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Observation of precursor pair formation of recombining charge carriers
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An experiment is presented which allows the observation of charge-carrier pair formation that precedes 
electronic transitions such as spin-dependent recombination or spin-dependent transport. It is based on an 
electrically detected magnetic-resonance-induced rotary echo sequence. The experimental demonstration is 
performed on precursor (spin) pairs of electrons in the emitter layer of crystalline silicon/amorphous silicon 
heterostructures. Precursor pair-generation-rate coefficients extracted from these measurements are studied as a 
function of light intensity and are found to show only a minor dependence on the illumination level indicating 
that the pair generation is not determined by charge-carrier densities.
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I. INTRODUCTION

Transitions of charge carriers through localized electronic 
states occur in various qualitatively and quantitatively differ
ent forms such as defect or excitonic recombination pro
cesses or hopping transport in disordered materials. Common 
to all these processes is that they take place through multiple 
electronic transitions which involve the formation of inter
mediate pairs in one or several localization steps before the 
final recombination or transport transitions occur. Examples 
for such processes are defect recombination described by 
Shockley and Read1 for which intermediate pairs are crucial 
to exist even though they can often be neglected for the 
statistical Shockley-Read-Hall description of recombination. 
Other examples include excitonic recombination for which 
the excitonic states represent intermediate pairs,2 excitonic 
recombination through additional precursor states as ob
served in many organic semiconductor systems3 or hopping 
transport in the low-temperature regime of disordered 
semiconductors4 where precursor pairs are constituted by 
nearest-neighbor arrangements. The influence of the precur
sor states for macroscopic electrical or optical properties is 
oftentimes negligible, yet there are some exceptions where 
the nature of the precursor pairs and their formation pro
foundly affect transport or recombination. For these systems, 
the ability to experimentally access precursor pair-generation 
rates becomes crucial for the understanding of their micro
scopic nature. Examples for this often involve spin- 
dependent transitions that can be found in weakly spin- 
orbital-coupled materials (e.g., in any known silicon 
morphology4 or organic semiconductors3'5) since the precur
sor pair formation determines, for these cases, macroscopic 
material and device properties such as magnetoresistance6 or 
device efficiency.7

In the following, we present an experiment which allows 
the observation of the precursor pair formation for spin- 
dependent transport and recombination processes. This ex
periment is based on the observation of coherent spin motion 
of precursor pairs using a pulsed electrically detected

magnetic-resonance (pEDMR) induced rotary echo pulse se
quence. EDMR measures changes in the (photo) conductiv
ity of a semiconductor material resulting from magnetic- 
resonant alteration of transition rates of spin pairs. 
Independent of the specific type of microscopic transition 
process— either spin-dependent hopping, trapping, or 
recombination—intermediate spin pairs8-10 (precursor pairs) 
consisting of two charge carriers with spin S= 1 /2  determine 
the observed signals. EDMR-detected rotary echoes are pro
duced by spin ensembles which are dephased from an initial 
eigenstate due to a resonantly induced inhomogeneous spin 
nutation (a so-called pulse-induced Rabi nutation) before 
they are rephased due to a second pulse with opposite 
phase.11

Rotary echoes have been used in the past for the measure
ment of precursor pair coherence times as the decay of a 
rotary echo train poses a limit on the net decay rate caused 
by precursor pair recombination or dissociation.12 However, 
it is difficult to distinguish experimentally between different 
possible influences that can affect the echo decay, among 
them (a) transitions that destroy spin-pair coherence (either 
hopping, recombination, or trapping), (b) spin relaxation, (c) 
dissociation, and (d) precursor pair generation during the ex
periment. While the theoretical models describing pEDMR 
have been tested experimentally with regard to dissociation, 
hopping, and recombination dynamics,4'1 °'13 the process of 
precursor pair generation is complicated to access experi
mentally. Usually, spin-pair generation is assumed to be neg
ligible during the microwave (mw) excitation in a pEDMR 
experiment. This is certainly justified for the typical current 
relaxation and transient nutation experiments where only one 
short microwave pulse with a length of a few 100 ns is used. 
In contrast to that, spin-pair generation can become impor
tant for more advanced (and much longer) pulse sequences. 
Furthermore, spin-pair generation influences pEDMR signals 
on the time scale where current relaxation transients (the 
basis of all pEDMR experiments) are recorded.10 Note that, 
however, neither the decay of the rotary echo nor the tran
sient behavior of the observed EDMR signals reveals infor-
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mation about the pair-generation rate as precursor pair- 
generation rates are only weakly dependent on the rate 
changes induced by magnetic resonance (see arguments 
made in Refs. 10, 14, and 15). Therefore, measuring the 
dynamics of precursor pair generation has remained elusive 
so far.

For the experiment presented, the problem is solved by 
measuring the Rabi nutation around a rotary echo signal as a 
function of a separation time between dephasing and rephas- 
ing of the spin ensemble. It is shown that one can distinguish 
the pEDMR signals from precursor pairs which existed be
fore the dephasing pulse from those generated after the pulse 
due to a 180° phase difference of the Rabi nutation signals 
which originate from the two ensembles. Thus, a disen
tanglement of true loss of coherence [effects (a)-(c) as men
tioned before] and spin-pair generation (d) can be achieved.

The demonstration of this experiment was conducted on a 
heterostructure solar cell consisting of a highly phosphorus- 
doped hydrogenated amorphous silicon (a-Si:H) emitter 
layer and a crystalline silicon (c-Si) absorber. These hetero
structures are known to exhibit a strong pEDMR signal re
sulting from hopping of electrons via localized conduction- 
band tail and phosphorus states in the a-Si:H layer.4-16 
Changes in the precursor pair-generation rate caused by a 
light-flux-controlled change in the charge-carrier generation 
rate are investigated. While pEDMR was used for the experi
ments presented here, it shall be stressed that this experiment 
could conceivably be carried out in an equal way (using the 
same magnetic-resonance pulse sequence) for the investiga
tion of optically detected spin-dependent transitions using 
photoluminescent or electroluminescent processes.17-18

II. ELECTRICALLY DETECTED ROTARY ECHO

The experiment is started from the steady state where all 
electronic transition rates are constant. Therefore, precursor 
pairs are constantly generated and their influence on an ob
served rate (referred to as Iph since we use a photocurrent for 
the experiments presented) is balanced by the annihilation of 
spin pairs through processes such as dissociation, hopping, 
or recombination. In the steady state, the number of pairs, 
and therefore / ph, are constant in time. When applying a reso
nant mw pulse, the spin pairs will begin a coherent nutation 
(a Rabi oscillation) and their phase coherence will be lost 
gradually due to spin relaxation, spin-dependent electronic 
pair decay, and inhomogeneous magnetic fields. When fur
ther spin pairs are formed during the application of this 
pulse, these spin pairs will be generated in eigenstates and 
thus, due to their random time of generation, they will be at 
random phase to the already existing spin-pair ensemble. 
Thus, spin-pair generation will influence the signal in a simi
lar way like any other source of decoherence. This can be 
studied by utilizing the pulse sequence illustrated in Fig. 1 
which consists o f two subsequent pulses with opposite 
(180°) phase relation.

During the first pulse, the spin ensemble carries out a 
gradually dephasing Rabi nutation which can be observed 
with pEDMR by measurement of the integrated charge Q(r) 
after the pulse as a function of the applied pulse length r
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FIG. 1. Sketch of the rotary echo experiment that can be used to 
study precursor pair generation. The pulse sequence consists of two 
microwave pulses with opposite phase and an interpulse waiting 
time, Tofr. The sketch illustrates three cases: (a) for Torr much shorter 
than the pair-generation time, (b) for Tofr of the order of the genera
tion time and (c) for Tofr much longer than the pair-generation time. 
The time traces are drawn along with the dephasing states of the 
spin ensemble at the beginning and the end of each pulse. The Rabi 
oscillation of the spins reflected by the pEDMR signal <20, 2), as 
plotted for the gray shaded time interval during the pulses, is phase 
inverted for pairs generated during the interpulse time in compari
son to pairs generated before the pulse sequence begins. Hence, the 
deconvolution of the Rabi oscillation into phase inverted and non
phase inverted oscillation components allows a relative quantifica
tion of newly generated pairs and pre-existent pairs. For details see 
text.

(Ref. 4). Q(r), which is obtained by integrating the current 
transient after the mw excitation, represents a projection of 
the spin state of the precursor pair at the end of the pulse. For 
the pulse sequence in Fig. 1, the length of the first pulse is 
kept at constant length and Q (t2) is measured as a func
tion of the length r2 of the second pulse which now repre
sents initially (for t 2 < t 1) a dephased Rabi oscillation that 
gradually recovers to the rotary echo at t2= t1 before it 
dephases again at t 2 > t 1. Note that this detection scheme for 
rotary echoes was used for the first electrical detection of 
spin coherence12 and has since then been applied to various 
studies on decay processes of precursor pairs.17'19'20 It shall 
be noted that rotary echoes are always observed at a time 
t2 = t1, independently of the length of the initial dephasing 
pulse.
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For the observation of the generation of precursor pairs 
we now set the length tx to a value so that the corresponding 
flip angle of the spin ensemble is (2 h + 1 )it with n being an 
integer number (the flip angle is 57t in the sketched experi
ment) and we also introduce an interpulse waiting time, ro)f, 
between the two pulses during which the dephased spin en
semble remains completely unchanged in a rotating Bloch 
sphere representation, as long as no pairs decay and no new 
pairs are generated. The length r 2 of the second pulse is 
again incremented gradually so that the integrated sample 
current Q (t2) measured after the two pulses as a function of 
r2 reflects the rephasing Rabi oscillation due to the rotary 
echo.

The expected pEDMR signal Q (t2) is depicted inside the 
gray shaded pulse intervals in Fig. 1 for three different inter
pulse waiting times: (a) for a short ro)f, almost all spins that 
have dephased during pulse 1 can be refocused during the 
second pulse. The echo signal corresponds to a (local) mini
mum of Q (t2) for r2 = r 1. (b) For larger values of t o)T the spin 
pairs that are generated between the two mw pulses signifi
cantly influence Q (t2) in addition to spin pairs that are lost 
during ro)f due to annihilation (dissociation or recombina
tion). While the surviving spin pairs that are refocused dur
ing pulse 2 again result in a minimum signal, the newly 
generated spin pairs give rise to a maximum at t2 = t1 as the 
flip angle of the newly generated spins is (2/2+ 1)tt. Thus, the 
measured signal is a combination of two 180° phase-shifted 
oscillations. When the ensemble of newly generated pairs 
equals the ensemble of previously generated pairs, the two 
signals compensate each other at the time of the echo, (c) 
When t o)T is sufficiently long so that the coherent informa
tion generated during the first pulse is lost due to spin-pair 
annihilation, the signal measured is completely determined 
by spin pairs that have been generated during roff. Hence, the 
signal is the same like the signal obtained in a Rabi oscilla
tion measurement without the first pulse and, therefore, it 
exhibits a clear maximum at t 2= t 1.

By fitting model functions to the experimental results of 
Q (t2) for various r0ff, the relative magnitudes of the en
semble sizes of the newly and previously generated precursor 
pairs can be obtained as a function of ro)f, and these depen
dencies represent both the generation and decay dynamics of 
the precursor pairs, respectively. This procedure is demon
strated in Sec. V using experimentally obtained pEDMR ro
tary echo signals.

It shall be mentioned that the magnitude of the rotary 
echo is always affected by the distribution of Larmor fre
quencies which will result in a dephasing contribution that 
cannot be rephased with the method presented here. This 
“lost” part o f the spin-pair ensemble is always equal for a 
given experiment and it will therefore always superimpose 
the Q (t2). It is therefore not relevant for the evaluation of 
decay times from the observed echo amplitude dependence 
of r0ff. It shall be noted though that Larmor rephasing is 
possible by means of a pEDMR Hahn echo experiment.21

III. EXPERIMENTAL DETAILS

Figure 2 shows sketches of the a-Si:H/c-Si heterostructure
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FIG. 2. (Color online) (a) Cross-scction of the hctcrostructurc 
solar ccll and (h) gcomctrical skctch of the entire pEDMR sample. 
The sample consists of 2 X 50 mm2 of a boron doped crystalline 
silicon wafer which provides the absorber of the ccll. The phos
phorus doped amorphous silicon (emitter layer) and the ZnO (trans
parent conducting oxide) cover only a square of 1 X 1 mm2. A win
dow of the same size was etched out of the Si02 before the 
deposition. The front contact (Al grid finger) is connected to a thin- 
film strip line that extends to the opposite side of the substrate. 
Electrical isolation from the crystalline silicon is accomplished by 
the Si02. Structuring of the sample was done using standard optical 
lithography. For the pEDMR experiments the sample is illuminated 
through the a-Si:H side.

used for the experiments in this study. Technologically, this 
device represents a solar cell. A 220-^m-thick boron-doped 
c-Si substrate with (100) surface orientation was used as ab
sorber. The emitter layer, consisting of 20 nm phosphorous- 
doped a-Si:H, was deposited on top of the c-Si substrate 
using plasma-enhanced chemical vapor deposition. 80 nm of 
highly Al-doped ZnO serves as transparent conducting oxide 
and is connected to a 100-//,m-wide and 200-nm-thick Al 
front contact finger. A 200-nm-thick Al back contact layer 
was deposited on the opposite side of the c-Si substrate. The 
active area of the solar cell was confined to 1 mm2 resulting 
from the size of a window that was etched out of approxi
mately 500 nm thermally grown S i0 2 covering the c-Si. The 
Al back contact as well as the Al front contact finger, which 
is electrically isolated from the c-Si by S i0 2, extend to the 
end of the substrate (size 50 X 2 mm2). This thin-film wiring 
is indispensable in order to minimize artifacts induced by 
strong mw bursts used in the experiment and in order to not 
perturb the eigenmodes of the dielectric microwave resonator 
by the electrical circuitry. Several sample structures were 
processed on one wafer in parallel. They were cut into the 
appropriate size after the last processing step. Solar cells 
deposited in a similar manner were shown to reach efficien
cies above 17% (cf. Ref. 22) for a solar cell area of 1 cm2.

All measurements were carried out in a Bruker E580 
X-band electron spin resonance (ESR) spectrometer. The 
sample was held at T= 10 K using a continuous flow helium 
cryostat. In order to facilitate a current which is sufficiently 
high for a pEDMR experiment, excess charge carriers were 
created optically by monochromatic light (X = 514 nm) from 
an Argon-ion laser. The generation rate of free charge carri
ers in the sample could be changed by adjusting the optical 
output power of the laser. The light was fed through an op
tical fiber ending above the active sample area. A constant 
current source (Keithley 220PCS) was used to establish a 
constant photocurrent, / pll= - l  fiA , corresponding to a cur
rent density of -0 .1  mA cm"2 (reverse bias regime of the
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solar cell). Hence, optically generated electrons and holes in 
both the a-Si:H layer and the c-Si wafer are extracted 
through the Al contacts. The applied voltage which is re
quired for /Ph=-1 fiA  depends on the photon flux and 
amounts to values between 0.04 and 0.27 V for the condi
tions used in the experiments. The response of the current 
source was slow compared to the time scale on which the 
pEDMR experiments were carried out, so that the ESR- 
induced current change, A/ph, was not compensated.

In a pEDMR experiment the current transients after a mw 
excitation are recorded for several hundred microseconds for 
different values of the static magnetic field, B0. Therefore, by 
analyzing A/ph as function of time, t, after a mw pulse at 
fixed B0 (in the following referred to as pEDMR transients), 
one can gain insight into the dynamics of spin-dependent 
processes, whereas A/ph at fixed t (pEDMR spectrum) 
contains the spectral information which is also accessible 
by the well-established continuous-wave (cw) EDMR 
technique.23-24

IV. pEDMR ON a-Si:H/c-Si SOLAR CELLS

Figure 3(a) shows the pEDMR spectrum measured 
f=10 /is  after excitation with a 320-ns-long mw pulse.

The relaxation of the photocurrent was recorded for 
200 /us with a temporal resolution of 0.2 /us and averaging 
5 X 104 transients for each value of B0. The best fit to the 
pEDMR spectrum could be obtained by assuming a single 
Lorentzian line at # = 2.0048(5). This is in accordance with 
earlier measurements on the same type of samples.16 The 
underlying process is associated with electron hopping via 
conduction-band tail states in a-Si:H (Refs. 9, 25, and 26), 
which also explains that directly after the mw pulse a posi
tive change A/ph is observed [see Fig. 3(b)]. The pEDMR 
spectrum is superimposed by two 25 mT split satellites that 
result from neutral phosphorus donor states, which lie in the 
same energy range as the conduction-band tail states. The 
phosphorus hyperfine splitting of 25 mT in amorphous sili
con, which significantly differs from the 4.2 mT splitting 
known from crystalline silicon,27 was originally determined 
by ESR (Ref. 28) and later also observed Tn EDMR.16-29 The 
satellites cannot be observed in Fig. 3(a) because of the lim
ited magnetic field range used in the experiment.

Besides the spectral information which alternatively could 
have been extracted from a cwEDMR experiment,30 pEDMR 
allows to study the time dependence of the resonance signal. 
The dynamics of pEDMR transients, i.e., the relaxation of /ph 
back into the steady state after a resonant mw pulse excita
tion, is influenced by the spin-pair recombination or hopping 
rates as well as precursor pair generation.4 Figure 3(b) 
shows two pEDMR transients measured under different 
illumination conditions using a photon flux of 
4>o=\ X lO 17 c n f 2 s"1 and <̂ >=8 X lO 17 c m '2 s"1. The ap
plied voltage was adjusted to yield /Ph=-1 /nA in both cases 
(corresponding to 0.21 and 0.27 V, respectively). It should be 
noted that the small adjustment of the bias voltage did not 
change the charge-carrier extraction mechanism. The shape 
of the transients can be fitted when assuming a combination 
of two single exponential functions (one with positive and
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FIG. 3. (Color online) Results of a pEDMR experiment carried 
out at r=10 K using a photocurrent of -/ph=~l /“A. (a) Current 
change at f=10 fis after a 320-ns-long mw pulse (pEDMR 
spectrum). The spectrum reveals a single Lorentzian line at 
£=2.0048(5) (dashed line) which in accordance with the g value of 
conduction-band tail states in amorphous silicon. The linewidth is 
dominated by power broadening resulting from the high mw power 
(Bi —70 fiT) used in the experiment, (b) Current relaxation as a 
function of time after the mw excitation (pEDMR transient) on the 
resonance position at £=2.0048(5) measured at two different light 
intensity levels as indicated in the legend. The dashed lines repre
sent fits to the experimental data assuming a combination of two 
exponential functions for each transient. The respective time con
stants are given in the text.

one with negative amplitude) for each transient as inferred 
from theory [see dashed line in Fig. 3(b)].10 The fits yield the 
time constants Tax 40 /is, rhx 300 /is and t*«=8 /is, 
rbx 50 /is  for (f)Q and 8 X <̂>0, respectively. It is tempting to 
associate the change in the two time constants upon increas
ing the photon flux with a rate change in the underlying 
microscopic mechanisms. However, although it is apparent 
that the photon flux certainly has a dramatic impact on the 
time constants, its interpretation with regard to spin- 
dependent transitions or precursor pair-generation-rate coef
ficients is not straightforward as the shape of pEDMR tran
sients can also be affected by RC time constants of the 
detection electronics or the dielectric relaxation times of 
sample (for a more detailed analysis see Ref. 31).

An elegant way to study microscopic processes in 
pEDMR without any influence of RC time constants or other 
artifacts is to investigate the coherent spin motion during 
the mw excitation using a pulse-length-dependent 
measurement.10 Figure 4(a) shows the charge response 
Q (t) = Sj9, ^ A/pi/fr determined at # = 2.0048, i.e., at the maxi
mum position of the resonance line shown in Fig. 3(a). These
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FIG, 4, (Color online) Observation of spin Rabi nutation per
formed at a steady-state photocurrent o f /ph= - l  fiA  at 7 = 10 K, 
(a) Change in the photocurrent integrated from 3 to 19 fin after a 
mw excitation for 32 magnetic field values. The mw pulse length 
was varied from 0 to 510 ns with an increment of 2 ns. The oscil
lations reflect the coherent spin nutation of the spin-pair ensemble 
during the mw pulse. The oscillation frequency £1/2it is 23(2) MHz 
which corresponds to the Rabi frequency of a spin 1/2 under the 
conditions used in the experiment. The inset shows the Rabi fre
quencies determined by Fourier transformation of the coherent os
cillations for several mw power levels. The solid line represents a 
linear fit through the origin, (b) Cut through the data displayed in
(a) along the dashed line corrected for a linear baseline. To evaluate 
the Rabi decay quantitatively, the maxima and minima of the oscil
lations (marked by the bullets) were fitted with two exponential 
functions each (solid lines), (c) Difference between maxima and 
minima in plot (b) versus t . The solid line shows a fit to the experi
mental data assuming a single exponential decay (time constant 
Tdcc~  100 ns) and a constant offset (—0,05),

oscillations originate from spin Rabi oscillations of charge 
carriers that are involved in the spin-dependent hopping via 
localized conduction-band tail and phosphorus states in 
a-Si:H.19

A Fourier transformation of Q (t) yields the associated 
Rabi frequencies. The inset of Fig. 4(a) displays the frequen
cies determined at four different amplitudes, Bj, of the mw 
magnetic field. The B l axis has been scaled according to 
Rabi's formula f l= y B h where f l/2 ir  is the Rabi frequency 
and y= g fiBlft is the gyromagnetic ratio, i.e., the ratio be
tween g value, the Bohr magneton, /iB, and the Planck's 
constant, h. The solid line represents a linear fit through the 
origin. From the Rabi frequencies it can be inferred that the 
oscillations shown in Fig. 4(a) correspond to the Rabi fre
quency of individual S= 1/2 particles and therefore originate 
from spin pairs with weak spin-spin (exchange and dipolar) 
coupling.10-14-15 In other words, the mw pulse manipulates 
only one spin of the precursor pair. The two constituents of 
the associated spin pair are assigned to neutral phosphorus 
and conduction-band tail states.

To evaluate the decay of the Rabi oscillations. Fig. 4(b) 
shows a horizontal cut through the data set along the dashed 
line in Fig. 4(a). Maxima and minima of the oscillation were 
fitted with two exponential functions each. Figure 4(c) shows 
the difference of these fits as a function of the mw pulse

length t which represents the oscillation decay (in the fol
lowing referred to as Rabi decay). This behavior can be well 
described by a single exponential function with a decay time 
constant r^ .^ lO O  ns and an additional constant offset 
(«=0.05). The effects (a)-(d) (as mentioned in the introduc
tion) that determine pEDMR echo decay also influence the 
Rabi decay observed here. In addition, coherent dephasing 
caused by a distribution of Rabi frequencies can also contrib
ute to the Rabi decay. Discriminating between these effects is 
the aim of the rotary echo experiment described in the fol
lowing section.

V. EXPERIMENTAL OBSERVATION OF 
ROTARY ECHOES

Using identical experimental conditions as before (see 
Figs. 3 and 4), a rotary echo experiment as described in Sec.
II was performed. For this purpose, Q (t2) was recorded for 
Toff varying between 0 and 200 /us. The length of pulse 1 
was fixed at 7^= 136 ns which corresponds to a flip angle of 
< ^ = n -r1 = 57T. The length of pulse 2 was increased from 
t 2 = 0 to 254 ns with an increment of 2 ns. Figure 5(a) shows 
the signal Q(t2) that was obtained by integrating A/ph in the 
interval from 3 to 19 /is after pulse 2 has ended.

The maximum echo signal occurs, as expected, when both 
pulses have the same length, i.e., for t 2 = t 1. With increasing 
waiting time we clearly observe in Fig. 5(a) that the maxi
mum due to the echo signal changes into a minimum at 
roff«  10 /xs.

The signal at t o))=0 [uppermost curve in Fig. 5(a)] can 
approximately be described by an oscillation that is sym
metrical to t 2- t 1 = 0. It represents the echo decay contribu
tion to the EDMR signal, Qed, that arises from refocused spin 
pairs. This contribution decreases with increasing t o)T due to 
annihilation of spin pairs between both pulses. Since there is 
no delay between both pulses here ( to)T=0), we can neglect 
spin-dependent generation. By assuming an exponential 
damping of the amplitude, the model function can be written

Qed = Aed~B ed cos(w ' 1T2 -  ^ll + ' e^ T' H ‘d (D

with Bed being the amplitude of the oscillation, o> is the Rabi 
frequency, and <j>ed is an additional phase factor. ded denotes 
the time constant of the exponential damping and A ed is a 
constant offset. All these parameters are determined by a 
least square fit. The only parameter that depends on t o)T is the 
amplitude Bed.

Similarly, the signal Qnp that originates from new pairs 
generated during t o)-,-=200 / i s  [lowermost curve in 
Fig. 5(a)], can approximately be described by

Qnp = A„p + B sin(a) ■ t ,  + <f> ) ■ e (2)

This expression ignores refocused spin pairs (Qed) and, 
therefore, B denotes the amplitude of the damped Rabi
oscillation carried out by spin pairs that were generated dur
ing r0ff. The meaning of the parameters Anp, « , <f>np, and dnp 
is analogous to the corresponding echo decay parameters de
fined above.
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V i (ns>

FIG. 5. Results of the pEDMR rotary echo experiment. The 
experimental conditions are the same like for the previously shown 
pEDMR results, (a) Charge Q resulting from the integration of the 
current change between 3 and 19 fis after the second mw pulse as 
a function of the length of pulse 2. The individual curves corre
spond to different values of to11- as indicated on the right side of the 
plot. The sensitivity of the measurement can be estimated from the 
bar that represents the charge of 105 electrons. The condition where 
the maximum refocusing of the spins occurs (t, = t2) is marked by 
the dotted vertical line, (b) Coefficients aed and anp representing the 
contributions to the signal due to echo decay and during to11- gener
ated precursor pairs, respectively. These coefficients were extracted 
from the data displayed in (a) with a procedure described in the 
text. The solid lines show best fits using two biexponential func
tions for the description of the echo decay as well as the signal 
caused by new spin pairs as a function of to1T. For the four time 
constants as displayed next to the fit curves we obtain 
t*'/ = (0.46 ± 0.06),us, 7s;] = {35 ±3) fis, ^ ,  = {2.9 ±0.3) fis, and

= (60± 6)jus. (c) Rate coefficients (inverse of the slow time con
stants 7̂  and tJ^) for several light intensity levels. To obtain these 
data points, the laser power was varied between 5 and 400 mW 
corresponding to a photon flux between approximately 10lb and 
8 X 1017 cm”2 s“'.

After determining these parameters by a least square fit, 
Q (t2) for each value of roff can be interpreted as a superpo
sition of both contributions Qed and Qnp. Using this phenom
enological approach, the EDMR echo signal for each roff can 
be described by

Q(~2 * ®-ed ' Qed ®-np " Qnp C (3)

with Qeci and Qnp being the contributions that arise from echo 
decay and new spin pairs which are given by the expressions 
in Eqs. (1) and (2). The parameters a ed (echo decay deter
mined by spin-pair annihilation) and a np (signal caused by 
generation of new pairs) are the respective prefactors that

weight the two contributions. C is an additional constant off
set.

Thus, by determining the parameters a e d  and a n p  from a 
fit to the experimentally obtained data for roff between 0 and 
200 /is, a disentanglement of the contributions of spin-pair 
annihilation and precursor pair generation can be achieved. 
Figure 5(b) displays these values as a function of roff. The 
solid lines represent fits with functions describing a biexpo
nential decay and increase with time constants i[}d , and 
7//p> ^np’ respectively. For the light intensity used in this ex
periment we find (0 .46±0.06) /is, ^ = ( 3 5  ± 3 )  /is, 
^ = ( 2 . 9  ± 0.3) /is, and Tjip = (6 0 ±  6) /is.

Note that the equations for Q(t2) as given above represent 
only a phenomenological description of the echo signal 
which is valid for small spin couplings. A more precise ex
pression taking into account the coupling of the spin pairs 
can be found in Ref. 10. Note further that the good agree
ment between the biexponential fits and the experimentally 
found dependence of a ed and a„p on roff does not exclude 
other models which can correctly describe the experimental 
data. Reasonably good fits can also be achieved when assum
ing a distribution of spin-pair annihilation and formation 
rates which results in a stretched exponential behavior. This 
is anticipated since stretched exponentials are convolutions 
of more than two exponentials used for the fit with a biex
ponential decay.

Figure 5(c) shows the inverse of the slow time constants, 
namely, the rate coefficients r (* J = l / and r\fp = \ l ^ p , ob
tained from similar measurements carried out at different 
light intensities. Changing of the photon flux was accom
plished by adjusting the laser power. Thereby, the generation 
rate of free charge carriers (not necessarily the precursor 
pair-generation rate) could be varied. Surprisingly, we ob
serve that neither the time constant related to the generation 
process nor the time constant describing the echo decay 
change significantly, although the photon flux was varied 
over almost two orders of magnitude [see Fig. 5(c)], We have 
restricted this analysis to the slow time constants (with upper 
index 2) because the smallest value of roff used in this study 
was 500 ns and thus too long to deduce reliable values for 
the fast time constants and ^  which are indispensable 
for a thorough analysis. Note that the observation of only 
weak light intensity dependence and therefore only weak 
charge-carrier density dependence can be understood by pair 
formation at defect sites (following Shockley, Read, and 
Hall) when the charge-carrier generation rate is high enough 
to saturate almost all defects in the steady state. As the pair- 
generation rate will approach the pair decay rate under these 
conditions, the carrier density will only slightly influence the 
carrier capture and thus the pair formation.

VI. DISCUSSION AND CONCLUSION

The Rabi oscillations shown in Fig. 4 decay exponentially 
with a time constant of approximately 100 ns. That is signifi
cantly smaller than 7^/=(0.46 ±0.06) /is, i.e., the fastest 
time constant describing the echo decay. This is in accor
dance with the finding from a previous study4 that the damp
ing of the oscillations is mainly caused by Rabi dephasing
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due to a distribution of g values or /?,, whereas the effect of 
annihilation of spin pairs plays only a minor role on the time 
scale of the mw pulse (the maximum pulse length for the 
data shown in Fig. 4 was approximately 500 ns). Hence, 
refocusing of spins with an echo experiment is possible and, 
thus, the requirement for the application of the presented 
rotary echo experiment is fulfilled.

The contributions to the echo signal caused by refocused 
spin pairs (given by a ed) and during t 0h generated pairs 
(given by a np) can clearly be separated by taking advantage 
of the phase difference between the corresponding pEDMR 
signals. The dependence of both parameters on Tof1 can be 
approximated when assuming two biexponential functions, 
which might indicate that both spin-pair annihilation and 
generation are determined by at least two different processes 
each. In the case of Ted, two time constants appear if the 
annihilation rate out of pure triplet states | | | )  and | | | )  is 
different from the rate out of states | | | )  and I lf )  with mixed 
symmetry.10 These rates are the same that enter the expres
sions for the pEDMR transients. However, as indicated in 
Fig. 3(b), the shape of pEDMR transients can be affected by 
spin-independent influences such as RC constants of the de
tection electronics or the sample itself, even when there is no 
change in the dynamics of the spin-dependent processes. 
While the time constants extracted from pEDMR transients 
show a strong dependence on the photon flux [see Fig. 3(b)], 
the time constants deduced from the echo experiment are 
only slightly affected [cf. Fig. 5(c)], although the laser power 
was varied over almost two orders of magnitude. Taking into 
account that the concentration of electrons in the conduction 
band of the amorphous silicon is approximately proportional 
to the photon flux,32 the pEDMR signal shows no pro
nounced dependence on the concentration of conduction 
electrons. For a quantitative analysis of the fast echo decay, a 
more detailed study of the signal at small waiting times 
(ro(|< 5 0 0  ns) is needed, particularly to evaluate the influ
ence of Larmor dephasing and to distinguish between differ
ent models (biexponential increase/decay or stretched expo
nential) that could both explain echo decay and spin-pair 
generation in accordance with the presented experimental re
sults. It shall be pointed out that the independence of the 
precursor pair generation and decay times could indicate that 
both rates are density of state limited processes in contrast to 
a charge-carrier density-limited processes.

The above interpretation of the experimental results is 
based on the assumption that the signal Qnp is solely deter
mined by spin pairs that were indeed generated during r0(1-. 
This assumption is clearly justified when the first pulse is 
strong enough to excite the whole resonance line. However, 
due to experimental constraints we were not able to excite 
the whole line when using a flip angle of f l r i= 5 i r  as we did 
in the experiment. In our case, we used t , = 136 ns for the 
first pulse. The “natural” linewidth of the EDMR resonance, 
i.e., the linewidth one obtains without artificial power broad
ening (at low B { \  is —1.1 mT. From a comparison of this 
value with the excitation width that results from t , ,  it is 
apparent that only —38% of the resonance line is excited. 
Consequently, spin pairs from the part of the spectrum which 
is not in resonance during the first pulse might become reso

nant during r0(1- by spectral diffusion11 and thus also contrib
ute to Q„p. Hence, spins that are excited can change the local 
field (through dipolar interaction) at the position of an ini
tially not excited spin. Since dipolar interaction strongly de
pends on the distance between the respective spins, we 
would expect this effect to exhibit a strong dependence on 
the spin concentration in the tail states which in turn depends 
on the light intensity. This is not observed in the experi
ments. Other forms of spectral or instantaneous diffusion 
could, in principle, influence the echo decay signal (Qetj) but 
not Qnp. Moreover, we want to emphasize that spectral dif
fusion does only marginally influence spin-lattice relaxation 
and as the detected rotary echo decay is spin-lattice relax
ation dependent,10 we anticipate that spectral diffusion does 
not affect the generation rates extracted from the echo ex
periment.

The connection between experimentally observed EDMR 
signals and their microscopic origin is not always apparent 
because different processes such as spin-dependent recombi
nation, hopping transport, and scattering can provoke similar 
signals9-16-33 if they involve paramagnetic centers with iden
tical or similar g values. Independent of the microscopic 
mechanism, the echo experiment opens the possibility to 
study spin-pair generation provided that the change in con
ductivity is indeed influenced by spin pairs. This is especially 
relevant for organic semiconductors, where fundamentally 
different models for the formation of polaron (spin) pairs 
exist.34-3''’ It has recently been demonstrated that pEDMR can 
successfully applied to organic light-emitting diodes-'' to mea
sure Rabi oscillations, which is the basis for the rotary echo 
experiment.

For the quantitative description of pEDMR transients, 
spin-pair generation is usually taken into account in the form 
of a constant rate that is equal for all four eigenstates of the 
spin pair.4-10 However, there are indications that, at least in 
some systems, the generation rate could be different for the 
pure triplet states and the states with mixed symmetry.36 
Thus, the rotary echo experiment could be used to test the 
validity of this general assumption.

VTT. SUMMARY

In summary, we have demonstrated an electrically de
tected rotary echo experiment which allows the observation 
of precursor pair formation of spin-dependent electronic 
transitions through localized states in semiconductors. We 
have applied the rotary echo experiment to a heterostructure 
solar cell in order to analyze the influence of spin-pair gen
eration on the pEDMR signal. No significant influence of the 
spin-pair generation rate on the light intensity was found for 
the case of a hopping process via conduction-band tail and 
phosphorus states in a 20-nm-thick layer of amorphous sili
con.
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