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Abstract

Electrical properties of 50-nm-thick polycrystalline germanium (poly-Ge) films fabricated by pulsed laser annealing were investigated. Analysis
of the electrical conductivity using a numerical calculation program revealed that the density of defect states at grain boundaries in the poly-Ge films

was a low of 1.1x10'? cm™2

in contrast to a high density of 2.6 x 10" cm

=2 in the case of laser crystallized poly-Si films. Transient

photoconductivity measurements using pulsed laser irradiation revealed that 50-nm-thick poly-Ge films had a long carrier lifetime of 3.0 ps.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Formation of polycrystalline germanium (poly-Ge) films by
pulsed laser irradiation is attractive for its application to thin
film transistors (TFTs) because crystalline germanium have high
electron and hole mobilities than those of crystalline silicon.
Poly-Ge TFTs with high carrier mobility have a possibility to
realize high speed electrical circuits on glass substrate [1,2].
However, electrical and structural properties of laser crystallized
poly-Ge films have not been investigated enough. In this paper,
we discuss electrical properties of poly-Ge films fabricated by
pulsed laser annealing. Analysis of the density of electrically
active defect states at grain boundaries is discussed. Transient
photoconductivity measurements are also reported.

2. Experimental

Amorphous germanium (a-Ge) films with a thickness of 50
nm were formed on quartz substrate by the method of plasma
sputtering. Amorphous silicon (a-Si) films were also formed by
the low pressure chemical vapor deposition (LPCVD) method
for the reference. Boron atoms were implanted with concentra-
tions of 5.0x 10'" and 1.0x 10'® cm™* by the ion doping
method at an acceleration energy of 10 keV. The films were
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crystallized by 30-ns-pulsed XeCl excimer laser irradiation at
room temperature in vacuum. S5-shots multiple step laser
irradiations were carried out. The laser energy density was
increased stepwise from 90 to 180 mJ/cm® with a 10 mJ/cm?
steps for a-Ge films and from 150 to 425 mJ/cm? with a 25 mJ/
cm? steps for a-Si films. After laser irradiation, the crystalline
volume fraction was estimated by the analysis of optical
reflectivity spectra in ultraviolet region [3]. Crystalline silicon
and germanium have a broad optical peak at around 276 nm,
which is caused by the large transition rate at the X point in the
band structure. The crystalline volume fraction, C, was defined
by the following equation,

n, = (1 = C)nya + Cng (1)

where n,, n, and n. are the complex refractive index for
polycrystalline, amorphous and single crystalline germanium
or silicon, respectively. The crystalline volume fraction was
obtained by the fitting of calculated reflectivity spectra to
experimental reflectivity spectra. The crystalline volume
fraction, C, was estimated to be 0.90 for poly-Ge films
crystallized at 180 mJ/cm® and 0.84 for poly-Si films
crystallized at 425 mJ/em®. Al gap electrodes were formed
by vacuum evaporation with a width of 0.10 cm and a length of
0.18 cm. In order to reduce electrically active defect states in
the polycrystalline films, 13.56 MHz hydrogen plasma
treatment was carried out at 30 W, 130 Pa, 250 °C and for
30 s [4—6]. Numerical calculation program was developed
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using the finite element method with statistical thermodynam-
ical conditions to estimate defect states at grain boundaries in
the poly-Ge and poly-Si films [7-9]. The defect states were
localized at grain boundaries, which distributed uniformly in
the bandgap. The crystalline grain size was assumed as 126 nm
for poly-Ge films and 50 nm for poly-Si films on the base of
our previous investigation [10,11]. Analysis of experimental
conductivity with different temperatures by the numerical
calculation program gave the density of defect states in the
bandgap.

3. Results and discussion

Fig. 1 shows electrical conductivity as a reciprocal function
of absolute temperature for poly-Ge films (a) and poly-Si films
(b) with boron-doping concentrations of 0 (non-doped),
5.0x 10" and 1.0 x 10" cm™>. Fig. 1b also shows electrical
conductivity for 1.0x 10'® e¢m™* doped poly-Si film after
hydrogen plasma treatment. High electrical conductivities
were observed in the every doping concentration as shown
in Fig. la. The electrical conductivity reduced from 3.5 to 0.84
S/cm as the doping concentration increased from 0 to
5.0x 10" em™? at room temperature. On the other hand, it
increased to 13.6 S/cm as doping concentration increased to
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Fig. 1. Electrical conductivity as a reciprocal function of absolute temperature

for poly-Ge films (a) and poly-Si films (b) with boron-doping concentration of
0 (non-doped), 5.0 x 10" and 1.0 x 10" em 3,

Table 1

Densities of defect states at grain boundaries, potential barrier height, effective
hole density to the lateral direction and effective hole mobility obtained by the
numerical analysis

Poly-Ge Poly-Si Poly-Si
as-crystallized as-crystallized hydrogenated
Density of defect 1.1x10" 2.6x10" 4.1x10"
states (cm ™ %)
Potential barrier 0.039 0.38 0.15
height (eV)
Effective hole 1.4x10" 1.2x10’ 1.3x10"

density (cm™?)
Effective hole 295 59 77
mobility (cm*/V s)

1.0 x 10"® cm ™. These results show that poly-Ge films were
sensitive to boron doping. Decrease of the electrical conduc-
tivity by 5.0 x 107 cm™>-boron doping suggests that Ge films
were initially doped with uncontrolled donor species. Analysis
of electrical conductivities using the numerical calculation
program revealed that the donor density was 4.3 x 10'7 cm™?.
Poly-Ge film doped with 5.0 x 10'" cm™> boron atoms is
therefore near intrinsic states. No significant change in the
electrical conductivity was observed by hydrogen plasma
treatment for non-doped and every doping case. On the other
hand, the electrical conductivity was a very low of 4.6 x 10~ °
S/em for the non-doped poly-Si film at room temperature. The
electrical conductivity was slightly increased to 2.0 x 107> S/
cm as doing concentration increased to 1.0x10'® cm >,
Hydrogen plasma treatment markedly increased the electrical
conductivity to 0.019 S/cm. Moreover, the slope of the
electrical conductivity with temperature decreased. These
results indicate that the hydrogen plasma treatment reduced
activation energy with reduction of electrically active defect
states at grain boundaries.

Table 1 shows the densities of defect states at grain
boundaries, potential barrier height, effective hole density to
the lateral direction and effective hole mobility obtained by the
analysis of electrical conductivity using the numerical calcu-
lation program for as-crystallized poly-Ge films, as-crystallized
poly-Si films and hydrogenated poly-Si films doped with
1.0x 10" ¢cm™>. The density of defect states at grain
boundaries was estimated to be 1.1x10'? cm ? for as-
crystallized poly-Ge films. The low defect density resulted in
a low potential barrier height, 0.039 eV and a high effective
hole density, 1.4 x 10'2 cm~2. Moreover, the effective carrier
mobility was as high as 295 cm?/V s. On the other hand, the
defect density at grain boundary was estimated to be 2.6 x 10'?
cm 2 for as-crystallized poly-Si films. This high density of
defect states resulted in a high potential barrier height, 0.38 eV
and a low effective hole density, 1.2 x 10’ ¢cm™ 2. Hydrogen
plasma treatment effectively reduced the defect density to
4.1 10" cm™ 2. The effective carrier mobility was 77 cm?*/V
s. From these results, the density of defect states at grain
boundary in the poly-Ge films is lower than that of
hydrogenated poly-Si films. Moreover, the effective hole
mobility was also high probably because crystalline germani-
um have four times higher hole mobility than that of silicon



H. Watakabe et al. / Thin Solid Films 508 (2006) 315—317 317

2.0
L__z;ser pulse  Eycimer laser Photodiode

[

Oscilloscope

1.5

1.0

As-crystallized poly-Ge
Hydrogenated poly-Si
As-crystallized poly-Si

0.5

Photoconductivity (S/cm)

0 0.5 1.0 1.5
Time (us)

Fig. 2. Changes in the photoconductivity for as-crystallized poly-Ge films, as-
crystallized poly-Si films and hydrogenated poly-Si films with a boron-doping
concentration of 1.0 x 10'® em™>. The laser energy density for generation of
photo carrier was 1.2 mJ/cm® The inset shows the electrical circuit for the
measurement of transient photoconductivity.

[12]. In order to analyze photo-induced carrier responses,
transient photoconductivity induced by pulsed laser irradiation
was measured. Fig. 2 shows changes in the photoconductivity
for as-crystallized poly-Ge, as-crystallized poly-Si film and
hydrogenated poly-Si film doped with 1.0 x 10'® cm™>. The
electrical conductivity before laser irradiation was subtracted in
every case. The photoconductivity was measured using simple
electrical circuit as shown in an inset. DC voltage was applied
to the samples. The transient photocurrent was measured as a
voltage at the load resistance connected between sample and
ground using a 1 GHz high-speed digital oscilloscope. Photo
carriers were generated by pulsed XeCl excimer laser
irradiation with laser energy density of 1.2 mJ/cm?, which
was much smaller than threshold laser energy density for
crystallization of a-Ge and a-Si [13]. Change in the laser power
intensity was also monitored using photodiode. The laser pulse
was initiated at 0 s and finished at about 100 ns. The
photoconductivities rapidly increased in a coincidence with
the initiation of the laser irradiation for all samples as shown in
Fig. 2. The peak conductivity for poly-Ge film was 1.70 S/cm.
After the peak conductivity, it decreased immediately. How-
ever, the photoconductivity was still observed after termination
of laser pulse. This result indicates that photo carriers have a
long carrier lifetime because of low recombination ratio
associated with a low defect density at grain boundaries as
well as the sample surface. On the other hand, as-crystallized
poly-Si films have a low peak conductivity at 0.48 S/cm. The
photoconductivity was not observed within the instrumental
resolution after termination of laser pulse. Photo carriers have a
very low carrier lifetime because of high recombination ratio
associated with a high defect density. Hydrogen plasma
treatment markedly increased the peak conductivity to 1.68
S/em. The photoconductivity was observed after termination of
laser pulse. Hydrogen plasma treatment reduced defect states at
grain boundary and increased the carrier lifetime. For
estimating of the photo carrier lifetime, the photoconductivity
after termination of laser pulse was analyzed. If the photo

carrier reduction rate is proportional to the density of
recombination sites, ,, and photoconductivity as,

do

P2 = — 4N, 2
- 7 @
where 4 is a constant. The photoconductivity, oy, is described
as,

op = Bexp( — AN;t) :Bexp<—£> (3)

where B is the constant, 7, is the carrier lifetime. The lifetime
was estimated by the fitting of calculated photoconductivity
obtained by the Eq. (3) to the experimental photoconductivity
decay after termination of laser pulse. The lifetimes were
estimated to be 3.0 ps and 0.45 ps for poly-Ge film and
hydrogenated poly-Si film, respectively. From Egs. (2) and (3),
the lifetime will be a reciprocal function of density of
recombination sites. Therefore, the lifetime of poly-Ge films
was 6.7 times (=3.0 ps/0.45 ps) of that of hydrogenated poly-Si
films. Table 1 gave the ratio of the density of defect states of N,
(hydrogenated poly-Si)/N, (poly-Ge). It was about 4. These
estimations suggest that the low density of recombination sites
resulted in long carrier lifetime in poly-Ge films associated with
the low density of defect states at grain boundaries.

4. Summary

We investigated the electrical properties of 50-nm-thick poly-
Ge films fabricated by the pulsed laser annealing. Analysis of
electrical conductivity using the numerical calculation program
revealed that the density of defect states at grain boundary in as-
crystallized poly-Ge films was a low of 1.1 x10'* cm™ 2. The
effective carrier mobility was also high at 295 cm?/V s. On the
other hand, the density of defect states in the poly-Si films was
2.6x 10" cm™?. Transient photoconductivity measurement
revealed that the carrier lifetime of poly-Ge films was 6.7 times
that of hydrogenated poly-Si films. These results show a
possibility to fabricate poly-Ge TFTs with high mobility.
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