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To Investigate the stability of hydrogenated amorphous silicon (a-Si:H) films, the thermal and light-induced an-
nealing treatment in an atomic hydrogen atmosphere (TLAH) is carried out by using a new hot-wire-assisted microwave
electron-cyclotron-resonance chemical vapour deposition system (H-W-ECR CVD) modified from a conventional mi-
crowave electronic cyclotron resonance chemical vapor deposition system (MWECR CVD). In order to compare with
the TLAH method, the experiments of thermal annealing, and thermal and light-induced annealing are also performed.
Meanwhile, for the purpose of analysing the photoconductivity degradation quantitative, the photoconductivity degra-
dation is assumed to obey the extended exponential law: 1/opn=1/0s-(1/0s-1/00)exp|—(t/T)P], where the extended

exponential 8 and the time constant 7 are gained by the slope and the intercept of the line according to the linear rela-
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tionship between In [ — In <517phl and Int, deduced from the extended exponential law; the photoconductivity
os - — o,

saturation value os can be obtained by Gaussian fitting according to the relationship between photoconductivity and
light-soaking time in the logarithmic coordinate system. The experimental results show that the TLAH can improve

the stability, microstructure and opto-electronic properties of the annealed a-Si:H films, obviously decrease their optical
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band gaps, and remarkably move their photoluminescence spectrum (PL) peaks toward low energies.
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1. Introduction

Light-induced metastable defects or, in other
words, the Staebler—Wronski effect can restrict the
efficiency of the photonic devices made from a-Si:H
and related alloys that are used as inexpensive semi-
conductor materials. So it is important to study the
stability of a-Si:H. At present, using methods such
as thermal annealing and light-induced annealing to
study the stability of the treated a-Si:H has attracted
more and more investigators’ interest and become a
hot subject,[!~6 which empowers people to further

understand the relationship between annealing and

metastable defects.

It has been suggested that the creation and re-
moval of metastable dangling bonds in a-Si:H could be
driven by heat, light or charge carriers.!”! For this pur-
pose, an experiment to investigate the stability of a-
Si:H films by the thermal and light-induced annealing
treatment in an atomic hydrogen atmosphere (TLAH)
in high vacuum is designed by using a new H-W-ECR,
CVD system modified from a conventional microwave
electronic cyclotron resonance chemical vapour depo-
sition (MWECR CVD) system. In this new system,

the auxiliary hot wire has two functions: one is that
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when a-Si:H films are deposited with the aid of the hot
wire at high temperatures, radical species produced
by decomposing silane in an electronic cyclotron res-
onance (ECR) plasma can be decomposed completely
or, in other words, the catalyst is produced which is
helpful to further increase their activation, so that
device-grade a-Si:H films can be obtained hopefully;
the other is that using the strong light radiation pro-
duced by the hot filament at high temperatures can
also realize light-induced annealing. Vikram et all®!
have fabricated device-grade a-Si:H films, which is
based on the first function of the hot wire mentioned
above. Instead, we use these two functions simulta-
neously to fabricate a-Si:H films and realize thermal
and light-induced annealing (TLA) and TLAH. As a
result, we find that their synergistic function is very

effective.
2.Experiment

Based on a conventional ECR CVD system, a
new hot-wire-assisted microwave electron-cyclotron-
resonance (H-W-ECR) CVD system is designed, as
shown in Fig.1; a 120mm diameter tungsten filament
ring made of a 0.5mm diameter is located above 80mm
away from the sample stage to ensure the minimized
radiative heat to the substrate, and connected with an
AC transformer on both sides with a voltage of 10.6V,
corresponding to a light intensity of 80.4mW/cm?
emitted from the hot filament. The deposition con-
dition of a-Si:H films is shown in Table 1. Substrates
(glass and Si wafer) are rinsed and soaked in eluent in

order to remove the metal ions, then the grease on the

substrates is removed respectively in toluene, acetone,
and ethanol, and finally they are soaked in ethanol to
be kept in reserve. When used in experiment, they
are picked out from the ethanol, and then dried, and
finally located on the substrate holder. The hot wire
is treated by 13.6V for 3 minutes before deposition.
A ceramic DC heat furnace, which is capable of con-
trolling the temperature precisely, is used to heat the
substrates. For the measuring of infrared transmission
spectroscopy, the films are prepared on the double-
side polished Si wafer and measured by Xian-Chinetek
FTIR 1020 Fourier spectrometers. For the measuring
of photoconductivity, dark conductivity, optical band
gap, PL spectrum and Urbach energy Fy, the films
are prepared on the glass. The photoconductivity and
dark conductivity are measured by using the Keithley
6517 Electrometer/High Resistance System. Evapo-
rated coplanar aluminium electrodes with a separa-
tion of Imm are used for measuring the conductivity.
The photoconductivity is measured under simulated
AM1 (100mW/cm?) illumination. The Urbach en-
ergy FEy is obtained by using photoconductivity spec-
troscopy techniques.[® Light absorption and reflec-
tion data in the SHIMADZU-3101PC range of pho-
ton energy are taken from the UV-VIS-NIR scanning
spectrophotometer, and the optical gaps of thin films
are determined by use of Tauc’s method. PL spec-
tra are obtained by using the RENISHAW (RM2000)

L resolution and a

spectrophotometer with a 1.0cm™
2.3mW Art laser with an excitation wavelength of

514.5nm at room temperature.

Table 1. Deposition condition of a-Si:H films.

Background pressure

Flux of hydrogen-diluted silane (SiHy / (SiHs+ H2)=20%)

Deposition pressure

Substrate temperature

Microwave power

Distance from hot wire to substrate

Hot wire temperature

Substrate

Distance from substrate to microwave window

Deposition time

8.5x10~*Pa

25sccm

0.8Pa

240°C

480W

80mm

1600°C (Corresponding to 10.6V AC voltage)
glass, single crystal silicon wafer

130mm

9 min (about 0.8um thick)

The heater, as shown in Fig.1, determines the an-
nealing temperature. The strong light emission com-
ing from the tungsten filament heated up to a high
temperature is used for light-induced annealing. 0#,
1#, 2# and 3# are used to number the four deposited

samples. Of them, the sample 0# is as-deposited and
the samples 1#, 2# and 34 are annealed in the de-
position chamber pumped down to 4.5x10~*Pa. The
annealing condition of samples is shown in Table 2.

On the same condition that annealing time is 90 min-
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utes and the samples are heated up to a temperature
of 200°C, the three samples are annealed in different
ways. For sample 1#, the thermal and light-induced
annealing is used with a voltage of 10.6V applied to
the hot wire; correspondingly, the light intensity 80.4
mW /cm? is achieved by strong light emission from the
tungsten filament at a high temperature. For sample
2#, its annealing is performed under the same con-
dition as that of the sample 1#, except for hydrogen
with a 20 sccm flux being used in the annealing pro-
cess. For sample 3#, only thermal annealing is con-
ducted.

to the plasma chamber

tungsten filament

electrode ~5 A
sample stage O
—

electrode

heater stage /

to pump assembly

Fig.1. Schematic diagram of the H-W-MWECR CVD
system modified from a conventional MWECR CVD.

Table 2. Annealing condition of samples.

Sample No Annealing condition

O# As-deposited

1# Thermal and light-induced annealing
at 200°C.

2# Thermal and light-induced annealing
at 200°C in an atomic hydrogen
atmosphere with a 20 sccm flux

3# Only thermal annealing at 200°C

Note: annealing time is 90 minutes; the light intensity pro-
duced by the tungsten filament with a applied voltage of 10.6
V is 80.4mW /cm?

3. Results and discussion

The degradation curves of the photoconductivity
of these samples are shown in Fig.2(a). Figure 2(b) is
replotted from Fig.2(a) according to the relation be-
tween photoconductivity and light-soaking time in the
logarithmic coordinate system. It is shown that there
is remarkable difference in photoconductivity degra-
dation between the samples treated using the light-
induced annealing method (such as TLA and TLAH)
and the samples treated using other annealing meth-
ods (such as TA and as-deposited). For the 1# and 2#
samples, their photoconductivity reduces slowly with
Int at the beginning of light soaking, then almost lin-
early with Int. But for the 0# and 3# samples, their
photoconductivity degradation is obviously linear at
the beginning.

The quantitative results of photoconductivity
degradation can be obtained using the extended expo-

nential law of light-induced metastable defect density:
N(t) = N(00) = (N(o0) = N(0))el~*/7"),

where 7 is the time constant, and [ is the parame-
ter of extended exponential. When illumination in-
tensity is strong enough, o, o1/N(t).'% Using the
extended exponential law, the result of photoconduc-

tivity degradation can be expressed as

1
L1 <i - i)e[(tm‘*], 1)

where o, denotes photoconductivity, oy is the satu-
ration value of oy}, and oy is the primary value of opy,.
Obviously, the bigger the value of 7 or the smaller the
value of 3 is, the more slowly the photoconductivity
degrades. In order to obtain the values of 7 and S,

Eq.(2) is deduced from Eq.(1), and expressed as

-1 _ -1
Blnt— BlnT =In <—ln (%)) (2)

os  — 0y,

where o can be obtained by inserting the simula-
tion light-soaking time for long enough illumination
into the formulae (A0), (A1), (A2) and (A3) in the
Appendix for the 0#, 1#, 2# and 3# samples re-
spectively.

ot — oo . .
In ( —In <as_fap_1>> and Int, Fig.2(c) is replot-
ted from Fig.2(b), ion which the values of 3 and 7 are

obtained from the slope and intercept of the line, as

According to the relationship between

shown in Table 3. The photoconductivity degradation
obeys the extend exponential law for the four samples,

as shown in Fig.2(c).
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Fig.2. Light-induced change of photoconductivity of a-Si:H films. (a) Relationship between photo-
conductivity and light-soaking time in the Cartesian coordinate system. (b) Reproduction of Fig.2(a)

in the logarithmic coordinate system. (c) Reproduction of Fig.2(b) in the double logarithmic coor-

dinate system from Eq.(2).

The results indicate that the 1# and 2# samples treated respectively by TLA and TLAH exhibit higher

stability (8 is smaller and 7 is bigger).

Table 3. The result of photoconductivity degradation.

Samples | 09/(2"1-em™1) o5 /(@7 tem™) B T Time of light-soaking/s Time of simulation light-soaking/s
0# 2.62x107% 1.88x107° 0.72 1635.96
1# 1.27x107% 1.17x107° 0.67 45206.67 12600 30000
2H# 1.98x10~% 1.98x107° 0.69 31194.59
3# 1.85x10~4 1.37x107° 0.73 11292.56

The hydrogen diffusion-controlled defect bond re-
laxation model (HCR)!"] can explain this result. In a-
Si:H thin films, energy is released during electron—hole
pair recombination, and hydrogen atoms are excited
into mobile states. The metastable defects are pro-
duced when the hydrogen atoms diffuse near a weak
Si-Si bond (defect resource) and are trapped there.
Based on this model, the factor influencing the gen-
eration of metastable defect is the dispersive diffusion
of hydrogen, which takes place on the lattices of traps

distributed exponentially. In the light-induced an-

nealing process, structural rearrangements of atoms
caused by electronic transitions during light soaking
result in generating many inhomogeneities in the form
of void and microvoids in the network to release their
stresses, which can form a rigid network structure.!*?!
In this way, a defect source with a high barrier is
formed, and hydrogen atoms have to overcome this
high barrier to generate defects. As a result, on the
one hand, this leads to 7 increasing, on the other hand,
this results in the increase in dispersive diffusion of hy-

drogen atoms, i.e. the decrease in (.
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Table 4. The physical properties and structure parameters

of samples.

Samples | Eg/meV  Cu/(at%) F  Eg/eV  opn/og
o# 66.68 1599 411 1,76  2.9x10°
1# 70.11 15.71 3.46 1.71 5.6x103
24 68.97 15.48 5.96 1.65 2.4%x10%
3# 66.28 15.78 6.68 1.72 8.6x10%
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As shown in Table 4, the widths of band tail
FEy have become broad obviously for the 1# and 2#
samples, which indicates that the dangling bond den-
sity increases under the condition of light-induced an-
nealing. But for the 2# sample the width of band
tail is narrow compared with that for the 1# sample
(reduced by about 1.2meV), which implies that the
TLAH can reduce the defect remarkably.
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Fig.3. Stretching modes of infrared absorption spectra: (a) as-deposited sample; (b) thermal and light-induced

annealing at 200°C; (c) thermal and light-induced annealing treatment in an atomic hydrogen atmosphere at 200°C;

(d) only thermal annealing at 200°C. The content of monohydride (SiH) is indicated in terms of a structure fac-

tor F' = Iz000/I2100- Solid line: experimental data; dots: fitting curves of double-peaks; dashes: two peaks of

monohydride and polyhydride stretching modes at 2000cm~! and 2100cm~1, respectively.

For the samples annealed in different ways, hydro-
gen content (Cy), which is derived from the infrared-
absorption spectra using the stretching modes at
around 2000 and 2100cm ™!, is observed to have no re-
markable change. Considering the base line fitting and
the other factors affecting the reliability of calculating
hydrogen content,!'®! we calculate the integrated in-
tensities of the stretching band peaked at around 2000
and 2100cm ™! of Iy and Isipo which correspond
to monohydride and polyhydride (including clustered
monohydride) respectively.'¥! The results show that
the structure factors F' (F = I2000 /I2100) of the sam-

ples annealed in different ways are obviously differ-

ent. Of them, the structure factor of the 1# sample
is the smallest, which implies that the monohydride
content decreases remarkably. It is notable that the
structure factor of the 2# sample increases obviously,
which suggests that silicon-hydrogen bond configura-
tion can be improved by use of TLAH method. The
silicon-hydrogen bond configurations of samples are
shown in Fig.3.

Although the difference in total hydrogen con-
tent between the samples annealed in different ways is
not remarkable, the silicon—hydrogen bond configura-
tion of the sample treated in a hydrogen atmosphere

in the process of light-induced annealing can be im-
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proved obviously. The reason is that atomic hydrogen
is a strong chemical agent, which has a high chemi-
cal potential and extremely small physical dimension.
It is thought that during annealing, hydrogen atoms
penetrate the a-Si:H and selectively attack the defects
in the network-like voids, microvoids as well as the
weakly bonded polyhydride, due to a strong chemical
affinity and the excess hydrogen atoms evolving out
of the solid phase in the form of gaseous molecular
structure with a lower free energy.!'2! Therefore, in the
process of TLAH, atomic hydrogen plays a significant
role in reconstructing the Si-network and controlling
the hydrogen content in the bulk.[?!
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Fig.4. Tauc plot of the samples annealed in different
ways. The optical band gap of samples 0#, 1#, 2#
and 3# are of 1.76eV, 1.71eV, 1.65eV and 1.72eV, re-

spectively, deduced from the intercept of lines a, b, ¢

and d.
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Fig.5. Relationship between optical band gap and

hydrogen content.

Figure 4 shows the optical band gaps of samples
annealed in different ways, and Fig.5 indicates the cor-
responding relationship between the optical band gap
and the hydrogen content. It is notable that the 2#
sample possesses the narrowest band gap, which may

be owing to the rigid network structure of the a-Si:H
film treated with TLAH. The relationship between op-
tical band gap and hydrogen content is linear, which
is consistent with that in the reference [16].

As shown in Fig.6, it is interesting that the 2#
sample has a remarkably low PL peak compared with
other samples. It is because the 2# sample has the
smallest optical band gap. Using the as-deposited
sample (0# sample) as a reference, the relationships
between PL peak shift and the change of band gap
for the three samples annealed by different ways are
shown in Fig.7. It can be seen that the PL peaks shift
toward the low energies as optical band gap becomes

narrow, which is consistent with the result in Ref.[17].
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Fig.6. Photoluminescence spectra of the samples an-

nealed in different ways.
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Fig.7. Relationship between AFy and PL shift after
annealing, where A F; is the change of the optical band
gap relative to that of the as-deposited sample, and
PL shift is a shift relative to that of the as-deposited

sample.

As shown in Table 4, the photosensitivity is more
complex. It is determined by the ratio of photocon-
ductivity to dark conductivity opn/04, where opy is
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determined by hydrogen bond configuration, optical
gap and short range order; o4 is related to the sur-
face roughness. Although the structure factor F of
the 3# sample is bigger than that of the 0# sample,
which implies that the 3# sample has a better hydro-
gen bond configuration, the thermal annealing may
lead to the reduction in the surface roughness!'8! un-
der the proper condition, as a result o4 increases, and
Oph/04 of the 3# sample may be smaller than that of
the 0# sample. It is noteworthy that the photosen-
sitivity of the sample 1# becomes worse remarkably,
while for the sample 2#, its photosensitivity is im-
proved up to 2.4x10%. This phenomenon should be
attributed to the significant role played by hydrogen
atoms in improving hydrogen bond configuration un-
der the same condition of thermal and light-induced

annealing.
4. Conclusion

The light-induced annealing is realized by using
an H-W-ECR CVD system. Although the photocon-
ductivity degradation of the samples annealed in dif-
ferent ways is in good agreement with the extended ex-
ponential relation, there exists remarkable difference
in the decay behaviour between the samples treated
using light-induced annealing method and those us-
ing other annealing methods. The saturation value
of photoconductivity can be obtained by inserting
the simulation light-soaking time which is considered
long enough for illuminance into the formulas (AO),
(A1), (A2) and (A3) for the 0#, 1#, 2# and 3#
samples, respectively, as indicated in the Appendix.
Consequently, accor(ltling to the relationship between

] _

o5 — 0,
be obtained easily in the logarithmic coordinate sys-
tem. The experimental results show that the TLAH

method can improve the stability, microstructure and

and Int, the 8 and 7 can

optoelectronic properties of the annealed a-Si:H films,
obviously decrease the optical band gaps, and remark-
ably move the photoluminescence spectrum peaks to-

ward the low energies.

Appendix

Gaussian equation fitting:

A 72(E*E0)2
e w2

Y=Y+
w

N

where

yo baseline offset

A total area under the curve from the baseline

xq centre of the peak

w 2 “sigma”, approximately 0.849 times the width
of the peak at half height.

For the Gaussian fitting of four samples in the log-
arithmic coordinate system, the relationship between
photoconductivity and light-soaking time is shown in
Fig.2(b), and their fitting parameters are shown in
Table A-1:

Table A-1. The Gaussian fitting parameters of four samples.

Samples Fitting parameters

number Yo A zg w
0# 1.8576x10~° 0.0010250  1.9027 4.5116
14 —2.6839%x10~5  0.0014782  3.5016 8.4996
2# —6.7848x1075  0.0030884  3.2024 9.7755
34 9.0626x10~6  9.9666x10~% 3.0462 5.5455

Inserting the fitting parameters into the Gaussian
equation fitting and using the logarithmic coordinate
system in Fig.2(b), the formulae of photoconductiv-
ity for the 0#, 1#, 2# and 3# samples are given as

follows:

opn =0.000018576

+ 0.00018136_0'09826(1n t—1.9027)2’ (AO)
oph = — 0.000026839

+ 0.0001.388¢0:02768(In t73.5016)2’ (A1)
oph = — 0.000067848

+ 0.00025214e70.020929(1nt73.204)27 (A2)

opn =0.0000090626
+ 0.000143435¢ 0-065035(1n t73.0462)2‘ (A3)
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