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We report on proton irradiation of microcrystalline silicon with 2 MeV protons and find a drop in the mobility-lifetime product
related to an increase in the density of gap states as revealed by modulated photocurrent experiments. The dark conductivity also
drops due to a shift in the Fermi energy by defect creation and re-balance of charge. The impact on the ambipolar diffusion length,
representing the minority-carrier properties, is much smaller. The electronic properties of P and B doped samples are hardly affected.
We discuss the implications for microcrystalline silicon pin solar cells.

1. Introduction

The effects of irradiation of microcrystalline silicon
(ne-Si:H) by photons or energetic particles like electrons
and protons is of both fundamental and practical inter-
est. It is of fundamental interest because any increase in
defect density allows to study influence of defects on
transport and recombination in this semiconductor. The
practical interest stems from application in photovolta-
ics. Microcrystalline silicon has become an established
semiconductor for photovoltaic and optoelectronic
applications [1,2]. In combination with hydrogenated
amorphous silicon (a-Si:H) it can be used in thin film
tandem solar cells in the bottom-layer structure.

In addition to the favourable absorption coefficient
for absorption in the infrared spectral region, and de-
spite some metastability effects, pc-Si:H has been shown
to exhibit no or insignificant degradation of the majority
and minority carrier properties under light-soaking [3].
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This is a main advantage over a-Si:H, which is known
for years to suffer from light-induced degradation. In
contrast to photon illumination, electron irradiation
with 1-MeV electrons induces pronounced changes in
the optical and electronic properties of microcrystalline
silicon [4,5]. Upon electron irradiation, Ref. [5] reports
an increase in sub-gap absorption as measured by the
constant photocurrent method (CPM) and a deteriora-
tion of the photoconductive properties for both the
majority and minority carriers, determined from steady-
state photoconductivity (SSPC) and the steady-state
photocarrier grating (SSPG) technique.

We have extended these irradiation experiments to
study the effects of proton irradiation on pc-Si:H. This
paper presents results for undoped and doped pc-Si:H
samples on glass. These kinds of films are incorporated
in the layered structure of pc-Si:H pin solar cells and
diodes and individual layers have thus been studied.
Microcrystalline silicon pin solar cells have shown a
drop in efficiency upon proton irradiation [6].

High-energy protons above 100 MeV did not show
any effect upon the optical and electronic properties in
pc-Si:H [7]. Here, we investigate the effect of irradia-
tion with 2-MeV protons, which have a larger damage



impact than 100-MeV protons, and we report changes in
the photoelectronic properties and the density of states
(DOS).

2. Experimental

Undoped microcrystalline silicon samples were
deposited on Corning 7059 glass by plasma-enhanced
chemical vapour deposition (PECVD) at 66 MHz exci-
tation frequency [8] and hot-wire chemical vapour
deposition (HWCVD) at a nominal substrate tempera-
ture of 300 °C [3]. The crystalline volume fraction esti-
mated from the Raman spectra of these samples is about
75%. The actual crystalline volume fraction is larger as
Raman spectra underestimate crystalline contributions
to Raman scattering [4]. Doped pc-Si:H samples were
taken from a doping series of HWCVD pc-Si:H samples,
deposited at 400 °C [9].

Coplanar electrodes were evaporated on to the sam-
ples for the current measurements. We applied dark
current, SSPC, SSPG and modulated photocurrent
(MPC) and CPM measurements both before and after
proton irradiation. We deduce the mobility-lifetime ut
products of the majority carriers from SSPC and the
minority-carrier diffusion length Ly from SSPG. MPC
[10,11] provided information on the density-of-states
profile. The sub-gap absorption coefficient was deter-
mined by the constant-photocurrent method. For the P
and B doped samples only the dark current, due to its
high values, was measured before and after irradiation.

Proton irradiation was performed at room tempera-
ture with 2 MeV protons and a dose of 3x 103 cm—2.

3. Results

Fig. 1 shows the temperature-dependent dark (/3) and
photocurrent (/) of the PECVD pc-Si:H sample before
and after proton irradiation. The photocurrent was
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Fig. 1. Change in the temperature-dependent dark (full symbols) and
photocurrent of the PECVD pc-Si:H sample before and after proton
irradiation. The diamond (circle) symbols show the data before (after)
irradiation. The photocurrent was measured at photon fluxes of 10'#

and 10" cm=2s71.

measured under red illumination at a wavelength of 660
nm and at photon fluxes @ of 10'* and 10" cm~2s~!.
The full symbols for the dark current indicate its drop
after irradiation. This drop is associated with an in-
crease in the activation energy E, from 0.4 eV before to
0.56 eV after irradiation. The conductivity pre-factor gg
of o4 = gpexp(—E,/kT) from the extrapolation of the
conductivity a4 to 1/T = 0 does not change much and
stays around 100 Q !cm~!'. The photocurrent drops
after irradiation in the whole temperature range. Com-
paring the diamond symbols with the circle symbols we
note that this drop is lesser in magnitude at lower 7.

Fig. 2 puts the ut products of the irradiated samples
into relation to those of a number of pc-Si:H samples
from different deposition systems. The figure displays
room-temperature ut products for a photon flux of 104
cm 25! of samples from Ecole Polytechnique [3] and
Universitat Stuttgart [8]. Data reported by Reynolds
et al. [12] of samples from Forschungszentrum Jiilich
have also been included. The figure shows that the ut
products have the tendency to increase with increase in
dark conductivity. The line is a guide for the eye. The
increase in ut product with shift of the Fermi level to-
wards the conduction band, is typically found for a-Si:H
[13-16] and also for pc-Si:H [17-19]. The irradiated
samples fall well into the typical variation of ut with ay4
before irradiation (upper full symbols). The two arrows
indicate the decrease in ut and o4 upon proton irradi-
ation.

Further effects of the 2-MeV proton irradiation on
the properties of the unirradiated samples are summa-
rized in Table 1. Here the B and P doped samples which
have a dark conductivity o4 between 0.1 and 1 Q' cm™!
before irradiation are also included.

No significant effect of irradiation is found for the
doped samples for which about the same dark conduc-
tivity is found before and after proton irradiation.
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Fig. 2. Mobility-lifetime products vs. dark conductivity for the two
irradiated undoped PECVD and HWCVD samples together with
number of samples from different deposition systems. The line is a
guide to the eye, indicating the increase in pt with increase in a4. The
arrows indicate the decrease in ut and o4 upon irradiation. Note that
the slopes of the arrows are larger than for the straight line.



Table 1

Summary of changes in transport and electronic properties in pc-Si:H samples after proton irradiation at room temperature with 2-MeV protons.
The data were measured at room temperature. The display in the format ’before/after’, means 'measured before and after irradiation’; other variables
mean: P - PECVD; H - HWCVD:; (P) - P doped; (B) — B doped; (u) — undoped

Sample aq (Q 'em™) ut (cm?> V) Ly (nm)

P (v 2.8x1077/5%x 1078 1.1x1077/3.3x107% 164/140

H (u) 2.7x107°/2.5x10°¢ 2.5x1077/5x 108 139/138

H (P) 0.41/0.33 - -

H (B) 1/0.71 - -
s o ' ' ' ' For the undoped samples we observe a drop in the
- 10°F . "'“&gh E dark conductivity after proton irradiation together with
I ‘*,\M \'\.\_?* fﬁer an ipcrease in'the dark-conductivity activatiog energy. A
= 10F '.%&s: * \'.gt_“\ 3 similar behaV1our’ was reported after elgctron irradiation
s . ‘05.:‘52\% T of undoped pc-Si:H [5,20]. The drop in dark conduc-
Q107F before *’%\?\;\\.\ * 3 tivity can be understood in terms of a change of the
E)'_ . **t.\.\. Fermi leve?l with the increase in the density of gap statf:s.
S10°F . . o, 3 The Fermi level shifts as the newly created states require
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Fig. 3. MPC-DOS for the undoped HWCVD sample before and after
proton irradiation. The MPC data were taken at three different tem-
peratures (303, 273, 243 K), respectively, from which the MPC-DOS
was pieced together with an attempt-to-escape frequency of 10! s~!
and a mobility of 10 cm?> V=151,

For the undoped samples, Table 1 gives the mobility—
lifetime products and the diffusion lengths determined
from SSPC and SSPG experiments at & = 10"
cm~2s~!. At this higher photon flux the irradiation re-
sults in a drop in pt which is smaller as compared to the
results in Fig. 2, taken at the lower photon flux. The
minority-carrier Lq is only slightly affected.

The ratio of the sub-gap CPM signal Rs, defined by
Rs = Safter /soelore where Scpwm is the calibrated CPM
signal taken at 0.8 eV before and after proton irradia-
tion, was also determined. The value of Rs is smaller
than 3, respectively, for the undoped samples.

The MPC results obtained from modulated photo-
current phase and amplitude at a bias photon flux of
10" cm~2s~! in Fig. 3 reflect the increase in the density-
of-states (DOS) upon irradiation.

4. Discussion

The different results show a change in the electronic
properties of the undoped pc-Si:H samples upon 2-MeV
proton irradiation. In contrast and under the given
irradiation conditions, the P and B doped HWCVD
samples are stable, maintaining a high conductivity. As
indicated by photodeflection spectroscopy on the doped
samples, not shown here, these two samples show a high
defect density in the as-deposited state which is not al-
tered significantly by irradiation.

a redistribution of charge for the charge neutrality.

The two arrows in Fig. 2 indicate the drop in pr and
o4 upon irradiation. Although a drop in utr with de-
crease in g4 can be anticipated, the decrease in ut upon
irradiation is larger and the data fall below the typical
range, exhibiting an additional decrease in ut than
would be expected from the o4 variation alone. The
drop of the photocurrent after proton irradiation thus
reflects the irradiation-induced increase in number of
recombination states in the band gap for which we also
find evidence from the DOS determination by the MPC
experiments reported in Fig. 3. Although there is a clear
increase in the MPC-DOS there are indications that its
energetic distribution may not represent the true DOS
when the scanned energy range is close to the Fermi or
quasi-Fermi energy [21]. Taking the activation energy
for the sample in Fig. 3 as a measure for the Fermi
energy it is possible that the true DOS is larger,
respectively.

While the SSPC and MPC techniques indicate the
creation of additional recombination centres upon pro-
ton irradiation, they cannot provide further information
on the microscopic nature of these irradiation-induced
defects. To identify the silicon dangling bond as the
defect that gets created upon proton irradiation, one can
apply experiments like electron spin resonance (ESR)
and electrically-detected ESR that have been useful for
studying defect physics after electron irradiation [4,20].

The minority-carrier holes benefit from the Fermi
level move closer to the valence band upon irradiation.
Even though defects are created by proton irradiation,
the diffusion length can be maintained close to the value
as before irradiation. The related hole mobility-lifetime
product, proportional to the square of the diffusion
length, decreases lesser than the electron mobility-life-
time product. The hardly detectable change in the CPM
signal after irradiation indicates that the gap state den-
sity below midgap is not altered to such an extent as the



density in the upper half of the gap, detected by MPC.
This asymmetry in defect creation may also lead to the
difference in irradiation induced changes of the electron
and hole photoelectronic properties.

One may conclude that for proton irradiation in pin
solar cell structures defect creation in the intrinsic layer
will be mainly responsible for poorer excess carrier
collection and thus poorer photovoltaic properties as the
doped layers maintain their high dark conductivity, i.e.,
their Fermi-level positions. The shift of E; in the und-
oped layers is beneficial for the minority-carrier prop-
erties which become less affected by the increased defect
density. This effect also helps in the solar-cell minority-
carrier collection after proton irradiation of these de-
vices.

5. Conclusions

By proton irradiation of undoped pc-Si:H with 2-
MeV protons and a dose of 3x 103 cm™ at room
temperature, the density of gap states in pc-Si:H in-
creases which deteriorates the photoelectronic proper-
ties. Re-balance of charge is required in conjunction
with a shift of the Fermi level, which decreases the dark
conductivity and increases the dark-conductivity acti-
vation energy. Under the same irradiation conditions,
doped samples appear to be stable in terms of dark
conductivity values. From these film studies we thus
suggest that the device performance for pc-Si:H solar
cells exposed to proton irradiation will be mainly af-
fected by the undoped pc-Si:H absorber layer rather
than by irradiation-induced changes in the doped layers.
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