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Abstract

The electrical and optical properties of strained epitaxial Si,_,Ge, films on silicon have been examined to
determine the potential application of the material for integrated infrared sensors on silicon substrates. The
generation lifetime in films grown by rapid thermal chemical vapor deposition was found to be in excess of 1 us,
¢ which is important for the fabrication of sensors with high shunt impedances. By comparison of the well-re-
solved photoluminescence of these films with absorption data, it is also concluded that the initial absorption
mechanism in these alloys proceeds by a no-phonon process, despite the fact that the films have an indirect

bandgap.

e

Introduction and growth reactor

It has been known for several years that alloys
of silicon and germanium (Si; ,Ge,) can be
grown commensurate on silicon substrates by
growing strained layers [1, 2]. These commensu-
rate strained layers are useful not only because of
the absence of misfit dislocations which could
adversely affect performance, but also because the
strain splits the degeneracies otherwise present at
the band edges to further lower the bandgap [3].
Because of this reduced bandgap, it has been
proposed and demonstrated that these layers can
be used as detectors in the near-infrared region
(1.3-1.5 um) to integrate opto-electronic intercon-
nect functions directly onto silicon VLSI circuits
[4, 5]. This paper examines two fundamental prop-
erties of these films which are important for under-
standing their potential for this application. These
properties are the lifetimes achievable and the

" fundamental optical absorption mechanisms.

Most Si, ,Ge, strained-layer-growth work to
date has been by molecular beam epitaxy (MBE)
(as described in refs. 1 and 2) or by UHV Chemi-
cal Vapor Deposition (UHVCVD) [6]. These are
both UHV techniques. The results described in
this paper were measured in samples grown by
Rapid Thermal Chemical Vapor Deposition
(RTCVD), a non-UHVCVD technique that com-

bines susceptorless lamp-heating and a transparent
quartz tube as a reaction chamber with CVD
technology (Fig. 1). The reactor configuration is
similar to that of Limited Reaction Processing
(LRP) [7], except that rapid gas switching, as
opposed to rapid switching of the sample tempera-
ture, is used to switch the growth reaction on and
off. The reactor is exhausted by a mechanical
rotary vane pump. The growth is done at 6 Torr
using dichlorosilane and germane in a hydrogen
carrier, Silicon epitaxial layers are typically grown
from 700 to 1000 °C, and Si; ,Ge, layers from
600 to 625°C. The wafer temperature during
growth is controlled to within a few degrees centi-
grade during growth by in situ measurement of the
infrared absorption in the silicon substrate [8].
Other growth details can be found in ref. 9.

Minority carrier properties

Given a semiconductor with a bandgap less than .

that of the photon energy to be detected, the most
straightforward way to make a high performance

detector is a p-i-n diode configuration. If Si, , Ge,

is to be used, it may be desirable to incorporate the

alloys in the i-region of the detector in a superlat-
tice configuration [4, 5]. A primary motivation for
integrating such a detector onto a silicon chip is
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Fig. 1. Cross-section schematic of the RTCVD growth reactor. Mot
shown are the pumping apparatus, gas handling manifold, and the
apparatus for the in sitn measurement of the substrate infrared
transmission for temperature measurcment.

hopefully to derive increased performance by hav-
ing reduced electrical parasitics as compared with
a hybrid-mounted approach. To achieve high per-
formance from such p-i-n detectors, it is critical
that their shunt resistance be as large as possible.
A small shunt resistance will limit the maximum
gain available from any transimpedance amplifier
used in this application to convert the detected
photocurrent signal to a voltage. A large shunt
resistance will mean that a high generation lifetime
is required of the detector material to decrease its
leakage current.

The generation lifetime of the Si; ,Ge, films
may be probed through the use of the well-known
technique of recovery of an MOS capacitor from
deep depletion, since the recovery from deep de-
pletion occurs through the generation of minority
carriers, Special considerations must be taken
when applying this technique to Si, ,Ge, films,
however. First, because of the generally poor elec-
trical quality of the 5i0./Si, ,Ge, interface, it is
necessary to place a thin Si cap layer on top of the
alloy so that the oxide interface is with silicon [10].
Second, one must consider the basic nature of the
generation process, described here by a simplified
form of the SRH equation

G =ni [tp(n + p + 2n;) (1)

where 1, = (6Ny1,,) . G is the generation rate, n
and p are electron and hole densities, respectively,
n, 1s the intrinsic carrier density, Ny is the trap
density, o the trap cross section, vy, is an average
thermal velocity, and 1, is defined as the lifetime.
In the case when both n and p are small compared
with n;, this expression reduces to
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Fig 2. Logarithm of carrier profiles as a function of depth for the
buried Siye:Gey e 2l two points during its recovery from deep
depletion. Also shown as a reference is the local m; as a function of
thickness,

G =n;/21, (2)

This last expression is the one which is commonly
used to interpret any experiment where generation
is taking place, including reverse biased p—n junc-
tions. It is clear from these expressions that if the
carrier concentrations n and p are greater than n,,
then the generation rate will be greatly suppressed
compared with that predicted by eqn. (2). If egn.
(2) is then used in this case to extract a lifetime, a
false high lifetime will be extracted. Therefore it is
important to insure that both n and p are small
compared with n; in the region being probed for an
accurate measurement of the generation lifetime,
5. We have performed numerical simulations of
our capacitor test structures to examine the carrier
densities in the Si; , Ge, regions under test during
the capacitive transient (Fig. 2) [10]. As can be
seen, during the times when the capacitance is
between 145 and 170 pF, a substantial part of the
Sip«2Gey 15 region under investigation fulfills the
above criteria, so that eqn. (2) is truly applicable
to describe G. In this case, generation lifetimes of
the order of | us were found for the alloy films.
This represents the highest lifetime yet reported
for SiGe alloy films grown by any technique.
It should be noted, however, that to achieve
these results extreme care had to be taken to grow
films with low oxygen concentrations (i.e.,
< 10" em ). Although this required the use of a
load-lock-transfer-assembly to load samples before
growth without venting the growth chamber.
UHV conditions were not at all required.



Fundamental absorption mechanisms

As demonstrated in refs. 4 and 5, Si,_, Ge, can
be used for optical detectors at 1.3 um. In this
section, the fundamental absorption process is in-
vestigated. Because of the high lifetime and
atomic level uniformity in the films grown by
RTCVD, these films have exhibited the first, well-
resolved, band-edge photoluminescence (PL) of
such strained films and quantum wells grown by
any technique [11]. In a typical spectrum, shown
in Fig. 3, one can readily identify the peaks by
comparison with the results of the extensive work
on relaxed bulk Si, ,Ge, films of Weber and
Alonso [12]. The large, high energy peak is a

‘no-phonon (NP) peak resulting directly from re-

combination of bound excitons. Phonon replicas
corresponding to the TA and various local TO
modes are also identifiable. Of great interest is
the NP peak which persists to very high tempera-
tures (over 200 K) even though the excitons are
no longer localized. This NP recombination can
still occur in the indirect material since it is a
random alloy. The potential is no longer perfectly
periodic, and Bloch wavefunctions are no longer
exact eigenstates of the system. k, then, is no
longer a good quantum number, and all states
consist of many k-components mixed in by per-
turbation theory. This signal is of interest here
since NP PL implies an NP optical absorption
process as well.

Figure 4 compares bandgaps extracted from the

. NP PL signal versus composition, and the ab-

i

“sorption edges extracted from photocurrent mea-

surements in p-i-n diodes [13]. If a phonon were
required for the absorption process, one would
expect the absorption edge to be above the PL
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Fig. 3. Typical photoluminescence spectrum of a SifSi; 4. Gey /51
multi-quantum well structure at 2 K.
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Fig. 4. Bandgaps of strained S5i,_,Ge, layers vs. composition.
Bandgaps were determined by the NP PL line and corrected for
quantum confinement effects (indicated) and excitonic binding ener-
gies and corrected to 0 K. For comparison the bandgap by absorption
spectroscopy is also shown [13].

bandgap by a phonon energy (i.e., 30-60 mV).
That this is not observed implies that the initial
absorption mode is indeed a no-phonon process,
consistent with the strong NP emission process.
This conclusion contradicts the interpretation of
Braunstein ef al. [14] of absorption measurements
on relaxed alloy films. That work concluded that
the dominant absorption process was phonon-
assisted, and subtracted a phonon energy from
the absorption edge to find a bandgap. Their
bandgaps of relaxed films are consistently lower
than those found by PL [12] by approximately a
phonon energy, suggesting that indeed a no-
phonon absorption process is also occurring in
relaxed alloys.

Conclusions

Fundamental properties of Si, ,Ge, films for
infrared detectors on silicon substrates have been

investigated. Generation lifetimes in the range of
1 us have been observed in layers grown by

RTCVD. From a comparison of well-resolved PL -

spectra and absorption measurements, it is con-
cluded that the initial absorption process does not
involve a phonon.
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