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Figure 4: In the upper part, the pulse sequence used to de-
termine the recombination time of antiparallel spin pairs ⌧

ap

is depicted. It is based on a standard inversion recovery pulse
sequence with spin echo detection. To separate the effects of
spin pair recombination and generation the above bandgap il-
lumination provided by a red LED is switched of 50 µs before
the inversion pulse and switched on 50 µs after the detection
spin echo, so that during the inversion recovery pulse sequence
no new spin pairs are generated. In the lower part, the am-
plitude of the detection echo �Q (black squares) is shown as
a function of the waiting time T between the inversion pulse
and the detection spin echo. The observed decay can be fit-
ted with two strechted exponential decays (red line), the first
with a timeconstant of ⌧

ap

=15.5±0.8 µs and an exponent of
0.5 which is attributed to the recombination of antiparallel
31P-P

b0

spin pairs. The second decay with a longer time con-
stant of ⌧

p

=1.2±0.1 ms reflects the recombination of those
spin pairs for which the 31P spin has not been inverted by the
first ⇡ pulse and which therefore are in a parallel state during
the waiting time T .

The strechted exponential character of the decay sug-
gest a broad distribution of recombination rates within
the spin pair ensemble. The timeconstant of the second
decay observed in this experiment is attributed to the
recombination of parallel spin pairs and its value is con-
sistent with independent measurements giving a value of
⌧p=1.2 ms. The decay observed in the inversion recov-
ery under continuous illumination is caused by two pro-
cesses, the recombination of antiparallel spin pairs and
the generation of new spin pairs, which cannot easily be
separated. The decay can be fitted using a system of
rate equations allowing to extract values for ⌧ap and ⌧g

as discussed in section V B.

B. Generation Rate of Spin Pairs

In the next set of experiments we will determine the
generation rate of new spin pairs after a recombination

process has taken place. To this end, we employ the
pulse sequence sketched in Fig. 5. At the beginning of
the pulse sequence without illumination all spin pairs are
in the charged 31P+-P�b0 state. A light pulse of length
T (fill pulse) generates new spin pairs with a rate 1/⌧g

depending on the intensity of the light pulse. The amount
of newly created spin pairs is determined by measuring
the amplitude �Q of a spin echo as a function of T .
The amount of newly created spin pairs is determined by
measuring the amplitude �Q of a spin echo as a function
of T . Following the discussion in section III, the echo
amplitude is expected to increase with a characteristic
timeconstant of

1/�3 = � 2⇣
1
⌧
g

+ 2
⌧
p

⌘ . (12)

This means that the timeconstant observed in the fill
pulse length experiment is determined by the faster of
the two processes: the generation of new spin pairs and
the recombination of parallel spin pairs.

The experimental results are shown in Fig. 5 for dif-
ferent intensities of the first light pulse given in units
of the corresponding photo currents (black squares, off-
set for clarity) while the intensity of the detection light
pulse is kept constant. Starting from �Q = 0 for short
fill pulses the echo amplitude increases for increasing T
with a characteristic timeconstant determined by fitting
the data with a strechtched exponential of the form

�Q / e
�

⇣
t
⇣

1

⌧
g

+ 2

⌧
p

⌘⌘n

, (13)

where the value of ⌧p is fixed to 1.2 ms. A summary of the
timeconstants ⌧g is plotted in Fig. 7 (green triangles) to-
gether with the 1/⌧g values obtained by fitting the results
of the inversion recovery experiment under continuous
illumination (black squares). Both experiments consis-
tently show a linear increase of the generation rate with
increasing photocurrent. Assuming a constant mobility,
this results in a linear dependence of the generation rate
on the carrier density as expected for an electron cap-
ture process [22]. This fitting procedure of the fill pulse
length dependence only gives meaningful results for ⌧g as
long as 1/⌧g . 2/⌧p. Since ⌧g increases for decreasing
illumination intensities its value can not be dermined at
low illumination intensities.

The experiments described so far allow us to deter-
mine the generation rate of new spin pairs. Referring to
Fig. 1, the timeconstants of two processes, namely the
capture of an electron by the 31P+ and the capture of a
hole by the P�b0, are involved in the generation of new
spin pairs. To determine whether the observed time-
constant is determined by the electron or hole capture
process, we can use the nuclear spin of the ionized 31P
donor as a probe [11] by applying the pulse sequence
sketched in Fig. 6. Starting from the steady-state un-
der illumination, in a first step we selectively depopu-
late the 31P donors associated with one orientation of
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tocurrent transient, induced by the onset of the LED, is
spin-independent and thus is independent of the phases
of the applied microwave pulses; it is removed when se-
quences 1 and 2 are subtracted from each other. Box
car integration of the subtracted photocurrent transients
over a time window of typically 15 µs results in a charge
�Q, which is proportional to the difference between the
number of antiparallel and parallel spin pairs before the
echo sequence.

LED


2 

cycle 1 ...

1 2 3

nap = x
np  = y
n+  = 0

nap = x
np  = y
n+  = 0

nap = 0
np  = y
n+  = x

p >>T>>ap
1 2 3

31P Pb0


2


2  

2

nap = x
np  = y
n+  = 0

nap = y
np  = x
n+  = 0

nap = 0
np  = x
n+  = y

Q ~ x

Q ~ ycycle 2 ... LED

p >>T>>ap

Figure 2: Readout spin echo pulse sequence for pulsed opti-
cal excitation. Box-car intergration (grey shaded area) of the
photocurrent transient after switching on the illumination re-
sults in a charge �Q proportional to the difference between
the number of antiparallel and parallel spin pairs at the be-
ginning of the readout pulse sequence. The number of spin
pairs in the antiparallel, parallel, and the 31P+-P

b0

state is
denoted by n

ap

, n
p

and n
+

, respectively.

Under continuous illumination the photocurrent tran-
sient directly after the spin echo pulse sequence is
recorded and boxcar integrated resulting in a charge �Q,
as in previous pulsed electrically detected magnetic res-
onance experiments [13]. The amplitude of the reso-
nant part of the photocurrent current transient is pro-
portional to the number of antiparallel spin pairs. The
echo forming an effective 2⇡ pulse leaves the spin state
unaffected, so that the photocurrent transient is propor-
tional to the number of antiparallel spin pairs nap before
the spin echo sequence, while the echo forming a ⇡ pulse
converts the parallel spin pairs into antiparallel spin pairs
and vica versa resulting in a photocurrent transient pro-
portional to the number of parallel spin pairs np before
the spin echo sequence. Subtracting the two results yields
a charge �Q proportional to the difference between the
number of parallel and antiparallel spin pairs nap � np.

B. Sample and Setup

The sample used in this work is fabricated by chemical
vapor deposition and consists of a 22 nm thick natSi layer
with [P] = 3⇥ 1016 cm�3 covered by a native oxide. It is
grown on a 2.5 µm thick, nominally undoped natSi buffer
on a silicon-on-insulator substrate. Evaporated interdigit
Cr/Au contacts with a period of 20 µm covering an ac-

tive area of 2 ⇥ 2.25 mm2 are biased with 300 mV. The
sample is illuminated with a red LED (630 nm). Pulsed
illumination is achieved by modulating the LED current
using a Thorlabs LDC 210C current controller providing
pulse rise and fall times of typically 2 µs. The measure-
ments are performed at 5.0 K stabilized to ±0.1 K in a
helium gas flow cryostat. The samples are oriented in an
external magnetic field B0 with the [001] axis of the Si
wafer parallel to B0.

The pulsed EDMR experiments are performed at a
microwave frequency of ⌫mw = 9.739 GHz in a Bruker
X-band dielectric microwave resonator for pulsed EN-
DOR at B0=350.65 mT chosen such that the microwave
pulses resonantly excite the high-field 31P electron hy-
perfine transition. The microwave and rf pulses are
shaped using a SPINCORE PulseBlasterESR-Pro 400
MHz pulse generator and a system of microwave mix-
ers. The mw pulses are amplified by an Applied Systems
Engineering 117X traveling wave tube with a maximum
peak power of 1 kW. The microwave power is adjusted
to achieve a ⇡ pulse time of ⌧⇡ = 40 ns (B1 = 0.45 mT)
for the spin echoes and ⌧⇡ = 30 ns (B1 = 0.6 mT) for
the inversion pulses used throughout this paper. The
rf pulses are amplified by a 300 W solid state amplifier
resulting in a ⇡ pulse time of 29 µs at 6 MHz. The
current transients after the pulse sequence are ampli-
fied by a custom-built balanced transimpedance amplifier
(Elektronik-Manufaktur, Mahlsdorf) with low- and high-
pass filtering at cut-off frequencies of 1 MHz and 2 kHz,
respectively and recorded with a fast data aquisition card
(Gage).

V. RESULTS AND DISCUSSION

A. Recombination Rate of Antiparallel Spin Pairs

In this section, we describe two experiments based on
the inversion recovery pulse sequence to measure the re-
combination time of antiparallel spin pairs ⌧ap. The first
experiment is a standard inversion recovery experiment
with continuous illumination [14, 21]. Consequently, a
steady state of the electron spin system is established
where in good approximation all spin pairs are in parallel
configuration. Application of a ⇡ pulse to one of the two
31P electron hyperfine transitions brings the spin pairs
into an antiparallel state resulting in an inversion of the
detection echo signal �Q when measured directly after
the inversion pulse. During the waiting time T , the an-
tiparallel spin pairs recombine with a timeconstant ⌧ap

and, at the same time, new spin pairs are formed by
electron and hole capture processes with a timeconstant
⌧g. Both timeconstants can in principle be extracted by
measuring the detection echo amplitude as a function of
T . The corresponding data points are shown in Fig. 3 for
different light intensities given in terms of the resulting
photocurrent. All traces have been normalized and offset
to allow for easier comparison of the involved timecon-
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