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Transport and electrically detected electron spin resonance of microcrystalline silicon
before and after electron irradiation
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We have applied electro-optical techniques and electrically detected magnetic resonance to investigate mi-
crocrystalline silicon before and after irradiation with 1-MeV electrons. Irradiation with electrons induces
pronounced changes in the optical and electronic properties, namely, an increase in subgap absorption as
measured by the constant photocurrent method and a deterioration of the dark and photoconductive properties.
Electrically detected magnetic resonance~EDMR! measured in the photocurrent mode shows an increased
dangling-bond contribution and a change in the recombination path with sample irradiation. This is also
reflected in the temperature-dependent Rose factor. Below 50 K we find an EDMR signal that we attribute to
the recombination of conduction electrons in shallow traps with dangling bonds. We also find an ‘‘enhance-
ment’’ EDMR signal in the dark current with a typicalg value for dangling bonds and which is almost
unaffected by electron irradiation.
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I. INTRODUCTION

Since the first report on microcrystalline silicon by Vepr˘ek
and Marec˘ek1 in 1968 it has been established in the last f
years as a promising thin-film material for a variety of op
electronic applications like solar cells or thin-film
transistors.2,3 This heterogeneous material is also very int
esting from a fundamental physical point of view allowing
to study optoelectronic properties and electronic transpor
the transition from amorphous to crystalline solid state. M
crocrystalline silicon consists of crystalline silicon nano
eter sized grains, which often form columns growing perp
dicular to the substrate surface. Around these columns
nanoscale disordered boundaries that can be considered
amorphous phase. Two main low-temperature deposi
techniques (<300 °C) for microcrystalline silicon are
plasma-enhanced chemical-vapor deposition~PECVD!
~Refs. 4–7! with very high frequency and thermocatalytic
hot-wire CVD ~HWCVD!.8,9

Concerning the properties of PECVD microcrystallin
silicon solar cells, the effect of proton irradiation was stud
as a test for the environmental conditions in space.10 An
electron-spin-resonance study on electron irradiated mic
rystalline silicon from PECVD was performed by Malte
et al.11 In this paper we report on irradiation of microcry
talline silicon from HWCVD with 1-MeV electrons, partly to
provide not only information for space applications but a
for investigating the fundamental properties of microcryst
line silicon. Electronic transport in microcrystalline silicon
affected by carrier trapping and recombination via defe
Therefore, defects such as dangling bonds~DB! are
efficiency-reducing objects with respect to solar cell appli
tions. Electron irradiation is a method to create defects an
increase defect densities. Also, high-energy electrons ge
ate defects within the crystalline silicon phases~which are
expected to have low DB defect densities for as-depos
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samples as discussed in the literature7! and not only on grain
or column boundaries. In order to widen the experimen
basis we have applied different experimental methods s
as constant photocurrent method~CPM!, steady-state photo
conductivity ~SSPC!, dark conductivity, and electrically de
tected magnetic resonance~EDMR!. Comparison of results
from these different techniques allows us to draw firm a
representative conclusions about the change in sample p
erties due to electron irradiation and defect creation.

II. EXPERIMENT

A. Sample details

The effect of electron bombardment on microcrystalli
silicon from HWCVD was studied in a sample deposit
with 5% silane in hydrogen at 300 °C with a thickness
2 mm and on Corning 7059 glass as a substrate. The
lected sample showed columnar structure and high crys
line volume fraction typical for highly crystalline microcrys
talline silicon. More details on the deposition and gene
properties, including Raman spectra for estimation of
crystalline volume fraction, of the investigated HWCVD m
crocrystalline silicon can be found elsewhere.12 The evapo-
rated Al contacts, typically 1–2 cm wide with a gap of 0.5–
mm, showed Ohmic characteristics. Electron irradiation w
performed at 140 K with 1-MeV electrons with a dose
2.731018 cm22, equivalent to a flux of 3.5
31013 cm22 s21 for about 21 h.

B. Experimental techniques

All different experimental methods have been carried
before and after electron bombardment. The photocurrenI ph
was measured under steady illumination with a red-lig
Helium-Neon~He:Ne! laser. We applied CPM13 for the de-
termination of low absorption coefficientsa and the opto-
©2002 The American Physical Society12-1
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electronic spectroscopy of defect states. EDMR14,15measure-
ments were performed in order to obtain microsco
information about charge-carrier transport. In all EDMR e
periments microwave frequencies of about 9.5 GHz w
applied in standard electron-spin-resonance spectrome
For EDMR the current through the sample was measu
while sweeping the magnetic field. For sample illuminatio
a He:Ne laser was used. The EDMR signal was lock-in
tected with a magnetic-field modulation~having an ampli-
tude of 0.5 mT, modulation frequency of 44 Hz, and micr
wave power of 200 mW!.

III. RESULTS

Figure 1 shows the temperature dependence of the
conductivitysd before and after electron bombardment. T
room temperaturesd drops by more than one order of ma
nitude upon irradiation. It shows thermally activated beh
ior with different activation energiesDE. The activation en-
ergy and prefactors0 for the as-deposited sample wa
determined from the high-temperature data asDE
50.44 eV ands0592 S/cm. The values for the irradiate
sample forDE are 0.1 eV for 120 K,T,210 K and 0.57
eV for 240 K,T,296 K. The conductivity prefactors0 is
orders of magnitude different for the two regimes and equ
65 S/cm for DE50.10 eV and 2.331029 S/cm for DE
50.57 eV. Analysis in terms of theT1/4 law for variable-
range hopping in three dimensions16 also results in a straigh
line in an appropriate graphical representation for the lowT
data. We derive a defect density at the Fermi level o
31018 cm23 eV21 assuming a localization length of 10 Å

The photocurrentI ph from 3 K to room temperature unde
high photon flux of 231017 cm22 s21, as displayed in Fig.
2, deteriorates drastically upon irradiation, which is m
pronounced at room temperature. At room temperature
observe a ratioR5I after/I beforeof the photocurrent before an
after the bombardment ofR5625. We note that thisR value
increases by about a factor of ten at a photon flux of o
1015 cm22 s21. With decreasing temperatureR decreases
and reaches its lowest value of only about 2 at the low
measured temperature of 7 K. The sample has an alm

FIG. 1. Dark conductivity before and after electron bomba
ment of the microcrystalline sample.
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constant photocurrent forT,40 K, which rises drastically
when increasing the temperature above 40 K.

We also determined the so-called Rose factor17 g, defined
by I ph}fg wheref is the photon flux of the sample illumi
nation, from the intensity-dependent photocurrent. In a se
conductor with a single exponential band tail with an ener
independent tail parameterkT0, the value for g can be
expressed asg5kT0 /(kT01kT). An assumption in the Rose
model is that the trapped charge in the band tail balances
charge from the recombination centers.

At low T, g equals unity according to Fig. 3. The turnov
to g,1 behavior starts at higher temperatures for the irra
ated sample. The decrease ing is less pronounced and doe
not reach the value of 0.5 even for the highest measu
temperature. DeterminingkT0, for example, from measure
ments at 200 K, we find it to be 24 meV for the as-deposi
sample and 328 meV for the irradiated sample.

Figure 4 shows the calibrated absorption coefficienta for
different photon energies for the as-deposited sample
after irradiation as measured by CPM. For energies less
the band-gap energy of about 1.1 eV,a increases by one
order of magnitude in the irradiated sample.

-
FIG. 2. Photocurrent before and after irradiation, measured

the same voltage and illumination conditions. The factorR reflects
the reduction of the photocurrent due to the electron irradiation

FIG. 3. Rose factor for the as-deposited and the irradia
samples.
2-2
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TRANSPORT AND ELECTRICALLY DETECTED . . . PHYSICAL REVIEW B65 165212
We could not detect any conventional electron-sp
resonance signal from the as-deposited sample. Conside
the spectrometer detection limit, we estimated the up
value for the DB spin density asNd,131016 cm23. These
measurements were restricted to the as-deposited sampl
cause electron irradiation also creates defects in the g
substrate, making a proper analysis impossible.

To gain more information about changes in the transp
mechanism, we studied EDMR before and after irradiati
Figure 5 displays the derivative EDMR signals for the a
deposited sample with amplitudes scaled to the same he
in the temperature range fromT57 K to T5200 K. The
signals were measured in the photocurrent mode. In the h
temperature rangeT.100 K one observes a singlequench-
ing line, i.e., a decrease inI ph while sweeping the magneti
field through the resonance. The signature of the deriva
EDMR signal allows us to distinguish between enhancem

FIG. 4. Constant photocurrent method signal for the
deposited sample and the irradiated sample calibrated with the
sorption coefficient from optical measurements.

FIG. 5. Derivative EDMR spectra for the as-deposited sa
ple for different temperatures. The signals were measured u
illumination.
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and quenching lines. In the low-temperature range from 7
to 100 K the sample still shows the dominant line but with
additional structure on the high-field side. This structure
creases with increasing temperature. The spectra in the
temperature range could be well fitted by a superposition
a dominant Lorentzian line with a small Lorentzian lin
shifted to higher magnetic-field values@g51.9980(5)#,
which is illustrated in Fig. 6. This fitting procedure reveals
temperature-dependentg value for the dominant line withg
(T57 K)52.0040(5) andg (T5200 K)52.0050(5).

No additional signals appear after irradiation of t
sample~see Fig. 7!. The small feature at the high-field side
less pronounced for the irradiated sample and almost di
peared at 50 K.

We used the simulation~fit with two Lorentzian lines! to
determine the temperature dependence of the signal he
for the DBs and the conduction-electron~CE! contributions.
Figure 8 shows theT dependence of the EDMR signa
strengthS for both contributions.S(B)5Ds/s represents
the relative change in conductivityDs under microwave ir-

-
b-

-
er

FIG. 6. Fitting of the EDMR spectra~measured at 7 K! with two
Lorentzian lines.

FIG. 7. Derivative EDMR spectra for the irradiated sam
ple for different temperatures. The signals were measured u
illumination.
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radiation with varying magnetic fieldB. S is calculated at the
resonance condition (B5B0) by dividing the change of the
photocurrent DI by I ph. SDB increases by a factorF
5SDBbefore/SDBafter of about 3 at 7 K and 20 at 200 K due to
the sample irradiation. The change inS after irradiation for
the CE line is within the measurement errors. The CE-l
signal strength strongly decreases with increasingT until it
disappears above 150 K. Also remarkable is the m
weaker temperature dependence ofSDB for the irradiated
sample forT,200 K.

EDMR measurements of the dark current showed a sin
enhancement signal~rising dark current at the resonance p
sition! at room temperature before and after sample irrad
tion. For the as-deposited sample this signal could be
detected at lower temperatures down to 200 K. The d
signal has ag value of 2.0052~5!. The room-temperature val
ues for the signal strength are 1.931025 before irradiation
and 1.131025 after irradiation.

IV. DISCUSSION

The increased value ofa for energies less than the ban
gap energy is determined by optical transitions that invo
states in the band gap and delocalized states in the ban18

This is the evidence for an increase in the number of de
states in the band gap of microcrystalline silicon due to e
tron bombardment. The higher number of defect state
expected to also influence the transport characteristics
the recombination behavior of the charge carriers.

This high defect density induces a changeover in the d
conductivity transport from extended states at higherT to
hopping through defect states at lowT in the irradiated
sample. The lows0 value in the low-T region for the irradi-
ated sample in Fig. 1 is incompatible with conduction
extended states. A defect density of a few times
1018 cm23 eV21 as deduced from Mott’s law can well b
responsible for the transport via hopping in this temperat
range. The values fors0, calculated from the data at higherT
and for the as-deposited sample can be related to condu
in extended states and are comparable to values found in
literature19,20 where, according to the Meyer-Neldel rule,s0
varies with the activation energy.

FIG. 8. EDMR signal strength for CE and DB contribution
before and after electron bombardment.
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The drop in the dark conductivity at higherT after irra-
diation can be understood in terms of a change of the Fe
level with the increase in the density of gap states. In a S
the density of negatively charged DBs balances that of p
tive DBs and determines the Fermi-level position. A simi
behavior can be anticipated here. The Fermi level will shif
the newly created states after irradiation require a chang
the charge balance.

The drop of the photocurrent after electron irradiation a
reflects the increased number of recombination states in
band gap. TheT-dependent photoconductivity shows th
typical behavior observed for microcrystalline silicon,21–23

which is indicated by the almost constantI ph for T,40 K.
Illustrated by the lowR in this temperature region, we fin
nearly no change in the low-T photocurrent after irradiation
which can be consistently explained by the energy-loss h
ping behavior that is unaffected by electron bombardm
and does not depend on the defect density. In amorphou
microcrystalline silicon at low temperature, photogenera
carriers lose energy by thermalizing into deeper localiz
states, or finally by recombination. The photocurrent for te
peratures typically below 50 K arises from energy-loss h
ping of carriers, which means that the carriers hop to sta
of lower energy. It is limited by the duration for the therma
ization process resulting ing'1.

On the other hand, there is a strong change after irra
tion in the progression ofI ph andg for T.40 K. After irra-
diation the monomolecular recombination behavior dom
nates over the whole temperature range. Consequently
suggest that the main recombination path is the recomb
tion of excited electrons with irradiation induced defects
the band gap.

Analysis of theT-dependentg values according to the
simple Rose model with a single exponential tail does
lead to the same value ofkT0 at different temperatures. W
suggest that the density of states has a more complic
distribution in the vicinity of the quasi-Fermi energyEf n(T),
which shifts with T, and cannot be described by the sam
kT0 at the differentEf n(T), respectively. What we can say
that the irradiated sample has a much broader distribut
varying less in energy than in the as-deposited sample
already mentioned,kT0 equals 24 meV for the as-deposite
sample and 328 meV for the irradiated sample from m
surements at 200 K.

The EDMR signals before and after irradiation show
dominant line with an additional line contribution at lo
temperatures. No additional signals appear after irradiat
The EDMR g values of the dominant line are close to th
previously observed values ofg52.0043 andg52.0052.
The latter one was attributed to the DBs.24–27The resonance
at g52.0043 cannot be unambiguously identified. Most o
vious is the assignment to DB states in a differe
environment.28 We suggest that the signal of the domina
line in the detected EDMR signal consists of a weight
average of two lines that cannot be resolved. This, howe
does not affect our analysis concerning the consequenc
the irradiation.

Due to theg value of 1.998~5! for the small Lorentzian
line that contributes to the lineshape at low temperatures,
2-4
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TRANSPORT AND ELECTRICALLY DETECTED . . . PHYSICAL REVIEW B65 165212
line can be assigned to CE’s in shallow traps.23,29 The CE
line decreases in amplitude with increasing temperature~see
Fig. 8!. A strong increase of the linewidth28 and a
temperature-dependent recombination path could be the
gin for this.

At low temperatures recombination takes place via c
duction electrons in tail states or in the conduction band w
DBs.23,29 Electron bombardment does not influence this
havior, but it does increase the signal amplitudes of the
signal contribution. In the standard spin-pair model th
main dynamic rates such as the spin-relaxation rateTS

21 ,
dissociation ratekD or the singlet-recombination ratekS de-
fine the value of the EDMR signal strengthS for constant
density of recombination centers.30 In the saturation limit
one obtains

S5
Ds

s
'2

1

2

kDkS

~4kD1kS!~kD1TS
21!

. ~1!

In microcrystalline siliconkS is much larger thankD .31 This
simplifies Eq.~1! to

Ds

s
'2

1

2

kD

kD1TS
21

. ~2!

In terms of spin-pair dynamics a decrease inkD and an in-
crease inTS

21 would result in a reduced EDMR signa
strength as is observed in Fig. 8 with increasing temperat
Both the as-deposited and the irradiated samples show
cally the same temperature-dependent behavior. This is m
likely due to an increase in the relaxation rate with incre
ing temperature.

It is expected that electron irradiation can at most incre
the relaxation rate and not reduce it. The observed enha
ment of the EDMR signal for the irradiated sample can
therefore, be attributed to a relaxation effect. Also an
crease inkD due to irradiation is very unlikely, because th
distance between electron and DB should be reduced.
stead, we conclude that the larger DB density provides m
recombination centers in the irradiated samples resultin
an enhanced EDMR signal.

Another interesting observation is the increase in the r
F with increasing temperature and the almost constantSDB
for the irradiated sample. We suggest that the reason
these effects is the different recombination behavior for
as-deposited and the irradiated samples at higher temp
tures, due to the charge balance requirement. Both sam
show recombination of excited electrons with DBs at lo
temperatures. With increasing temperature, however, the
deposited sample shows a deviation from monomolecular
havior whileSDB andg decrease. The irradiated sample s
shows monomolecular recombination with almost const
SDB andg'1 belowT,200 K. Here, the charge balance
mainly determined by the high density of dangling bon
whereas in the as-deposited sample shallow-trapped ch
~perhaps in the band tails! plays the role of adjusting the
charge neutrality, leading to the gradual change ing with
increasingT.
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Finally, we discuss the dark-current EDMR signals.
microcrystalline silicon, these signals are assigned to s
dependent hopping between the DB defect states. They w
only detected in samples with high defect densities.32,33 It
was also shown that the EDMR signal strength rises w
increasing defect density. This is in contrast to what we
in our sample. Although the defect density for the a
deposited sample was lower than 131016 cm23, we could
detect such a dark-current EDMR signal. More surprisin
though, the EDMR signal strength did not increase af
electron irradiation. Therefore, the origin of the dark EDM
signal in our sample is not clear yet and needs furt
investigations.

V. CONCLUSION

We investigated microcrystalline silicon from HWCVD
before and after irradiation with 1-MeV electrons by SSP
dark conductivity, CPM, and EDMR. After electron irradia
tion sd drops by more than two orders of magnitude due
the change of the Fermi energy as a consequence of
increase of the density of gap states.I ph is also lowered after
irradiation because of the larger number of recombinat
states in the gap. This drop is reflected by a factorR between
625 and 6000 in the photon-flux range at room tempera
and by a factorR52 at 15 K. The low-T results can be
reconciled with energy-loss hopping behavior that is not
fected by the large increase in the density of gap states du
electron irradiation. The gap states could be identified
DBs by EDMR. No other defect not yet known in microc
rystalline silicon could be detected. The different tempe
ture dependence of the Rose factorg and of the EDMR
signal strengthSDB before and after irradiation indicates
change in the recombination path. The irradiated sam
shows primarily monomolecular recombination of excit
electrons with DBs. The observation of the EDMR signal
low temperatures can be understood as recombination of
in shallow traps with DBs. The creation of dangling bon
and the deteriorating influence of electron irradiation on
electronic properties of microcrystalline silicon needs to
considered for applications. The experiments reported h
show that one must take the change in the optical and d
radation of transport properties due to high-energy partic
in this material into account when considering it for futu
space applications.

ACKNOWLEDGMENTS

The authors thank J. Guillet and J. E. Boure´e, Ecole Poly-
technique, Palaiseau for sample deposition and A. Jase
Institut für Physikalische Elektronik, Universita¨t Stuttgart for
the electron irradiation performed at the Institut fu¨r Strahlen-
physik, Universita¨t Stuttgart. We are grateful to M.B
Schubert for the access to the CPM setup at the Institut¨r
Physikalische Elektronik. R.B. thanks the Deutsche Fo
chungsgemeinschaft, Bonn, Germany, for financial suppo
2-5



tt.

n

rt

or
,

fe

B

, i
En

ne

on
.
,

ius

-

, J

m

ol

s

ett.

.

ka,
i B

d

st.

M.
oc.

7

n-
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