, to Si thickness
ratios and has proven moderately accurate. Slight deviations
are attributed to the simplifying assumption of equal alloy
and Si elastic constants.
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HI. BAND STRUCTURE

Our modeling of crystal growth has been paced by ad-
vances in the understanding of Ge, Si, _ , physics. Most im-
portantly, strain has been shown to have huge effects on
band structure. As depicted in Fig. 2 from the calculations of
People'® and the experimental data of Lang et al.'""'? we now
know that the strained layer band gap falls precipitously
with the addition of Ge. Indeed, for Ge fractions of greater
than 55%, the strained alloy band gap is smaller than that of
pure bulk Ge. This may have immense practical importance.
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FiG. 1. Comparison of Ge,Si, _, critical thickness data with equilibrium
calculations of van der Merwe and Matthews (Ref. 7) and kinetic model of
People and Bean (Refs. 5 and 6). O and B are the critical thickness data
from Bean er al. (Refs. 2 and 4) and Bevk et al. (Ref. 30), respectively. @is
the thickness of the commensurate layer in the superlattice structure (Ref.
27).
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F1G. 2. Minimum band gap of strained Ge, Si, _, commensurate with the Si
substrate. Calculations of People (Ref. 10) and photocurrent data of Lang
etal. (Refs. 11 and 12).

A device dependent on band discontinuities will require far
less concentrated alloys than originally anticipated. If the
alloy dimensions are fixed, the degree of metastability will be
drastically decreased. Alternately, with the more dilute al-
loys, thicknesses may be grossly increased to enhance device
performance. Devices, such as 1.3 um optical detectors, pre-
viously thought impossible, can now be realized in alloys of
only 60%-80% Ge.

Calculations have also resolved an apparent contradiction
in modulation doping results and thus highlighted another
degree of freedom in the system. While the first modulation
doping experiments demonstrated a strong transfer of holes
from the alloy to Si, electron transfer was weak and prone to
premature freeze out. This indicated an ~ 90%/10% split of
the Ge, Si, _, /Si band discontinuity between the valence
and conduction band edges, respectively, with the alloy band
gap within the Si band gap (“type [ alignment).'>~"* Later
n-type results'®'” indicated electron transfer from alloy to
Si, suggesting an alloy conduction band edge above that of Si
(“type I1” alignment). Abstreiter'’ suggested that the fun-
damental difference between experiments could be the pres-
ence or absence of strain in Si cladding layers. Our calcula-
tions, based on deformation potentials and pseudopotential
theory, confirm this conjecture.'® Examples of possible
alignments are given in Fig. 3.

The richness of the Ge, Si, _, system may well be further
extended by the existence of a strain induced, atomically
ordered state. Originally indicated by TEM'**° and x-ray?'
data, a recent analysis of Shubnikov de Haas power loss
mechanisms now invokes a piezoelectric loss mechanism
that could only occur in a nonrandom polar alloy.? If con-
firmed, this ordering would open the door to a range of non-
linear optic and electro-optic phenomena previously ex-
cluded in column IV semiconductors.
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F1G. 3. Calculated band alignments (Ref. 18) for various distributions of
strain between Ge, Si, , and Si layers. (a} Ge,, Si;, commensurate with
unstrained Si; (b) Ge,Si,_, compressed and Si dilated to match
Ge, ,5Sig ;5 substrate; (¢} Ge, Sty ; commensurate with unstrained Si.

IV. APPLICATIONS

The above results have been incorporated in a number of
device structures demonstrating not only the potential of the
system but the surprising robustness of these materials under
conventional device processing. Modulation doped transis-
tors have been fabricated with both p**** and n>* channels as
depicted in Fig. 4. With a conventional planar Si processing
sequence including lithography, etching, metallization, ion
implantation, activation anneals, and thermal oxidation, the
first p-MODFET had a transconductance approaching that
of a p-MOSFET. Using a less conventional nonplanar fabri-
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Fi16G. 4. Schematic cross section of p-MODFET fabricated with convention-
al Si processing procedures (Refs. 23 and 24).
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F1G. 5. Cross section (a) and perspective view (b) of Ge Si, _,/Si light-
guiding avalanche photodetector (Ref. 28).

cation process, the --MODFET transconductances actually
exceed MOSFET standards.

The radical reduction of band gap has also been. exploited
in a series of Ge, Si, _, /Si photodetectors for fiber optic ap-
plications.?®-?° As shown in Fig. 5, a strained layer superlat-
tice can serve as a light-guiding absorbing iayer within a
silicon device structure. The light-guiding geometry not only
accommodates the restrictions of absorption length and
strained layer critical thickness, it also minimizes:the verti-
cal device dimension to provide for high-speed operation.
Indeed, avalanche versions of this device have demonstrated
a 3 dB bandwidth of over 8 GHz with a high frequency gain
of 6. Over a 45 km optical fiber link, 1.3 um laser radiation
has been detected at 800 Mbyte/s with error rates of less
than one part in 10°.

In summary, the experimentally determined limits of
Ge, Si, _ , /Si strained layer epitaxy have now been modeled
for both single layers and superlattices. Although strain can
be accommodated readily in crystal growth, it has been
found to have dramatic effects on band structure including
gross reduction in band gap and a variable alignment in band
edges. Properties have been exploited in a variety of devices.
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The material has withstood conventional Si processing and
demonstrated optical detector performance not far below
that of the best discrete III-V devices. This is accomplished
in a materials technology which can be directly merged with
existing IC technology. Finally, basic studies indicate the
existence of an atomically ordered state that could yield ad-
ditional properties normally forbidden in column IV materi-
als.

'J. C. Bean, T. T. Sheng, L. C. Feldman, A. T. Fiory, and R. T. Lynch,
Appl. Phys. Lett. 44, 102 (1984).

2J. C. Bean, L. C. Feldman, A. T. Fiory, S. Nakahara, and I. K. Robinson,
J. Vac. Sci. Technol. A 2, 436 (1984).

3]. C. Bean, Science 230, 127 (1985).

“For an in depth review, see J. C. Bean, in Silicon Molecular Beam Epitaxy,
edited by E. Kasper and J. C. Bean (CRC, Boca Raton, FL).

°R. PeopleandJ. C. Bean, Appl. Phys. Lett. 47, 322 (1985);49,229 (1986).

“R. People and J. C. Bean, in Proceedings of the Symposium on Layered
Structures, Epitaxy and Interfaces, Boston, 1985 (unpublished).

"For an introduction to equilibrium models, see J. W. Matthews, J. Vac.
Sci. Technol. 12, 126 (1975).

SR. Hull, J. C. Bean, A. T. Fiory, J. M. Gibson, and N. E. Hartsough, in
Proceedings of the Ist International Symposium on Si MBE, edited by J. C.
Bean (Electrochemical Society, Pennington, NJ, 1985).

°R. Hull, J. C. Bean, F. Cerdeira, A. T. Fiory, and J. M. Gibson, Appl.
Phys. Lett. 48, 56 (1986).

19R. People, Phys. Rev. B 32, 1405 (1985).

"D, V. Lang, R. People, J. C. Bean, and A. M. Sergent, Appl. Phys. Lett.
47, 1333 (1985).

"2D. V. Lang, R. People, and J. C. Bean, in Proceedings of the Symposium
on Layered Structures, Epitaxy and Interfaces, Boston, 1985 (unpub-
lished).

R. People, J. C. Bean, D. V. Lang, A. M. Sergent, H. L. Stormer, K. W.
Wecht, R. T. Lynch, and K. Baldwin, Appl. Phys. Lett. 45, 1231 (1984).

“R. People, D. V. Lang, and J. C. Bean, J. Vac. Sci. Technol. A 3, 846
(1985).

R, People, J. C. Bean, and D. V. Lang, in Proceedings of the Ist Interna-
tional Symposium on Si MBE, edited by J. C. Bean (Electrochemical So-
ciety, Pennington, NJ, 1985).

**H. Jorke and H.-J. Herzog, see Ref. 15, p. 352.

'"G. Abstreiter, H. Brugger, T. Wolf, H. Jorke, and H.-J. Herzog, Phys.
Rev. Lett. 54, 2441 (1985).

18R, People and J. C. Bean, Appl. Phys. Lett. 48, 538 (1986).

'A. Ourmazd and J. C. Bean, Phys. Rev. B §5, 765 (1985).

20A. Qurmazd and J. C. Bean, in Proceedings of the Symposium on Layered
Structures Epitaxy and Interfaces, Boston, 1985 (unpublished).

2'W. Lowe and J. C. Bean, in Proceedings of the American Physical Society
Meeting, Las Vegas, 1986 (unpublished).

22Y. H. Xie, R. People, J. C. Bean, and K. Wecht, Appl. Phys. Lett. 49, 283
(1986). _

T.P. Pearsall, J. C. Bean, R. People, and A. T. Fiory, in Proceedings of the
Ist International Symposium on Si MBE, edited by J. C. Bean (Electro-
chemical Society, Pennington, NJ, 1985), p. 402.

T. P. Pearsall and J. C. Bean, IEEE Electron Dev. Lett. EDL-7, 308
(1986).

**H. Daembkes, H.-J. Herzog, H. Jorke, H. Kibbel, and E. Kasper, IEEE
Trans. Electron Devices ED-33, 633 (1986).

268, Luryi, T. P. Pearsall, H. Temkin, and J. C. Bean, IEEE Electron Device
Lett. EDL-7, 104 (1986).

*’H. Temkin, T. P. Pearsall, J.C. Bean, R. A. Logan, and S. Luryi, Appl.
Phys. Lett. 48, 963 (1986).

3T, P. Pearsall, H. Temkin, J. C. Bean, and S. Luryi, IEEE Electron Device
Lett. EDL-7, 330 {1986).

2°H. Temkin, A. Antreasyan, N. A. Olson, T. P. Pearsall, and J. C. Bean,
Appl. Phys. Leit. (to be published).

3%, Bevk, J. P. Mannaerts, L. C. Feldman, B. A. Davidson, and A. Our-
mazd, Appl. Phys. Lett. 49, 286 (1986).



