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Carrier trapping in hydrogenated amorphous silicon (a-Si:H) has been investigated bymeans of an optical pump-
probe technique. The trapped carriers (electrons) at the conduction band tail are detected as an increment of the
photocurrent, and their density is quantitatively determined under the assumption of carrier generation and re-
combination kinetics. We find that carrier trapping strongly depends on the band tail distribution in addition to
the pump light intensity. Specifically, the trapped electron density increaseswith the Urbach energy that charac-
terizes the valence band tail broadening. Under the condition of a pump light intensity of 10mW/cm2 operated at
532 nm, the trapped electron density is determined to be ≈4 × 1017 cm−3 for an intrinsic a-Si:H film with an
Urbach energy of 45 mV. The effects of carrier trapping on the device performance are studied in single-
junction a-Si:H p-i-n solar cells. The results suggest that carrier trapping causes a reduction in the fill factor of
the solar cells.
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1. Introduction

Carrier trapping is a key factor that restricts carrier transport in
amorphous semiconductor devices [1–5]. Once carriers are trapped in
those devices, particularly in the active layer, the trapped carriers result
in the Shockley–Read–Hall (SRH) recombination [6], and thereby the
carrier lifetime is reduced. Besides, an accumulation of trapped carriers
induces the quasi-Fermi level shift accompanying band bending [7,8],
which may degrade the carrier collection. The carrier trapping thus im-
pacts on the carrier recombination and collection so that studies on car-
rier trapping are beneficial for understanding the carrier transport and
improving the device performance.

In amorphous semiconductors such as hydrogenated amorphous sil-
icon (a-Si:H), carriers can be trapped at gap states (also called localized
states) associatedwith various defects. The gap states are usually classi-
fied into two groups: the band tail states and the mid-gap states [9,10].
The band tail states, related to the network disorder, are extended from
the conduction and valence band (CB and VB) edges. The CB tail states
exhibit electron traps whereas the VB tail states exhibit hole traps [6].
Because of the existence of these traps, the carriermobility, μ, is strongly
limited. On the other hand, the mid-gap states, originating from dan-
gling bonds (DBs), are formed near themiddle of bandgap. They behave
as recombination centers for carriers. So, the carrier lifetime, τ, is often
governed by the density of these mid-gap states [6].

Among amorphous semiconductors, a-Si:H is widely used for vari-
ous device applications. For example, in thin-film Si solar cells [11,12],
.

an a-Si:H film is used as a photovoltaic layer that plays important
roles in carrier transport aswell as light absorption. In amorphous/crys-
talline Si (c-Si) hetero-junction solar cells [13,14], a thin layer of a-Si:H
is employed to passivate the c-Si surface and also selectively transfer
carriers, i.e., either electrons or holes to electrodes. The passivation
and selective transfer are known to be required for this kind of high-
efficiency solar cells [15].

So far, carrier trapping in an a-Si:H film has been well studied by
time of flight technique [2–5]. The gap states, i.e., the origin of carrier
trapping, have been characterized by several methods such as constant
photocurrent method (CPM) [16–19], Fourier transform photocurrent
spectroscopy (FTPS) [20,21], modulated photocurrent (MPC) spectros-
copy [22], and deep level transient spectroscopy (DLTS) [23–25]. Partic-
ularly, the density of mid-gap states, related to DBs, have been
quantified by electron spin resonance (ESR) [26,27]. Furthermore, the
distribution of the mid-gap states is studied by dual-beam photocon-
ductivity (DBP), in which the bias light is used to precisely control the
quasi-Fermi level [28]. Nevertheless, the impact of the gap state distri-
bution on carrier trapping and the device performance have not been
investigated systematically.

In this paper, we investigate carrier trapping in intrinsic a-Si:H films
from the viewpoint of the band tail distribution. The trapped carrier
(electron) density at the CB tail are determined quantitatively, using
an optical pump-probe technique. This technique has been already ap-
plied to in-situ monitoring of film growth processes in a-Si:H [29].
Because of its high sensitivity and convenience, we extend this tech-
nique to ex-situ characterization of a-Si:H in this article. One advantage
of this technique is that one can evaluate the density of electron traps
in the samples with a thickness of up to several hundred nm [29],
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Fig. 2. Carrier dynamics in a pump-probe technique and constant photocurrent method
(CPM). (a) In a pump-probe technique, the pump light generates free carriers and fill
the traps, whereas the probe light emits trapped carriers (electrons) at the CB tail to the
CB. (b) In CPM, quasi-monochromatic near infrared (NIR) light excites electrons at the
VB tail to the CB.
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which includes the typical thickness in the state-of-art a-Si:H solar cells
[11,12]. This is in contrast with the case of time-of-flight technique,
where the samples having a thickness of severalmicronmeters are nec-
essary [2–5]. Using this pump-probe technique and CPM, a correlation
between the trapped electron density and the VB tail broadening is
studied. The effects of carrier trapping on the device performances are
examined in a-Si:H p-i-n solar cells.

The paper consists of the following parts. In the next section
(Section 2), a theory for carrier generation and recombination is briefly
described to derive the trapped carrier density. In experimental section
(Section 3), we explain sample preparation, trap characterization tech-
niques, and a-Si:H solar cell structure. In results and discussion
(Section 4), the trapped carrier density, the tail state distribution and
the device performance are reported. The occupation, the origin of
traps, carrier transport and trapping are then discussed. Finally, the
solar cell performances are examined in terms of carrier transport and
trapping.

2. Theory

The trapped carriers are detected by an optical pump-probe tech-
nique, using the experimental setup shown in Fig. 1. The pump gener-
ates carriers and fills the traps, whereas the probe emits trapped
carriers to the CB (see also Fig. 2(a)). The pump pins the quai-Fermi
level that is not influenced by the probe (this will be confirmed in
Section 4.1). The generated carriers are collected with contacts and
measured as a photocurrent. The photocurrent is slightly increased
while a sample is illuminated with the probe in addition to the pump
[30]. This increase originates from de-trapping of carriers, and thus
trapped carriers are measured as an increment of the photocurrent.
We hereafter call it a trap current.

In a steady state, the photo and trap currents, Ip and It, are given by

Ip ¼ egvτvd; ð1Þ

It ¼ egtτvd; ð2Þ

where e, gv, gt, τ, and vd are the elementary charge, the carrier genera-
tion rates under pump and probe illumination (Fig. 2(a)), the recombi-
nation lifetime and the drift velocity of carriers, respectively. Here, the
recombination is characterized by τ, and is predominated by a trapme-
diated SRH type [6] for large mid-gap states and tunneling phenomena
for large band tail states [9]. For carrier generation, gv and gt, are
expressed as follows.

gv ¼ nvσvΓpump; ð3Þ
Fig. 1. Schematic view of experimental setup. An a-Si:H film is illuminated with the pump
and probe light to induce the photo and trap currents. The pump and probe light
intensities are modulated at different frequencies, and the oscillating photo and trap
currents are detected with a lock-in technique. The sample structure is a-Si:H film
(220 ± 10 nm) on a glass substrate with interdigitated contacts. The contacts are biased
at 10 V with respect to each other.
gt ¼ ntσ tΓprobe; ð4Þ

where, nv, nt, σv, σt, Γpump, and Γprobe are the densities of the valence and
trapped carriers (electrons), the photoabsorption cross sections of the
valence and trapped carriers (electrons), and the photon fluxes of the
pump and probe light, respectively. Dividing It by Ip, the trapped carrier
density, nt, is derived as follows.

nt ¼ σvΓpump

σ tΓprobe
It
Ip
nv: ð5Þ

We remark here that nt is not a function of τ since it is canceled out
when dividing It by Ip. For convenience, we normalize nt by nv. The nor-
malized trapped carrier density, nt/nv, is thus given by

nt=nv ¼ σv

σ t

Γpump

Γprobe
It
Ip
: ð6Þ

In this study, we assumeσv/σt=1 since the optical matrix elements
of a-Si:H films are less-dependent on the photon energy in a range of
hv = 0.6 to 3.0 eV [31]. A similar assumption is also described in Ref.
[32] for examining the sub-gap absorption spectra. The pump and
probe photon energies used in this study are included in this range, de-
scribed later (Section 3.2).

3. Experimental

3.1. Preparation of a-Si:H films

In order to demonstrate the usefulness of the optical pump-probe
technique for evaluating the density of trapped electrons in a-Si:H,
we have applied this technique to a series of a-Si:H samples where
the growth temperature was varied. Intrinsic a-Si:H films were
prepared on glass substrates by means of plasma enhanced chemical-
vapor-deposition (PECVD), at various growth temperatures of Tg =
373 K–593 K. Our PECVD was operated using a 60 MHz capacitively-
coupled discharge of a hydrogen (H2) and silane (SiH4) gas mixture in
parallel-plate configuration. The gas mixture was introduced from the
powered (PWD) electrode showerhead; the H2 and SiH4 flow rates
were 50 sccm and 10 sccm, respectively. The discharge was sustained
between the PWD and electrically grounded (GND) electrodes by ap-
plying a voltage of 35 V peak to peak at a pressure of 0.3 Torr. The elec-
trode gap was set at 22 mm. We placed a glass substrate on the GND



Fig. 3. Photocurrent, Ip, trap current, It, and normalized trapped carrier density, nt/nv, as
a function of pump light intensity, Ppump. Ip increases linearly with Ppump, whereas It and
nt/nv shows a tendency to be gradually saturated at high Ppump. The solid line is the best
linear fit of Ip. The dotted lines are guides to the eyes.
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electrode that was heated at a given Tg. An a-Si:H filmwas grown on the
substrate at a rate of 0.23±0.04 nm/s, and the thicknesswas controlled
at 220 ± 10 nm by adjusting the growth period. Details for our PECVD
setup are described elsewhere [33–35].

3.2. Photo and trap current measurements

Wemeasured Ip and It in an a-Si:H film under pump and probe light,
as shown in Fig. 1. Two lasers were used as light sources: a 532 nm vis-
ible laser (hvpump= 2.33 eV) operated at a continuous-wave (CW) out-
put power of 10 mW (Γpump = 2.7 × 1016 photons/cm2s) for the pump
and a 1342 nm near-infrared laser (hvprobe = 0.92 eV) at a CW output
power of 500 mW (Γprobe = 3.4 × 1018 photons/cm2s) for the probe.
The pump and probe photon energies are thus chosen to satisfy
hvpump N Eg N hvprobe, where Eg is the optical bandgap. The intensities
of these light, Ppump and Pprobe, were adjusted with neutral density fil-
ters. Both the pump and probe light were superposed on an a-Si:H
film with an area of ≈1 cm2 at a incident angle of 85°. The generated
carriers were then collected with a pair of the interdigitated contacts,
which yielded the currents, Ip and It. Since these currents are dominated
by the electron current rather than the hole current [36], trapped car-
riers detected with this technique are regarded as trapped electrons.
The contacts were made of Ag covered with 40 nm-thick Ga-doped
ZnO, and were biased at 10 V with respect to each other. The interdigi-
tated contacts provided nineteen channels. The dimensions of each
channel were 0.2 mm in length and 5 mm in width. All the channels
were included in the illuminated area.

Because Itwas rather small comparedwith Ip, we used a lock-in tech-
nique to distinguish It from Ip. The pump and probe lightweremodulat-
ed at 1.001 kHz and 0.999 kHz, and the currents oscillating at these two
frequencies were extracted using a lock-in amplifier with a time con-
stant of 100 ms. We confirmed that It was less-dependent on the chop-
ping frequency from 10 to 1.0 kHz; it was varied by ±20%, due to the
probe light intensity overshoot.With themeasured Ip and It, the trapped
carrier density was calculated from Eq. (5).

3.3. Gap state characterization

The gap state distribution was measured by using an established
technique of CPM [16–19]. The samples evaluated with CPM were
those used for detection of trapped carriers. In CPM, an a-Si:H film on
the glass substrate was illuminatedwith quasi-monochromatic near in-
frared (NIR) light to excite electrons at the VB tail to the CB, as shown in
Fig. 2(b). The excited electrons were then collected with contacts, and
measured as a sub-gap absorption current. The current wasmaintained
constant while scanning the wavelength of NIR light to keep the elec-
tron lifetime. For our samples, the current was fixed at 0.5 pA by
adjusting the intensity of NIR light. A sub-gap absorption spectrum,
i.e., a CPM spectrum, was thus obtained via the wavelength scan in a
range of 700 nm to 1300 nm (i.e., the photon energy between 1.03 eV
and 1.77 eV). The spectrum was quantified using an absorption coeffi-
cient, α, at 1.77 eV, determined from spectroscopic ellipsometry (SE)
under the assumption of the Tauc–Lorentz model [39,40].

The gap-state distribution was characterized by two parameters ob-
tained from a CPM spectrum: the Urbach energy [41] and the density of
mid-gap states [9,10]. The Urbach energy, EU, i.e., a measure for the VB
tail broadening, was calculated from an exponential decay of the spec-
trum in a range from 1.45 eV to 1.75 eV. The density of mid-gap states
was evaluated with the absorption coefficient at 1.2 eV, α1.2eV. This
α1.2eV is known to reflect the density of mid-gap states, and increases
linearly with the density of DBs, nDB [42,43]. To quantitatively deter-
mine nDB, we carried out a ESR measurement for an 220 nm-thick a-
Si:H film prepared on a quartz glass at Tg = 473 K. In ESRmeasurement
[26,27], the microwave absorption at g-value of 2.0055 was measured
under magnetic field. The absolute value of nDB was deduced from the
absorption, comparing with that of a controlled sample, in which the
DB density was known.

3.4. A-Si:H p-i-n solar cells

Single-junction a-Si:H p-i-n solar cells were prepared to study the
correlation between carrier trapping and solar cell performance. We
fabricated solar cells on textured glass substrates (Asahi U-type) with
a following structure: a glass substrate/F-doped SnO2/p-layer(a-SiC:H
10 nm)/i-layer(a-Si:H 220 nm)/n-layer(μc-Si:H 30 nm)/Ga-doped
ZnO(40 nm)/Ag(200 nm). In these solar cells, the i-layer of a-Si:H
was grown at various Tg of 373 K - 553 K to change the carrier
transport and trapping. The deposition of i-layer at different Tg may af-
fect the p-layer and p-i interface properties in such a super-straight
structure; nevertheless the cell performance is primarily governed by
carrier transport and trapping in the i-layer. The active area of solar
cells was 0.25 cm2. The solar cell performance was measured at stan-
dard test conditions: air mass (AM) 1.5, 100 mW/cm2 irradiation at
25 °C.

4. Results and discussion

4.1. Occupation of traps

The occupation of traps is studied by changing Ppump in our pump-
probe experiments. Fig. 3 shows Ppump-dependence of Ip, It and nt/nv in
an a-Si:H film grown at Tg = 473 K. As apparent, Ip is proportional to
Ppump in a wide range of Ppump, whereas It shows a tendency to be grad-
ually saturated at high intensities, Ppump ≳ 1mW. Correspondingly, nt/nv,
calculated fromEq. (6)with a ratio of It to Ip, shows a similar tendency to
It on Ppump. Such a tendency indicates that carriers are populated more
at higher Ppump, and thus the trap occupation is gradually increased.

The occupation is not influenced by illumination of the probe light
(Pprobe ≤ 500 mW). This is indicated by a linear relationship between It
and Pprobe, as shown in Fig. 4. According to Eq. (5), It is expected to in-
crease linearlywith Pprobewhile the occupation, i.e., nt remains constant.
If a large amount of carriers are de-trapped under high-Pprobe condi-
tions, It should be lowered; it is, however, not observed in our case, as
in Fig. 4.

4.2. Origin of trapped carriers

The origin of trapped carriers (electrons) can be deduced from eval-
uating a quantitative value of nt, and comparing it with the densities of
themid-gap and CB tail states. As shown in Fig. 3, nt/nv is obtained to be



Fig. 4. It as a function of probe light intensity, Pprobe. It increases linearly with Pprobe. The
dashed line denotes the linear fit.
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≈3×10−5 for an a-Si:H film grown at Tg=473Kunder an illumination
condition of Ppump = 10 mW. Taking the averaged density of VB states,
2 × 1022 cm−3 eV−1 [31], and considering the energywidth for electron
excitation by the pump (hvpump-Eg = 2.33 − 1.73 = 0.6 eV), we esti-
mate nv = 1.2 × 1022 cm−3. With this value of nv, we determine
nt ≈ 4 × 1017 cm−3 from Eq. (5).

For the density of mid-gap states, we regard it as nDB. Our ESR mea-
surement gives nDB= 4.9± 0.5 × 1016 cm−3 for the film yielding above
mentioned nt. As for the upper limit of the density of the CB tail states,
ntail, it is known to be roughly 1019 cm−3 [44]. Therefore, we notice a re-
lation, nDB b nt b ntail. This relation confirms that carrier trapping takes
places mainly at the CB tail states rather than the mid-gap states. In ad-
dition, the value of nt determined in this analysis is consistent with the
density of state distribution in the CB tail of a-Si:H, obtained with MPC
spectroscopy [22].

4.3. Carrier transport and trapping

Here, we describe carrier transport and trapping in a-Si:H films
grown at various Tg. The carrier transport, which is often characterized
by the μ-τ product, is evaluated with Ip under the condition of constant
gv since Ip ∝ gvμτ [36]. Fig. 5 shows Ip, It and nt/nv as a function of Tg. As
shown, Ip is broadly peaked around Tg = 493 K, and significantly
Fig. 5. Ip, It and nt/nv in intrinsic a-Si:H films grown at various growth temperature, Tg. nt/nv
in a-Si:H films is lowered around Tg = 493 K, at which Ip is maximized. Both Ip and It are
significantly increased with Tg in Tg ≲ 433 K. The dotted lines are guides to the eyes.
reduced at low Tg (Tg ≲ 433 K). On the other hand, It shows a tendency
different from that of Ip, particularly in high Tg ≳ 433K; it increases gent-
ly with Tg. Comparing It with Ip, we confirm that at It typically corre-
sponds to a few percent of Ip. Typical values of Ip and It are 500 nA and
10 nA for a film prepared around Tg = 493 K under our illumination
conditions.

We find that nt/nv is minimized for a film prepared around Tg =
493 K. The lowest value of nt/nv is determined to be ≈5 × 10−6 under
relativelyweak illumination of Ppump=0.4mW. An a-Si:Hfilm showing
the lowest nt yields the highest Ip. This correspondence confirms that
the highest carrier transport is achieved when carrier trapping is
minimized.
4.4. Gap state distribution

The sub-gap absorption spectra of a-Si:H films grown at three differ-
ent Tg are shown in Fig. 6. As expected [16–19], two prominent features
are distinguished: exponential decay in a range of the photon energy
from≈1.45 to≈1.75 eV and a broad peak around 1.2 eV. The exponen-
tial decay, related to the VB tail, is characterized by EU. As shown in
Fig. 7(a), EU ranges from≈40meV to≈65meV. It is minimized around
Tg= 493 K,which agrees with awell known optimal temperature for a-
Si:H growth reported in early works [37,38]. Errors in EU are relatively
large because of an interference observed in the sub-gap absorption
spectra.

The broad peak around 1.2 eV in Fig. 6 reflects the existence of the
mid-gap states, as described in Section 3.3. The density of these states
is evaluated with α1.2eV, as shown in Fig. 7(b). Our films have α1.2eV

from ≈0.3 cm−1 to ≈10 cm−1, depending on Tg. The obtained α1.2eV

is lowered around Tg = 473 K, which is consistent with other experi-
ments performed in early works [19]. However, α1.2eV values of our
films grown at low Tg (T ≲ 433 K) are relatively small, compared with
those of films prepared by 13.6 MHz radio frequency discharges [19].
This may reflect the effect of low ion bombardment during a-Si:H
growth by a 60 MHz very high frequency discharge. The energy of ion
bombardment is known to be significantly reduced with increasing
Fig. 6. CPM spectra for a-Si:H films grown at various Tg. The absorption coefficient, α, is
plotted as the photon energy. Two prominent features are distinguished: exponential
decay in a range of the photon energy from ≈1.45 to ≈1.75 eV and a broad peak
around 1.2 eV. The solid lines are guides to the eyes. The dashed lines denote α
determined from spectroscopic ellipsometry (SE) under the assumption of the Tauc–
Lorentz model. The solid (CPM spectra) and dashed (SE yielded spectra) lines are
relatively smoothly connected at 1.77 eV. The deviation from the solid curve at ≳1.77 eV
indicates saturation of the sub-gap absorption current due to the surface recombination
effects.



Fig. 7. (a) Urbach energy, EU, and (b) absorption coefficient at 1.2 eV,α1.2eV, as a function of
Tg. EU is ranged from≈40meV to≈65meV, andminimized around Tg= 493 K. (b) α1.2eV

is ranged from≈0.3 cm−1 to≈10 cm−1 for a-Si:Hfilms grown at Tg=373K to 593K. The
dotted lines are guides to the eyes.
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the discharge frequency [45], and thereby the DB defect creation is
suppressed.

4.5. Gap states and carrier trapping

Now, we describe correlations among α1.2eV, nt/nv and EU to discuss
the carrier trapping in terms of the band tail distribution. As shown in
Fig. 8(a),α1.2eV is increasedwith EU, however it shows two different ten-
dencies, i.e., steep and gentle slopes with respect to EU, depending on Tg.
The steep slope is obtained for a-Si:H films prepared at Tg ≳ 493 K
whereas the gentle slope is for those grown at Tg ≲ 493 K. This result in-
dicates that the mid-gap states are created more for a-Si:H films grown
at higher Tg comparedwith those grown at lower Tg even though the VB
Fig. 8. α1.2eV and nt/nv as a function of EU. (a) α1.2eV increases with EU, however it shows
two different tendencies, i.e., two slopes with respect to EU, depending on Tg. The steep
slope, indicated by the upper dotted arrow, is obtained for a-Si:H films prepared at
Tg ≳ 493 K, whereas the gentle slope, indicated by the lower dotted arrow, is for those
grown at Tg ≲ 493 K. The diamond symbol denotes α1.2eV obtained at Tg = 493 K, where
nt/nv is minimized. (b) nt/nv increases monotonically with EU. nt/nv varies from
≈5 × 10−6 at EU ≈ 40 meV to≈1.5 × 10−4 at EU ≈ 65 meV. The dotted lines are guides
to the eyes.
tail distribution is formed similarly. This is probably related to hydrogen
desorption from the growing surface under PECVD [46]. The hydrogen
desorption is known to be prominent at high-Tg, which leaves DB de-
fects in the surface and bulk film [26,27], and thus more the mid-gap
states are formed.

Ourmain finding in this study is a nice correlation between nt/nv and
EU, as shown in Fig. 8(b). We find that nt/nv increases monotonically
with EU; nt/nv varies from ≈5 × 10−6 at EU ≈ 40 meV to ≈1.5 × 10−4

at EU ≈ 65 meV. Since nt/nv is strongly correlated with EU, sharpening
of the band tail distribution is very efficient for reducing the trapped
carriers. Besides, such a nice correlation between nt/nv and EU agrees
with the previous results [47], where the characteristic energy of CB
tail states and that of the VB tail states are closely related to each
other. It should be mentioned, however, that the characteristic energy
of CB tail states is evaluated from the thin-film transistor analysis [47],
and thus this value reflects the a-Si:H properties near the gate
insulator/a-Si:H interface. On the other hand, the relationship between
nt/nv and EU obtained in the present paper reflects the bulk properties of
a-Si:H films.
4.6. Carrier trapping and solar cell performances

In this section,we show the influence of carrier trapping on the solar
cell performance. As described in Section 3.4, we prepared a-Si:H p-i-n
solar cells, in which the i-layer of a-Si:H was grown at various Tg to
change the gap state distribution, and thus nt in the i-layer. Fig. 9
shows the solar cell performances as a function of Tg. Here, Eg of a-Si:H
i-layer, determined from SE under the assumption of the Tauc–Lorentz
model [39,40], is also shown. As apparent, the short circuit current, Jsc,
is gradually increased with Tg. This is primarily due to the effect of
bandgap narrowing (see Fig. 9(a) and (b)). The open circuit voltage,
Voc, ismaximized around Tg=453K. A large drop inVoc at T ≲ 453Kpre-
sumably originates from the limited carrier transport, indicated by Ip in
Fig. 9.Optical band gap, Eg, and solar cell performances as a function of Tg. (a) Eg decreases
from 1.75 eV at Tg = 373 K to 1.55 eV at Tg = 593 K. (b) The short circuit current, Jsc, is
gradually increased with Tg, originating from the effect of bandgap narrowing. The open
circuit voltage, Voc, is maximized around Tg = 453 K. (c) The fill factor, FF, and the
efficiency, η, are broadly peaked around Tg = 473 K. The highest FF and η are 0.71 and
8.6%, respectively. The dashed lines are guides to the eyes.



Fig. 10. FF vs. α1.2eV, nt/nv and EU. (a) FF is strongly dependent on α1.2eV only for films grown at Tg ≲ 493 K. It is, however, less-dependent on Tg in Tg ≳ 493 K. A value of FF obtained at Tg =
493 K, where nt/nv is minimized, is denoted by the diamond symbol. (b) FF has a nice correlation to nt/nv, i.e. trapped electrons at the CB tail. FF reduces from≈0.7 at nt/nv ≈ 5 × 10−6 to
≈0.3 at nt/nv ≈ 10−4. (c) FF is correlated to EU, i.e., the VB tail broadening, relented to the hole trapping. FFmonotonically reduces with increasing EU from ≈40 meV to ≈65 meV. The
dotted lines are guides to the eyes.
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Fig. 5. A relatively small drop in Voc at T ≳ 453 K is due to the effect of
bandgap narrowing, shown in Fig. 9(a).

The fill factor, FF, and the efficiency, η, are broadly peaked around
Tg = 473 K, as shown in Fig. 9(c). The highest FF and η obtained in
this study are 0.71 and 8.6%, respectively. According to the device phys-
ics and simulation [7,8], FF is expected to depend on the density of the
mid-gap states and the trapped carriers (electrons and holes). So, we
prepare three plots to examine the relations among these parameters:
FF vs.α1.2eV for examining the effect ofmid-gap states, FF vs. nt/nv for ex-
amining the trapped electrons, and FF vs. EU for examining the trapped
holes. As shown in Fig. 10(a), FF is strongly dependent on α1.2eV only for
films grown at Tg ≲ 493 K; it is, however, not for Tg ≳ 493 K. On the
contrary, FF is nicely correlated to nt/nv, i.e. trapped electrons at the CB
tail; FF monotonically decreases from ≈0.7 at nt/nv ≈ 5 × 10−6 to
≈0.3 at nt/nv ≈ 10−4, as shown in Fig. 10(b). Furthermore, FF shows a
clear correlation to EU, i.e., a measure for the VB tail broadening, closely
related to hole trapping, as shown in Fig. 10(c). FF decreases with in-
creasing EU from ≈40 meV to ≈65 meV.

As a result of these correlations, we consider that a reduction in FF is
affected by carrier trapping at the band tail of the a-Si:H i-layer. As de-
scribed in Section 1, carrier trapping enhances the SRH type recombina-
tion. Besides, the accumulation of trapped carriers in the i-layer induces
the bandbending,which limits the carrier transport and collection. Such
effect is demonstrated in early simulation works [7], in which the space
charge density of the order of 1016 cm−3 is found to significantlymodify
the electric field distribution and thus degrade the carrier transport in a-
Si:H solar cells. In fact, a value of nt ≈ 4 × 1017 cm−3 determined in this
study is large enough for locallymodifying the electricfield, and thus re-
ducing the carrier transport in a-Si:H solar cells. It should bementioned
that our data suggests nt/nv ≲ 10−5 and/or EU ≲ 45 meV in order to im-
prove the carrier transport, and thus to achieve high FF and η. To distin-
guish the effects of electron and hole trapping in determining FF, further
investigations are required.

5. Conclusions

The carrier trapping in a-Si:H films, prepared by PECVD,was investi-
gated from the viewpoint of the gap state distribution.We detected the
trapped carriers (electrons) as an increment of the photocurrent using
an optical pump-probe technique. The trapped carrier density was de-
termined quantitatively from the photocurrent increment under the as-
sumption of carrier generation and recombination kinetics. It was found
that under a pump intensity of 10mW/cm2, the trapped electron densi-
ty was typically≈4 × 1017 cm−3 for a device-grade intrinsic a-Si:H film
with theUrbach energy of 45mV. Comparing this value to the density of
gap state distribution, electron trapping was recognized to take place
mainly at the CB tail states. The occupation of the CB tail states was con-
firmed to increase gradually with the pump light intensity.

We found that in a-Si:H films, carrier trapping was strongly influ-
enced by the band tail broadening. A clear correlation was obtained be-
tween the trapped electron density at the CB tail and theUrbach energy,
reflecting the exponential energy distribution of the VB tail states.
Therefore, the trapped electron density at the CB-tail and VB tail states
were related each other, and these were varied by the growth temper-
ature of a-Si:H under PECVD. For an a-Si:H film grown at 493 K, the
trapped electron density was minimized, and thereby the carrier trans-
port was maximized.

The influence of carrier trapping on device performance was exam-
ined in a-Si:H solar cells. Increasing trapped carriers associatedwith the
band tail broadening in the a-Si:H active layer resulted in lowering the
fill factor and the efficiency. Our results suggested that normalized
trapped carrier density should be ≲10−5 and/or the Urbach energy
should be ≲45 meV to improve the fill factor, and thus to achieve a
high efficiency.
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