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Abstract. The carrier transport property of polycrystalline
silicon (poly-Si:H:F) thin films was studied in relation to film
microstructure, impurity, in situ or post-annealing treatments
to obtain better carrier transport properties. Poly-Si:H:F films
were prepared from SiF4 and H2 gas mixtures at tempera-
tures < 300 ◦C. Dark conductivity of the films prepared at
high SiF4/H2 gas flow ratio (e.g., 60/3 sccm) exhibits a high
value for intrinsic silicon and its Fermi level is located near
the conduction band edge. The carrier incorporation is sup-
pressed well, either by in situ hydrogen plasma treatment
or by post-annealing with high-pressure hot-H2O vapor. It
is confirmed that weak-bonded hydrogen atoms are removed
by the hot-H2O vapor annealing. In addition, evident cor-
relation between impurity concentrations and dark conduc-
tivity is not found for these films. It is thought that the
carrier incorporation in the films prepared at high SiF4/H2
gas flow ratios is related to grain-boundary defects such as
weak-bonded hydrogen. By applying hot-H2O vapor anneal-
ing at 310 ◦C to a 1-µm-thick p-doped (400)-oriented poly-
Si:H:F film, Hall mobility was improved from 10 cm2/Vs
to 17 cm2/Vs.

PACS: 73.50.-h; 72.20.-I

Polycrystalline silicon (poly-Si) thin films prepared on in-
expensive large-area substrates have attracted much inter-
est because they are expected to be superior materials for
giant-microelectronics such as thin film transistors (TFT)
for flat panel displays (FPD), solar cells and large-area sen-
sors [1–4]. Especially for TFTs, semiconductor materials
with higher mobilities have been sought for higher opera-
tion speed. ‘Low-temperature polysilicon’ TFT displays have
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already appeared in the market and most of these materi-
als are prepared by laser-anneal re-crystallization of amorph-
ous silicon (a-Si). They can have large field-effect mobilities
of over 100 cm2/Vs (for example, see [5, 6]), that are high
enough to integrate the driving circuit onto the same sub-
strate used for the FPD matrix. However, there have been
strong demands to reduce fabrication cost and to prepare
high-mobility TFT materials without expensive facilities such
as an excimer laser.

Micro- or polycrystalline silicon (µc-/poly-Si:H) films
prepared by plasma-enhanced chemical vapor deposition
(PECVD) from H2-diluted SiH4 have demonstrated their abil-
ity to prepare high-efficiency solar cells [1]. The advantages
of the PECVD are low fabrication cost using low process tem-
peratures (≤ 300 ◦C) and uniform deposition at large areas.
However, the electron Hall mobilities remain rather small,
< 5 cm2/Vs. We have developed a novel technique to prepare
large-grain, high-mobility poly-Si:H:F films at low tempera-
tures ≤ 400 ◦C from gas mixtures of SiF4 and H2 [7, 8]. Also,
the orientation structure can be controlled by selecting ap-
propriate deposition conditions on glass; e.g., (400)-oriented
grains are grown when a SiF4/H2 gas flow ratio of 60/3 sccm
is used at 300 ◦C [9, 10]. The fabrication of (400)-oriented
poly-Si:H:F films on glass had been a difficult issue for low-
temperature processes including laser annealing, despite the
fact that the insulator–silicon interface composed of (100)
crystallographic surface is a desirable structure to reduce
the interface defect density, as is known in silicon MOS
TFT technologies. In addition, the (400)-oriented poly-Si:H:F
films exhibit large mobilities for low-temperature-prepared
µc-/poly-Si films; e.g., electron Hall mobility of 10 cm2/Vs
and free carrier mobility of 40 cm2/Vs are obtained for the
films doped with 1020 cm3-phosphorus atoms [11]. However,
these Hall mobility values are still not satisfactory for high-
operation-speed devices. And it is a serious problem that
undoped (400)-oriented poly-Si:H:F films, which are pre-
pared at high SiF4/H2 gas flow ratios such as 60/3 sccm,
do not exhibit intrinsic transport properties of crystalline
silicon (c-Si); i.e., they display high dark conductivity of
> 10−3 S/cm and its activation energy of ∼ 0.1 eV.
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In this paper, we study transport properties of poly-Si:H:F
films prepared from SiF4 and H2 gas mixtures. In particular,
we focus on carrier transport in (400)-oriented poly-Si:H:F
films and its improvement. First, the structure and transport
properties are reviewed in relation to deposition conditions,
and then their transport properties are discussed in relation
to the microstructure and impurities. We applied in situ and
post-annealing techniques to improve carrier transport prop-
erties. In addition, controlling factors of carrier transport will
be discussed.

1 Experimental

Very high frequency (VHF: 100 MHz) CVD apparatus was
used to prepare poly-Si:H:F films from SiF4 and H2 gas mix-
tures with small amounts of SiH4 to increase film growth
rate (see [9] for experimental details). The most important
parameters to control film orientation structure are growth
temperature and SiF4/H2 gas flow ratio. To obtain un-
doped (400)-oriented poly-Si:H:F, the SiF4/H2 gas flow
ratio of 60/3 sccm is used at 300 ◦C and the SiF4/H2 gas
flow ratio must be reduced as growth temperature is de-
creased as reported in [10]. All films were prepared on
Corning 7059 glass. Some films were in situ doped with PH3
(1% concentration, diluted with H2) to facilitate Hall effect
measurement.

To improve carrier transport properties, we applied two
different techniques; i.e., in situ hydrogen plasma treat-
ment [12] and hot-H2O vapor post-annealing techniques [13].
In the in situ hydrogen plasma treatment, we used SiF4/H2
gas flow ratio of 60/3 sccm at 300 ◦C for the growth of (400)-
oriented poly-Si:H:F thin layer (growth process) and the gas
flow ratio was changed to 0/90 sccm for the hydrogen plasma
treatment (hydrogen treatment process). The growth pro-
cess and the hydrogen treatment process were repeated many
times to obtain thick films. The period of the hydrogen treat-
ment process (tH) was fixed at 10 s and that of the growth
process (tD) was varied from 30 s to 90 s.

In the hot-H2O vapor annealing, the (400)-oriented poly-
Si:H:F films were set in an autoclave with 1.3 ×106 Pa H2O
vapor as illustrated in Fig. 1. The samples were heated up to
270 ◦C or 310 ◦C and kept for 3 h.

Film structure was studied by X-ray diffraction (XRD)
for structure and orientation determination. Impurity concen-
tration was measured by secondary ion mass spectroscopy
(SIMS). Thermal desorption spectroscopy (TDS) was also

Fig. 1. Schematic illustration of hot-H2O vapor annealing apparatus

used to determine the temperature dependence of impuri-
ties effusion. Carrier transport properties were evaluated from
current–voltage characteristics in dark (dark conductivity will
be indicated as σd in the following sections) and under
100 mW/cm2 white-light illumination (σp). Hall effect meas-
urements were performed as well.

2 Results

2.1 Structure of poly- Si:H:F prepared from SiF4/H2 gas
mixtures

Figure 2 shows the XRD profiles of undoped poly-Si:H:F
films prepared at 300 ◦C and 200 ◦C. Gas flow ratios of
SiF4/H2 = 60/3 sccm at 300 ◦C and 30 /14 sccm at 200 ◦C
produce almost complete (400)-oriented poly-Si:H:F films as
summarized in Table 1. At smaller SiF4/H2 gas flow ratios
such as 30 /10 sccm, (220)-oriented poly-Si:H:F films are ob-
tained as seen in Fig. 2c.

It should be noted that (220)-oriented poly-Si:H:F are pre-
pared at wide SiF4/H2 ratio windows and we can select ap-
propriate deposition conditions to obtain good transport prop-
erties as will be shown in the next section. However, the depo-
sition condition window for (400)-oriented poly-Si:H:F films
is too narrow to control both the (400)-orientation structure
and good transport properties simultaneously (see [10, 12]).
Thus we will examine an in situ intermittent plasma treatment
and a post-annealing technique to improve transport proper-
ties for (400)-oriented poly-Si:H:F films in Sects. 2.4–2.6.

α θ
Fig. 2. XRD profiles of poly-Si:H:F films. (400)-oriented poly-Si:H:F
film prepared at 300 ◦C and SiF4/H2 of 60/3 sccm (a), (400)-oriented
poly-Si:H:F film prepared at 200 ◦C and SiF4/H2 of 30/14 sccm (b),
and (220)-oriented poly-Si:H:F film prepared at 300 ◦C and SiF4/H2 of
30/10 sccm (c)

Table 1. Gas flow rates used to grow (400)-oriented poly-Si:H:F films as
a function of growth temperature

Ts / ◦C SiF4 / sccm H2 / sccm SiH4 / sccm

300 60 3.0 0.05
250 30 10 0.1
200 30 14 0.1
150 30 18 0.1
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2.2 Transport properties of undoped poly- Si:H:F films
prepared from SiF4/H2 gas mixtures

Figure 3 shows σd and σp of poly-Si:H:F films prepared at
300 ◦C as a function of the SiF4/H2 gas flow ratio. The
film orientation structure changes from (400) to a mixture
of (220) and (400), and to (220) as the SiF4/H2 gas flow
ratio decreases. (220)-oriented poly-Si:H:F films are grown
at SiF4/H2 ratios less than 30 /10 sccm while reasonably
low σd for intrinsic silicon (i.e., < 10−6 S/cm) are obtained
only at smaller SiF4/H2 ratios of ≤ 30 /40 sccm; e.g., the
film grown at the SiF4/H2 gas flow ratio of 30 /90 sccm
exhibits the σd value of 6.8 ×10−8 S/cm and the good σp
value of 1.5 ×10−5 S/cm. However, the σd value increases
to > 10−3 S/cm as the SiF4/H2 gas ratio is increased to
> 30 /10 sccm. These results indicate that the high σd values
obtained at SiF4/H2 ratios greater than 30 /10 sccm are not
related to orientation structure.

Figure 4 shows the σd and σp of (400)-oriented poly-
Si:H:F films as a function of growth temperature. As seen in
Table 1, smaller SiF4/H2 gas flow ratios are needed to grow
(400)-oriented poly-Si:H:F films for lower growth tempera-
tures. It can be seen that the σd value decreases as growth
temperature decreases, though the σd of the 200 ◦C film is
still much higher for intrinsic c-Si. This result is consistent
with the result obtained in Fig. 3; i.e., the lower growth tem-
perature requires a smaller SiF4/H2 gas flow ratio and the
decrease in the σd with decreasing growth temperature would
be attributed to the decrease in the SiF4/H2 flow ratio. This
result demonstrates that the σd value of (400)-oriented film
can be reduced by two orders of magnitude by selecting a low
growth temperature and low SiF4/H2 gas flow ratio condi-
tions, supporting the above conclusion that orientation struc-
ture does not control the high σd.

The σd of the undoped (400)-oriented poly-Si:H:F film
prepared at 300 ◦C is ∼ 0.3 S/cm at room temperature and its
activation energy (Ea) is low, 0.11 eV (Fig. 5). The Ea value is
close to that of σp (Et : 0.093 eV). Since the density of photo-
excited carriers is much larger than that of the thermally acti-

Fig. 3. Conductivity of poly-Si:H:F films prepared at 300 ◦C as a function of
SiF4/H2 gas flow ratio. Orientation structure changes from (400) to a mix-
ture of (400) and (220), and to (220) as SiF4/H2 gas flow ratio decreases
at constant temperature as indicated in the figure. (220) and (400) denote
major orientation structure of poly-Si:H:F films obtained at corresponding
deposition conditions. Closed circles: σd, open circles: σp

Fig. 4. Conductivity of (400)-oriented poly-Si:H:F films as a function of
growth temperature. See Table 1 for deposition conditions. Closed circles:
σd, open circles: σp

Fig. 5. Temperature dependence of conductivities of undoped (400)-oriented
poly-Si:H:F films prepared at 300 ◦C. Closed circles: σd, open circles: σp

vated carriers under the illumination condition used for the σp
measurement, the Et reflects the activation energy of mobility
(Eµ). It is thought that the Eµ (or Et) reflects potential fluctu-
ations such as barrier height or depth of tail-states of shallow
traps at the conduction band edge. From Hall measurements,
we observed that the activation energy of carrier density (En)
was 0.023 eV and the carrier density was 4.3 ×1017/cm3 at
room temperature. The En corresponds well to the value of
Ea − Et = 0.017 eV, supporting the above idea. These results
indicate that the Fermi level locates near the conduction band
edge and potential fluctuation is ∼ 0.093 eV in the undoped
(400)-oriented poly-Si:H:F film.

2.3 Impurities and transport properties

Shah et al. report that σd of µc-/poly-Si:H is significantly af-
fected by impurities (e.g., oxygen) in-diffusion from air [14].
Large σd values (> 10−4 S/cm) are obtained with films at
oxygen concentration (CO) of 2.2 ×1020/cm3, while it is im-
proved to the order of 10−7 S/cm when the CO is reduced
to 2.5 ×1018/cm3. Also, Kamei et al. demonstrate that the
use of an ultrapure chamber can reduce the CO value to
5 ×1016/cm3 and produce intrinsic µc-Si:H films indepen-
dent of growth temperature [15]. However, even in this case,
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the σd of µc-Si:H prepared in a conventional (i.e., not ultra-
pure) chamber depends on growth temperature and almost-
intrinsic films can be obtained at 200 ◦C. Although the re-
duction of impurity is favorable, these results suggest that
the CO of < 1018/cm3 would be enough to obtain intrinsic
transport properties when the appropriate deposition condi-
tion is chosen as seen in Fig. 3. Yet there is another possibility
that halogen impurities such as F form donor or acceptor
levels in poly-Si:H:F films prepared from fluorinated source
gases.

In this section, we examine the relationship between the
σd and impurity concentrations. As seen in Table 2, both H
and F concentrations (CH and CF, respectively) are lower
for the (400)-oriented poly-Si:H:F films than those of the
(220)-oriented poly-Si:H:F films when they are prepared
at the same temperature, 300 ◦C. Also the (400)-oriented
poly-Si:H:F films prepared at lower temperatures contain
much more F than those prepared at 300 ◦C. If F atoms
form donor or acceptor sites in the film and cause the high
σd values, these results conflict with the σd data shown in
Figs. 3 and 4 because the σd is lower for (220)-oriented
poly-Si:H:F films than for (400)-oriented poly-Si:H:F films.

a b

c d
Fig. 6a–d. Relationship between impurity concentrations and dark conductivity for poly-Si:H:F films prepared at various deposition conditions. Impurities
are H (a), F (b), O (c), and C (d), respectively. Film structures are (220) (circles) and (400) orientations (triangles)

Table 2. H and F concentrations measured by SIMS for (220)- and (400)-
oriented films

Orientation Growth temperature F concentration H concentration
/ ◦C / atoms/cm3 / atoms/cm3

(220) 300 2.1×1019 0.75×1021

(400) 300 0.7×1019 0.57×1021

(400) 200 2.7×1019 1.8×1021

In addition, the σd of the (400)-oriented poly-Si:H:F films
decreases as growth temperature decreases. In contrast,
the CF value increases as growth temperature decreases.
This result indicates that the high σd values of the (400)-
oriented poly-Si:H:F films cannot be explained by the F
incorporation.

Figure 6 shows the relationship between the impurity
concentrations measured by SIMS and the σd for undoped
poly-Si:H:F films prepared at various deposition conditions.
As for the CO, (400)-oriented poly-Si:H:F films exhibit high
σd values of > 10−3 S/cm though the CO is low, around
2 ×1017/cm3. And reasonably low σd values can be obtained
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in wide range of the CO less than 5 ×1018/cm3. Even for
other impurities, we cannot find evident relationship between
the impurity concentrations and the σd value. One may find
a trend that the σd value of the (400)-oriented poly-Si:H:F
films decreases with increasing CF, however this trend cor-
responds to the decrease in growth temperature as described
above; i.e., lower growth-temperature (400)-oriented poly-
Si:H:F films exhibit higher CF and lower σd.

Although the level of the impurity concentrations is
high enough to provide carriers with concentration of
4.3 ×1017/cm3, a value which is evaluated by room-tempera-
ture Hall measurement with the undoped (400)-oriented poly-
Si:H:F films prepared at 300 ◦C, it is unlikely that the high σd
value of the poly-Si:H:F films prepared at high SiF4/H2 gas
flow ratio originates from impurity. Also, we confirmed that
the (400)-oriented poly-Si:H:F films had crystalline grains
with excellent quality from crystallite size measured by
XRD, sharpness of Raman scattering spectrum and pseudo-
dielectric function peaks, and free carrier mobility measure-
ment [9, 11, 16]. These results lead us to an idea that the
high σd values and the electron incorporation originate from
grain-boundary effects. Possibly, some grain-boundary de-
fects form donor levels.

2.4 Effect of in situ hydrogen passivation for undoped
(400)-oriented poly- Si:H:F films

In this section, we examine the effect of in situ hydrogen
passivation for undoped (400)-oriented poly-Si:H:F films to
obtain better intrinsic transport properties. Since the in situ
hydrogen treatment is reported in [12] for (400)-oriented
poly-Si:H:F films prepared at 200 ◦C, we briefly explain the
result obtained with 300 ◦C poly-Si:H:F films for comparison
with the following hot-H2O vapor annealing results.

Figure 7 shows the σd and the σp −σd as a function of
the period of the growth process (tD). We can see that the
lowest σd value (5 ×10−6 S/cm) is obtained when 10 s of
tH and 60 s of tD are applied. Although this σd value is still
high for intrinsic crystalline silicon, it demonstrates that ap-
propriate hydrogen plasma treatment can reduce the σd by
three orders of magnitude. In the case of the 200 ◦C film,

Fig. 7. Conductivities of undoped (400)-oriented poly-Si:H:F films prepared
at 300 ◦C as a function of tD. Closed circles: σd, open circles: σp −σd

the σd can be reduced to 4.5 ×10−7 S/cm and the Ea was
increased to 0.45 eV which is close to half of the band gap
(0.55 eV) [12].

2.5 Effect of hot- H2O vapor post-annealing for undoped
( 400)-oriented poly- Si:H:F films

The σd and the Ea of undoped (400)-oriented poly-Si:H:F
films prepared at 300 ◦C are improved also by hot-H2O vapor
annealing as seen in Fig. 8. It is found that the Ea is increased
to 0.45 eV. Also, Hall effect measurements indicates that car-
rier density is reduced to less than 1013/cm3. That is, the
electron density is reduced by 4.3 ×1017/cm3 at room tem-
perature (by 2 ×1018/cm3 estimated from the prefactor of the
Arrhenius plot of electron density (n0) ). In contrast, the Et
is not changed by the hot-H2O vapor annealing, indicating
that potential fluctuation at the conduction band edge is not
affected by the hot-H2O vapor annealing.

The above results suggest that either the hydrogen plasma
treatment or the hot-H2O vapor annealing can effectively re-
duce the incorporation of electrons, resulting in the low σd
and the large Ea. As Shah et al. report [14], oxygen impu-
rity may result in carrier incorporation, however, it is not
the case in the hot-H2O vapor annealing. It is reported that
high-quality SiOx can be formed at ∼ 1000 ◦C by a simple
thermal annealing in dry O2 gas. However, hot-H2O vapor or
O plasma can reduce defect density at much lower tempera-
tures as reported by Sameshima et al. [17, 18]. This indicates
that chemically active species such as high-temperature, high-
pressure H2O vapor or O plasma can form high-quality Si−O
bonds at low temperatures and O atoms do not act as donors
in these cases.

2.6 Effect of hot- H2O vapor post-annealing for p-doped
(400)-oriented poly- Si:H:F films

In this section, we examine the effect of the hot-H2O vapor
treatment using P-doped poly-Si:H:F films to facilitate Hall
effect measurements. Figure 9 shows the Hall measurement
results obtained with a 1-µm-thick P-doped (400)-oriented
poly-Si:H:F film. The film was prepared under the same

Fig. 8. Dark and photoconductivities of undoped (400)-oriented poly-Si:H:F
films prepared at 300 ◦C after hot-H2O vapor annealing. Closed circles: σd,
open circles: σp



156

conditions used in the previous section. The hot-H2O va-
por annealing was performed at 310 ◦C for 3 h in this case.
The initial Hall mobility is 10 cm2/Vs at room tempera-
ture for the film having electron density of 3.8 ×1018/cm3.
The Eµ is 36 meV, which is three times smaller than the
Et of the undoped films obtained in Fig. 5. It is known
that the potential barrier at grain boundaries is related to
defect density below the Fermi energy and carrier dens-
ity. In addition, energy distributions of shallow traps or
band tail may depend on doping concentration and/or Fermi
energy. The smaller Eµ of the p-doped poly-Si:H:F film
(compared with the undoped film) is consistent with these
models.

After the hot-H2O vapor annealing, the Hall mobility is
increased by 70% to 17 cm2/Vs. It is found that the Eµ is
almost the same at 34 meV, while µ0 is markedly increased
from 43 cm2/Vs to 65 cm2/Vs. This indicates that the im-
provement of the Hall mobility is caused by the decrease in
grain- boundary resistance and not by the decrease in poten-
tial fluctuations.

Also, we found that carrier density was reduced by
6 ×1017/cm3 at room temperature (nRT) after the hot-H2O
vapor annealing and the n0 was reduced by 1.7 ×1018/cm3,
which correspond well with the carrier density obtained with

Fig. 9a,b. Hallmobility (a) and electron density (b) before and after hot-
H2O vapor annealing. Squares: as-deposited, triangles: after hot-H2O vapor
annealing

the undoped (400)-oriented poly-Si:H:F film (4.3 ×1017/cm3

and 2 ×1018/cm3 for nRT and n0, respectively). These results
suggest that the hot-H2O vapor annealing successfully sup-
presses the carrier incorporation, similar to the undoped film
case discussed in the previous section.

From SIMS measurements, it is found that H concentra-
tion is reduced from 1.0 ×1021/cm3 to 0.7 ×1021/cm3 by the
hot-H2O vapor annealing (Fig. 10), however, any evident hy-
drogen removal is not observed by TDS measurement with
an as-deposited film (note that the TDS process did not use
H2O vapor) at temperatures less than 310 ◦C (Fig. 11). This
indicates that high-temperature, high-pressure H2O vapor is
chemically active and enhances removal of weak-bonded hy-
drogen. However, evident changes in O and F concentra-

a

b

c
Fig. 10a–c. Impurity concentration depth profiles measured by SIMS. The
mass/e ratios correspond to H− (a), O− (b) and F− (c). Solid lines: as-
deposited film, dashed lines: after hot-H2O vapor annealing
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Fig. 11. TDS spectrum at mass/e ratio = 2 (corresponds to H2
+)

tion s by the hot-H2O vapor annealing are not detected by
SIMS, indicating that O incorporation is less than the order of
1017/cm3, which is a background-level value of the SIMS ap-
paratus used in this work. As for F, any effusion of F-related
clusters such as HF, SiF and SiF2 are not detected by TDS
at temperatures < 400 ◦C, which is consistent with the SIMS
result.

3 Discussion

3.1 Origin of carrier incorporation in undoped
(400)-oriented poly- Si:H:F films

From the results of Sect. 2.3, we knew that high σd values
of poly-Si:H:F films relate to deposition conditions such as
SiF4/H2 gas flow ratio rather than to impurity concentration.
Hall measurements revealed that the high σd values origi-
nate from carrier incorporation, which subsequently result in
a high Fermi level. In addition, clear correlation between the
high σd value and the impurity concentration could not be
found.

Especially, it should be noted that (400)-oriented poly-
Si:H:F films have low CO and CF though they exhibit higher
σd than those of (220)-oriented poly-Si:H:F films with higher
CO and CF. These low impurities in the (400)-oriented poly-
Si:H:F films can be understood from the fact that incorpora-
tion of impurity significantly depends on film structure such
as crystal fraction and quality of crystalline grains; e.g., epi-
taxial film exhibits lower CF and CH than those of poly-
Si:H:F films by two orders of magnitude when they are grown
in the same deposition chamber [19]. As we previously re-
ported, the (400) preferential growth mechanism involves
strong selectivity of c-Si(100) surface and selective etching
of specific crystallographic planes similar to the epitaxial
growth case [16]. Thus it is thought that the low impurity con-
centrations in the (400)-oriented poly-Si:H:F films are related
to the (400) preferential growth mechanism including the se-
lective sticking and the selective etching.

In Sects. 2.4–2.6, it was found that either the in situ hy-
drogen plasma treatment or the post hot-H2O vapor annealing

decreased the σd value and the carrier density in the (400)-
oriented poly-Si:H:F films. It was confirmed that evident
change in impurity concentrations by the hydrogen plasma
treatment was not detected. Whereas hot-H2O vapor anneal-
ing decreased the CH by 6 ×1019/cm3 but did not result in
detectable change of the CO and the CF. These results also
support the idea that the suppression of the carrier incorpora-
tion by the in situ hydrogen treatment and the hot-H2O vapor
annealing is not related to impurity concentration.

However, the above results are puzzling. Generally, hy-
drogen atoms play an important role in terminating and pas-
sivating dangling bonds in a-Si:H and at grain boundaries of
µc-/poly-Si. Thus the CH decrease by the hot-H2O vapor an-
nealing is usually expected to increase dangling bonds, result-
ing in deteriorated transport properties. However, as seen in
Fig. 9, it does not increase potential fluctuation but increases
Hall mobility by the reduction of grain-boundary resistance.

Considering the fact that the dangling-bond density is es-
timated to be 5.4 ×1020/cm3 for films with columnar grains
of 100-nm diameter by assuming each silicon atom at grain
boundaries has one dangling bond, 0.7 ×1021/cm3 of CH ob-
tained with the hot-H2O vapor-annealed poly-Si:H:F film is
still high enough to fully terminate grain-boundary dangling
bonds. In addition, from the comparison with the TDS result,
it is found that weakly bonded hydrogen atoms are removed
by the hot-H2O vapor annealing, and subsequently resulted in
low carrier density. However, the number of effused hydrogen
atoms is 3 ×1020/cm3, a number that is much larger than the
decrease in the carrier density (2×1018/cm3 estimated from
the n0 value). To understand this result, we must adopt a sup-
position that only a small portion (∼ 1%) of weak-bonded
hydrogen atoms can cause the carrier incorporation. Also in
the in situ hydrogen plasma treatment case, weak-bonded hy-
drogens are expected to be removed by Si−H and/or Si−Si
network rearrangement invoked by hydrogen radicals similar
to amorphous silicon cases [20].

There is another possible explanation of the decrease in
the electron density due to the hot-H2O vapor annealing. The
incorporation of oxygen was estimated to be less than the
order of 1017/cm3 from SIMS measurement, which is al-
most equivalent to the decrease in the electron density by
the hot-H2O vapor annealing. Thus grain-boundary dangling
bonds would be terminated with oxygen atoms. In the in situ
hydrogen treatment case, dangling bonds can be terminated
by excess hydrogen supplied during the hydrogen treatment
period. The termination with oxygen or hydrogen may reduce
the carrier incorporation.

3.2 Mechanism of improvement of Hall mobility by hot- H2O
vapor annealing

Sameshima et al. report that as-prepared poly-Si prepared
by laser crystallization exhibits poor electric properties [21];
e.g., carrier density measured by Hall effect measurement
(nHall) is of the order of 1012/cm3 whereas the phospho-
rus dose is 1 ×1018/cm3, and carrier density in crystalline
grains estimated by free carrier optical absorption technique
(nFCA) is 1016/cm3. In this case, a potential barrier with
height of ∼ 0.3 eV is formed at grain boundaries, because the
as-deposited poly-Si has defects of the order of 1018/cm3 at
grain boundaries, which trap electrons to form the potential
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barrier. This high potential barrier at grain boundaries inhibits
the transport of free electrons across grain boundaries, result-
ing in the much lower nHall than nFCA. The potential barrier
almost disappears after hot-H2O vapor annealing at 310 ◦C.
In this case, defect density is decreased to ∼ 1 ×1017/cm3

and both nHall and nFCA are increased to ∼ 3 ×1017/cm3.
In contrast, as-deposited P-doped poly-Si:H:F films pre-

pared by PECVD exhibit 3.8 ×1018/cm3 of electron density
as seen in Fig. 9 and ionization efficiency was estimated to be
∼ 50% from SIMS result. After the hot-H2O vapor annealing
at 310 ◦C, the carrier density is decreased by 6 ×1017/cm3,
a value that almost corresponds to carrier incorporation of
the undoped film. Potential fluctuation was not affected by
the hot-H2O vapor annealing. This discrepancy with the re-
sult obtained with the laser-crystallized poly-Si is thought
to originate from H termination of grain-boundary defects
in the poly-Si:H:F films prepared by PECVD. Most of the
grain-boundary defects in the poly-Si:H:F films are in situ
passivated with H atoms during the deposition, which de-
crease defect density and form grain boundaries with small
potential fluctuation of ∼ 36 meV. This small potential fluc-
tuation does not significantly perturb carrier transport across
grain boundaries. Thus higher nHall is obtained with the as-
deposited poly-Si:H:F films than those of the as-prepared
laser-crystallized poly-Si films.

It is more important to note that the Hall mobility of
the poly-Si:H:F film is improved to 17 cm2/Vs by the hot-
H2O vapor annealing. This Hall mobility value is high for
µc-/poly-Si films prepared by PECVD at low temperatures
< 400 ◦C with the same film thickness of 1 µm. We previ-
ously reported that Hall mobilities of poly-Si:H:F films were
controlled by grain boundary effects [11]; i.e., either grain-
boundary potential fluctuation or grain-boundary resistance
decreased the Hall mobility. After the hot-H2O vapor anneal-
ing, the Eµ is not changed largely, whereas the prefactor µ0
is increased. This result suggests that the Hall mobility re-
sults from the decrease in grain-boundary resistance induced
by hot-H2O vapor annealing.

As described above, many grain-boundary defects are ter-
minated with H atoms in poly-Si:H:F films. In this case, the
wave function of Si−H bonds is thought to be localized at
a grain boundary and not extended to the neighboring crys-
tal grains. This may reduce carrier mobility at grain bound-
aries. In contrast, it is expected that divalent atoms such
as O can terminate dangling bonds located at neighboring
grains and inter-link each grain, resulting in larger mobility
and/or larger tunneling probability at grain boundaries. Alter-
natively, the chemically active hot-H2O vapor removes weak-
bonded hydrogen atoms. It is expected that such hydrogen
extraction can cause structural relaxation in silicon networks
at grain boundaries similar to the case of so called “chemical
annealing” used for band-gap modification of a-Si:H [20].
The formation of a more stable network structure may re-
duce chemical bond distortion and decrease the local effective
mass of carriers at grain boundaries, resulting in increased
Hall mobility.

4 Conclusions

Transport properties were studied for poly-Si:H:F films pre-
pared on glass at ≤ 300 ◦C by PECVD from SiF4/H2 gas

mixtures. It is found that undoped poly-Si:H:F films prepared
at high SiF4/H2 gas flow ratio condition exhibit large elec-
tron density and large dark conductivity, which are related to
neither film structure nor impurity. The carrier incorporation
is improved by in situ hydrogen plasma treatment or by post-
hot-H2O vapor annealing. These results suggest that grain
boundary defects such as dangling bonds and weak-bonded
hydrogen caused the carrier incorporation.

Hall mobility of 10 cm2/Vs, which is a high value
for poly-Si:H films prepared by low-temperature PECVD,
was obtained with 1-µm-thick P-doped (400)-oriented poly-
Si:H:F films. Furthermore, it was improved to 17 cm2/Vs by
the hot-H2O vapor annealing at 310 ◦C. The improvement
in the Hall mobility was caused by the decrease in grain-
boundary resistance. It was thought that the grain-boundary
resistance was reduced by inter-linking chemical bonds be-
tween neighboring crystalline grains with divalent oxygen
atoms and/or structural relaxation induced by chemically ac-
tive high-pressure hot-H2O vapor.

It should be noted that although Hall mobilities of poly-
Si:H:F films prepared by PECVD are low as described in
the introduction, larger mobilities can be obtained with large,
high-quality crystalline grains. We have proposed that (400)
preferential growth mechanism was closely related to the for-
mation of high-quality crystalline grains and the use of flu-
orinated source gas was effective in growing large grains. In
addition, grain-boundary structure modification further im-
proves carrier transport properties in these polycrystalline
materials.
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