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Abstract

Pulsed multi-frequency electrically detected magnetic resonance (EDMR) at

X-, Q- and W-Band (9.7, 34, and 94 GHz) was applied to investigate para-

magnetic centers in microcrystalline silicon thin-film solar cells under illumi-

nation. The EDMR spectra are decomposed into resonances of conduction

band tail states (e states) and phosphorus donor states (P states) from the

amorphous layer and localized states near the conduction band (CE states)

in the microcrystalline layer. The e resonance has a symmetric profile at

all three frequencies, whereas the CE resonance reveals an asymmetry espe-

cially at W-band. This is suggested to be due to a size distribution of Si

crystallites in the microcrystalline material. A gain in spectral resolution for
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the e and CE resonances at high fields and frequencies demonstrates the ad-

vantages of high-field EDMR for investigating devices of disordered Si. The

microwave frequency independence of the EDMR spectra indicates that the

same spin polarization-independent transport process is responsible for the

EDMR signals observed at X-, Q- and W-band.
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1. Introduction

Thin-film solar cells bear the potential of converting solar energy at much

lower costs than the well established wafer-based technology. Among the

various materials used in thin-film solar cells, hydrogenated amorphous sili-

con (a-Si:H) and hydrogenated microcrystalline silicon (µc-Si:H) play a key

role. Both materials can directly be deposited from the gas phase using low-

temperature processes on inexpensive substrates and require only a fraction

of the material that is necessary for crystalline silicon (c-Si) solar cells [1–4].

By choice of the deposition parameters a-Si:H and µc-Si:H can be produced

with the same deposition equipment and can thus easily be combined in one

device. This allows for the fabrication of tandem solar cells utilizing the

different band gaps of a-Si:H and µc-Si:H and, consequently, a more efficient

use of the solar spectrum.

Since the fabrication of the first a-Si:H solar cell in 1976 [5], the maximum

conversion efficiencies increased steadily to more than 12 % for a-Si:H/µc-

Si:H tandems [6, 7]. However, this value is well below the maximum effi-
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ciencies achieved with c-Si-based cells [8]. This gap is due to the inferior

electrical properties of amorphous thin-film silicon as compared to its crys-

talline counterpart. Deep defects due to dangling bonds (db) and localized

tail states in the band gap induced by strained bonds act as recombination

centers and traps, respectively, and thereby influence the charge transport of

photogenerated charge carriers. They thus diminish the performance of the

cell. Understanding these loss mechanisms on a microscopic level is a neces-

sary prerequisite for the development of advanced cell concepts minimizing

the detrimental influence of defect states on the cell performance.

Whenever a localized defect state is occupied by an odd number of elec-

trons, it is paramagnetic and can be detected by electron paramagnetic res-

onance (EPR) spectroscopy. EPR can determine defect concentrations and

thus allows for an optimization of a-Si:H and µc-Si:H deposition parameters

[9]. Since the electron spin trapped in a defect state constitutes a sensitive

probe for electron and nuclear spins in its vicinity, EPR and related multi-

resonance techniques can deliver helpful information on defect structures in

solar cell materials [10–12]. In particular a multi-frequency approach has

recently proven successful for the investigation of the EPR parameters of dbs

in a-Si:H [13].

Whether these paramagnetic defects are indeed involved in trapping and

recombination processes can conveniently be analyzed when combining EPR

with a photocurrent measurement. The resulting technique, electrically de-

tected magnetic resonance (EDMR) [14], interferes with spin-dependent re-

combination or hopping rates and probes the resulting change in conductivity.

EDMR employing continuous wave (cw) microwave (mw) excitation has been
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applied to thin-film silicon films and devices for a couple of years [15]. More

recently the combination of electrical detection with pulsed mw excitation

schemes was shown to provide new insight into charge carrier recombina-

tion and hopping transport in thin-film silicon devices [16, 17]. On the one

hand, exploiting the time regime enabled the discrimination between spec-

trally overlapping EDMR signals associated with different spin-dependent

processes in a-Si:H- and µc-Si:H-based solar cells [18, 19]. On the other

hand, pulsed EDMR has paved the way for the application of sophisticated

detection schemes known from mw-detected EPR [20–23].

The present study is an extension of previous pEDMR work performed

on µc-Si:H p-i-n thin-film solar cells [18, 19]. Based on X-band pEDMR at

cryogenic temperatures three resonances in the µc-Si:H pEDMR spectrum

could be identified (Fig. 1). First, a signal at gCE = 1.9975(5) (CE signal)

from shallow localized states in energetic proximity to the µc-Si:H conduction

band. This signal could be further attributed to states within µc-Si:H grains

by electrically detected ESEEM [23]. Second, a resonance at ge = 2.0049(5) (e

signal) originating from n-a-Si:H conduction band tail states. Third, doublet

signals of P donor states in n-a-Si:H. These signals are centered around gP ≈

2.003(1) (P signal)) and exhibit a 31P hyperfine splitting (I = 1/2, natural

abundance 100 %) of ≈ 25 mT.

All three signals were assigned to spin-dependent hopping processes in

the µc-Si:H and n-a-Si:H layers. Since the energetic position of the quasi

Fermi levels under the experimental conditions used here is supposed to be

in the range of the energy band tail states, electrical transport is strongly in-

fluenced by hopping of charge carriers along localized states. No indications

4



Ag (100 nm)

quartz substrate

ZnO:Al (150 nm)

μc-Si:H (1 μm)

p-μc-Si:H (20 nm)

n-a-Si:H (30 nm)
ZnO (30 nm) E

V

E
C

hν hν

g
e 
& g

P

g
CE

p-µc-Si:Hi-µc-Si:Hn-a-Si:H

Figure 1: Left: layer structure of the µc-Si:H p-i-n thin-film solar cells. Right: schematic

representation of the energy-band diagram at room temperature without illumination.

The amorphous layer can be identified by the larger band gap. The detected signals are

assigned to hopping transport via shallow conduction band tail states at a g-value of gCE

in the µc-Si:H regions and conduction band tail states at ge as well as phosphorus donor

states at gP in the amorphous layer.

for spin-dependent recombination via db states could be found in the EDMR

spectra. Possibly the strong hopping signals superimpose a weaker db recom-

bination signal. This hypothesis is consistent with the results of a previous

study, where an EDMR recombination signal could only be found in purely

microcrystalline p-i-n solar cells, but not in cells with amorphous p- and/or

n-doped layers exhibiting strong EDMR signals from hopping transport via

tail states [19].

Despite the fact that detailed insight about spin-dependent transport

processes could be obtained from above mentioned studies, several impor-
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tant questions remained unsolved. The limited spectral resolution at X-band

frequencies did not allow for extracting field-dependent EDMR line shapes.

These parameters reveal important information about the electronic struc-

ture of paramagnetic states, contained in the distribution and canonical val-

ues of the electronic g-matrix. In order to obtain these pieces of information,

high field/high frequency EDMR experiments are required. Furthermore,

recent X-band pEDMR works on µc-Si:H solar cells assumed spin pair pro-

cesses to be responsible for the observed spin-dependent transport processes.

These processes do not depend on the equilibrium Boltzmann spin polariza-

tion. However, studies limited to one polarization regime may miss other

important spin polarization dependent transport processes like e.g. recom-

bination of electrons and holes in the conduction and valence bands with

thermalized spin polarization [24], trapping of conduction electrons at ion-

ized donors [25], spin-dependent scattering [26] or polarization transfer from

donors to delocalized electrons [27]. In order to investigate the impact of

these processes, EDMR experiments at different resonance fields and/or tem-

peratures are required. Finally, an unambiguous assignment of paramagnetic

specimen in µc-Si:H solar cells by X-band EDMR is limited by the fact that

field-dependent (Zeeman interaction) and field-independent (spin-spin inter-

actions) line shape contributions cannot be discriminated.

In order to lift these restrictions we extend X -band EDMR in the present

work to a multi-frequency EDMR approach. Thereby, we benefit from the

enhanced spectral resolution at Q- and W-band frequencies and discriminate

between field-dependent and field-independent line shape parameters, advan-

tages which are routinely used in conventional EPR spectroscopy [13, 28].
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With this approach it is possible to assign magnetic field-dependent line

broadening contributions to the different spectral components. Furthermore,

we will investigate whether significant thermal spin polarization, which ex-

ists for low temperature W-band EDMR, influences the nature of the spin-

dependent processes and thereby EDMR spectrum.

After briefly describing the X-, Q- and W-band setups, we present the

results of the multi-frequency study. First, the experimental spectra are

described followed by the explanation of the methods for the spectral decon-

volution. Afterwards we determine precise g-values of the e and P signals

and corroborate hyperfine (hf) interaction as the reason for the splitting of

the P resonance and consider the line profile of the CE line making use of

the decomposed spectra. We analyze the influence of field-dependent line

broadening effects of the deconvoluted CE and e signals on the spectral res-

olution in the EDMR spectra. Finally, we discuss the effect of thermal spin

polarization on the EDMR spectrum.

2. Materials and methods

2.1. Principle of EDMR

The concept of pulsed EDMR [16, 17] is explained by discussing the

most prominent spin-dependent charge transport processes in the investi-

gated device at low temperature. Illumination of the µc-Si:H device excites

electrons into the conduction band, which then thermalize into energetically

lower localized conduction band tail states. Hopping transitions of carriers

into singly occupied paramagnetic tail states are spin-dependent because the

charge carriers obey the Pauli exclusion principle such that doubly occupied
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states have to be in an antisymmetric singlet spin configuration. Hence, the

transition probability of a carrier into a singly occupied state is determined

by the mutual spin orientation [15, 17, 29]. A surplus of pairs with a triplet

character blocking the spin-dependent transport occurs when assuming that

weakly coupled spin pairs are generated by continuous illumination having

all 4 eigenstates (|T+〉 and |T−〉 with pure triplet character as well as |2〉 and

|3〉 with triplet and singlet character) with equal probability. In the steady

state the high triplet proportion is further increased by the short life time

of the singlet pairs due to fast spin-dependent transitions, while triplet pairs

are long-lived.

The application of mw pulses allows the manipulation of the relative

spin orientation of the spin partners and results in an increase of the singlet

content. This leads to a higher hopping transport probability and a higher

sample conductivity. The response of the sample conductivity is measured

via current-detection in EDMR experiments (Fig. 2). Directly after the pulse

a rapid change of current is detected due to the enhanced singlet content.

In the course of time, spin relaxation and reoccupation of tail states with

electrons by light excitation as well as loss of carriers reestablish the steady

state singlet and triplet proportion of the spin pairs, which is observed as

an EDMR signal change in the experiment. The EDMR spectra shown in

this study result from digital boxcar integrations over time intervals of the

current transients (Fig. 2, inset).

2.2. Sample preparation

The investigated solar cell (Fig. 1) is a single junction p-i-n (p-µc-Si:H

/ i-µc-Si:H / n-a-Si:H) diode prepared in a superstrate configuration with
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Figure 2: A change of the relative spin orientation by mw pulses leads to a transient

current response ∆I(t). Here the current response of the e, P, and CE signals from the µc-

Si:H solar cells is shown. EDMR field spectra are generated by integrating over a certain

time interval of the transient current response (digital boxcar integration). The maximum

response is achieved by applying mw π-pulses.

a process developed for a high quality device [30]. The cell was deposited

by plasma enhanced chemical vapor deposition (PECVD) on a glass sub-

strate (Corning 1737) covered with a ZnO front contact. The crystallinity

of the 1 µm thick intrinsic µc-Si:H absorber layer is approximately 65 %

according to Raman measurements [31]. The n-a-Si:H layer was doped with
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phosphorus and the p-µc-Si:H layer with boron. In order to perform EDMR

measurements solar cells of 1×1 mm2 with a special contact configuration

were prepared with laser scribing. The preparation sequence and laser scrib-

ing procedure was presented in more details elsewhere [19, 32]. The total size

of the sample for the EDMR investigations (55.0×2.9×0.7 mm3) is limited

by the cavity size at X- and Q-band.

2.3. EDMR instrumentation

We performed pulsed EDMR experiments utilizing Bruker Biospin spec-

trometers of type Elexsys E580 and E680 working at frequencies of 9.7, 34

and 94 GHz (X-, Q- and W-band). The time-dependent conductivity change

was measured after pulsed mw excitation as a function of the static magnetic

field B0 while the resonance frequency ν0 was kept constant. At every field

point current transients of up to 100 µs were recorded.

The sample was illuminated in all experiments by a stabilized DC driven

halogen cold light source (P = 150 W) from Polytec. The sample cooling was

realized by CF935 cryostats and ITC503 temperature controllers from Oxford

Instruments to perform EDMR experiments at 10 K to benefit from the high

signal-to-noise ratio (SNR). A combined voltage source and current amplifier

produced by Elektronik Manufaktur Mahlsdorf was used [19] to detect the

spin-dependent change in conductivity. The cell was operated at 1 V reverse

bias in X- and Q-band to extract the photo-generated charge carriers from

the device leading to photocurrents between 4 and 8 µA dependent on the

illumination conditions. Smaller light intensities due to the setup at W-band

reduced the photocurrent at 1 V bias voltage and 10 K significantly (see Sec.

2.3.2). Hence we used here a higher voltage of 1.5 V (3.2 µA) and 5 K to

10



further increase the detected spin-dependent response. The change of these

parameters did not influence the spectral information but only led to a better

SNR.

2.3.1. Experiments at X- and Q-band

At X- and Q-band frequencies the sample was mounted in a mw res-

onator as for conventional EPR measurements. A dielectric ring resonator

ER 4118X-MD5 was used for X-band experiments and a lab built cavity res-

onator suitable for samples with maximum diameter up to 3 mm at Q-band

(see table 1). The excitation of photo-carriers in the solar cell was achieved

at 9.7 GHz by illumination through the optical window in the resonator. At

34 GHz the light was coupled into an optical fiber guided in the interior of

the sample rod to the sample. At the end of the fiber a small rectangular

prism of 0.7 mm edge length was fixed to reflect the radiation directly onto

the active area of the device.

EDMR spectra were measured as function of mw power to optimize the

signal intensity without affecting the line shape by broadening effects. At

9.7 GHz and 34 GHz π-pulses of 100 ns and 70 ns, respectively, where found

as optimum conditions.

The magnetic field was calibrated at these two frequencies using a LiLiF

standard with a known g-value of 2.002293(2) [33].

2.3.2. Experiment at W-band

At frequencies higher than Q-band an EDMR setup is much more diffi-

cult to implement in dielectric or fundamental mode cavity resonators due

to the smaller wave lengths. Lang et al. [34] were able to employ a commer-
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cial Bruker Teraflex EN 600-1021H resonator at 94 GHz allowing a sample

diameter of 0.87 mm to investigate silicon field-effect transistors (active area

of 160×40 µm2, sample size 15.0×0.5×0.3 mm3).

This resonant setup could not be used here to investigate the same so-

lar cell already used for the X- and Q-band experiments because the chosen

size of the solar cell exceeded the maximum sample dimensions and because

illumination of the thin-film solar cell is necessary. For this reason we used

a non-resonant setup. The sample is placed underneath a mw transmission

line consisting of an oversized rectangular (Q-band) waveguide, which is ta-

pered down to W-band dimensions at the end. This non-resonant structure

allows for the insertion of several mm2 large samples and convenient sam-

ple illumination. In an EDMR experiment the solar cell is illuminated by

visible light (via an optical fiber) and mw through the glass substrate. To

increase B1 at the sample the back side of it was covered with an additional

reflective metallic layer. The maximum available mw power of 0.4 W in this

non-resonant setup yielded π-pulses of 500 ns (see table 1).

A BDPA (1,3-bisdiphenylene-2-phenylallyl) sample was used for transient

nutation experiments to estimate possible B1 inhomogeneity in the non-

resonant setup. It was deposited as a thin film on a glass substrate with

a total film area larger than the active area of the solar cell. Nutations could

be detected over several periods indicating small inhomogeneity effects.

The field axis calibration was done at W-band with the help of a small

BDPA sample (g = 2.00264 [35]) fixed on the glass substrate of the solar cell

next to the active area. Calibration measurements were performed for mw

frequencies between 93.7 and 94.4 GHz to cover a sufficient range of the field
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frequency setup π-pulses B1-field amplitude

9.7 GHz ER 4118X-MD5 100 ns 178±12 µT

34 GHz lab built resonator 70 ns 255±24 µT

94 GHz non-resonant setup 500 ns 36±8 µT

Table 1: Overview of characteristic quantities of the different frequency bands. The π-

pulse lengths and B1-field amplitudes (B1=ΩRabi

γ ) were determined by EDMR transient

nutation experiments [36].

axis.

3. Results and discussion

The EDMR spectra of the µc-Si:H solar cell at all three measurement

frequencies are shown in Fig. 3. The center of the current integration win-

dows was chosen such that the maxima at the two field positions indicated

by vertical lines have equal intensity to show the differences in spectral reso-

lution. At X- and Q-band an integration window of 100 ns in the transients

recorded was used. Due to the reduced SNR of the transients at W-band

an integration window of 7.45 µs width was chosen in order to achieve a

sufficient SNR.

The two main signal contributions are assigned to the CE resonance at

g ≈ 1.998 (dashed line) and the e resonance at g ≈ 2.005 (dotted line). The P

signal pair is not well resolved in these spectra as it is outside of the covered

field range in X-band or buried under the stronger resonances at W-band.

Only in the Q-band spectrum it can be observed as broad tails of the central

lines.
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Figure 3: EDMR spectra of the µc-Si:H solar cell at 9.7, 34 and 94 GHz. The narrow

signals are assigned to CE states (g ≈ 1.998, dashed line) and e states (g ≈ 2.005, dotted

line). At 34 GHz the broad hf satellites of phosphorus donors centered around g ≈ 2.004

can be observed as broad shoulders (marked with asterisks).

3.1. Spectral deconvolution

The basis for the analysis of the EDMR spectra at different frequen-

cies and for the determination of field-dependent and field-independent line

broadening effects is the knowledge of the line shapes and widths of the dif-

ferent signals. For the determination of these line parameters the X-band
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EDMR spectrum of the µc-Si:H solar cell was fitted with symmetric line pro-

files [18, 19]. The CE and e signal were described by Lorentzian line shapes,

the P satellites were approximated by a pair of Gaussian lines. These line

shapes, especially the Lorentzian profiles, were chosen because they ade-

quately fit the EDMR signals. However, we note that the Lorentzian line

shape should not be interpreted as a result of homogeneous broadening. In a

first step, the same fitting approach was applied to the X-, Q- and W-band

data of our study as demonstrated examplarily in Fig. 4 a) for the Q-band

data set. The fit yields the following results: The EDMR spectrum can be

well described in the low field range up to ≈ 1245 mT by Lorentzian lines for

the CE and e signals, respectively and one Gaussian line for the low-field P

signal. At the high field side of the CE signal a significant deviation between

experimental spectrum and fit is observed (marked in shaded red). This

deviation can be reduced neither by changing the CE line position nor its

linewidth. The high field side of this resonance is significantly broader than

the low field side. This asymmetric CE line profile is found in the EDMR

spectra at all three frequency bands.

The fitting procedure based on symmetric fit functions is not sufficient to

describe the spectrum consisting of partly asymmetric lines and to extract

reliable parameters. Hence in a second step we use the time dependence of

the pulsed EDMR signal transients to decompose the strongly overlapping

signal contributions. Our approach is again demonstrated utilizing the Q-

band data set and applied then also to the X- and W-band data.
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3.1.1. Decay-associated spectra

The time dependence of the Q-band data set is shown in Fig. 4 b).

Spectra extracted at different times after the mw-pulse by integrating over a

time interval of 100 ns in the current transient are displayed. Starting from

the maximum of current change at 3.7 µs after the mw-pulse the EDMR

signal intensity decreases, changes sign and decays to zero for long times

after the mw-pulse. This signal evolution is connected with different time

constants over the spectrum: in the field range of the CE signal values of

4-5 µs and 14-16 µs are found, while in the range of the e and P resonances

time constants of 8-9 µs and 24-27 µs dominate. Similar time constants for

the e and P resonances are expected as these paramagnetic centers contribute

to the same transport path [19]. The difference in the time behavior is used

to separate the spectra into so-called decay-associated spectra (DAS) [37].

The EDMR spectrum is decomposed by approximating the current transients

with the help of a fit function consisting of four exponential functions with

time constants restricted to the above mentioned time intervals. Plotting

the prefactors of the exponential functions connected with the four time

constants in dependence on the magnetic field results in the DAS. Fig. 4 c)

shows the DAS of the Q-Band data set. A clear separation regarding the

e and P (shaded in grey), as well as the CE signal is seen. Nevertheless,

the high-field satellite of the P pair overlapping with the strong CE line is

not reproduced between 1245 and 1460 mT with the expected Gaussian line

fitting well the low-field satellite. The reason is the high intensity of the CE

line in comparison to the P signal in this field range as well as the relatively

small difference in the time constants characterizing the different resonances.
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Hence we make use of further decomposition methods.

3.1.2. Deconvolution utilizing signal dynamics

As seen in the time dependence of the EDMR spectrum in Fig. 4 b),

the CE signal decays faster and changes sign at roughly t ≈ 25 µs. At this

time this resonance does not contribute to the spectrum. Only the e and P

signals show a contribution as they decay with larger time constants. Their

contribution to the spectrum disappears at around t ≈ 57 µs. Here only the

CE signal (with inverted sign) is observed.

To precisely determine the time points of zero crossing of the e, P and CE

lines for a detailed spectral analysis, the time behavior of the single contribu-

tions is calculated. This is achieved by fitting the Q-band EDMR spectrum

at t = 7.7 µs in the low field range upto 1247 mT (near the maximum of the

CE line) by three symmetric lines yielding a very good representation of the

experimental spectrum in this field range (Fig. 4 a)). This fit is repeated for

all time steps in the signal transients keeping the linewidths and positions

of all signals constant and solely fitting the varying amplitudes. The time

dependent change of the line amplitudes as well as the zero intersection time

points are obtained by this procedure.

Hence we are able to extract the individual signals from the X- and Q-

band spectra with this method. A disadvantages of the approach is the

low signal quality especially of the CE line as the SNR at t ≈ 57 µs is

already clearly reduced. Application of this method to W-band data yields

decomposed spectra of low SNR. Hence an improved approach is suggested

in the next section.
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Figure 4: Deconvolution of the EDMR spectra demonstrated for the Q-band data set.

a) shows the spectrum at t = 7.7 µs fitted by symmetric lines. On the high field side

deviations between fit and spectrum are observed (marked in shaded red). b) shows the

time dependence of the spectrum. At t = 7.7 µs the e and CE signals exhibit equal

amplitudes. At t ≈ 25 µs only the e and P signals contribute. At t ≈ 57 µs solely the CE

line is observed. c) shows the deconvolution into decay-associated spectra. The sum of the

prefactors of the two exponential functions fitting the transients of the CE line (dashed

line) on the one hand, and the transients of the e and P signals (dotted line, area shaded

in grey) on the other hand are shown in dependence on the magnetic field. d) shows the

decomposition of the spectrum by subtracting spectra A and B of different relative signal

intensities. For details see Sec. 3.1.3.
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3.1.3. Deconvolution utilizing relative signal intensities

In order to improve the spectral deconvolution of the overlapping sig-

nal contributions we employed an additional approach making use of the

different signal dynamics in an alternative way. The e and P signals have

indistinguishable dynamics, which clearly deviate from CE signal dynamics.

This leads on the one hand to different relative amplitudes of the CE signal

compared to the e and P signals at different times and, on the other hand,

to constant relative intensities of the e and P signals. The two previous de-

convolution methods also clearly show that the low field part of the EDMR

spectra below 1235 mT is exclusively due to the e and P resonances. Thus,

a scaling of two spectra extracted at different times after the mw pulse to

identical intensity of the low-field P resonance immediately results also in

identical intensity for the e resonance. This is shown for the Q-band data

set in Fig. 4 d), where two spectra A and B with A integrated over the

time interval between 3.7 µs and 29.9 µs and B between 3.65 µs and 3.75

µs are scaled to identical intensity in the low-field part. Subtraction of the

spectra A and B removes the signal contributions of the P and e resonances

and exclusively retains the CE resonance. The results for the CE resonance

are in agreement with the previous results of the deconvolution methods, but

show a significantly improved SNR, in particular in the case of the W-band

data set.

The final decomposed spectra for the e and P signals and the CE signal

at all three frequency bands are shown in Fig. 5 a) to c). The magnetic

parameters that can be extracted for the individual signal contributions will

be discussed in the next section starting with the e and P resonances.
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3.2. Analysis of the e and P resonances

The extracted e and P signals from the a-Si:H layer of the solar cell are

given in Fig. 5 a). Fitting the spectra with symmetric Lorentzian lines

for the e signal and two broad Gaussian lines for the P signal yields very

good results (Fig. 5 b), table 2). The obtained g-values are ge = 2.0050(3)

and gP ≈ 2.005(2) at X-band. At Q-band we get ge = 2.0047(2) and

gP = 2.0041(5). The precision of the results is increased in this frequency

band due to a high SNR of the spectrum and the larger Zeeman splitting. No

further improvement of the ge precision was achieved at W-band so far, as the

SNR of the W-band spectrum is limited due to the small B1 field strengths

in the non-resonant setup. For the e resonance we obtain ge = 2.0047(2).

An asymmetry of the e signal cannot be resolved even at W-band. The P

signal shows a low SNR at 94 GHz due to the weak intensity, which hampers

the determination of the g-value. Using the results of the other frequency

bands, the P signal pair at W-band is well described, yielding gP = 2.004(1).

The linewidth has a FWHM of ∆BP ≈ 12.4 mT at X- and Q-band and

12(2) mT at W-band. The signal splitting of a0 = 21.2(6) mT at X- and

Q-Band, as well as a0 = 21(3) mT at W-band is unchanged within errors

at all measured frequencies. These obtained results of the P signal position,

width and splitting are consistent for all three frequency bands with respect

to the interpretation as hf satellites.

3.3. Asymmetry of the CE line

The CE resonance from the microcrystalline part of the sample could

be extracted reliably from the EDMR spectra with the help of its dynamics

despite the strong overlap with the e signal and the high field P satellite (Fig.
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Figure 5: Spectral decomposition results achieved by methods described in Sec. 3.1. a)

Narrow e signal (central line), together with P signals (marked with asterisks), extracted

from signal dynamics (Sec. 3.1.2). Spectra are shifted in field relative to the center

of the P doublet and normalized to P signal maxima. b) Q-band spectrum recorded

at 25 µs, together with spectral fits to the e and P resonances (dotted and dashed lines,

respectively). c) Deconvoluted CE resonances obtained from relative signal intensities (Sec.

3.1.3). Spectra are shifted in field relative to the center of the CE line and normalized

to the signal maxima. d) CE and e signal linewidths (FWHM). ∆Blf
CE and ∆Be and

the spectral separation of both resonance lines ∆Bsep plotted against EDMR resonance

frequencies. Dashed, dotted and solid lines represent fits to the respective parameters.
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frequency gCE ge gP ∆BP a0

X-band 1.9988(3) 2.0050(3) 2.005(2) 12.4(6) mT 21.2(6) mT

Q-band 1.9984(2) 2.0047(2) 2.0041(5) 12.4(4) mT 21.2(6) mT

W-band 1.9988(2) 2.0047(2) 2.004(1) 12(2) mT 21(3) mT

Table 2: Results of the evaluation of the CE, e and P signals for all measured frequency

bands. The g-values gCE (g-value of line maximum), ge and gP as well as the P doublet

linewidth ∆BP (FWHM) and its splitting a0 are given.

3). It reveals an asymmetric profile (Fig. 6), which is observed in all three

frequency bands. The resonance with its signal maximum at g = 1.9986(3)

reaches g-values up to g ≈ 2.004 on the low field side and down to g ≈ 1.988

on the high field side. The integrated spectral intensities of the CE profile

in the field ranges above (interval H ) and below (interval L) the FWHM

range of the line were compared to quantify the degree of asymmetry (Fig.

6, inset). The ratio r = H
L

yields 1.2, 1.3 and 1.8 for X-, Q- and W-band,

respectively. The values clearly deviating from 1.0 indicate an asymmetric

character at all measured frequencies, with the largest asymmetry seen at

W-band.

The CE resonance is interpreted in the literature as originating from the

crystalline region of the µc-Si:H material. At first the CE states were assigned

to free carriers in the conduction band of the crystalline grains [38–40]. Later

on the states were attributed to shallow conduction band tail states in the Si

crystallites acting as electron traps [41, 42]. However, the microscopic center

associated with the CE resonance could not be unambiguously identified yet.

The asymmetric line profile with field-dependent high- and low-field line-
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widths clearly shows a Zeeman interaction dominated line-broadening effect

for the paramagnetic states giving rise to the CE resonance. It is important

to note, however, that the particular line shape cannot be reconciled with an

axial g-matrix under the assumption of an isotropic powder sample. Instead,

it has been regarded before as being due to a superposition of two lines [43].

However, the magnetic parameters suggested in [43] do not fit our data set.

An asymmetric line profile can result from a non-isotropic distribution

of paramagnetic centers. Possible candidates for these centers are dangling

bonds at (internal) interfaces between amorphous and crystalline regions

in the µc-Si:H layer. Given the fact that the crystalline regions exhibit

a preferential orientation with respect to the substrate, the resulting re-

stricted powder pattern will lead to an asymmetric line shape that differs

from a full powder pattern expected for a purely isotropic distribution. How-

ever, a recent EDMR study on recombination in a-Si:H/c-Si heterostructures,

which can be regarded as model systems for microcrystalline Si, has revealed

an orientation dependent g-matrix with main values of g⊥ = 2.008(1) and

g‖ = 2.001(1) for the paramagnetic centers located at the interface [44].

This g-value range clearly deviates from the g-value of the CE center. In

consequence, an anisotropic distribution of paramagnetic states at internal

a-Si:H/c-Si interfaces cannot be responsible for the CE line asymmetry.

Therefore, we suggest a different origin for the line shape, still assuming

the CE resonance to arise from the crystalline part of the µc-Si:H material

as inferred from previous EPR/EDMR investigations [23, 39, 45].

µc-Si:H contains small crystallites separated by amorphous material. These

crystallites can be regarded as an ensemble of quantum structures. We as-
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sume that the g-value of a CE center located inside a Si nanocrystal depends

on the respective crystal diameter. Following this idea, the CE line shape is

governed by the size distribution of the Si nanocrystals. In the following, we

will evaluate whether the geometrical confinement due to the crystal sizes

found in µc-Si:H may influence the CE g-value and thus provide a credible

explanation for the CE line shape.

µc-Si:H deposited under similar conditions as the investigated sample

contains crystallites with an average size between 7 and 14 nm [31, 46].

While it is impossible to prepare µc-Si:H comprising only one particle size

and to study the influence of the crystal size on the CE g-value directly, data

is available on size-selected Si nanoparticles.

Ye et al. [47] studied resonant electron tunneling between c-Si nanocrys-

tals of ≈ 10 nm diameter embedded in an amorphous SiO2 matrix. They

observed several aspects of quantum confinement. Electrons forming delo-

calized states in bulk semiconductor crystals that are invisible to most EPR

techniques, may give rise to strong EPR signals when confined in nanostruc-

tures with reduced dimensionality. Nestle et al. [48] for example reported

about electrons confined in Si/Si1−yCy/Si quantum wells having a depth of 50

meV and well width of 6 nm. These paramagnetic centers were detected with

EPR signals showing properties (e.g. g-value, temperature dependences) re-

sembling those of CE centers [11]. Going to nanostuctures of varying size,

Pereira et al. [49] found a clear change of the P hf splitting of donors in

phosphorus-doped c-Si nanocrystals in dependence of the particle size up to

diameters >10 nm due to dielectric confinement. This is a consequence of

the modified donor wavefunction localization.
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Since the crystallite sizes in µc-Si:H are in the range of the above men-

tioned quantum structures, it is reasonable to assume an influence of con-

finement effects on the energy landscape of the structure and wavefunction

localization of the CE centers. A modification of the electron wavefunction

leads to a change of the spin orbital coupling, which has a direct influence

on the g-value of the CE center. Hence we assume a dependence of the CE

g-value on the crystalline grain size at least for a part of the grains. The line

shape of the CE resonance then reflects the grain size distribution within the

µc-Si:H material and not a powder pattern for a rhombic or axial g-matrix.

While we believe that a dependence of the CE g-value on the crystallite

size seems plausible, we cannot quantify this effect yet. However, DFT tech-

niques capable of calculating EPR parameters for localized states in thin-film

silicon became available recently [44, 50, 51] and may be employed to study

the g-value as function of the crystallite diameter.

3.4. Field-dependence of the spectral resolution

At 9.7 GHz the e and CE resonances overlap strongly (Fig. 3). At 34 and

94 GHz the increased Zeeman splitting of the spin states results in a larger

separation of both signals on the field axis, which is seen in the central part of

the spectra. For a detailed evaluation of the gain in spectral resolution, the

linewidth of the decomposed resonances in dependence on the mw-frequency

was analyzed (Fig. 5 a) and c)). Therefore, the e linewidth ∆Be at the

three frequency bands was taken from the fit results of the decomposed e

and P spectra (Fig. 5 a) and b)). As the CE profile is asymmetric, only

the linewidth ∆Blf
CE describing the low field side, relevant for the spectral

resolution, is used.
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In Fig. 5 d) the separation of the peak positions of the e and CE lines in

field ∆Bsep, deduced from the X-, Q- and W-band measurements are plotted

as a function of the mw frequency. ∆Bsep can well be fitted by a straight line

as the g-values obtained for both species agree within error margins for all

three frequency bands. The slope of the linear fit ∆gslope = 0.0057(5) is in

agreement with the average g-value difference ∆gsep = ge−gCE = 0.0061(5)

calculated from the g-values obtained at the three frequency bands.

Fig. 5 d) also shows the linewidth change of ∆Blf
CE and ∆Be in de-

pendence of the mw frequency. The linewidth increases significantly with

increasing observation frequency. The three measurements covering one or-

der of magnitude in frequency can be fitted well by a linear function (dotted

line for ∆Be, dashed line for ∆Blf
CE). This clearly demonstrates that the line-

width is dominated by field-dependent broadening. Two possible origins for

field-dependent line broadening are i) g-anisotropy and ii) g-strain (site-to-

site variations of the principal g-values, [52]). Investigations of paramagnetic

centers in disordered silicon such as the dangling bond defect in amorphous

silicon [10, 13] show that g-anisotropy and g-strain dominate the resonance

spectrum at Q-band and higher frequencies whereas hf interactions with 29Si

and 1H are important at X-band and below.

Hence we consider the development of linewidths in the X-, Q- and W-

band spectra to deduce information about the field-dependent linewidth con-

tribution ∆g. A distinction between the two field-dependent broadening

effects - g-anisotropy and g-strain - is impossible. Field-independent contri-

butions, e.g. hf couplings, are neglected at the frequencies used here.

A rough value for ∆g is obtained from the dependence of the linewidth
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on the resonance frequency as the slope si of the linewidth development is

determined by:

si =
h

βe

∆gi
g2i

ν0

[53] with the Planck constant h and the Bohr magneton βe. On the basis of

this relation ∆ge = 0.004(1) and ∆glfCE = 0.0037(6) can be calculated for the

e and CE resonances. These field-dependent contributions to the CE and e

linewidths are smaller than the g-value separation ∆gsep ≈ 0.006 of both

resonances. This results in an increased spectral resolution at higher fields

and frequencies which makes multi-frequency and especially high-frequency

EDMR a powerful tool to obtain information about g-values, -anisotropy and

-strain of paramagnetic centers in semiconductor devices.

3.5. Influence of spin polarization

The EDMR signals reported throughout this article are assumed to orig-

inate from spin-dependent transitions between two charge carriers where the

symmetry of the spin pair governs the transition rate as described in Sec.

2.1. The signal resulting from such a pair process does not depend on the

(thermal) polarization of the spins, i.e., the EDMR spectrum is supposed

to be independent of temperature and B0 [29]. This is consistent with the

X-, Q- and W-band spectra shown in Fig. 3, indicating that the same trans-

port process is responsible for the EDMR signals for all frequency bands,

although the spin polarization p = ∆N/N (the ratio between the difference

∆N in spin down concentration, N↓, and spin up concentration, N↑, and the

total spin concentration N = N↓ + N↑) changes considerably from 2.3 % at

X-band (9.7 GHz, 10 K) to 42 % at W-band (94 GHz, 5 K). In particular,
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the dynamics of the signals attributed to e, P and CE states as well as the

relative signal intensities remain nearly constant upon variation of the res-

onance frequency, whereas the resonance line shapes exhibit a pronounced

field-dependence as shown in Fig. 5 c). Drastic changes of the EDMR spec-

tra upon variation of p were observed e.g. for spin-dependent processes at

the Si/SiO2 interface [54]. Here, the authors detected a sign inversion of

high-field EDMR signals associated with spin-dependent processes involving

31P donor states near the Si/SiO2 interface when the temperature was var-

ied between 3 and 12 K. This indicates a p-dependent process. In contrast,

no evidence for the existence of p-dependent processes in µc-Si:H solar cells

could be found under the experimental conditions used in the present study.

This indicates that the hopping processes involving e, P and CE states re-

ported in this article are surprisingly robust against changes in the thermal

spin polarization over a wide range.

4. Summary

In this study light-induced EDMR signals of a single p-i-n µc-Si:H solar

cell at mw frequencies between 9.7 and 94 GHz were investigated. With

the help of deconvolution methods the different spectral components were

separated and analyzed in detail.

The g-value of the e resonance could be determined precisely with Q-

and W-band measurements. A signal asymmetry is not resolved even at

W-band. The P signal pair splitting of ≈ 21 mT is constant at all mea-

sured frequencies, corroborating the reason for the signal doublet to be hf

interaction. The CE line profile shows an asymmetry at all three frequency
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bands, which is most pronounced at W-band. This particular line shape leads

us to the suggestion that a size distribution of crystallites accommodating

light-activated CE centers is responsible for a g-value distribution and hence

for the CE resonance asymmetry. From the linewidth development of the

e and CE lines in dependence on the mw frequency a field-dependent line-

width contribution of ∆ge ≈ ∆glfCE = 0.004(1) could be deduced. The signal

splitting of both resonances ∆gsep ≈ 0.006 is larger than the extracted

field-dependent broadening, which results in a gain in resolution of EDMR

spectra measured at high fields and frequencies. The fact that the EDMR

spectra are almost independent of the resonance frequency indicates that the

same spin polarization-independent transport process is responsible for the

EDMR signals observed in X-, Q- and W-band.

Multi-frequency and especially high-frequency EDMR are thus impor-

tant tools to characterize paramagnetic centers involved in transport paths

in fully processed semiconductor devices. The precise magnetic parameters

obtained can further be the fundament for structural identification of these

paramagnetic centers by theoretical modeling.
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