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Plasma processing is a key technology for fabrication of state-of-the-art semiconductor devices. The
device performance is often limited by electronic defects generated during plasma processing, although
most of those defects are annihilated by postannealing. Here we experimentally study the defect kinetics
in hydrogenated amorphous silicon (a-Si:H) during hydrogen- (H2-) and argon- (Ar-) plasma treatment,
and also consecutive postannealing. The generation and annihilation of electronic defects such as sili-
con dangling bonds are monitored via in situ measurements of the photocurrent. From the measurements,
the following results are found: (i) The defects are generated dominantly by radical species such as H
atoms for a H2 plasma and metastable Ar atoms for an Ar plasma. (ii) The Ar+-ion bombardment cre-
ates residual defects, whereas the H+

3 -ion bombardment does not create such defects. The residual defects
are mostly recovered by an additional H2-plasma and postannealing treatment. (iii) The annihilation of
defects exhibits stretched exponential behavior, revealing the dispersive nature of a-Si:H. (iv) The activa-
tion energy for the annihilation of defects depends on the origins of the defect generation. The activation
energy is smaller for defects generated by plasma treatments compared with that for defects induced by
photon irradiation. A rate equation for the generation and annihilation of defects is described, and the
defect kinetics is discussed in terms of microstructural changes associated with hydrogen diffusion.
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I. INTRODUCTION

Electronic defects in semiconductor devices play impor-
tant roles in the device performance and reliability [1,2].
For example, the electronic defects in field-effect transis-
tors often induce a leakage current and/or a threshold-
voltage shift, leading to performance degradation [3–6].
In silicon-heterojunction solar cells [7,8], the defects
behave as the recombination centers for photogenerated
carriers, so the power-conversion efficiency is lowered.
These defects are often generated during device fabrica-
tion, where a variety of plasma-processing steps are used
for thin-film deposition, etching, dopant implantation, and
surface modification [3,4,9–11]. Most of the defects are
recovered or annihilated by postannealing treatment. How-
ever, some defects remain in devices, restricting the device
performance.

During plasma processing, the electronic defects can be
generated near the material surface for several reasons [3,
4,9–11], shown schematically in Fig. 1. The material sur-
face is exposed to ion bombardment, photon irradiation,
radicals, particulate attachment, and charging. Ion bom-
bardment may lead to surface strain and loss of matter
by sputtering events, which results in the formation of
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defects near the surface [12–15]. Some energetic ions may
penetrate into certain materials, where they are neutral-
ized and behave as impurities. Photon irradiation generates
dangling bonds (DBs) by breaking the weak bonds in mate-
rials [16–19]. Radical exposure is expected to generate
defects by transferring the internal energy to the surface
atoms and/or radicals chemically reacting with the lattice
atoms [20–23]. Particulates or dusts can be deposited on
the surface in deposition processes, which results in voids
or pores accompanied by defects [24,25]. Surface charg-
ing may cause an electrical breakdown, associated with the
formation of defects in insulating materials [10].

The electronic defects formed via plasma processing
can be detected by a variety of ex situ methods
[2,26]: capacitance-voltage measurement [2,27,28], deep-
level transient spectroscopy [2,28,29], electron spin
resonance (ESR) [30,31,33], constant-photocurrent mea-
surement [34–37], X-ray photoelectron spectroscopy
[38,39], and other methods [2,26]. These methods are
useful for characterizing the electronic states formed by
defects (i.e., the density of states in the band gap) [40,41].
However, the information provided by these measure-
ments is limited when the measurement is performed
outside the processing environment (i.e., a plasma). On
the other hand, only a few methods have been developed
for in situ detection of electronic defects. One example is
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FIG. 1. Electronic defects and carrier transport in a a-Si:H film
during plasma processing. Electronic defects such as DBs are
generated by ion bombardment, photon irradiation, radical expo-
sure, particulate attachment, and surface charging. The defects
are distributed in a defect-rich surface layer, where weak Si—H
and Si—Si bonds are broken and the local structure is disturbed.
The carrier (electron) transport is highly limited in this layer,
denoted by a zigzag line in the middle left. Underneath this, the
bulk layer is located, where the local structure is intact. The carri-
ers are transported mainly through this layer, denoted by a zigzag
line in the lower part.

the time-resolved-microwave-conductivity method, which
was used to monitor the surface defects on crystalline
silicon wafers [44,45]. Another is evanescent-wave cav-
ity ring-down spectroscopy, which was used to study the
dangling-bond defects in thin-film materials [46,47]. How-
ever, the generation and annihilation of electronic defects
during plasma processing and consecutive postannealing
have not been systematically studied so far.

In this paper, we study the defect kinetics in hydro-
genated amorphous silicon (a-Si:H) films during plasma
treatment and postannealing. The generation and anni-
hilation of electronic defects such as silicon dangling
bonds are monitored via in situ measurements of the
photocurrent [48,49]. The method for defect monitoring
is described in Sec. II, and the experimental procedures
are explained in Sec. III [48–50]. The dominant species
responsible for the generation of defects is distinguished
by the experiments, where the film surface is selectively
exposed to photons, radicals, and ions (Sec. IV) [51,52].
The annihilation of defects is observed during the postan-
nealing, and the activation energy is determined from
an Arrhenius plot (Sec. IV E). The mechanism for the
generation and annihilation of defects is discussed from
a microstructural point of view (Sec. V). A possible
mechanism for the creation of residual defects by ion

bombardment is also discussed. Finally, we present our
conclusions in Sec. VI.

Among a wide variety of semiconductor materials, in
this study we select a-Si:H, which is one of the most-
widely-used semiconductor materials; it is used as an
active layer in thin-film transistors, an absorber in a-Si:H
solar cells [40,41], and a passivation layer in silicon-
heterojunction solar cells [7,8]. The electronic proper-
ties of a-Si:H films have been well investigated [40,41].
According to earlier studies, the density of states related
to electronic defects is classified into two groups: the
deep-level and the shallow-level states, as shown in
Fig. 2(a). The deep-level states primarily originate from
the DBs. These states are located roughly 0.6 eV below
the conduction-band edge, so they behave as the recom-
bination centers. The lifetime of the minority carriers is
limited by these states [Fig 2(b)]. The density of the deep-
level states is on the order of 1015–1016 cm−3. In this
study, we focus on this group of electronic defects, (i.e., the
deep-level states originating from DBs). The origins of the
deep-level states are not completely resolved. The defects
associated with nanoporous structure may be another pos-
sible candidate for the deep-level states [42,43]. On the
other hand, the shallow-level states come from the distri-
bution of the bond lengths and angles (i.e., the disordering
of the a-Si:H network structure). The density of these
states decreases exponentially from the conduction-band
and valence-band edges. These states behave as the trap

(a) (b)

FIG. 2. (a) Density-of-states (DOS) distribution in a-Si:H. It
consists of two groups: the shallow-level states and the deep-
level states. The shallow-level states, related to the deforma-
tion of bonds, are located near the conduction band (CB) and
the valence band (VB). The deep-level states, associated with
DBs, are located near the midgap. (b) Carrier dynamics. Light
illumination induces the generation of photocarriers in a-Si:H.
The photocarriers are trapped in the deep-level states during
transport, which results in the recombination of carriers.
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sites for carriers, such that the carrier mobility is influenced
by the distribution of these states.

II. METHOD FOR DEFECT MONITORING

The generation and annihilation of defects can be mon-
itored via the measurement of the photocurrent [48,49].
The photocurrent is primarily proportional to the carrier
mobility-lifetime product (Ip ∝ μτ ) [53,54], where the
carrier lifetime is inversely proportional to the density of
recombination centers [2]; that is deep-level defect states
associated with DBs in a-Si:H (τ ∝ 1/nd). So, the pho-
tocurrent, Ip , is a function of the defect density, nd, as
follows:

Ip ∝ 1/nd. (1)

Here the film thickness and the photocarrier-generation
rate are assumed to be constant. In Eq. (1), a decrease in
the photocurrent reflects the generation of defects, whereas
an increase in the photocurrent reflects the annihilation of
defects.

Because the photocurrent intensity strongly depends on
the defect density, defect monitoring based on photocur-
rent measurement is highly sensitive to a small amount of
defects, which would not be detected by optical methods
such as Fourier-transform IR spectroscopy and spectro-
scopic ellipsometry. However, this technique does not give
an absolute value of the defect density. Another charac-
terization is required to determine it; for instance, deep-
level transient spectroscopy [2,28,29] and ESR [30–33]
measurements are often used.

The carrier mobility also influences a change of the pho-
tocurrent. This effect is, however, negligible for a thick
a-Si:H film with plasma treatment. The carrier mobility
is a parameter related to the bulk property, while plasma
treatment is considered to induce microstructural changes
near the surface.

III. EXPERIMENTAL PART

A. Sample preparation

We prepare undoped intrinsic a-Si:H films on glass sub-
strates (Corning Eagle XG, 0.5 mm thick) by means of
plasma-enhanced chemical vapor deposition [56]. Before
the deposition, interdigitated contacts are formed on the
glass substrates for the photocurrent measurement. The
contacts are made of 200-nm-thick Ag, covered with 40-
nm-thick Ga-doped ZnO, which yields an Ohmic contact to
a a-Si:H film. The interdigitated structure yields 19 chan-
nels for the photocurrent path. Each channel is 0.2 mm long
and 5 mm wide.

Plasma-enhanced chemical vapor deposition is per-
formed in a capacitively coupled 60-MHz very-high-
frequency (VHF) discharge of hydrogen (H2) and silane
(SiH4) gas mixture [57,58]. The a-Si:H films are deposited
under the following conditions: a deposition temperature

TABLE I. Discharge conditions for a-Si:H deposition and H2-
and Ar-plasma treatments.

a-Si:H
deposition

H2-plasma
treatment

Ar-plasma
treatment

Temperature T (◦C) 200 120–240 200
Pressure p (Torr) 0.3 0.3 0.3
H2 flow rate (sccm) 50 50 0
Ar flow rate (sccm) 0 0 50
SiH4 flow rate (sccm) 10 0 0
Discharge power (W) 5 3–50 3–50
Discharge/treatment

time �t(s)
1030 60 2–1000

of 200 ◦C, a discharge power of 39 mW/cm2, a gas pres-
sure of 0.3 Torr, and a H2-to-SiH4 gas flow ratio of 5.
The film thickness is controlled to be d = 220 ± 5 nm by
adjustment of the discharge period. These conditions are
listed in Table I. Such conditions yield device-grade a-Si:H
for solar-cell applications [59,60].

After the deposition, we characterize optoelectronic
properties of the a-Si:H films at room temperature in air.
The band gap, the refractive index, and the extinction
coefficient at wavelength λ = 520 nm are determined by
spectroscopic ellipsometry [61] under the assumption of a
Tauc-Lorentz model [62]: Eg = 1.70 eV, n520 = 4.62, and
k520 = 0.43, respectively. The defect density (i.e., the den-
sity of the deep-level states originating from DBs in the
intrinsic a-Si:H) is obtained from ESR. The ESR spin den-
sity is on the order of 1015 cm−3 [63]. The Urbach energy,
characterizing the distribution of the shallow-level states,
is determined by constant-photocurrent measurement; it is
EU = 46 ± 2 meV [59,60].

We prepare four different structures of samples by plac-
ing glass or quartz over the deposited a-Si:H film, as shown
in Fig. 3 [51,52]; these are referred to as samples A, B,
C, and D. Sample A is an uncovered a-Si:H film, and
the film is therefore exposed to ions, radicals, and pho-
tons generated by the plasma. Sample B is a a-Si:H film
covered with glass and with a gap of 0.5 mm between
the a-Si:H film and the glass. The inclusion of the glass
eliminates ion bombardment on the a-Si:H film, while the
gap between the a-Si:H and the glass allows radicals to
reach the a-Si:H film. Since the glass transmits photons
with energy hν below approximately 5.0 eV (i.e., λ � 250
nm), the a-Si:H film is exposed to photons in the spec-
tral range from ultraviolet (UV) to visible light. Sample C
is a a-Si:H film covered with glass and sealed completely
with ceramic paste (i.e., the gap between the a-Si:H and
the glass is closed). This prevents exposure of the a-Si:H
film to radicals, and the film is therefore exposed to only
UV and visible photons. Sample D is a a-Si:H film covered
with quartz glass and sealed with ceramic paste. The quartz
transmits photons with energy hν up to approximately 7.3
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(a) (c)

(b) (d)

FIG. 3. Sample structures. A a-Si:H film is deposited on a glass
substrate with contacts. (a) Sample A. A a-Si:H film is uncov-
ered. The film is exposed to ions, radicals, and photons, coming
from a plasma. (b) Sample B. A a-Si:H film is covered with glass
with a small gap. Ion bombardment over the film is prevented.
The film is exposed to radicals and photons in the range from
UV to visible light. (c) Sample C. A a-Si:H film is covered with
glass and sealed completely with ceramic paste. The penetration
of radical species is prevented. The film is exposed to the UV
and visible photons. (d) Sample D. A a-Si:H film is covered with
quartz glass and sealed with ceramic paste. The film is exposed
to VUV photons.

eV (i.e., λ � 170 nm), and therefore the a-Si:H film is
exposed to visible, UV, and vacuum-UV (VUV) photons.

B. Hydrogen- and argon-plasma treatment

The plasma-treatment experiments are performed in
capacitively coupled 60-Mhz VHF discharges in a parallel-
plate configuration, as shown in Fig. 4 [57,58]. The sample
is placed on the electrically grounded electrode, and heated
at a temperature T in the range from 120 to 240 ◦C. Either
H2 gas or Ar gas is introduced into a vacuum chamber
from the powered electrode showerhead. The gas pressure
is set at 0.3 Torr by regulating a gas flow rate of 50 sccm.
The discharge is maintained by supplying a VHF discharge
power PVHF ranging from 3 W (23 mW/cm2) to 50 W (390
mW/cm2). Correspondingly, the peak-to-peak voltage Vpp
is varied from 35 to 184 V, as measured with a high-voltage
probe. The discharge period �t (i.e., the plasma-treatment
time) is set between 2.0 and 1000 s. The electrode diameter
and discharge gap are 128 and 22 mm, respectively. With
regard to the discharge gas (i.e., either H2 or Ar), �t, PVHF,
and T are varied. The details of the discharge conditions are
given in Table I.

FIG. 4. Experimental setup. The sample is placed on the elec-
trically grounded (GND) electrode. The photocurrent in a-Si:H
film is measured under laser light. The intensity of laser light is
modulated, and the corresponding oscillating photocurrent signal
is detected by use of a lock-in technique. A plasma is generated
by capacitively coupled 60-MHz discharge in a parallel-plate
configuration. PWD, powered.

The discharge plasmas are characterized with a Lang-
muir probe [64], by energy-filtered mass spectrometry
(MS), by vacuum-ultraviolet absorption spectroscopy [65],
and by optical emission spectroscopy. The electron tem-
perature is measured to be approximately 2.5 eV for H2
plasmas at PVHF = 50 W. The ion species are measured
by MS, and the dominant species is determined to be
H+

3 in H2 plasmas [57]. From the ion saturation currents,
the density of H+

3 ions is estimated to be approximately
5 × 109 cm−3 at PVHF = 50 W. The ion energy distribu-
tion is single peaked, measured by energy-filtered MS.
The mean ion energy, Ei, over the electrically grounded
electrode increases with Vpp; Ei is varied from approx-
imately 10 eV to approximately 35 eV in our H2 dis-
charge [57]. For the radical species, the H-atom density
is determined from vacuum-ultraviolet absorption spec-
troscopy; nH ≈ 1012 cm−3 [66]. The energy distribution of
the photons from plasmas is monitored by optical emission
spectroscopy. The emission spectra of H2 and Ar plasma
at PVHF = 5 W are shown in Fig. 5. A H2 plasma emits
a large amount of UV and VUV photons in the range
λ ≈ 200–380 nm compared with an Ar plasma. This large
amount of UV and VUV photons in a H2 plasma origi-
nates from the dissociative emission of H2 excited states,
a3�+

g ⇒ b3�+
u [67,68].

C. Photocurrent measurement

The photocurrent in a a-Si:H film is measured during
the plasma treatment, and also after the treatment (i.e, the
postannealing) [48,49]. A a-Si:H film is illuminated with
a 520-nm-wavelength laser operated at 1 mW. The photon
energy of the laser light hν is 2.38 eV, which is larger than
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Si—H-bond breaking energy

FIG. 5. Optical emission spectra for hydrogen (H2) and argon
(Ar) plasmas in the range from 200 to 750 nm. H2 and Ar plasmas
are both generated at a discharge power of 5 W. A H2 plasma
emits more UV and VUV photons compared with an Ar plasma.
The Si—H-bond-breaking energy is denoted by a vertical arrow.
The photons transmitted through glass and quartz are indicated
by horizontal arrows.

the band gap Eg of 1.70 eV described above. The spot size
of the laser is set to cover all of the photocurrent channels
formed by the interdigitated contacts. The photogenerated
carriers are collected by the interdigitated contacts, which
are biased at 10 V (dc) with respect to each other. The
electrons are mainly collected by the contacts since the
mobility of electrons is much larger than that of holes.
The intensity of the laser light is modulated to 1.111 kHz,
and the photocurrent signal oscillating at this frequency
is extracted by a lock-in technique. The lock-in time con-
stant is set at 100 ms. The photocurrent signal is digitized
and recorded at a rate of 2.0 Hz with an acquisition unit.
By use of this lock-in technique, the laser-induced pho-
tocurrent could be distinguished from plasma-generated
currents such as plasma-emission-induced photocurrent
and ion current.

IV. RESULTS

In this section, we show the time evolution of the pho-
tocurrents in a-Si:H films during the plasma treatment and
postannealing. The results are shown for samples A, B, C,
and D to distinguish the effects of ion bombardment, rad-
ical exposure, and photon irradiation on the generation of
defects.

A. Plasma-induced defects

Figure 6 shows the time evolution of the photocur-
rent, Ip , in a a-Si:H film for sample A during plasma

FIG. 6. Time evolution of photocurrent in a-Si:H film for
sample A during plasma and postannealing treatments. Each
plasma treatment causes a strong reduction in the photocurrent,
Ip , reflecting the generation of plasma-induced defects. After
the plasma treatment (i.e., during postannealing), Ip begins to
increase, indicating defect recovery. Ip returns completely to the
initial level for H2-plasma treatment. In contrast, the recovery is
limited in the case of Ar-plasma treatment, indicating the cre-
ation of the residual defects. The residual defects are mostly
annihilated by an additional H2-plasma and postannealing treat-
ment, indicated by the recovery of Ip denoted by arrow 5. The
discharge gas is replaced according to the aim of the treatment,
which causes a small fluctuation in Ip , indicated by arrows.

treatment and postannealing. The following treatments are
performed: H2-plasma treatment twice (denoted by arrows
1 and 2), followed by Ar-plasma treatment twice (denoted
by arrows 3 and 4), and H2-plasma treatment again (indi-
cated by arrow 5). The conditions of these plasma treat-
ments are �t = 1 min, PVHF = 5 W, and T = 200 ◦C.
During these plasma treatments, the film etch is small; it
is approximately 1 nm for H2-plasma treatment and it is
below the detection limit for Ar-plasma treatment. The
interval between each treatment (i.e., the postannealing
period) is roughly 70 min. The film is thus annealed until
the next treatment. The discharge gas is replaced accord-
ing to the aim of the treatment, denoted by H2 ⇒ Ar or Ar
⇒ H2.

We find that each H2- and Ar-plasma treatment causes a
strong reduction in Ip , typically by 1 order of magnitude.
The reduction in Ip begins immediately after initiation
of the discharge/treatment; the decay time of Ip is less
than 100 ms, which is limited by the lock-in time con-
stant (Sec. IIIC). The observed strong reduction indicates
the generation of defects (i.e., plasma-induced defects).
Since Ip ∝ 1/nd in Eq. (1), the defect density is expected
to increase by 1 order of magnitude during the plasma
treatment.

Once the discharge/treatment has been terminated, Ip
begins to increase with time, showing a defect-recovery
trend. This recovery behavior of Ip is different depending
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on whether H2- or Ar-plasma treatment was performed
before. For H2-plasma treatment, Ip returns completely to
the initial level (approximately 1.2 μA) after annealing.
In contrast, it does not return to the initial level for Ar-
plasma treatment; Ip returns to only approximately 20%
(approximately 0.25 μA) of the initial level. The results
suggest that the H2-plasma-induced defects are annihilated
completely by annealing, whereas the Ar-plasma-induced
defects are not, and some of these defects remain in the
film. However, these remaining defects, (i.e., the residual
defects) are mostly annihilated by an additional H2-plasma
treatment (denoted by arrow 5) and postannealing. This
suggests that H2-plasma treatment is beneficial for the
annihilation of Ar-plasma-induced residual defects.

From the time evolution of Ip during the postannealing,
the characteristic time for the defect annihilation can be
estimated; it is several tens of minutes at a annealing tem-
perature T of 200 ◦C. This characteristic time is strongly
dependent on T. Later, we show a relation between the
characteristic time and the annealing temperature, yield-
ing an Arrhenius plot, to discuss the activation energy for
the defect annihilation (see Sec. IV E).

B. Radical- and photon-induced defects

The radical- and photon-induced defects are recognized
from the results of H2- and Ar-plasma treatment for sam-
ple B, as shown in Fig. 7. Each treatment causes a strong
reduction in Ip , similar to that observed in the case of sam-
ple A, indicating defect generation due to radical exposure
and photon irradiation. However, these defects are mostly
annihilated by annealing, indicated by the recovery of Ip
to nearly the initial level. This recovery behavior of Ip is

FIG. 7. Time evolution of Ip in a-Si:H film for sample B dur-
ing radical and photon exposure, and consecutive postannealing.
Each exposure of H2- and Ar-related radicals and photons causes
a strong reduction in Ip , reflecting the generation of radical-
and photon-induced defects. These defects are annihilated by the
postannealing, indicated by the recovery of Ip to the initial level.

FIG. 8. Time evolution of Ip in a-Si:H film for sample A dur-
ing Ar-plasma and postannealing treatments. The treatment time
is varied from 2 to 1000 s. The recovery level of Ip at the end
of postannealing is lowered by increase of the treatment time,
indicating the creation of more residual defects.

different from that observed for sample A with Ar-plasma
treatment (compare Ip denoted by arrows 3 and 4 in Figs. 6
and 7). Therefore, we can conclude that the residual defects
are created by Ar+-ion bombardment rather than radical
exposure and photon irradiation.

C. Ar+-ion-bombardment-created residual defects

To study the creation of the residual defects, we perform
Ar-plasma treatment of sample A under various condi-
tions. Figures 8 and 9 show the time evolution of Ip for
different �t and PVHF, respectively. As shown in Fig. 8,
increase of �t from 2 to 1000 s results in the creation of
more residual defects, indicated by a larger reduction of Ip
at the end of the annealing. On the other hand, the amount

FIG. 9. Time evolution of Ip in a-Si:H film for sample A during
Ar-plasma and postannealing treatments. The discharge power is
varied from 5 to 50 W. The recovery level of Ip at the end of
postannealing is roughly the same, and is not strongly dependent
on the discharge power.
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(a) (b)

FIG. 10. Photocurrent reduction and relative density of resid-
ual defects. The photocurrent at the end of postannealing is
normalized by the initial level, I ann

p /I ini
p . The relative den-

sity of the Ar-plasma-induced residual defects is calculated by
nd ∝ (I ann

p /I ini
p )−1. (a) I ann

p /I ini
p decreases logarithmically with

the Ar-plasma-treatment time, �t. Correspondingly, nd strongly
increases with �t. (b) I ann

p /I ini
p decreases slightly with the dis-

charge power, PVHF, and nd slightly increases.

of the residual defects is not increased even though PVHF
is increased significantly, as shown in Fig. 9.

To quantitatively characterize the creation of the resid-
ual defects, we introduce a dimensionless parameter of
the photocurrent, I ann

p /I ini
p , where I ini

p is the photocurrent
in the initial state (i.e., before any Ar-plasma treatments)
and I ann

p is the photocurrent at the end of the anneal-
ing. With I ann

p /I ini
p , we can examine the relative change of

the density of the residual defects, by nd ∝ (I ann
p /I ini

p )−1.
Figure 10 shows I ann

p /I ini
p and nd as a function of �t

and PVHF, obtained from the data in Figs. 8 and 9. As
in Fig. 10(a), I ann

p /I ini
p decreases logarithmically with �t,

and thus nd is increased significantly. For example, nd is
increased by approximately 7 times compared with the ini-
tial state (i.e., before any plasma treatments). On the other
hand, I ann

p /I ini
p and nd do not show strong changes even

though a large PVHF is applied [Fig. 10(b)]. For example,
I ann
p /I ini

p decreases by approximately 25% for a treatment
at PVHF = 50 W, and nd increases by approximately 33%.
Both I ann

p /I ini
p and nd exhibit tendencies to be saturated

for higher PVHF (i.e., Vpp). These results suggest that the
continuous bombardment of Ar+ ions is more effective in
creating the residual defects than a strong impact and/or a
large flux of Ar+ ions in a short period.

D. Photon-induced defects

The photon-induced defects are studied with samples C
and D. As shown in Fig. 5, the H2 plasma emits more
UV photons than the Ar plasma; therefore, the UV-photon-
induced defects can be examined by comparing Ip in
sample C for these two types of plasma emission. Besides,

FIG. 11. Time evolution of Ip in a-Si:H film for sample C dur-
ing irradiation with visible photons emitted from Ar plasma and
postannealing. During photon irradiation, Ip is slightly reduced.
After photon irradiation, Ip returns completely to the initial level.

the effects of VUV photons can be distinguished via a
reduction in Ip of sample D with quartz glass because it
transmits VUV photons with energy up to approximately
7.9 eV.

The results for Ip for photon irradiation/treatment with
an Ar plasma at various PVHF are shown in Fig. 11. During
photon irradiation, Ip is reduced slightly, and the reduction
is enhanced by increase of PVHF. The reduced Ip is, how-
ever, returned to the initial level after the irradiation. This
recovery of Ip occurs in a short period of approximately 1
min or less. The residual defects are not created by photon
irradiation.

Figure 12 shows the results for Ip for photon irradiation
by a H2 plasma at various PVHF. Apparently, the reduction

FIG. 12. Time evolution of Ip in a-Si:H film for sample C
during irradiation with UV photons emitted from H2 plasma
and postannealing. During photon irradiation, Ip is reduced.
The reduction is enhanced by increase of PVHF. After photon
irradiation, Ip returns completely to the initial level.
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in Ip during photon irradiation by a H2 plasma is more pro-
nounced compared with that for an Ar plasma. Increase of
PVHF results in a greater reduction in Ip . This reduced Ip
again returns to the initial level by annealing. From these
two photon-irradiation experiments, we can draw brief
conclusions on the photon-induced defects. Firstly, UV
photons generate more defects than visible photons. Sec-
ondly, the amount of UV-photon-induced defects increases
with the UV-photon flux. Thirdly, the photons do not cre-
ate the residual defects; the photon-induced defects are
annihilated completely by annealing.

To qualitatively examine the UV-photon-induced defects,
we define a dimensionless parameter, I UV

p /I ini
p , similar to

that used in Sec. IVC. Here I UV
p is the photocurrent at

the end of the photon-irradiation period. For this time,
nd is expressed as nd ∝ (I UV

p /I ini
p )−1. Figure 13(a) shows

I UV
p /I ini

p and nd as a function of PVHF, related to the UV-
photon flux. As seen, I UV

p /I ini
p monotonically decreases

with increasing PVHF, which yields a steady increase in nd.
In the present experiments, nd increases by 70% at PVHF
= 50 W with respect to the initial state without any
irradiation.

The annealing effects on the photon-induced defects are
studied with sample C. The time evolution of Ip at vari-
ous T is shown in Fig. 14. As clearly seen, Ip decreases
more for lower T by photon irradiation, and takes longer
to return to the initial level by annealing. The reduction in
Ip and the relative change of the defect density are plotted
in Fig. 13(b). At low T of 120 ◦C, Ip is reduced to approx-
imately 20% of the initial level and nd is increased by a
factor of approximately 5. On the other hand, at high T of

FIG. 13. Photocurrent reduction and UV-photon-induced
defects. The photocurrent reduction at the end of the photon-
irradiation period is normalized by the initial level, I UV

p /I ini
p .

The relative density of the photon-induced defects is given by
nd ∝ (I UV

p /I ini
p )−1. (a) I UV

p /I ini
p decreases with increasing PVHF,

which yields an increase in nd. (b) I UV
p /I ini

p increases with anneal-
ing temperature, T. Correspondingly, nd decreases with T. For
the effects of VUV photons, the data are shown by triangles and
diamonds with arrows.

FIG. 14. Time evolution of Ip in a-Si:H film for sample C
during irradiation with UV photons emitted by H2 plasma and
postannealing. The irradiation and annealing are performed at
200, 180, and 160 ◦C. Irradiation at a lower temperature causes a
larger reduction in Ip . The recovery of Ip takes longer for a lower
annealing temperature.

240 ◦C, Ip is slightly reduced and nd is not substantially
increased.

In addition, the effects of VUV photons are studied with
sample D. The time evolution of Ip is shown in Fig. 15.
By comparing the data at 180 ◦C in Figs. 14 and 15, we
note that Ip is more rapidly and strongly reduced by VUV-
photon irradiation and takes longer to return to the initial
level by annealing. The reduction in Ip caused by the VUV
photons and the corresponding increase in nd are plotted
as symbols with arrows in Fig. 13(b). It is clearly seen

FIG. 15. Time evolution of Ip in a-Si:H film for sample D dur-
ing irradiation with VUV photons emitted by H2 plasma and
postannealing. The irradiation and annealing are performed at
200, 220, 24,0 and 180 ◦C. The VUV photon irradiation causes a
larger reduction in Ip . The recovery of Ip takes longer for a lower
annealing temparature.
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FIG. 16. Time evolution of Ip in a-Si:H film for sample A
after H2-plasma treatment (i.e., during postannealing). The data
are obtained at T = 200 ◦C and PVHF = 5 W. The experimental
data are denoted by a solid line. Fits with simple exponential
and stretched exponential functions are shown by broken lines.
A stretched exponential function yields a better fit than a sim-
ple exponential one. The best fit yields a characteristic time
of τ = 808 s and a dispersion factor of β = 0.6. With this τ

obtained at various temperatures, an Arrhenius plot is prepared,
shown in Fig. 17.

that irradiation by VUV photons at lower T generates more
defects.

E. Defect annihilation and activation energy

Defect annihilation, monitored by the recovery of Ip ,
takes a finite time. According to the experiments, the
recovery time of Ip depends on two factors: the anneal-
ing temperature and the origin of the defect generation
(i.e., ions, radicals, photons, and their mixture, i.e., a
plasma). Here we analyze the time evolution of Ip dur-
ing postannealing by using a stretched exponential term
that takes into account the dispersive nature of amorphous
materials [69–71]:

Ip(t) = Ip0(1 − exp{−[(t − toff)/τ)]β}) + Ip(toff), (2)

where Ip0 and β are the preexponential factor and the
stretch parameter, respectively, τ is the recovery time of
Ip (i.e., the characteristic time for defect annihilation), and
toff denotes the time at the end of the treatment.

An example of a fit by the stretched exponential term
is shown in Fig. 16. The data are obtained from sam-
ple A after H2-plasma treatment at 200 ◦C. The fit gives
τ = 808 s and β = 0.6. For comparison, a simple expo-
nential (β = 1) is also shown in Fig. 16. One can see that
the stretched exponential term yields a better fit than a sim-
ple exponential. From the fit with Eq. (2), we determine
τ at various T for samples A, B, C and D to make an
Arrhenius plot.

Figure 17 shows 1/τ versus 1000/T (i.e., an Arrhe-
nius plot for defects generated by various treatments).

FIG. 17. Arrhenius plot (1/τ vs 1000/T) for defect anni-
hilation. The experimental data for 1/τ show an exponential
decay with 1000/T, indicating that defects are annihilated due to
thermal activation processes. The data for H2- and Ar-plasma-
induced defects are denoted by circles and diamonds, respec-
tively. Some data for H2-plasma-induced defects are replotted
from Ref. [48]. The data for UV- and VUV-photon-induced
defects are denoted by inverted and upright triangles, respec-
tively. The slope of 1/τ , related to the activation energy, Ea,
is different depending on the origin of defect generation. The
activation energy Ea for plasma-induced defects is 0.53 ± 0.06
eV, which is smaller than the activation energy for the photon-
induced defects, 1.17 ± 0.06 eV, denoted by dotted lines. The
preexponential factor, k0, is different between the UV- and
VUV photon-induced defects: it is larger for UV-photon-induced
defects.

The following results are found. Firstly, 1/τ shows a
exponential decay with 1/T, indicating that a thermal
activation process plays an important role in defect anni-
hilation. Secondly, the exponentially decaying slope is dif-
ferent between the photon-induced and the plasma-induced
defects; it is steeper for the photon-induced defects. To
obtain the activation energy, Ea, the slope is fitted by

1/τ = k0exp(−Ea/kBT), (3)

where k0 and kB are the preexponential factor and the
Boltzmann constant, respectively. We find Ea = 0.53 ±
0.06 eV for the plasma-induced defects and Ea = 1.17 ±
0.06 eV for the photon-induced defects in the range
T = 120–240 ◦C. In this temperature range, τ varies in
a wide range from approximately 25 s at T = 240 ◦C
to approximately 20 000 s at 120 ◦C. Thirdly, the values
of τ are roughly the same between H2- and Ar-plasma-
induced defects at a given T although Ar-plasma treat-
ment causes the residual defects and H2-plasma treatment
does not. Fourthly, k0 is different between the UV- and
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VUV-photon-induced defects, while the activation ener-
gies are nearly the same between them; k0 is smaller for the
VUV-photon-induced defects. It takes longer to anneal the
sample, as described in Sec. IVD. This point is discussed
in Sec. V G.

V. DISCUSSION

Here we discuss the defect kinetics with plasma treat-
ment and postannealing. To do that, we briefly describe
the length of penetration of photons, radicals, and ions
into the film. We introduce a defect-rich surface layer, and
explain a rate equation for the generation and annihila-
tion of defects. In the rate equation, each term is examined
according to the experimental observations. The dominant
species for the generation of defects during the plasma
treatment are discussed. For the annihilation of defects, the
activation energy is discussed in terms of microstructural
disordering. Finally, a possible mechanism for the creation
of residual defects and the annihilation of those defects by
H2-plasma treatment are described from the viewpoint of
hydrogen kinetics.

A. Penetration length, defect-rich surface layer, and
carrier diffusion

During plasma treatment, photons, radicals, and ions
penetrate into a a-Si:H film, where they can generate
defects such as DBs. The penetration lengths of these
species are different depending on their energy and reac-
tivity. For example, UV photons penetrate into the film
on a scale of several tens of nanometers, lUV [18,19]. For
metastable Ar atoms (Ar∗) [72], the penetration is lim-
ited since their internal energy is efficiently transferred to
the surface atoms. So, the penetration length, lAr∗ , is sup-
posed to be on the order of subnanometers. In contrast, the
H atoms penetrate deeply into the film by diffusion; the
penetration length, lH, is a few tens of nanometers [31,
32,73,74]. For Ar+ ions, the penetration length, lAr+ , is
a few nanometers at an incident energy of a few tens of
electronvolts [12,13].

The generation of defects is thus localized near the sur-
face, since the penetration lengths, descried above, are less
than the film thickness (d > lUV � lH > lAr+ > lAr∗). The
generated defects are highly limited to diffuse under the
conditions of low-temperature experiments, and therefore
we can consider the formation of a defect-rich surface
layer [11,27,75–77], as shown in Fig. 1. In this layer, the
defects are distributed in the direction perpendicular to the
film surface; the density of defects decreases with the dis-
tance from the surface. The thickness of the defect-rich
surface layer, ds, may change depending on the origin of
the defect generation. For instance, ds is supposed to be
approximately lH for H2-plasma treatment and approxi-
mately lAr∗ for Ar-plasma treatment. Here we assume that
the radicals are the dominant species for the generation

of defects. This is confirmed by the experimental results
shown in Figs. 6 and 7, and is discussed in Sec. VD.

According to the spatial distribution of defects, the pho-
tocurrent in the film could be distributed vertically as well.
Nevertheless, a change of the photocurrent measured in the
experiments primarily reflects the generation/annihilation
of defects in the defect-rich surface layer. This is because
the density of defects in this surface layer is significantly
higher than that in the bulk, as indicated in Sec IV A.
Besides, the diffusion of carriers (electrons) from the bulk
to the defect-rich surface layer strongly enhances the
recombination, as denoted by a zigzag line in the middle
left of Fig. 1. The diffusion length of electrons in a a-Si:H
film is typically several tens of nanometers [78], which is
not small enough compared with the thickness of the a-
Si:H film used in this study. Therefore, the photocurrent is
restricted mainly by the defects in the defect-rich surface
layer.

B. Rate equation for generation and annihilation of
defects

The defect kinetics in the defect-rich surface layer can
be described by a rate equation. In general, the defects
are generated and/or annihilated by photon irradiation,
radical exposure, ion bombardment, and thermal effects.
Taking these effects into account, we can express the rate
of change of the defect density as follows:

∂nd

∂t
= νp

g (nM − nd) − νp
a nd + νr

g(nM − nd) − νr
and

+ ν i
g(nM − nd) − ν i

and + νT
g (nM − nd) − νT

a nd

+ D
∂2nd

∂2z
, (4)

where ν
p
g , νr

g , ν i
g , and νT

g are the rates of generation of
defects by photons, radicals, ions, and thermal effects,
respectively; nM is the maximum value of the density
of possible defects, corresponding to the existence of the
maximum density of weak bonds that can be broken by the
reactions with those species; ν

p
a , νr

a, ν i
a, and νT

a are the rates
of annihilation of defects by photons, radicals, ions, and
thermal effects, respectively; and the last term expresses
the diffusion of defects, which can be driven thermally.
The last term is ignored because D is small for DBs in
a-Si:H at low temperature [32]. Instead, the diffusion of
mobile hydrogen may play an important role in the genera-
tion and annihilation of defects particularly for a-Si:H [32].
These effects can be included in the third and fourth terms,
respectively.

In the experiments, the annihilation of defects associ-
ated with photon irradiation and ion bombardment is not
observed. In addition, the generation of defects associated
with thermal effects is not observed since the experiments
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are performed at a relatively low temperature of 240 ◦C or
less. Thus, Eq. (4) can be simplified as follows:

∂nd

∂t
= νp

g (nM − nd) + νr
g(nM − nd) − νr

and

+ ν i
g(nM − nd) − νT

a nd. (5)

The solution of this equation is well known. It is a simple
exponential form.

To include the dispersive nature of a-Si:H, which
is observed in many experiments [69], Eq. (5) can be
extended in the simplest manner by our assuming that
all of the terms have the same dispersive properties [69],
leading to

∂nd

∂t
=

(
t
P

)β−1 [
νp

g (nM − nd) + νr
g(nM − nd)

−νr
and + ν i

g(nM − nd) − νT
a nd

]
, (6)

where β is the stretch parameter, related to the breadth
of the distribution of contributing processes (β < 1), and
P is a scaling factor that preserves the dimensions. This
equation is phenomenological, but yields a solution in a
stretched exponential function:

nd(t) = nsat − (nsat − n0) exp [−(t/τ)β], (7)

where nsat is the density of defects in the steady state (t →
∞) and n0 is the initial density. This equation describes
both generation and annihilation depending on whether
nsat > n0 or not. The plasma-treatment experiments corre-
spond to nsat > n0, whereas the postannealing experiments
correspond to nsat < n0. In the results of the annealing
experiment shown in Fig. 16, the time evolutions of Ip are
well fitted with the stretched exponential form rather than
a simple exponential (β = 1). This means that the anni-
hilation of defects is governed by the dispersive nature.
The origins of the dispersive nature are discussed in ear-
lier studies [69]. It is widely known that the structural
disorder of amorphous materials accounts for this nature.
Such structural disorder may be induced by the spatial dis-
tribution of defects generated by plasma processing. In
the following sections, the generation of defects is dis-
cussed in terms of photon irradiation, radical exposure, ion
bombardment, and plasma treatment.

C. Photon-induced defects

UV-photon-induced defects are clearly observed in the
experiments with samples C and D. The generation of
these defects depends on two parameters: the UV-photon
flux and energy. As shown in Fig. 13(a), nd increases with
increasing photon flux (i.e., PVHF). The formation of these
defects is saturated at a high-flux condition of PVHF � 30

W, indicating the existence of nM in Eq. (6) for the UV-
photon-induced defects [55,79,80]. In this study, nM is
expected to be roughly 70% more than nd in the initial
state. This value is relatively small compared with the val-
ues of samples that experienced light-induced degradation
under standard conditions (AM1.5, 1SUN, and 25 ◦C) of
illumination for solar cells [55,79,80]. In the experiments,
the photon irradiation is performed at T = 200 ◦C, which
is higher than that of standard conditions at 25 ◦C. In such
a case, the thermal-annealing effect plays an important
role in the annihilation of defects during photon irradia-
tion, and thus nM is limited to a relatively small number.
For the influence of VUV photons, the data are shown as
triangles and diamonds with arrows in Fig. 13(b). Appar-
ently, the VUV photons generate more defects, indicat-
ing that stronger Si—H and/or Si—Si bonds are broken.
These photon-induced defects are, however, annihilated
completely by the annealing [81].

As shown in Fig. 13(b), the annealing effects are
observed even in the photon-irradiation period. Increase
of the processing temperature results in the formation of
fewer defects. A high annealing temperature of 240 ◦C
strongly suppresses the UV-photon-induced defects, which
indicates rapid and effective annealing of defects.

D. Radical-induced defects

Radical-induced defects are confirmed by a strong
reduction in Ip , denoted by arrows 1–5 in Fig. 7. In our
experiments, the dominant radical species are H atoms for
H2 plasmas and Ar∗ atoms for Ar plasmas. The H-atom
density is on the order of 1012 cm−3 [66], as described in
Sec. III B. The Ar∗ atoms possess two metastable states at
the (3p54s)3P2 level and the (3p54s)3P0 level, which are
located 11.55 and 11.72 eV above the ground state, respec-
tively [72]. The density of Ar∗ is estimated by our perform-
ing fluid simulations of Ar discharge in our experimental
conditions; it is on the order of 1011 cm−3. The generation
of defects by these radicals is highly pronounced compared
with that by UV photons (see the reduction in Ip between
Figs. 7 and 12), indicating νr

g 	 ν
p
g in the rate equation in

Eq. (6). The amount of defects generated by the radicals
is expected to be 1 or 2 orders of magnitude higher than
that of the initial state. Comparing the amount of defects
generated by H and Ar∗ radicals, we note that they are
roughly the same. This is indicated by roughly the same
amount of reduction in Ip denoted by arrows 3 and 5 in
Fig. 7. These radical-induced defects are almost recovered
by postannealing, similarly to the photon-induced defects.

We now describe a possible mechanism for the gen-
eration and annihilation of radical-induced defects (see
Fig. 18). Firstly, we consider the generation of defects by
Ar∗ radicals. During radical exposure, Ar∗ radicals dif-
fuse toward the film surface and their internal energies are
transferred to the surface Si—H bonds. The internal energy
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FIG. 18. Microstructure and defects in a-Si:H during plasma
treatment. (a) During Ar-plasma treatment, the defects are gen-
erated mainly by metastable Ar atoms (Ar∗). The internal energy
of Ar∗ is transferred to the surface atoms, resulting in Si—H and
Si—Si bond breaking (i.e., the generation of DBs). The bom-
bardment of Ar+ ions may cause local heating, which induces the
desorption of H atoms as H2 molecules. Thus, a H-atom-deficient
state is formed in the defect-rich surface layer. This is a possi-
ble reason for the creation of the residual defects. In addition,
the residual defects are created by the penetration of Ar+ ions.
These Ar+ ions are neutralized and stay in the film. They behave
as impurities. (b) During H2-plasma treatment, the defects are
generated mainly by H atoms. The H atoms diffuse into the film,
where they react with weak bonds, resulting in bond breaking
(i.e., the generation of DBs). The density of DB defects is high
and the microstructure is highly disordered in the defect-rich sur-
face layer. The excess H atoms, supplied by a H2 plasma, are
mobile, denoted by a zigzag line in the upper left.

of Ar∗ radicals, described above, is large enough to break
the Si—H bonds, with a binding energy of approximately
3.6 eV [82], and the Si—Si bonds, with a binding energy of
4.64 eV. The broken bonds (i.e., DBs) are expected to stay
near the surface, and the mobile H atoms released from
the Si—H bonds also stay mostly near the surface (see the
upper left of Fig. 18(a)), forming the defect-rich surface
layer. These mobile H atoms are supposed not to be des-
orbed as H2 molecules from the surface. After the exposure
(i.e, during the postannealing), the DBs in the defect-rich
surface layer are terminated by H atoms located around
them. Because the mobile H atoms are not desorbed and
Ar∗ radicals do not penetrate into the film, the DB defects
are terminated by H atoms, forming a network structure
similar to the initial state before the exposure. Thus, the
Ar∗-radical-induced defects are recovered by the postan-
nealing, and the Ar∗ radicals do not create the residual
defects.

On the other hand, a possible mechanism for the genera-
tion and annihilation of H-radical-induced defects is differ-
ent from that mentioned above. During radical exposure,
the H atoms penetrate deeply into the film by diffusion,
and they react with the weak bonds of Si—H and Si—Si in

a network structure, as in Fig. 18(b). The reactions cause
bond breaking (i.e., the formation of DBs). The DBs and
excess (mobile) H atoms supplied from the plasma are dis-
tributed in the depth of lH from the surface, which forms
the defect-rich surface layer. After exposure, the excess H
atoms are considered to diffuse out from the surface, which
induces the reorganization of the defect-rich surface layer,
associated with the termination of DBs by H atoms. This
kind of reorganization process, including the termination
of DBs, is described in early studies [31,32].

E. Dominant species for defect generation

During the plasma treatments, the generation of defects
by ion bombardment is not clearly distinguished from that
by radical exposure. Comparing the reductions in Ip for
samples A and B during the plasma treatments in Figs. 6
and 7, we note that the levels of reduction of Ip are roughly
the same. This means that during the plasma treatments,
the defects are generated dominantly by radical exposure
rather than ion bombardment; that is, νr

g 	 ν i
g in Eq. (6).

The dominant species responsible for the generation of
defects are thus radicals such as H and Ar∗. The reason for
this is primarily a large difference between the densities of
ions and radicals. The densities of radicals are higher than
those of ions by 2–3 orders of magnitude. As described in
Secs. III B and VD, the densities of H and Ar∗ radicals are
on the order of 1011–1012 cm−3, whereas the densities of
H+

3 and Ar+ are on the order of 109 cm−3 [57]. Another
reason is the energy of ion bombardment. The energy of
ions incident on the film is a few tens of electronvolts
in this study, as described in Sec III B, so the genera-
tion of multiple (cascade) defects does not occur. This
kind of defect-generation process is important for plasma
etching/implantation processes where the incident ions are
accelerated at a few hundred/thousand electronvolts in the
plasma sheath [12–15].

F. Ar+-ion-created residual defects and
H-atom-mediated defect annihilation

Although ions are not dominant species for the genera-
tion of defects, the bombardment effects of Ar+ ions are
clearly observed as the creation of the residual defects,
denoted by arrows 3 and 4 in Fig. 6. The amount of
residual defects increased with the treatment time (Fig. 8)
rather than the discharge power (Fig. 9). The creation of
residual defects does not strongly depend on the incident
energy and/or flux of Ar+ ions. A possible explanation for
this is the desorption of H atoms as H2 molecules from
the surface, leaving the DBs, shown in the upper middle
part of Fig. 18(a). The desorption could be promoted by
the local surface heating associated with a microstructural
disordering. A prolonged treatment may result in more
heating, which results in microstructural disordering with
lots of broken bonds and H atoms. The desorption of H
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atoms as H2 molecules causes a H-atom-deficient state
near the surface, which could be the origin of the residual
defects.

However, the Ar+-ion-created residual defects are
mostly recovered by an additional H2-plasma treatment
and postannealing, as shown in Fig. 8. This can be inter-
preted as follows, similar to the process described for
H-radical exposure (in Sec. VD). The H atoms supplied
from the H2 plasma diffuse into the film, which may cause
the disordering of a network structure, having a lot of
broken bonds and excess H atoms. After the H2-plasma
treatment, the excess H atoms diffuse out and the disor-
dered structure can be reorganized by termination of the
DBs with H atoms. The structure formed by this reorga-
nization is expected to be similar to the initial structure
before the Ar-plasma treatment. However, the structure is
not completely recovered, because some of the Ar+ ions
penetrate into the film, and they are neutralized and stay in
the film, as schematically shown in Fig. 18(a). These neu-
tralized Ar atoms (i.e., impurities) are considered to be one
of the origins of the residual defects, which cannot be com-
pletely removed by an additional H2-plasma and annealing
treatment. Another possible origin is the increased disor-
der caused by the presence of the Ar atoms in the network
structure. The defect density is known to increase with
the disorder, which can be characterized by the Urbach
energy [60]. This can be seen in the data denoted by arrow
5 in Fig. 6, showing Ip not to completely return to the initial
level.

G. Activation energy for defect annihilation

The defects generated by photons, radicals, and ions are
recovered partially or completely by thermal annealing.
Defect recovery takes a finite time, which is determined
by a fit of Ip in the form of the stretched exponential in
Eq. (2). The activation energy Ea is then obtained from the
Arrhenius plots (i.e., 1/τ vs 1000/T) shown in Fig. 17.

We find Ea depends on the origin of the defect gen-
eration (i.e., whether the defects are generated by pho-
tons or plasma treatments including radicals and ions).
As described in Sec. IV E, the plasma-induced defects
exhibit Ea = 0.53 ± 0.06 eV [48], which is significantly
smaller than that of photon-induced defects, Ea = 1.17 ±
0.06 eV. Such a small value of Ea ∼ 0.5 eV was reported in
early studies for H diffusion [30–32]. This means that the
plasma-induced defects have a lower barrier to recovery
(i.e., to be easily terminated by H atoms). This may imply
the formation of a disordered structure in the defect-rich
surface layer by the plasma treatment, as in Fig. 18. We
suppose that in this disordered structure, mobile H atoms
can diffuse easily through less-dense and porous regions.
Because of this, the annihilation of defects occurs at lower
annealing temperature, and thus Ea becomes smaller for
the plasma-induced defects.

(a) (b)

FIG. 19. Microstructure and defects in a-Si:H during pho-
ton irradiation. Photon irradiation causes the generation of DB
defects by dissociating weak Si—H bonds. The excess energy of
a mobile H atom released from a Si—H bond can be different
depending on the energy of the photons. (a) In the case of UV-
photon irradiation, a H atom stays near the DB. (b) In the case of
VUV-photon irradiation, a H atom released from a Si—H bond
travels a short distance because it has larger excess energy com-
pared with that for UV photons. The density of DB defects is low,
and thus the microstructure in the defect-rich surface layer is not
strongly deformed.

On the other hand, Ea for the photon-induced defects
is large. Similar values of Ea = 0.9–1.3 eV were reported
in earlier studies [84]. Such a large value of Ea can be
explained as follows. The density of defects generated
by photon irradiation is smaller than that generated by
the plasma treatments, as shown by the reduction in Ip
in Figs. 6 and 12. So, the microstructure is not strongly
distorted and not like a disordered structure as formed by
the plasma treatments. Because of this, the diffusion of H
atoms to terminate the DBs is relatively restricted, and thus
Ea is large.

For the annihilation of the photon-induced defects, we
find that the preexponential factor k0 is different between
the UV- and VUV-photon-induced defects, even though Ea
is nearly the same them, as shown in Fig. 3. Correspond-
ingly, the recovery time (i.e., τ ) is different depending
on the photon energy; τ is greater for the VUV-photon-
induced defects. A possible explanation for this is shown in
Fig. 19. As is known, photon absorption in a-Si:H film cre-
ates excited states locally, which results in breaking of the
Si—H bond. The broken bond (i.e., DB) and the released
H atom are expected to be close to each other, as shown
in Fig. 19(a). However, the location of H atoms may differ
depending on the excess energy of the H atom. A higher
photon energy results in a larger excess energy of the H
atom, which may drive the diffusion of the released H atom
or the deformation of the local structure, as in Fig. 19(b).
In such a case, the released H atoms take longer to dif-
fuse back to the bond-breaking sites to terminate the DB
defects. Also, the restoration of the locally deformed struc-
ture is expected to take an additional period. Therefore, the
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recovery time is longer for the defects generated by VUV
photons.

VI. CONCLUSIONS

We investigate the kinetics of electronic defects in a-
Si:H films during H2- and Ar-plasma treatments, and
postannealing. The generation and annihilation of the elec-
tronic defects (i.e, the silicon DBs) are monitored via in
situ photocurrent measurements. The defects are gener-
ated by each plasma treatment, which is indicated by a
strong reduction in the photocurrent. The dominant species
responsible for the generation of defects are found to be
radicals such as H radicals for H2 plasmas and Ar∗ radicals
for Ar plasmas. To distinguish the effects of photons, radi-
cals, and ions on the generation of defects, the a-Si:H film
surface is exposed selectively to these species with use of
samples of different structures. The Ar+-ion bombardment
is found to create the residual defects, and the amount of
the residual defects increases with the treatment time. For
photon irradiation, the generation of defects is dependent
on the photon energy, photon flux, and irradiation period.
UV photons generate defects more efficiently than visible
photons. Defect generation by VUV photons is even more
pronounced.

After the photon, radical, or plasma treatment, the
defects in a-Si:H films are annihilated partially or com-
pletely by postannealing, which is indicated by the recov-
ery of the photocurrent. The photon- and radical-induced
defects are recovered completely by simple postannealing.
However, Ar+-ion-created residual defects require an addi-
tional H2-plasma treatment and postannealing to mostly
remove them. A beneficial effect of H atoms for defect
annihilation is thus experimentally demonstrated.

The recovery of the photocurrent (i.e., the annihilation
of defects) exhibited dispersive behavior. The character-
istic time for the annihilation of defects is determined
from a fit with a stretched exponential term. An Arrhe-
nius plot (i.e., 1/τ vs 1/T) is obtained for the photon-
and plasma-induced defects. The experimentally obtained
1/τ shows an exponential decay with 1/T, indicating that
a thermal activation process plays an important role in
defect annihilation. We find that the activation energy is
dependent on the origin of the defect generation. The acti-
vation energy Ea is 0.53 ± 0.06 eV for plasma-induced
defects and 1.17 ± 0.06 eV for photon-induced defects.
This result implies microstructural disordering of the
defect-rich surface layer formed with the plasma treat-
ments, where mobile H atoms can diffuse easily through
a rarefied/porous local network structure.
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