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Abstract

Optoelectronic properties of semiconductors are generally a�ected by radiation damage. To possibly improve the

radiation resistance, an amorphous phase of Si (a-Si:H) has been tested and compared to crystalline Si(c-Si). Photo-

conductivity spectra and radiation-induced conductivity (RIC) have been measured in situ, under 17 MeV proton ir-

radiation, as a simulation of fusion environments. In c-Si, crucial deterioration of the optoelectronic properties is

caused by radiation-induced defects, produced in the ordered lattice. On the contrary, a-Si:H shows remarkable ra-

diation resistance against the proton bombardment. The stable photoconductivity in a-Si:H is accompanied by en-

hanced structural metastability under the irradiation. The stability does not result from sti�ness, but from soft ¯exibility

inherent in the amorphous structure. The good radiation resistance is also due to characteristics of high-energy protons,

i.e., electronic excitation dominant over structural displacement damage formation. The mechanism is ascribed to

spontaneous recombination of displaced atoms, promoted by the electronic excitation. Ó 1998 Elsevier Science B.V.

All rights reserved.

1. Introduction

Plasma diagnostics in fusion reactors require optical

monitoring over a wide wavelength range, from far-in-

frared light up to X rays. The optical sensors and elec-

tronics primarily consist of semiconductors. Some

semiconductors are inevitably subject to fusion neutron

irradiation. As is well known, optoelectronic properties

of semiconductors are very sensitive to radiation-in-

duced defects, which promptly capture photo-carriers

and promote non-radiative recombination. Although

radiation resistance of the semiconductors is desired for

the stable diagnostics, an extensive material develop-

ment for semiconductors is not possible, because of few

changeable parameters.

Material development of radiation-resistant semi-

conductors is rather advanced for space applications.

Some of the results may be applied to semiconductors

for fusion reactors. Performance of solar cells, i.e.,

photovoltaic e�ects, have been extensively studied under

the space environment and particle irradiation, i.e.

proton [1,2] alpha [3,4] and neutron [4]. Among various

crystalline semiconductors, some compounds, e.g., InP

[5] and GaAs [6], have been found to have better radi-

ation resistance than crystalline Si (c-Si). Moreover, it

has been occasionally [1,2,4] found that amorphous

materials tend to have a better radiation resistance than

single crystals. The mechanism relevant to amorphous

semiconductors was explained in terms of radiation-in-

duced generation and passivation of defects [7]. On the

contrary, there were other cases where the cell perfor-

mance greatly degraded under particle irradiation. For

instance, 2 MeV alpha irradiation degraded the photo-

conductivity of hydrogenated amorphous Si (a-Si:H) by

®ve orders of magnitude, with a ¯uence of 1015 cmÿ2 [3].

Since the irradiation testing for space applications is

mostly conducted for photovoltaic e�ects of the solar-

cell structures or p±n junctions, the bulk radiation re-

sistance cannot be simply evaluated. Also, the total

displacements, presumed for fusion environments, are

much larger than those induced by the cosmic rays, and

radiation damage of a-Si:H at high ¯uences has not been

well understood, except for amorphization with heavy

ions. Recently, we have found stable photoconductivity
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of the bulk a-Si:H up to considerable ¯uences of protons

[8], but also that the relevant phenomena are not simple.

Consequently, further studies of radiation damage,

simulating the fusion environments, are requisite. One of

the most important testing aspects for the optoelectronic

materials is in situ measurement, particularly for this

metastable amorphous Si. The purpose of the present

research is to investigate the bulk radiation resistance of

a-Si:H and to discuss the mechanism relevant to char-

acteristics of the proton irradiation.

2. Experimental procedures

Specimens used are hydrogenated amorphous Si (a-

Si:H), fabricated by glow-discharge of SiH4 onto silica

substrates (0.3 mm thick). The a-Si:H ®lm (�1 lm thick)

was deposited at 500 K, where the quantum e�ciency

was highest. The ®lm does not include any intentional

dopants. Ohmic electrodes, 1 mm distant, were formed

by vacuum deposition of Al.

A He-circulating cryostat, integrated with the target

chamber, enabled low-temperature irradiation down to

20 K. The present irradiation was carried out at 200 K.

A monochromator was connected with the chamber and

the specimen was illuminated with monochromatic light

(hm� 0.7±2.4 eV). A 17 MeV proton beam and the light

were intermittently irradiated at a separate angle of 45°,

to either a-Si:H or c-Si. In situ measurements of pho-

toconductivity (PC) and radiation-induced conductivity

(RIC) were carried out. The beam-current density was

about 20 nA/cm2, while the photon ¯ux was about

1 ´ 1014 photon/cm2 s at hm� 2.1 eV. Damage condi-

tions were evaluated with the TRIM-code [9], using a

displacement energy, Ed � 15.8 eV (for c-Si) [10] and

mass density of 2.1 g/cm3 for a-Si:H. The proton ¯uence

was translated into units of dpa (displacement per at-

om). The conversion ratio is 20 nA/cm2 (1.25 ´ 1011

ions/cm2 s)� 6.2 ´ 10ÿ10 dpa/s, for 17 MeV protons in

Si.

3. Results and discussion

3.1. Radiation regime of proton irradiation

Depth pro®les of defect-production rate d/=dt and

electronic excitation per unit volume QB of 17 MeV

protons were calculated by the TRIM-code [9]. Projec-

tile ranges of 17 MeV protons were 1.9 mm in a-Si:H

and 1.7 mm in c-Si. The radiation e�ects calculated is

almost identical between a-Si:H and c-Si. The pro®les of

d/=dt and QB were uniform over the specimen thickness.

The present damage rate d/=dt of 6 ´ 10ÿ10 dpa/s is

accompanied by electronic excitation QB of 7 ´ 1018 eV/

cm3 s.

Here, it should be noted that ``point defect'' or ``dpa''

may not be well-de®ned concepts for the metastable a-

Si:H. The covalent bonding, of the same short-range

order, should give a similar nuclear-deposition energy,

but does not necessarily mean equal resultant defects.

Therefore, the dpa-value for a-Si:H is hereafter given for

intuitive convenience, and is regarded as a measure of

the instantaneous displacements.

Electronic excitation is a key aspect to consider ra-

diation e�ects on semiconductors, as well as displace-

ment collisions. Fig. 1 shows stopping powers, i.e.,

electronic energy loss per unit thickness, as a function of

proton energy, where Se and Sn are electronic and nu-

clear stopping powers, respectively. With increasing the

proton energy, the collision cross-section decreases and

both stopping powers steadily descend. However, a ratio

of electronic- to nuclear stopping power, Se=Sn, keeps

increasing with the proton energy. A characteristic fea-

ture of protons is a large value of Se=Sn over the whole

MeV region, as compared to heavy ions. The ratio is

Se=Sn� 2 ´ 103 for 17 MeV protons. For comparison,

the stopping power of a heavier ion, phosphorus, is also

given in Fig. 1. The ratio, Se=Sn, of P increases faster but

the absolute value is much smaller than that of protons,

over the MeV region. The large ratio of Se=Sn indicates

that, for the protons, electronic excitation dominates

displacement damage formation.

3.2. Photoconductivity of a-Si:H in comparison with that

of c-Si

Photoconductivity (PC) spectra of a-Si:H at 200 K,

before and after the 17 MeV proton irradiation, are

given in Fig. 2. The PC spectra in the visible-light region

consist of a wide tail-spectrum and the band-to-band

transition above the band gap, Eg �1.5 eV. Unlike c-Si,

the tail-spectrum is characteristic of amorphous semi-

conductors, associated with sub-gap states below Eg.

The band-to-band PC saturates in the higher energy

region. As an optical sensor, such a wide spectrum is

preferable to apply for the wide energy region. Similarity

among these spectra demonstrates the superb PC sta-

bility against the proton irradiation. At the ¯uence of

10ÿ7 dpa, the PC of c-Si already degrades by 3±4 orders

of magnitude (as will be seen in Fig. 3), but the spectrum

of a-Si:H does not degrade and rather shifts upward.

Even at 10ÿ6 dpa, the spectral shape of a-Si:H is almost

unchanged as compared to the unirradiated one. The

same spectral shape, irrespective of the ¯uence, indicates

that the band structures of a-Si:H do not signi®cantly

change. It is furthermore important that defects acting

as deep recombination-centers are not produced by the

proton irradiation.

Fig. 3 shows ¯uence dependence of PC intensity DrL

of a-Si:H, in comparison with those of non-doped

(N.D.) and P-doped c-Si (3 ´ 1015 cmÿ3 ). The PC
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intensity of DrL is taken at a given wavelength above

each band gap, i.e., at 2.1 eV for a-Si:H and at 1.3 eV for

c-Si, both at 200 K. At the proton ¯uence of 2 ´ 1013

ions/cm2 (10ÿ7 dpa), the PC of c-Si drastically decreases

by 3±4 orders of magnitude. The former work on c-Si

[11] clari®ed that the PC deterioration by protons re-

sulted from a decrease in lifetime of charge carriers.

Namely, a small number of defects degrades the PC,

enhancing non-radiative recombination of photoexcited

carriers. In contrast to c-Si, the PC of a-Si:H does not

deteriorate but rather increases up to 6 ´ 1013 ions/cm2

(3 ´ 10ÿ7 dpa) and gradually decreases beyond the

¯uence.

It is worthwhile comparing these results with those

for specially doped c-Si, where free carriers are supplied

from the shallow impurities. Previously, we reported [12]

that radiation-resistant photoconductivity could be ac-

complished by the shallow-impurity doping. An example

of such doped c-Si is also plotted in Fig. 3. The radiation

tolerance of doped c-Si is prolonged up to /C, improving

over the practically zero tolerance of non-doped Si. This

improvement of radiation resistance is ascribed to

passivation of radiation-induced recombination-centers.

The mechanism is not merely conductivity survival by

excess carriers, as seen in dark conductivity, but mainly

the passivation of photo-carrier traps. Therefore, the PC

drops very rapidly, as soon as free carriers become ex-

hausted above the /C. These phenomena in c-Si are well-

understood in terms of stable-defect formation in the

rigid crystalline lattice.

On the other hand, a-Si:H is radiation-resistant, even

better than doped c-Si. The PC stability indicates that

the proton irradiation does not produce active deep re-

combination centers. Since a-Si:H used is of intrinsic

type, the doping e�ect above is not expected. As previ-

Fig. 2. Photoconductivity spectra of a-Si:H at 200 K, before

(solid line) and after (dashed lines) the 17 MeV-proton irradi-

ation. The energy gap, Eg, is given by an arrow. The photon ¯ux

is about 1 ´ 1014 photon/cm2 s at hm� 2.1 eV.

Fig. 1. Electronic stopping power Se, nuclear stopping power Sn and their ratio Se=Sn in Si, as a function of proton energy. A cor-

responding ratio for phosphorus ions is also plotted for comparison.
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ously discussed, the collision events which break the

covalent bonds are essentially not di�erent between a-

Si:H and c-Si. Consequently, subsequent processes after

the collision events must di�er from each other. The PC

stability is therefore attributable to structural ¯exibility

inherent in a-Si:H. The metastable ¯exibility is enhanced

during the proton irradiation, as will be described, and

results in the high radiation resistance of a-Si:H.

The PC decrease above 6 ´ 1013 ions/cm2 (3 ´ 10ÿ7

dpa) is most likely caused by a decrease in carrier life-

time, due to eventual failure of annihilation of the dis-

placed atoms, i.e., dangling-bond formation. The superb

radiation resistance of a-Si:H is again exhibited even

after the degradation around the highest ¯uence,

5 ´ 1014 ions/cm2. Namely, the degraded PC is recovered

by annealing at 450 K where dangling bonds are an-

nealed out [13,14]. It is in contrast to c-Si, where defect

clusters remain after the annealing. The reversible re-

covery of a-Si:H also con®rms that the PC variation is

not associated with loss of hydrogen passivation.

3.3. Radiation-induced conductivity (RIC) in a-Si:H

Radiation-induced conductivity (RIC) has been ob-

served in a-Si:H. Fig. 4 shows the time-dependent con-

ductance of a-Si:H at 200 K, during and after the proton

irradiation. To verify the net RIC of the a-Si:H ®lm,

RIC of the silica substrate is also given. As shown in

Fig. 4. Conductance signals of radiation-induced conductivity

(RIC) in a-Si:H at 200 K. A signal of the silica substrate only is

also given for comparison.

Fig. 3. Proton-¯uence dependence of photoconductivity DrL of a-Si:H, in comparison with non-doped (N.D.) and doped c-Si. The PC

intensities of a-Si:H and c-Si are values at 2.1 eV and 1.3 eV, respectively, as their band-to-band transitions.
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Fig. 4, the conductance signal of the a-Si:H ®lm is 102

times as large as that of the substrate. It is again noted

that the projectile range of 17 MeV protons is much

larger than the substrate thickness (0.3 mm). This ex-

perimental simplicity is important to evaluate the net

RIC and the radiation resistance of the ®lm. Otherwise,

bypass current and damage of the substrate may a�ect

the total performance. Such false e�ects could occur, if

photovoltaic devices and/or ions of a short projectile

range were used.

As seen in Fig. 4, the RIC of a-Si:H occurs very

slowly, in response to the proton irradiation

(/�8 ´ 1012 ions/cm2). The time-constant of on-beam

RIC is about 60 s and that of o�-beam decay is roughly

2 ´ 103 s [15]. The RIC for the repetitive irradiations is

reversible, except the initial change in the dark con-

ductivity. It should be noted that the PC of a-Si:H has a

quick response. The RIC variations of a-Si:H are also

quite di�erent from those of c-Si where the responses are

instantaneous. The sluggish RIC-variations in a-Si:H

indicate that signi®cant structural changes occur with

the proton irradiation.

3.4. A mechanism of the radiation resistance of a-Si:H

As an experimental result, the structural metastability

in a-Si:H, enhanced by the proton irradiation, causes a

good radiation resistance. Accordingly, the structural

rearrangements, like collective atomic motions, would

recombine displaced atoms and prevent the creation of

deep centers. Fig. 5 shows schematic diagrams to illus-

trate a mechanism for the radiation resistance. The es-

sential points of the mechanism are both the structural

¯exibility of a-Si:H and the predominant electronic ex-

citation by the high energy protons. An incident proton

collides with a target Si atom, either directly or via cas-

cades, and displaces the atom from the original site of the

covalent network. This collision process should be similar

Fig. 5. Schematic diagrams of a mechanism for the radiation resistance of a-Si:H under proton irradiation. A hatched area illustrates

electronic excitation along the proton track. Large and small circles express Si and H, respectively. A schematic energy diagram of

coordination-coordinate is also depicted.
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to the case of c-Si, though some of the covalent bonds of

a-Si:H are a somewhat weaker than the other Si±Si bonds

[16]. If the network were rigid, the displaced ``vacancy''

gives rise to persistent defects. In the case of a-Si:H, the

displacements could be relaxed via a collective rear-

rangement, by virtue of the structural metastability.

Here, it should be reminded that the atomic rear-

rangement requires a certain activation energy, because

the dangling-bond states are fairly stable [16]. Moreover,

we have to solve an apparent paradox that the band-to-

band photons causes more e�ective damage (i.e., the

Staebler±Wronski e�ect [17]), than this proton irradia-

tion.

The energy diagram of con®guration-coordinate is

also illustrated in Fig. 5. The dangling-bonds form as a

metastable state, displaced from the network site [16]. To

recover to the ground states, an activation energy to

overcome the barrier is necessary. The strong electronic

excitation of protons supplies the activation energy for

the atomic rearrangement. In contrast, a photon ab-

sorbed is consumed just as to break a covalent bond.

The high-energy proton induces strong electronic

excitation along its track. This electronic excitation al-

lows a-Si:H to rearrange the atomic bonds and anneals

the instantaneous displacements.

4. Conclusion

In situ measurements of PC and RIC were carried

out for a-Si:H under 17 MeV proton irradiation. The PC

of a-Si:H showed remarkable radiation resistance in

both the spectral shape and the intensity, while that of c-

Si drastically degraded at low ¯uences. The a-Si:H

maintained good optoelectronic performances, even af-

ter the proton irradiation. The stable PC was accom-

panied by the metastable RIC, indicating the structural

rearrangements. A mechanism of the radiation resis-

tance was proposed, on the basis of the structural ¯ex-

ibility of a-Si:H and the electronic excitation of protons.

The collision displacements are accommodated by local

rearrangements, by virtue of the structural ¯exibility of

a-Si:H, activated by the electronic excitation of protons.

It is further necessary to clarify dynamic interactions

between photo- and particle-excited carriers, and to

study whether the radiation resistance of a-Si:H is still

valid for 14 MeV neutrons which dominate structural

damage over electronic excitation.
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