
Extended Abstracts of the 1993 International Conference on Solid State Devices and Materials, Makuhari, 1993, pp. 907-909

Time-Resolved Optically-Detected Magnetic Resonance of Luminescence
from Si/Sil-*Ge* Superlattices

E.R. GLASER, T.A. KENNEDY, P.B. KLEIN, D.J. GODBEY, and P.E. THOMPSON

Naval Research Laboratory
Washington, D.C. 2037 5-5347

Time-resolved optically-detected magnetic resonance (ODMR) experiments have been per-
formed on Si/Si1-*Ge* superlattices grown by molecular beam epitaxy (MBE) on (001) Si.
These structures exhibit a single, broad (FWHM - 70 meV) photoluminescence (PL) band with
peak energy - 100 meV below the expected bandgap. Fast (t S 5 ps) and slow (r = 15 ps) pro-
cesses have been separated with the ODMR. The slow resonances are new and provide more
detailed information on the nature of the recombination. These features are tentatively assigned
to Ge-rich regions in the SiGe layers based on the resonance parameters and the higher spin-
lattice relaxation.
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strate. This structure exhibits the now well-
documented single, broad (FWHM - 70 meV) PL band
with pea$€nergy 100 meV below the expected
bandgap.:'r,l Similar rgsults-were also detected on the
emisJion from a l2O At+O A SilSig.65ce0.35 super-
lattice sample provided by K.L. Wang and C.H. Chern
at UCLA. Detailed PL and CW-ODMR studies of
these samples have been reported.T) In addition, PL
decay measurements of these bands have been carried
out with a Q-switched Nd:YAG laser.

We have proposed donor-acceplor pair recoru-
bination as the origin of the broad emissibn bands.T)
This assignment was based on the band-edge character
of the hole and electron as established by the CW-
ODMR studies. The binding energies of the donor and
acceptor explain the shift of the peak energy of the PL.
The linewidth derives from the variation in the binding
energy of the acceptor with its position in the SiGe
layers. An alternate mechanism associated with ex-
citons bound to isoelectronic centers (related tq. Ge
complexes) in the alloy layers has been suggested.3)

The pulsed ODMR method egrployed in this study
follows work by other groups.9) ^ An energy level
diagram and the pulse sequence are shown in Fig. 1.
The technique takes advantage of the different
lifetimes of the Zeeman-split excited states. The mi-
crowave radiation transfers population from the slow
state to the fast (emitting) state. The light pulse is gen-
erated by switching the output of an Ar+ Iaser at 488
nm with an acousto-optic modulator. After a variable
delay (5 ps S t6 ( 1 ms), the 35 GHz microwave pulse
was applied at half the repetition rate of the light pulse.
A lock-in amplifier subtracts the responses with and
without microwaves. The maximum iesponse is real-
ized when the delay time (t6) is approximately equal !o
the radiative lifetime (tr) df tne-fast emitting siate.9)
The emission was detected with a Ge photodiode. The

There has been much interest recently in the de-
velopment and fabrication of SiGe-based heterostruc-
tures and superlattices for opto-electronic applications.
The effort has produced much progress in the control-
led growth of SilSi1-*Ge* single-well and superlattice
structures by both chemical vapor deposition (CVD)
and molecular beam epitaxy (MBE) techniques. The
optical properties as revealed by photoluminescence
spectroscopy now serve as a benchmark of the material
quality for many research groups. There have been
reports of both extrinsic and intrins-ic_.recombination
prbcesses from this material system:L-7) Also, multi-
ple proc.e,sses have been found to exist for some
samples. r,l However, in some cases the underlying
mechanisms uue not well understood.

We have studied the character of the emission pro-
cesses in SilSi1-xGex superlattices by a combina:tion
of .photoluminescence (PL), optically-detected mag-
netic resonance (ODMR) performed under continuous
light (CW) excitation, and PL decay measurements.T)
The ODMR technique is particularly powerful since it
provides information on the spin pioperties of the
recombining electron and hole. However, wo have
found that it is sometimes difficult to perform CW-
ODMR studies of these samples due to strong back-
groun{, signals produced by microwave electric
fields.oJ These signals require free carriers and occur
on a fast time scale (<< I ps). In the present work, the
scheme of the CW light and on/off modulated micro-
waves has been modified to perform time-resolved
ODMR studies of luminescence from SilSi1_1Gex su-
perlattices. We have been able to separateTdit (,i-< S

tts) and slow (t = 15 ps) processes with this technique.
The new resonances provide more detailed informalion
on the nature of the optical proces-ses,

!his. pape_r_focusis on i AO Atlo A svsi6.7Ge0.3
superlattice (25 periods) grown on an (001t Si sub:
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samples were studied under pumped helium conditions
(T - 1.6 K) in the tail section of an Oxford Instruments
7-T magneto-optical cryostat.

Since the modulator has an on/off ratio of about
200, some tests were performed to ascertain which
parts of the response were time-resolved (see Fig. 2).
The fe4ture labeled H in the CW spectrum with
ZWlcrf, GiS. 2a) has been assigned to holes derived
from the strain-spljt MJ = + 312 valence band in the
Sig.7Geg.3 layers. r) The line at 1.2 T wqs assigned to
the recombining electron associated with the valley-
degenerate Si/Sig.7Geg.3 conduction band. The posi-
tive resonance at twice the resonance position of the
MJ = L 312 hole is a multiple quantum transition.
These features are described in more detail - else-
wtrere.T) The CW spectrum with 20 mWcm2 was
taken to approximate the light level in the off-state of
the pulsed experiment. Feature H was also observed
by the D-ODMR experiment (Fig. 2c, t6 = 10 ps) with
intensity equal to that found in the CW case with light
power reduced by two orders of magnitude (Fig. 2b).
This result suggests that the resonance H is associated
with a spin-dependent process which occurs on a time
scale less than 10 ps.

Two new resonances, not observed in the CW
studies, are found in the D-ODMR experiment (arrows
in Fig. 2c). The lifetime associated with these lines
was found to be - 15 ps from D-ODMR spectra ob-
tained as a function of the delay time (ta). This
lifetime is similar to the decay time determined from'
low-temperature time-resolved PL measurements.
Similar PL lifetimes (-30 ps) have been reported by
other workers for MBE-grown Si/Si1-r1Ger1 super-
lattices which exhibit the broad emission. r/

The field positions of the feature labeled H and the
two new resonances are plotted in Fig. 3 as a function
of the angle (0) between B and the [001] axis. The
resonance H can be described by a highly anisotropic
g-tensor with t00U axial symmetry: gll = 3.73 + 0.05
and gL.= 0. As discussed in the earlier ODMR
studies, t ) the shift to higher field following Bres *
l/cos 0 is a "fingerprint" of a hole state derived from
the My = + 312 valence band in the SiGe layers.

The new resonances appear to have a derivative-
or dispersion-like lineshape with a luminescence-
decreasing component and a luminescence-increasing
signal at higher field. The angular rotation studies
reveal that these features split apart, shift to higher
field, and broaden as the field is rotated towards the

U 101 axis. The last two characteristics are similar to
the behavior observed for the hole resonance (H). In
addition, the g-value of these features determined from
the average resonance field is higher than the g-value
of the hole resonangg H for a particular magnetic field
orientation in the (110) plane.

The signs of the resonances can be understood by
considering thermalization within the manifold of ex-
cited states. An energy level diagram which describes
the four excited states composed of a hole with spin
MJ = + 312 and an electron with spin mr = * ll2 in a
magnetic field is shown in Fig. 4. The hole spin-flip
transitions (i.e. -3/2++312) occur at different fields be-
cause of an exchange interaction term: cS" o 56, where

c is the spin-spin exchange interaction.l0) \il/ith the
spin relaxation rates greater than the recombination
rates of the strongly emitting states, the lower-lying
states become moie populated than the states higher in
energy. This is referred to as the spin-thermalized
case. 

- 
The microwave-induced hole spin transitions

will result in an emptying of the l-312,+Ll2> state and a
build-up of ihe l+3l2;Ll2) state. From electric-dipglg
selectioh rules, the two inner states can recombine with
the emission of a circularly polarized photon. Thus,
for this spin-thermalized case, the o- emission will
decrease and the o+ emission will increase at the
respective resonance field posi4ons. This corresponds
to what is found in the D-ODMR experiments.

Another important aspect of the new features is
the higher g-va1ue compared to the g-valqg of the hole
resonince H derived frbm the MJ = + 312 vB in the
Sig.7Geg.3 layers. Regions in the SlGe layers.of high-
er-Ge cdncentration can account for the higher g-
values since the Luttinger parameter (K) for the
valence band from which the hole g-values are
determined increases from -0.42 for Si to 3.41 for
Ge.l1) Furthermore, the higher spin-lattice relCIration
rate associated with these resonances as deduced from
the signs of the signals is also consistent with this
model- since the greater Ge concentration leads to an
increase in spin-orbit coupling and, thus, faster spin-
lattice relaxation times. These new resonances may be
associated with the Ge interstitial platelets seen in
recent Tran$mission Electron Microscopy (TEM) ex-
periments.3)- In summary, time-resolved ODMR experiments
have been performed on the broad emission bands
from SilSi1-1Ge* superlattices. The temporal studies
reveal an exchange-split resonance spectrum derived
from states with a lifetime of - 15 ps, similar to the
lifetime of the emission bands determined from PL
decay measurements. In addition, the lifetime of the
hole resonance H derived from the strain-split MJ = t
312 valence band was found to be much faster, < 5 ps.
More work needs to be done to determine if these
times refer to different parts of the same optical cycle
(e.g. fast capture followed by a slow recombination) or
two separate recombination processes, one fast and one
slow.
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Fig.. 3- The fields for resonance as a function of the
ggte between B and the [00r] axis. open ivmbols
denote the hole resonance (H) derived no'rn itrJrt uio-
Hli! Yl =.1.312 valence.band in the SiG; layers.
lto^rgq symbols denote new resonances revealed by the
D-ODMR experiments.
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Fig. 2 ODMR spectra under three excitation condi-
tions. Spectrum -a) 

was taken w{h 2 Wlcm? CW ex-
citation and b) with Z0 mWlcmZ CW. Spectrum c)
was taken with 10 ry light p_ulses with zttrilcmz peali
power and 1 delay of l0 ps between the light anO mi-
crowave pulses.

b)

,,nn,,

1 tal

"*r"*" l-l I

CI'
.=c
f

ig
z
:)

=[T(,
z
-o

1.4

o

II

lr
I

o
(E
[rJz
I,IJ

e 1-2

o
JuJ 1.0
TL

It-
irJ 0.8zo

MAGNETTC F|ELD (T)

li* 4Jfr,e,eqerqies for the four excired states in a mag_
lgllc tield, including an exchange interaction term.
Microwave-induced hole spin-flii rransitioni-ioashea
arrows) for the thermalized case and allowed ciiculariy
polarized optical transitions (solid arrows) are shown.
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