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Abstract: An optimized condition for defect passivation by the hot-wire technique was established. Effects of hy-

drogenation for polycrystalline SiGe (poly-Si;-,Ge,) thin films were estimated by investigating the dark conduc-

tivity and activation energy that derive from the conductivity as a function of the temperature. The results show

that this technique can effectively reduce defects present in poly-Si;-, Ge, films. By optimizing the substrate and

filament temperatures, the treatment can be accomplished in a short time of 20 ~30min, which is considerably

shorter than other hydrogenation techniques.
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1 Introduction

Polycrystalline Si (poly-Si) has been a key
material in the fabrication processes for MOS-LSI
in recent decades. Moreover, un-doped or highly
doped poly-Si films have been required to realize
high performance thin film transistors (TFTs) for
flat panel displays. However, as-deposited poly-
crystalline silicon films with fine grains cannot be
applied to the active devices because of a high
density of defects at the grain boundaries. These
defects reduce carrier diffusion lengths in poly-Si
and destroy device performance. Hydrogen-passi-
vation, or hydrogenation treatment, is a popular
and effective technique to reduce the effective
density of electrically active defects in poly-Si
films"'~*/. A decrease of the effective trap density
generally causes a decrease in the resistivity of the
heavily doped poly-Si films. On the other hand,
the hydrogenation treatment increases the resis-
tivity of un-doped poly-Si films with rather fine
and uniform grain size'® . This decreases the off-
current of the TFTs that use poly-Si as active
channel materials. Several authors reported the
improvement of the performance in poly-Si after

Article ID: 0253-4177(2007)03-0317-06

[7~9]

different hydrogenation treatments ,including

low energy hydrogen ion implantation'”*) and

11 However, not all of these

plasma treatmen
methods can passivate defects efficiently, and all
of them introduce damage on the surface of poly-
Si films. Also, the conventional hydrogenation
techniques such as RF glow discharge or ECR
plasma treatment are based on trial and error,and
they lack controllability and reproducibility. No-
vel defect passivation methods are of utmost im-
portance in TFT technology.

The poly-Si; -, Ge, thin films used in this pa-
per were deposited with the reactive thermal
chemical vapor deposition ( RTCVD ) tech-
nique''' "', The advantages of poly-Si,-, Ge, pre-
pared by the present technique over conventional
CVD poly-Si include low process temperature such
as deposition, crystallization, and grain growth. It
is also reported that dopant activation occurs at
lower temperatures for Si,-, Ge, than for Si.
These enable the application of poly-Si;-, Ge, in
large-area devices such as TFTs. These applica-
tions require ohmic contacts in electrodes, which
are usually realized with high concentration do-
ping films. In this paper, a novel hydrogenation
process by the hot wire technique will be intro-
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duced, and the electrical properties of poly-
Si; -, Ge, films before and after the hydrogenation
will be discussed in detail.

2 Experiments

2.1 Hot-wire hydrogenation set-up

An electrically heated filament such as tung-
sten can effectively decompose gases such as SiH,
and H,,and is applied to the deposition of a-Si:H

16 Here,in this work, we use the

and pc-Si films
hot-wire method to generate atomic hydrogen for
the passivation of defects in poly-Si,-, Ge, films.
Figure 1 shows the experiment setup of the hot-
wire hydrogenation used in this work. Hydrogen is
introduced into the chamber through a shower-
head nozzle and is cracked at a tungsten wire that
is resistively heated temperatures
1100C . The filament temperature was measured
with a pyrometer. Then,atomic hydrogen genera-
ted diffuse into the poly-Si, -, Ge, films placed un-

to around

der the filament with a distance of 5cm. The sam-
ple is set on the grounded substrate platform,
which can be heated. As a result, the polycrystal-
line films are passivated by hydrogen atoms. The
typical hydrogenation condition is also shown in
Fig. 1. This hydrogenation technique needs no
plasma and acceleration voltage,so the damage of
the films is minimized during the treatment. An-
other merit of this technique is that the setup is
very simple and easily controlled.

H,

l Showerhead nozzle

» .
[ | b Tungsten wire

¥v¥y w33 1 Sample
Heater

Pump out Ill

Fig.1 Schematic diagram of the hot-wire hydrogena-
tion treatment system  Typical condition: H, flow
rate:400sccm, pressure:667Pa, Ty : 1100C

2.2 Electrical characteristic measurement

The conductivities of as-deposited and hydro-
genation-treated poly-Si;-, Ge, films were meas-
ured as a function of temperature in coplanar

electrode geometry. The lined parallel electrodes
of 1cm in length and 0. 02cm in gap were formed
on poly-Si; -, Ge, films by vacuum evaporation of
aluminum. The conductivity can be derived from
as the equation
1 l

TR wd

Here R is the resistance between two electrodes

@)

that can be measured, [ is the gap length of two
electrodes, W is the width of the electrodes,and d
is the film thickness.

Generally,as in the case in which one species
of carrier dominates the transport, the electrical
conductivity ¢ is simply written as the product of
the carrier density n,the charge of an individual
carrier g,and the carrier’s mobility p: o= nqu.

In the simplest version of the high-mobility
scheme, the current is carried by a small number
of high-mobility carriers, which exist beyond the
mobility edge. The equilibrium density of high-
mobility carriers is given by

n = N(E)kTexpl—- (E. — E)/kT] (2)
where N(E,) is the density of states at the mobil-
ity edge E..The thermal energy is written as kT,
E.=E,,
where E, is the activation energy. The mobility is
presumed to be high (> 1cm?/(V » s)) and to
possess much weaker temperature dependence

and the Fermi energy as E;. Also, E. —

than that of the carrier density. The conductivity
in this model is thus often written as"'”'®

6 = ooexpl— E,/kT] (3)
where ¢, is nearly a constant. For a temperature-
independent Fermi level, the conductivity has sim-
ply activated temperature dependence. Thus the
activation energy can easily be derived from the
dependence of conductivity on temperature.

If the hopping conduction through the local-
ized states in amorphous phase or at the grain
boundaries the
process,the dark conductivity and activation ener-

dominates carrier conduction
gy will be changed. Consequently, from the meas-
urements of the dark conductivity as a function of
temperature, one can obtain some understanding
of the carrier transport and the structural proper-
ties of the materials. In this work,we investigated
the hydrogenation and ion doping effects through
studying the change of conductivity and activation
energy calculated from the temperature depend-
ence of conductivity before and after the treat-
ment.
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2.3 Process of hydrogenation by hot-wire technique

After the sample setting, the chamber was
evacuated down to a basec pressure of 1.33 X 107*
Pa by a turbo molecular pump before the hydro-
gen gas was introduced. During the treatment, the
H, flow rate was set at 400sccm and exhausted by
a rotary pump. The pressure was 667Pa, which is
the same as the films deposition condition, and
was automatically controlled using a Baratron
valve. The filament was electrically heated to a
temperature of 1100 ~ 1200C , which was con-
trolled by a pyrometer. A thermal couple was used
to measure the sample temperature. When all the
parameters became stable,the shutter between fil-
ament and sample was opened and hydrogenation
treatment began. As the treatment time passed,
the sample surface temperature increased gradual-
ly due to radiation of heat from the filament. Fig-
ure 2 shows the relationship between the sample
surface temperature and hydrogenation treatment
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Fig.2 Substrate temperature as a function of hydro-
gen treatment time at different filament temperatures
(Substrate is not heated here.)

time. At a filament temperature of 1100C, the
sample temperature was saturated at about 400C
after 60min treatment. A filament temperature of
1200C caused a higher saturation substrate tem-
perature of about 450C. It is well known that
high temperature annealing will result in desorp-
tion of hydrogen from polycrystalline films. Thus
the controlling of the substrate temperature is
very important in this hydrogenation technique in
order to obtain a most suitable hydrogenation
effect.

3 Results

3.1 Effect of filament temperature

Figure 3 shows the reciprocal temperature
plot of the conductivity of the non-hydrogenated
and hydrogenated poly-Si, -, Ge, films measured in
the range between room temperature and 110C .
The hydrogenation treatments were carried out
for 70min under two conditions with different fil-
ament temperatures of 1100 and 1200C . To ensure
the comparison’s reliability, all the samples used
in this paper were deposited under the same con-
ditions,as listed in Table 1. The film thickness is
200nm with a grain size of about 50nm. As-deposi-
ted film has a dark conductivity of about
107'S/cm and an activation energy of 0.40 ~
0.44eV. After 70min hydrogenation at a filament
temperature of 1100C ,the conductivity decreased
to 1. 0X 10 °S/cm and activation energy increased
to 0. 55eV. These values are similar to the bulk c-
Si, indicating that hot-wire hydrogenation treat-
ment can effectively passivate the defects. Hydro-
genation treatment with a filament temperature of
1200C destroyed the film’ s characteristics as
shown in Fig. 3. From Fig.2 we can see that hy-
drogenation for 70min at a filament temperature
of 1200C resulted in a substrate temperature
higher than 450C . This temperature is too high
and causes the desorption of hydrogen from the
films. As a result, the electrical properties were
destroyed. From the above experimental results,
we conclude that a substrate temperature under
400C is suitable for preventing the degradation of
electrical characteristics during the hydrogenation
treatment.

ol 7,:1200°C 70min
§ 102k E~0.33eV
s
SR As-deposited = E.=0.44eV
£ 107
=
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g
o 10* |

T.:1100°C 70min E~0.55¢V
10° F
1
2.5 3.0 3.5

10007-/K!

Fig.3 Hydrogenation effect dependence on filament
temperature The H, flow rate is 400sccm, and the

pressure is 667Pa.
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Table 1 Deposition conditions of the poly-Si; -, Ge, films

Parameter Value
Substrate temperature 450C
Pressure 667Pa

Gas flow rate of SizHs 3. Oscem

Gas flow rate of GeFy 0. 3sccm

Gas flow rate of He 1000scecm

Film thickness 200nm

Grain size ~50nm

3.2 Effect of hydrogenation time

Figure 4 shows the conductivity change as a
function of hydrogenation time. When the sub-
strate is not heated, the conductivity decreases
slowly with the hydrogenation time and reaches a
saturation value at about 70min. At this time, the
substrate temperature is increased to 400C. As
can be scen,heating the substrate at 350C can ef-
fectively reduce the hydrogenation time. The 5min
hydrogenation treatment resulted in the same hy-
drogenation effect as 70min treatment without
heating. This indicates that the increased substrate
temperature can promote the hydrogenation
effect due to enhanced diffusion of hydrogen in
the film.

107

T:1100°C

10°F } Non-substrate
heating

Dark conductivity/(S/cm)

-5 -
10 Heating at 350°C

] 1 1 1 | L L
0 20 40 60 80 100 120 140

Hydrogenation time/min

Fig.4 Dependence of dark conductivity on hydrogen-
ation time H; flow rate:400sccm, pressure:667Pa

However, the controlling of substrate temper-
ature is difficult due to the radiation of heat from
the filament,especially when the substrate is heat-
ed. As mentioned above.,the substrate temperature
must be controlled below 400C to suppress hydro-
gen desorption from the film. If no heating is ap-
plied to the substrate, the substrate temperature
will reach a saturation value of 400C after 70min
treatment. However, when the substrate is heated

at 350C, the saturation temperature increases
quickly and the time to reach 400C is shortened.
Figure 5 shows the reciprocal temperature plot of
the dark conductivity of poly-Si;-, Ge, films with
various hydrogenation treatment times when heat-
ing the substrate at 350°C . The results are listed in
Table 2. After a 10min hydrogenation treatment,
the conductivity increased and activation energy
decreased, indicating no more hydrogenation
effect. Based on these discussions, we determine
that there is a trade-off between the substrate
temperature and the treatment time. A low sub-
strate temperature requires a long treatment time
to reach a saturated hydrogenation effect and re-
sults in easy control, while a high substrate tem-
perature can reduce treatment time, but it is diffi-
cult to obtain an optimized result. The best meth-
od is to adopt a moderate substrate temperature to
control the hydrogenation time between 20 ~
30min.

107 E,=0.44¢V(10min)
As-deposited
10k E=0.40eV

10*|- £,=0.49¢V(2min)

Dark conductivity/(S/cm)

E.=0.51eV(5min)
107 1
2.5 3.0 35
10007-/K!

Fig.5 Reciprocal temperature plot of the dark con-
ductivity of poly-Si;-, Ge, films with various hydro-
genation treatment times when the substrate is heated
at 350C

Table 2 Results of hydrogenation at various treat-
ment time when heating at 350°C
Sample Fina} Conductivity | Activation
T/ C /(S/ecm) energy/eV
As-deposited 2.8X10°4 4.0
2min 370 4.8X10°° 4.9
Hydrogenation | 5min 390 1.7X10°° 5.1
10min 450 4.5X10°* 4.4

This time we set the substrate temperature at
150C before the hydrogenation starts. After 20
and 30min treatments. the substrate temperature
increases to 350 and 400C , respectively. Figure 6
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shows the reciprocal temperature plot of conduc-
tivity for these samples. The conductivity and acti-
vation energy increased greatly after a 20min
treatment. The 30min treatment only increases a
little more than the 20min one in conductivity,
while almost no more activation energy improve-
ment can be found. This indicates that a 30min
hydrogenation treatment is sufficient to passivate
defects at this condition.
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= T‘ﬁnul:4000(j E&‘70.456V
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Fig. 6  Reciprocal temperature plot of conductivity
for various hydrogenation-treated poly-Si;-, Ge, films
( Hydrogenation condition: H,: 400sccm, pressure:
667Pa, T;:100C , Ty, :150C)

4 Discussion

The electrons in the mid-gap states will be
excited to the band tail states,and hop to the oth-
er nearest band tail states. According to the

hopping theory'”

, the conductivity by the nea-
rest-neighbor hopping,oy, »is

on = onexp(— E,/kT) (5)
where oy, is the pre-exponential factor depending
on the density of the effective defects,and E, is
the activation energy corresponding to an energy
difference between the bottom level of a conduc-
tion band tail and the Fermi level.

If the effective defect density decreases after
the hydrogenation,sy and o, will decrease because
of the decrease of the hopping probability. We
should consider both the mid-gap states and band
tail states as the defects that contribute to the
hopping conduction. In this way, we believe that
the hydrogenation-induced decrease of the band
tail states and preferential decrease of the accep-
tor-type mid-gap states will cause an increase in
the resistivity of undoped poly-Si; -, Ge, films near

room temperature. Also, the decrease of the mid-
gap state causes an increase in activation energy.

5 Summary

In this paper, we established an optimized
condition for passivating the defects by the hot-
wire technique. The effect of hydrogenation was
estimated by investigating the dark conductivity
and activation energy derived from the conductiv-
ity as a function of temperature. The result shows
that this technique can effectively reduce defects
in poly-Si; -, Ge, films. By optimizing the substrate
and filament temperatures, the treatment can be
accomplished in a short time of 20~30min, which
is considerably shorter than other hydrogenation
techniques.
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