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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 resonarl@&MR) 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 typical value for dangling bonds and which is almost
unaffected by electron irradiation.
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I. INTRODUCTION samples as discussed in the literafuand not only on grain
or column boundaries. In order to widen the experimental
Since the first report on microcrystalline silicon by Vekr basis we have applied different experimental methods such
and Mareek! in 1968 it has been established in the last fewas constant photocurrent meth@@PM), steady-state photo-
years as a promising thin-film material for a variety of opto-conductivity (SSPG, dark conductivity, and electrically de-
electronic applications like solar cells or thin-film tected magnetic resonan¢EDMR). Comparison of results
transistors:® This heterogeneous material is also very inter-from these different techniques allows us to draw firm and
esting from a fundamental physical point of view allowing usrepresentative conclusions about the change in sample prop-
to study optoelectronic properties and electronic transport ierties due to electron irradiation and defect creation.
the transition from amorphous to crystalline solid state. Mi-

crocrystalline silicon consists of crystalline silicon nanom- II. EXPERIMENT
eter sized grains, which often form columns growing perpen- .
dicular to the substrate surface. Around these columns are A. Sample details

nanoscale disordered boundaries that can be considered as anthe effect of electron bombardment on microcrystalline

amorphous phase. Two main low-temperature depositiogjlicon from HWCVD was studied in a sample deposited
techniques €300°C) for microcrystalline silicon are jth 5% silane in hydrogen at 300 °C with a thickness of
plasma-enhanced  chemical-vapor depositidRECVD) 2 ,m and on Corning 7059 glass as a substrate. The se-
(Refs. 4—7 with very high frequency and thermocatalytic or |ected sample showed columnar structure and high crystal-
hot-wire CVD (HWCVD).™” _ ~line volume fraction typical for highly crystalline microcrys-
Concerning the properties of PECVD microcrystalline- tajline silicon. More details on the deposition and general
silicon solar Ce”S, the effect of prOton irradiation was Studiedproperties7 inc|uding Raman Spectra for estimation of the
as a test for the environmental conditions in sp&ca&n  ¢rystalline volume fraction, of the investigated HWCVD mi-
electron-spin-resonance study on electron irradiated minOCcrocrystalline silicon can be found elsewhétéhe evapo-
rystalline silicon from PECVD was performed by Malten rated Al contacts, typically 1—2 cm wide with a gap of 0.5-2
et al™ In this paper we report on irradiation of microcrys- mm, showed Ohmic characteristics. Electron irradiation was

talline silicon from HWCVD with 1-MeV electrons, partly to performed at 140 K with 1-MeV electrons with a dose of
provide not only information for space applications but alsop 7x 10'8 cm~2,  equivalent to a flux of 3.5

for investigating the fundamental properties of microcrystal-w 113 cm=2s1 for about 21 h.
line silicon. Electronic transport in microcrystalline silicon is
affected by carrier trapping and recombination via defects.
Therefore, defects such as dangling bon@B) are
efficiency-reducing objects with respect to solar cell applica- All different experimental methods have been carried out
tions. Electron irradiation is a method to create defects and tbefore and after electron bombardment. The photocutggnt
increase defect densities. Also, high-energy electrons genewas measured under steady illumination with a red-light
ate defects within the crystalline silicon phagesich are  Helium-Neon(He:Ne laser. We applied CPM for the de-
expected to have low DB defect densities for as-depositetermination of low absorption coefficients and the opto-

B. Experimental techniques
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FIG. 2. Photocurrent before and after irradiation, measured at
the same voltage and illumination conditions. The faiaeflects
the reduction of the photocurrent due to the electron irradiation.

FIG. 1. Dark conductivity before and after electron bombard-
ment of the microcrystalline sample.

electronic spectroscopy of defect states. EDf#fRmeasure-
ments were performed in order to obtain microscopicconstant photocurrent fofr <40 K, which rises drastically
information about charge-carrier transport. In all EDMR ex-when increasing the temperature above 40 K.
periments microwave frequencies of about 9.5 GHz were We also determined the so-called Rose factgr defined
applied in standard electron-spin-resonance spectrometetsy | ph ¢? where ¢ is the photon flux of the sample illumi-
For EDMR the current through the sample was measuredation, from the intensity-dependent photocurrent. In a semi-
while sweeping the magnetic field. For sample illumination,conductor with a single exponential band tail with an energy-
a He:Ne |asel’ was Used. The EDMR Signal was |0Ck'in dei'ndependent tail parameté('roy the value for;y can be
tected with a magnetic-_field modulatighaving an ampl_i- expressed ag=kT,/(kT,+kT). An assumption in the Rose
tude of 0.5 mT, modulation frequency of 44 Hz, and micro- el s that the trapped charge in the band tail balances the
wave power of 200 mW charge from the recombination centers.
At low T, y equals unity according to Fig. 3. The turnover

Ill. RESULTS to y<1 behavior starts at higher temperatures for the irradi-

ted sample. The decreaseninis less pronounced and does

Figure 1 shows the temperature dependence of the dar t reach the value of 0.5 even for the highest measured

fgggutgxgifgtfiorgrggg Sg%grlgitr:gz gﬂ?g?ég?gfn:ﬁ;Setemperature. DeterminingT,, for example, from measure-
nitude upon irradiadtion. It shows thermally activated behav-ments at200 K, we find it to b.e 24'meV for the as-deposited
ior with different activation energieAE. The activation en- sam_ple and 328 meV for_the iradiated s_ample. -

ergy and prefactoro, for the as-deposited sample was . Figure 4 shows the gallbrated absorption _coefﬁcrerﬁor
determined from the high-temperature data & d|ﬁer¢nt phqton energies for the as-deposited _sample and
—0.44 eV andoy=92 S/cm. The values for the irradiated after irradiation as measured by CPM. For energies less than
sample forAE are 0.1 eV for 120 KT<210 K and 0.57 the band-gap Energy of a_bout_ 1.1 a¥,increases by one
eV for 240 K<T<296 K. The conductivity prefactar is order of magnitude in the iradiated sample.

orders of magnitude different for the two regimes and equals

65 S/cm forAE=0.10 eV and 2.310 ° S/cm for AE

=0.57 eV. Analysis in terms of th&* law for variable- 11

range hopping in three dimensidfslso results in a straight 1.0 le2% o . .

line in an appropriate graphical representation for the Tow- *. irradiated

data. We derive a defect density at the Fermi level of 2 5 091

x 10" cm 3eV ! assuming a localization length of 10 A. Sosl *
The photocurrent,, from 3 K toroom temperature under s o7 |

high photon flux of 2<10'" cm 2s ™%, as displayed in Fig. 8 .  asdeposited

2, deteriorates drastically upon irradiation, which is most 0.6 ¢ AN

pronounced at room temperature. At room temperature we 05

observe a rati®R= g/ pefore Of the photocurrent before and ¢

after the bombardment &= 625. We note that thiR value 04, 100 200 300

increases by about a factor of ten at a photon flux of only Temperature (K)

10" cm 2s 1. With decreasing temperatuf® decreases
and reaches its lowest value of only about 2 at the lowest FIG. 3. Rose factor for the as-deposited and the irradiated
measured temperature of 7 K. The sample has an almostmples.
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FIG. 6. Fitting of the EDMR spectraneasured at 7 Kwith two

FIG. 4. Constant photocurrent method signal for the as-Lorentzian lines.

deposited sample and the irradiated sample calibrated with the ab- ) )
sorption coefficient from optical measurements. and quenching lines. In the low-temperature range from 7 K
to 100 K the sample still shows the dominant line but with an
We could not detect any conventional electron-spin-2dditional structure on the high-field side. This structure de-

resonance signal from the as-deposited sample. Consideriff§i€ases with increasing temperature. The spectra in the low-
the spectrometer detection limit, we estimated the uppefemperature range could be well fitted by a superposition of
value for the DB spin density dd;<1x 10 cm 3. These @ _dommant !_orent2|an Ilng Wlth a small Lorentzian line
measurements were restricted to the as-deposited sample (sélifted to higher magnetic-field valuegg=1.9980(5),
cause electron irradiation also creates defects in the glad¥hich is illustrated in Fig. 6. This fitting procedure reveals a
substrate, making a proper analysis impossible. temperature-dependegtvalue for the dominant line witly

To gain more information about changes in the transporf T=7 K)=2.0040(5) andy (T=200 K)=2.005@5).
mechanism, we studied EDMR before and after irradiation. NO additional signals appear after irradiation of the
Figure 5 displays the derivative EDMR signals for the as-Sample(see Fig. 7. The small feature at the high-field side is
deposited sample with amplitudes scaled to the same heiglftss pronounced for the irradiated sample and almost disap-
in the temperature range frof=7 K to T=200 K. The Peared at 50 K. - S o
signals were measured in the photocurrent mode. In the high- We used the simulatioffit with two Lorentzian linesto
temperature rang&>100 K one observes a singipiench-  determine the temperature dependence of the signal height
ing line, i.e., a decrease iy, while sweeping the magnetic fqr the DBs and the conduction-electr¢@E) contr|but|o_ns.
field through the resonance. The signature of the derivativEigure 8 shows ther dependence of the EDMR signal

EDMR signal allows us to distinguish between enhancemergtrengthS for both contributions.S(B)=Ac/o represents
the relative change in conductivityo under microwave ir-
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FIG. 5. Derivative EDMR spectra for the as-deposited sam- FIG. 7. Derivative EDMR spectra for the irradiated sam-
ple for different temperatures. The signals were measured undere for different temperatures. The signals were measured under
illumination. illumination.
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. ; The drop in the dark conductivity at high@rafter irra-
DB +— as deposited | diation can be understood in terms of a change of the Fermi
¢ iradiated 1 level with the increase in the density of gap states. In a Si:H
the density of negatively charged DBs balances that of posi-
tive DBs and determines the Fermi-level position. A similar
behavior can be anticipated here. The Fermi level will shift if
the newly created states after irradiation require a change in
the charge balance.
The drop of the photocurrent after electron irradiation also
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[+-—200 K : E reflects the increased number of recombination states in the
001 0_;)5 X 0_‘15‘ 1 band gap. TheT-dependent photoconductivity ;howszsthe
0.1 o0 008 o0 0TS typical behavior observed for microcrystalline silictn:
Inverse Temperature (1/K) which is indicated by the almost constdpf, for T<40 K.

lllustrated by the lowR in this temperature region, we find
FIG. 8. EDMR signal strength for CE and DB contributions N€arly no change in the loW-photocurrent after irradiation,
before and after electron bombardment. which can be consistently explained by the energy-loss hop-
ping behavior that is unaffected by electron bombardment
radiation with varying magnetic fielB. Sis calculated at the and does not depend on the defect density. In amorphous or
resonance conditionB(=B,) by dividing the change of the microcrystalline silicon at low temperature, photogenerated
photocurrent Al by I,. Spg increases by a factoF carriers lose energy by thermalizing into deeper localized
= Spgbefore! Speaiter Of @bout 3 &7 K and 20 at 200 K due to  states, or finally by recombination. The photocurrent for tem-
the sample irradiation. The change $rafter irradiation for ~ peratures typically below 50 K arises from energy-loss hop-
the CE line is within the measurement errors. The CE-ling?ing of carriers, which means that the carriers hop to states
Signa| Strength Strong|y decreases with increagin_g]t" it of lower energy. It is limited by the duration for the thermal-
disappears above 150 K. Also remarkable is the mucliation process resulting ig~1.
weaker temperature dependence Sf; for the irradiated On the other hand, there is a strong change after irradia-
sample forT<200 K. tion in the progression df,, andy for T>40 K. After irra-
EDMR measurements of the dark current showed a singléiation the monomolecular recombination behavior domi-
enhancement signatising dark current at the resonance po- nNates over the whole temperature range. Consequently, we
sition) at room temperature before and after sample irradiasuggest that the main recombination path is the recombina-
tion. For the as-deposited sample this signal could be alston of excited electrons with irradiation induced defects in
detected at lower temperatures down to 200 K. The darfhe band gap.

signal has @ value of 2.005%5). The room-temperature val- ~ Analysis of theT-dependenty values according to the
ues for the signal strength are X0~ ° before irradiation ~simple Rose model with a single exponential tail does not
and 1.1 10 ° after irradiation. lead to the same value &fT, at different temperatures. We
suggest that the density of states has a more complicated
IV. DISCUSSION distribution in the vicinity of the quasi-Fermi ener&y,(T),

which shifts with T, and cannot be described by the same

The increased value ai for energies less than the band- kT, at the different;,(T), respectively. What we can say is
gap energy is determined by optical transitions that involvehat the irradiated sample has a much broader distribution,
states in the band gap and delocalized states in the B&ndsvarying less in energy than in the as-deposited sample. As
This is the evidence for an increase in the number of defecilready mentionedsT, equals 24 meV for the as-deposited
states in the band gap of microcrystalline silicon due to elecsample and 328 meV for the irradiated sample from mea-
tron bombardment. The higher number of defect states isurements at 200 K.
expected to also influence the transport characteristics and The EDMR signals before and after irradiation show a
the recombination behavior of the charge carriers. dominant line with an additional line contribution at low

This high defect density induces a changeover in the darkkemperatures. No additional signals appear after irradiation.
conductivity transport from extended states at higleto =~ The EDMR g values of the dominant line are close to the
hopping through defect states at loWwin the irradiated previously observed values a@f=2.0043 andg=2.0052.
sample. The lowr, value in the lowT region for the irradi-  The latter one was attributed to the DBs?’ The resonance
ated sample in Fig. 1 is incompatible with conduction inatg=2.0043 cannot be unambiguously identified. Most ob-
extended states. A defect density of a few times ofvious is the assignment to DB states in a different
10" cm 2eVv ! as deduced from Mott’s law can well be environment® We suggest that the signal of the dominant
responsible for the transport via hopping in this temperaturéine in the detected EDMR signal consists of a weighted
range. The values far,, calculated from the data at highEr average of two lines that cannot be resolved. This, however,
and for the as-deposited sample can be related to conducti@oes not affect our analysis concerning the consequence of
in extended states and are comparable to values found in thke irradiation.
literaturé®?° where, according to the Meyer-Neldel ruteg Due to theg value of 1.9985) for the small Lorentzian
varies with the activation energy. line that contributes to the lineshape at low temperatures, the

165212-4
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line can be assigned to CE’s in shallow tr&p4® The CE
line decreases in amplitude with increasing temperaisge
Fig. 8. A strong increase of the linewidth and a

PHYSICAL REVIEW B55 165212

Finally, we discuss the dark-current EDMR signals. In
microcrystalline silicon, these signals are assigned to spin-
dependent hopping between the DB defect states. They were

temperature-dependent recombination path could be the orbnly detected in samples with high defect densitfeS. It

gin for this.

was also shown that the EDMR signal strength rises with

At low temperatures recombination takes place via conincreasing defect density. This is in contrast to what we see
duction electrons in tail states or in the conduction band withy our sample. Although the defect density for the as-

DBs232% Electron bombardment does not influence this beeposited sample was lower thax 101 cm™2, we could
havior, but it does increase the signal amplitudes of the DByqotact such a dark-current EDMR signal. More surprisingly

signal contribution. In the standard spin-pair model thre

main dynamic rates such as the spin-relaxation ﬂ'agé,

dissociation ratép or the singlet-recombination rate; de-
fine the value of the EDMR signal streng&for constant
density of recombination centet$.In the saturation limit
one obtains

Ao 1 kaS

o 2 (4kp+ke)(kpt+Tsh

&)

In microcrystalline silicorkg is much larger thatkp .>! This
simplifies Eq.(1) to

AO’ 1 kD

— 2
2 kp+Tg?t @

o

In terms of spin-pair dynamics a decreasekinand an in-
crease inTg' would result in a reduced EDMR signal

strength as is observed in Fig. 8 with increasing temperatur

ethough, the EDMR signal strength did not increase after

electron irradiation. Therefore, the origin of the dark EDMR
signal in our sample is not clear yet and needs further
investigations.

V. CONCLUSION

We investigated microcrystalline silicon from HWCVD
before and after irradiation with 1-MeV electrons by SSPC,
dark conductivity, CPM, and EDMR. After electron irradia-
tion o4 drops by more than two orders of magnitude due to
the change of the Fermi energy as a consequence of the
increase of the density of gap statgg,is also lowered after
irradiation because of the larger number of recombination
states in the gap. This drop is reflected by a faBttetween
625 and 6000 in the photon-flux range at room temperature
and by a factorR=2 at 15 K. The lowT results can be
é_econciled with energy-loss hopping behavior that is not af-

Both the as-deposited and the irradiated samples show badgcted by the large increase in the density of gap states due to
cally the same temperature-dependent behavior. This is mo§tectron irradiation. The gap states could be identified as
likely due to an increase in the relaxation rate with increasPBs by EDMR. No other defect not yet known in microc-

ing temperature.

rystalline silicon could be detected. The different tempera-

It is expected that electron irradiation can at most increaséire dependence of the Rose factprand of the EDMR

the relaxation rate and not reduce it. The observed enhanceignal strengthSpg before and after irradiation indicates a
ment of the EDMR signal for the irradiated sample can notchange in the recombination path. The irradiated sample
therefore, be attributed to a relaxation effect. Also an in-shows primarily monomolecular recombination of excited
crease irkp due to irradiation is very unlikely, because the electrons with DBs. The observation of the EDMR signal at
distance between electron and DB should be reduced. Inew temperatures can be understood as recombination of CEs
stead, we conclude that the larger DB density provides morg shallow traps with DBs. The creation of dangling bonds
recombination centers in the irradiated samples resulting iand the deteriorating influence of electron irradiation on the

an enhanced EDMR signal.

electronic properties of microcrystalline silicon needs to be

Another interesting Observation iS the increase in the ratiQ:onsidered for app”cationsl The experiments reported here

F with increasing temperature and the almost consEat

show that one must take the change in the optical and deg-

for the irradiated sample. We suggest that the reason fQidation of transport properties due to high-energy particles
these effects is the different recombination behavior for thg, this material into account when considering it for future

as-deposited and the irradiated samples at higher tempergsace applications.
tures, due to the charge balance requirement. Both samples
show recombination of excited electrons with DBs at low

temperatures. With increasing temperature, however, the as-
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