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Amorphous and microcrystalline silicon are well known materials for thin film large area electronics. The de-
fects in the material are an important issue for the device quality and the manufacturing process optimization. We
study defects in thin film silicon with electron spin resonance (ESR). In order to vary the defect density in a wide
range 2 MeV electron bombardment at 100 K was applied with dose as high as 10'®e*cm™. Samples were investigat-
ed after deposition, after irradiation and between the annealing steps. The spin density (N;) in the material was var-
ied over 3 orders of magnitude. Strong satellites with g=2.010 and g=2.000 were observed on the shoulders of the
dangling bond line. The initial N, and the shape of the resonance line were restored after annealing.

INTRODUCTION

Amorphous hydrogenated silicon (a-Si:H) is a wide-
ly used material for production of large area electronics,
TFTs and photovoltaics [1]. Microcrystalline hydro-
genated silicon (pc-Si:H) is a new promising material
for this area of applications, providing high carrier mo-
bility and effective doping. Low substrate temperature
during deposition (200...300 °C) together with possibili-
ty of large area depositions make these materials attrac-
tive for commercial thin films electronics. Great
progress has been made in the last decades in under-
standing of the properties of the silicon based disordered
semiconductors [2, 3]. Nevertheless many questions still
have to be answered in order to improve nowadays tech-
nologies. In particular, clear understanding of the role of
defects in the electronic properties of a-Si:H and pc-
Si:H is crucial. The Electron Spin Resonance (ESR)
technique was long ago found to be a suitable tool for
investigation of defects in thin film silicon [2, 3]. ESR
being sensitive to the nearest neighborhood of the elec-
tron in paramagnetic state could give valuable informa-
tion on the nature and configuration of the given defect
[4]. Unfortunately natural disorder in the investigated
material smears out fine structure of the spectrum [2, 3].
Slightly asymmetric ESR lines at g-values in the range
of 2.0045...2.0055 with the width of 6-8 gauss charac-
terize the intrinsic thin film silicon [2, 3, 5, 6, 7, 8]. The
resonance is commonly assigned to the silicon dangling
bonds (db) in different environments [5], but a more ac-
curate identification of the defects in the material is still
missing. Defect density management with the post-
preparation treatment is required to gain more informa-
tion on the defect structure. Low temperature bombard-
ment with high-energy electrons was shown to be suit-
able tool for the reversible enhancement of the defect
density in the hydrogenated silicon samples with a mi-
crostructure ranging from microcrystalline to amor-

phous [9]. In the report we present results on a-Si:H and
pc-Si:H material were the defect density is varied by
electron irradiation and subsequent annealing.

EXPERIMENT
SAMPLE PREPARATION

Samples were prepared using Very High Frequen-
¢y Plasma Enhanced Chemical Vapour Deposition
(VHF-PECVD) (95 MHz) from silane-hydrogen mix-
tures. The deposition parameters were constant for all
samples in the series: gas pressure 300Torr, discharge
power 0.1W/cm?, and substrate temperature 200 °C.
Only the silane to hydrogen ratio (SC =
[SiH.]/[SiH4]+[H,]) was varied in the gas mixture
from run to run in a range of 3...100% leading to
structure variation from highly crystalline to com-
pletely amorphous. Several samples were deposited
with a supplement of PH; in the deposition gas mix-
ture in order to achieve n-type doping as high as
5...13 ppm.

The crystalline volume fraction (Icrs) wWas semi-
quantitatively determined from Raman measurements
as a ratio between intensities of the Raman signals at
520 cm™ and 500 cm™ (attributed to the crystalline
phase) and the Raman signal at 480 ¢m™ (attributed
to the disordered phase), i.e. Icrs = (Isoo + Ls20)/(Laso +
Isoo + Is20) [10].

Films with 4...7 um thickness were deposited on
the Mo substrate. The substrate was bent after deposi-
tion and peeled off flakes of the deposited films were
collected and sealed in quartz tubes at 0.5bar He at-
mosphere for ESR measurements.

The ESR was measured in X-band (F~9,3GHz) at
temperature of 40 K using lock-in detection tech-
nique. The samples preparation and ESR measure-
ments were carried out in the Institute of Photo-
voltaics (Forschungszentrum Juelich, Germany).
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IRRADIATION

The electron bombardment was carried out using the
ELIAS Van de Graaf electron accelerator in National
Science Center “Kharkov Institute of Physics & Tech-
nology” (Ukraine) with energy of 2 MeV and beam cur-
rent density of SuA*cm™. A dose of 10" e*cm™ was ap-
plied for all samples in the present experiment. The irra-
diation was carried out at a temperature of around 100K
in order to reduce self-annealing and exclude the heat
damage to the sample. During irradiation samples were
cooled with the flow of high-purity No.

Note, that after irradiation samples were transported
to the Institute of Photovoltaics (Germany). Therefore to
exclude room temperature annealing, samples were
stored in the LN>-cooled dry transport cryostat. Hence
the room temperature exposure was minimized to
2...5 minutes. After the measurements of the irradiated
samples an annealing procedure was applied in a step-
wise manner with the following sequence: 50, 80, 120,
160 °C, each step was 30 minutes long. The maximum
annealing temperature was chosen well below the depo-
sition temperature (T,=200 °C) in order to avoid changes
of the microstructure of the samples.

RESULTS

We investigated ESR of the intrinsic thin film sili-
con with different structural composition extensively
before the electron irradiation experiment [6, 11, 12,
13]. Fig. 1 shows the dependence of the N, and g-value
on the SC during sample preparation.
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Fig. 1. g-value and the spin density of the samples pre-
pared at various SC. Dashed line approximately indi-
cates the transition from microcrystalline to amorphous
structure according to the Raman data

The transition from the microcrystalline to amor-
phous growth at our deposition conditions is found at
SC=7% according to the Raman data i.e. samples with
SC>7% do not show a crystalline peak in the Raman
spectra (Raman amorphous). There is a clear systematic
shift of the g-value between microcrystalline and
amorphous material. The g-value increases in the vicin-
ity of transition (with increase of the amorphous phase
fraction) from g=2.0047 to g=2.0050. Note, that the g—
value increases further beyond the transition to amorph-
ous structure (SC=8...15%). The saturation was found
only at SC>50% at g~2.0054. The g-value shift is ex-
pected due to the difference of the dangling bond envir-

onment in pc-Si:H and a-Si:H. The shift of the g-value
after transition to amorphous growth, where no crystal-
line peak could be seen in the Raman spectra, however
is surprising. The region is interesting because the N
has a minimum here and the material prepared within
the region is known to be the best absorber layer for the
amorphous thin film silicon solar cells.

The Fig. 2,a shows the ESR spectra before and after
irradiation. Note that all spectra are normalized to the
same peak-to-peak height for the lineshape comparison.
Fig. 2,b is a plot of the spin density vs. silane
concentration before and after irradiation. The spin
density after irradiation increases by 3 orders of
magnitude and qualitatively repeats the Ns vs. SC
dependence before irradiation. No significant shift of
the resonance line from the initial position of the db line
was detected after irradiation, but significant change of
the lines shape is clearly seen (Fig. 2,a). Remarkable
additional features appear on the shoulders of the central
db line at g-values around 2.000 and 2.010. These
features were found in the spectra of all irradiated
samples having different configuration for different
material structures.
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Fig. 2. ESR spectra of a-S:H and pc-S:H with
different silane concentration before (thin) and after
(bold) irradiation (a); Spin density of the material
prepared with different SC before and after irradiation
(b)

After irradiation annealing was applied to the
samples. In Fig. 3,a spin densities of the intrinsic
samples after annealing steps are presented. The Ny of
the db line was increased after irradiation as was
mentioned above. During annealing all samples show
return of the N; close to as-deposited value.
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Fig. 3. Spin density of the intrinsic samples with
different structure vs. treatment steps (a); Spin density
of the PHs-doped material vs. treatment steps (b)

In Fig. 4 (a&b) some of the spectra are shown for
intrinsic pec-Si:H and a-Si:H. As one can see the
satellites being pronounced after irradiation are more
sensitive to the annealing and already at 50 °C their
relative contribution is clearly reduced. In the majority
of cases spectra of annealed material return to the initial
line shape.

In the Fig. 3,b N, of n-doped samples are presented.
One has to mention, that in the initial state the db
resonance in the n-doped material is reduced or not
detectable at all, but the conduction electron (CE) line
arises with doping level increase [12], as shown on the

Fig. 4,c (top line).
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Fig. 4. Spectra after deposition, after irradiation and on
two annealing points: a—intrinsic uc-Si:H; b —
intrinsic a-Si:H; ¢ — 10 ppm PHs-doped uc-Si:H

The reduction of the db line is caused by the shift of
the Fermi level towards the conduction band. In this
situation the db states become doubly occupied and are
not detectable any more in the ESR experiment. Instead
tail states of the conduction band get populated. After
irradiation the resonance of the n-doped sample is
identical to the intrinsic samples i.e. only db line (with
above mentioned satellites) was observed (Fig. 4,c bold
line). During annealing the CE resonance re-appears and
after annealing at 120 °C becomes dominant again in the
spectrum. Therefore we can observe a minimum of N;
when the position of the Fermi level is already above
the midgap but is still below the level where majority of
the donor states are situated. After annealing the return
of the lineshape and the spin density was observed for
the n-doped samples as well as for the intrinsic ones.

DISCUSSION

The increase of the defect density in the middle of
the gap in the same sample was the central idea of the
irradiation  experiment. One of the important
requirements for this approach is maintenance of the
material microstructure during the whole experiment.
From the reversibility of the irradiation effect we can
conclude that the structure of the samples was not
significantly affected by the treatment. Another
important issue is that the position of the created defects
is within the bandgap of the material. The fact is
supported with two observations: (i) the resonance of
the intrinsic samples was not shifted after irradiation (ii)
the observation of the db resonance in the n-doped
samples indicates the Fermi level shift in the middle of
the gap.

One should consider now the appearance of the new
features in the resonance of irradiated samples
(Fig. 2,a). This observation was not reported by other
groups and was an unexpected outcome of the
experiment. The structure of the features is different for
pe-Si:H and a-Si:H. For the a-Si:H samples prepared
with different SC there is no significant difference in the
structure of satellites but their relative contribution is
different. The origin of the satellites is not identified at
the moment therefore the line shape of these satellites
could not be evaluated unambiguously. There are
number of possible origins of the satellites: hyperfine
interaction with hydrogen nuclei, creation of centres
with high anisotropy which lead to a complex powder
spectrum line, the spin-spin interaction in the local areas
with high N, creation of the new defects in a special
environment, and of course the combination of these
reasons could not be excluded. The choice of the model
will affect the estimation of the contribution of
satellites. We have estimated the contribution of the
satellites for the a-Si:H after irradiation assuming, for
simplicity, the constancy of the central line shape. The
simulation procedure is presented in Fig. 5.
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Fig. 5. The simulation of the satellites contribution with

two approaches: contributions assumed to be Gaussian

lines (a),; additional spectrum assumed to be the powder
pattern of the anisotropic state (b)

CONCLUSIONS
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The first important outcome of the work is the suc-
cessful application of MeV electron bombardment as a
tool for reversible increase of the defect density in pc-
Si:H and a-Si:H. The defects were created in the band
gap of the material and likely have the same origin as
defects before irradiation. The experiment being applied
for the single layers of pc-Si:H and a-Si:H as well as to
devices on their basis could result in new information
on the role of defects in the electronic properties of the
material.

New features were observed in the irradiated materi-
al appearing as satellites on the central (db) line. Their
shape and contribution is dependent on the particular
material structure. The origin of the satellites is cur-
rently not identified. The states responsible for the satel-
lites are less stable at elevated temperatures than the db
like defects thus the low temperature irradiation and
sample storage is critical for the observation of the
satellites. Possibly due to this reason no reports on the
satellite appearance was found despite many irradiation
experiments were done by other groups [15, 16].
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HHAPAMAT'HUTHBIE HEHTPBI B AMOP®HOM N MUKPOKPUCTAJVIMYECKOM KPEMHHUU,
OBJYYEHHOM 2 M»3B 2JIEKTPOHAMU

A. Acmaxoe, @. Qunzep, P. Kapuyc, A. /lamoepm3, H. Heknrooos, 10. Ilempycenko,
B. bopucenko, /I. bapankos

AMOpGhHBIA 1 MUKPOKPUCTAJUTHUECKUH KPEMHUI SBISIOTCS LMIMPOKO M3BECTHBIMU MaTepualaMH JUIsl IPOU3BOJCTBA TOHKO-
TUICHOYHOM 3JIEKTPOHUKH OoJbIrol miomanu. JledekTsl B JaHHBIX MaTepuaiax UIParoT PEIIAroUlyl0 poib s KayecTBa Mpuoo-
POB M ONTHMH3AINH TIPOU3BOICTBEHHBIX IIPOLECCOB. MBI HCCIEI0BATH TOHKOINICHOYHBIN THAPOTCHUPOBAHHBIN KPEMHHUH METO-
JIOM U3MEPEHHH 3JIEKTPOHHOTO MapaMarHuTHoro pe3oHanca (JI1P). [nsg m3sMeHeHHs TUIOTHOCTH JIe(EeKTOB B IMUPOKHX Tpeiesiax
00pas3iubl 00JIyJaIuch 3JIeKTpoHaMU ¢ 3Hepruel 2 MaB. O6pas3is! uccie[oBaIiCh MOCe OCAXKICHHS, T0CIIe OOITydeHUS] U MEXKTY
cragusimu oxura. [InotHocts cmuoB (N) B MaTeprane H3MEHsIIach B Mpeieslax 3-X IOPSIKOB BeMMIHHEL. [1o 06€ cTOpPOHBI OT
LEHTPAJIbHOTO PE30HAHCA, XapaKTEPHU3YIOIIEro 00OpPBAaHHBIC CBA3M KPEMHUs, HAOJIIOJAINCh MOIIHBIC JONOJIHHUTEIbHbIE Pe30-
HaHcHbIe nHuY (g~2.010 n g=2.000). [Tocne omxura ¢popma pe30HAHCHBIX JIMHHUI M INIOTHOCTH CIIMHOB BO3BPAIAJIMCH K UCXOJ-
HBIM 3HAYEHHSIM.

IAPAMATHUTHI IEHTPA Y AMOP®HOMY I MIKPOKPUCTAJITYHOMY KPEMHII,
OIMPOMIHEHOMY 2 MeB EJIEKTPOHAMMU

0. Acmaxog, @. Dinzep, P. Kapiyc, A. Jlamdepms3, 1. Hexniooos, 10. Ilempycenko,
B. bopucenxo, /l. bapankoe
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AMoOphHMI 1 MIKPOKPHCTATIYHUH KPEeMHIH € IIMPOKO BiIOMHMH MaTepialaMd JUlsi BHPOOHHMITBA TOHKOILIIBKOBOT
CJIEKTPOHUKH BeNHKOI uromti. JledexkTn y JaHux matepiajiax BiIIrpaloTh BUPIIIANBGHY POJb A SKOCTI NPUCTPOIB 1 ONTUMI3AIi{
BUPOOHMYHMX TIporieciB. MU [IOCHI/KyBadd TOHKOIUTIBKOBHH TiJPOr€HOBaHUH KpPEMHii METOIOM BHMIpIB €JIEeKTPOHHOTO
napamarautHoro pesoHancy (EITP). [lns 3MiHM OIUTBHOCTI NeQEKTiB y ITUPOKOMY [HANa3OHi 3pa3ku OyJo OMpOMIHEHO
eJIeKTpOHaMH 3 eHeprieo 2 MeB. 3pa3ku Oyino HOCHIIKEHO MICHs OCa[PKEHHS, MICIs ONPOMIHEHHS 1 MK eTamaMu Bigmamy.
HlinpaicTs cimuiB (N;) B MaTepiani 3MiHIOBaIach B MeXax 3-X HOPS/AKIB BEeIMUUHH. 3 000X OOKIB BiJ] IEHTPAIFHOTO PE30OHAHCY,
10 XapaKTepu3ye 00ipBaHi 3B SI3KU KPEMHIIO, CIIOCTEPUTAIICH TTOTYXKHI J0JaTKOBI pe3oHaHcHi JiHii (g=2.010 u g=2.000). ITicis
Bifmany ¢popMa pe30HaHCHHX JIIHIH 1 IIITBHICTH CHUHIB MOBEPTAINCS A0 BUXITHUX TOKA3HHKIB.
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