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Abstract

Nano-multilayers (NMLs) of a-Si:H/a-Ge: H were prepared at 200°C by alternating
deposition from SiH4; and GeH, plasmas in a computer-controlled four chamber glow-
discharge deposition system with capacitive coupled diode reactors. IR spectroscopy and
scanning electron microscope (SEM) were used to study the structural changes after
annealing at 300 and 450°C for 8 h. The annealed multilayers exhibit surface and bulk
degradation with formation of bumps and craters. The electrical measurements results
reveal that the increase of electrical conductivity, while optical energy gap is decreased
with increasing the annealing temperature and/or time is partially due to formation of H
bubbles in the Ge layers and partially due to crystallization effects. On the other hand it
was found that the activation energy of crystallization deduced from the annealing time
dependence of the conductivity using Avrami's equation is structural dependent.

Keywords Nano-multilayers (NMLs), a-Si:H/a-Ge: H, structure, electrical conductivity,
crystallization, Avrami's equation

l. Introduction

Amorphous silicon based semiconductors Nano-multilayers (NMLs) of a greet interest
for device applications. Nano-multilayers of a-Si:H/a-Ge:H are used as a new type of
narrow bandgap materials for amorphous silicon-based solar cells [1]. High efficiency
solar cells are necessary to convert solar energy to electrical energy at low cost [2]. Since
the quality of a-Siy.xGex:H is not as good as that of a-Si:H, some attempts were carried
out to improve the optical and electrical properties of a-Si;.xGex:H by producing it from
ultrathin layers of a-Si:H/a-Ge:H [3-9]. In this paper, the effect of hydrogen dilution and
hydrogen bond configuration on the quality of Nano-multilayers of a-Si:H/a-Ge:H were
investigated.

Il. Experimental

The Nano-multilayers(NMLs) of a-Si:H/a-Ge:H were prepared by alternating deposition
from SiH4 and GeH4 plasmas in a computer-controlled four chamber glow-discharge
depositionsystem with capacitively coupled diode reactors. At a substrate temperature of
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200°C, a RF of 13.6 MHz, aRF power of 10 W, a pressure of about 0.18 mbar and a gas
flow of 5sccm in the SiH4 chamber and 0.32 mbar and a gas flow of 0.25-2 sccm
of H-GeH, in the GeH4, (NMLs) of a-Si:H/a-Ge:H films were grown on quartz
substrates for optoelectronic characterization and on crystalline Si for composition
analysis. The (NMLs) of a-Si:H/a-Ge:H structures with well layer thickness of 1.6-8 nm
and a barrier layer thickness of 3nm and the other set with barrier layerthickness of
1.6-9 nm and well layer thickness of 1.2and 2 nm were prepared for the measurements.
The individual thickness of a-Si:H barrier layer dSi was varied bychanging the deposition
time, while the well layer thickness dge of a-Ge:H was controlled by changing the
hydrogen dilution ratio [H,]/[GeH.] as well as by changing the deposition time. The
growth rate was kept near 0.1 nm/s for a-Si:H and ranged from 0.1 to 0.4 nm/s for a-Ge:H
layers. The total film thickness measured by the Dectak surface profiler was in the range
of 300 to 550 nm and the total number of periods was controlled between 60 and 100.The
X-ray diffraction (XRD) of the prepared samples has shown that the interface between
a a-Ge:H well layer and a a-Si:H barrier layer is atomically abrupt. The period thickness
measured by XRD was in good agreement with the period calculated from the total film
thickness measured with a Dectak surface profiler and the growth rates of the individual
layers in the bulk. Infrared absorption spectra were measured in the range between 400
and 2200 cm™ using a Nicolet Fourier transform infrared spectrometer (model 740). After
base line correction, the IR absorption peaks were fitted by Gaussian to obtain the
integrated absorption intensity [*. As the film thickness was usually belowl pum, the
correction proposed by Langford et al. was employed to obtain the integrated absorption I.
The optical bandgap E; was deduced from transmission and reflection measurements
using JASCO V-570 UV - vis Spectrophotometer—Instructions. The samples were
characterized by the scanning electron microscopy (SEM) after annealing at 300°C for 8
h. For electrical measurements, a co-planer method was used for the dark and photo-
conductivity in vacuum. The light source of a tungsten lamp of intensity 100mW/cm? was
employed.

I11. Results and discussion
3.1. Infrared absorption spectra

Typical infrared (IR) absorption spectra for a-Si:H(3 nm)/a-Ge:H multilayers of thickness
dge=1.2 nm (HD =20) and dg.=2 nm (HD =10) are shown in figure (1). For the a-
Si:H/a-Ge:H multilayers, major absorption peaks between 500 and 800cm™ are attributed
to Si-H and Ge-H wagging modes and between 1800 and 2200cm™ due to Si-H and Ge-
H stretching modes. The absorption peak near 1880 cm™ is attributed to the stretching
vibration of Ge-H groups incorporated into bulk material, while the absorption near
2100cm™ is associated with the vibration of Si-H and/or Si-H, groups located at
internal surfaces of voids. The absorption peak near 2000 cm™ was attributed to Ge-H or
Ge-H; groups at void surface and Si-H groups in compact material [3,10,11].
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Figure (1): The IR- spectra of untreated a-Si:H(3 nm)/a-Ge:H multilayers of dge=1.2 and 2
nm.

It seen that the absorbance of the wagging, bending and stretching modes decreases by
increasing the well width due to reduction in the total hydrogen content Ny arising from
decreasing of the hydrogen dilution during deposition which leads to a decrease of the
hydrogen content [12].

The hydrogen evolution from the multilayers of a-Si:H/aGe:H during annealing plays an
important role for changes of structure and properties. It is seen that after annealing for 8 h
at 300°C and 450°C, the integrated intensity of the waging, bending and stretching bond
decreases for the two samples. In the stretching mode range of the wave number, the spectra
show that the integrated absorption intensity of Ge-H and Si-H stretching bonds is
decreasing after annealing at 300°C and 450°C, indicating that hydrogen moves around in
Ge and Si layers and is partially evolved, thus causing a change in the atomic density of
the Ge and Si network and also a change in the ratio of dge/(dsit dge) Which is correlated
with the form factor. The hydrogen evolved from Ge and Si layers leads to structural
relaxation caused by the annealing preferentially takes place [8,13].

The hydrogen content (Ny) calculated by fitting the stretching mode of a-Si:H(3 nm)/a-
Ge:H multilayers of dge=1.2 nm and dge.= 2 nm before and after annealing (See figures
(2) and (3)) is given in table ( 1 ). The fitting was done by using Gaussian distribution for
calculating the hydrogen content. For brevity see figure (4) for untreated a-Si:H(3nm)/a-
Ge:H multilayers of thickness dge=1.2 nm (HD =20).

It is seen that the total hydrogen content (Ny) is decreasing after annealing at 300 and
450°C due to the evolution of hydrogen from the network during the annealing process.
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Figure ( 2): IR- spectra of the stretching mode of a-Si:H (3 nm)/a-Ge:H multilayers of
dge=1.2 nm before and after annealing at 300°C for 8 h.
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Figure (3): IR- spectra of the stretching mode for a-Si:H (3 nm)/a-Ge:H multilayers of
dece=2 nm before and after annealing at 450°C for 8 h.
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Figure (4): Fitting of IR- spectra in the stretching mode range for a-Si:H (3 nm)/a-Ge:H
multilayers of dg.=1.2 nm before annealing.

Table (1): The hydrogen content for the two samples before and after annealing.

dee | HD | annealing Hydrogen Hydrogen
Samples (nm) temperature content content
(°C) before annealing | after annealing

(Np) cm™ (Np) cm™

a-Si:H(3 nm)/a- 1.2 | 20 300 2.85 x10™ 2.03 x10™
Ge:H

a-Si:H(3nm)/a- 2 10 450 2.64 x10™ 1.84 x10%*
Ge:H

3.2 Scanning Electron Microscopy (SEM)

Multilayers of a-Si:H (3 nm)/a-Ge:H were investigated by the scanning electron
microscopy (SEM) after annealing at 300 and 450°C for 8 h. Figures (5) and (6) show
the SEM images of a-Si:H (3 nm)/a-Ge:H multilayers of dge= 1.2 and 2 nm and annealed
at 300°C and 450°C for 8 h, respectively. It is seen from the images that bumps appear
on the surface of the films annealed at 300°C for 8 h{see figure (5)} while craters are
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formed on the surface of films annealed at 450°C as shown in figure (6). The hydrogen
forming the bubbles arises from the rupture of the Si-H and Ge-H bonds activated by the
thermal energy of the annealing temperature [15] and by the energy released from the
recombination of thermally generated electron hole pairs. It has been reported that if the
initial H content is very high and /or the annealing conditions are very severe creation of
craters occurs [16,18]. Thus, craters appeared on the surface of films annealed at 450°C
as shown in figure (6).

#p 1/6/2015 HY wD pot ag det L L R —
4:45:23 PM | 10.00 kV | 10.8 mnr .0 000 x | BSED National Research Center Quanta FEG250

Figure (5): The SEM image for a-Si:H(3nm)/a-Ge:H multilayers of thickness of dg.= 1.2
nm and annealed at 300°C for 8 h.

10 pm

National Research Center Quanta FEG250

Figure (6): The SEM image for a-Si:H(3nm)/a-Ge:H multilayers of dg.=2nm and
annealed at 450°C for 8h.
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3.3. Optoelectronic data

The optical bandgap is useful material parameter that allows comparison of a-Si:H(3
nm)/a-Ge:H multilayers thin films based materials regarding their light absorption
properties. Figures (7) and (8) shows the relation between (ahv)¥? and hv of a-Si:H(3
nm)/a-Ge:H multilayers of thickness dg.=1.2 and 2 nm, respectively. According to Tauc's
relation, the optical energy gaps deduced from the plots are given in tables (2) for the two
samples before and after annealing.
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Figure (7): (ahv)Y? vs. hv for untreated a-Si:H(3nm)/a-Ge:H
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Figure (8) : (ahv)*? vs. hv for a-Si:H(3 nm)/a-Ge:H multilayers of dge = 1.2 nm
(HD =20) and dge = 2 nm (HD =10) after annealing.
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It seen from table (2) that the optical gap for a-Si:H(3nm)/a-Ge:H multilayers decreases
after annealing while the Urbach energy increase. This clearly confirms the very close
relationship existing between these two parameters because of the presence of a more or
less important density of dangling bonds in the material [9,11,17].

Table (2): The optical energy gap Eg and Urbach energy E, for a-Si:H(3 nm)/a-Ge:H
multilayers.

before annealing After annealing
Sample dee Nu (cm™ | Eg E, Nu (cm®) | Eq E,
(nm) %) (eV) | (meV) (V) | (meV)

a-Si:H(3nm)/a- | 1.2 | 2.85x107 | 1.36 | 72 | 2.03x10”* | 1.06 79
Ge:H

a-Si:H@Bnm)la- | 2 | 2.64x107 | 1.28 | 96 1.84 x10** | 1.01 102
Ge:H

The dark and photo- conductivities as a function of temperature for a-Si:H(3 nm)/a-Ge:H
multilayers of thickness dge=1.2 and 2 nm in the temperature range 303- 423 K are shown
in figures (9) and (10), respectively. It is seen that the relation between the electrical
conductivity and the temperature obey the Arrhenius type equation:
0=0p exp(-Ea/ksT) Q)

where o is electrical conductivity, E; is the activation energy and kg is the Boltzmann's
constant. The hydrogen content plays an important role for determining electrical
conductivity of a-Si:H/a-Ge:H multilayers. The electrical conductivity measured at 300 K
and the activation energy calculated from the slopes of the lines for the samples are given
in table (3). It is seen that the electrical conductivity increase while activation energy
decrease with increasing dge due to a decrease in the total hydrogen content as conformed
by the previous works [11,14] Also the photo conductivity increases while the

photosensitivity decreases with increasing the well width thickness.
-6 T T T T T

5.37 2.'I:_>3 2.I69 2.I85 3.61 3.I:L7 3.;33
1000/T ( K™)

Figure (9): Dark conductivity vs. inverse of temperature for a-Si:H(3 nm)/a-Ge:H

multilayers of dge = 1.2 nm (HD = 20) and dge = 2 nm (HD =10).
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Figure (10): Photo- conductivity vs. inverse of temperature for a-Si:H(3 nm)/a-Ge:H
multilayers of dge = 1.2 nm (HD = 20) and dge = 2 nm (HD =10).

Table (3): Dark and photo- conductivity measured at 303 K and the activation energy for
untreated a-Si:H(3 nm)/a-Ge:H.

The sample dee | HD (o Oph opn/ Ead Eapn
(nm) (Qtem™) [ @QYem?) | og | (V) | (eV)
a-Si:H@Bnm)a- | 1.2 | 20 [5.86 X 10" | 1.53 X10"|[ 261 | 061 | 048
Ge:H
a-Si:H(3 nm)/a- 2 10 6.67 X 1.64 X 2.46 0.53 0.45
Ge:H 107 107

The electrical conductivity of a-Si:H( 3nm)/a-Ge:H multilayers of dge= 2 nm as a
function of annealing times recorded at different temperatures 493, 523, 553 and 573 K
is given figure (11). All samples show the same general behavior where the electrical
conductivity increases with increasing the annealing time at constant annealing
temperature and becomes constant at high annealing time. This behavior is attributed
partially to crystallization occurring in the multilayers and partially to the release of
hydrogen from the network depending on the annealing temperature and annealing time.
It is known that the conductivity of crystalline material is higher than that of amorphous
one since the ordered systems exhibit lower activation energy than the amorphous one.
Thus the electrical conductivity measurements as a function of annealing time at constant
temperature are used to study the isothermal crystallization kinetics using Johnson-Mehl-
Avermi's (JMA) equation [20].
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Figure (11): logarithm of the electrical conductivity versus the annealing time at constant
annealing temperatures for a-Si:H( 3nm)/a-Ge:H multilayers of dge=2 nm.

It is known that the electrical conductivity of the ordered system is higher than that of
amorphous one and the ordered systems exhibit lower activation energy than the
amorphous one [19]. Thus the electrical conductivity measurements as a function of
annealing time at constant temperature are used to study the othermal crystallization
kinetics using Johnson-Mehl-Avermi’s (JMA) equation [20]. in the form:

1= 1-exp[-(k)T]  (2)
Where y is the volume fraction of the crystalline phases transformed from the amorphous
state at time t, n refers to the order of reaction and k is the effective overall reaction rate,
which actually reflects the rate of crystallization [20], and it is given by:

k = ko exp [-E¢/RT] (3)
Here ko indicates the number of attempts to overcome the energy barrier. From the
results of the conductivity as a function of annealing time the volume fraction y is
calculated from the relation:

% = (o1 60)/(c —00) (4)
where oy is the electrical conductivity at zero time, o; the electrical conductivity at any
time t and o is the electrical conductivity at the end of saturation (full crystallization).
According to JMA equation the value of n can be obtained from the slopes of the plots of
Ln[-In(2- y)] vs. In(t)
According to JMA equation the values of (n) are given in table (4) for the studied films
measured at 493, 523, 553 and 573 K. Since the volume fraction of the crystallized
phases is assumed to depend on the conductivity of the material at any annealing time, we
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found that the value of (n) does not depend on the annealing temperature. The values of
(k) are given in table (4) for the films. According to equation (3) the values of the
activation energies E. of crystallization for the a-Si:H( 3nm)/a-Ge:H multilayers of
dge=2 nm are also given in table (4).

Table (4): Values of n, k and E. for a-Si:H( 3nm)/a-Ge:H multilayers of thickness dge= 2
nm.

n k
T 493 | 523 | 553 | 573 493 523 553 573 E.
K 1K K | K (K) (K) (K) (K) kJ/mol
dee= 117 | o. 0. 0. | 7.07x10 | 3.05x10 | 5.16x10° | 7.8 x10 | 213.7
2nm 757 | 755 | 771 4 2 .

For a-Si:H (3nm)/a-Ge:H multilayers of dge=1.2 nm measured at 573, 623, 673 and 723
K as a function of time, the values of n and values of (k) are given in table (5) for film.
According to equation (3) the values of the activation energies E. of crystallization are
given in table (5). The results obtained show that crystallization takes place in Si and Ge
layers individually since the crystallization temperature of Ge is around 573 K while that
of Si is near 773 K Thus the activation energy of Si layers is higher than that of Ge layers
as seen in table (5).

Table( 5 ): Values of n, kand E. for a-Si:H( 3nm)/a-Ge:H multilayers of thickness
dge=1.2 nm.

n Kk
T 573 | 623 | 673 | 723 573 623 673 723 E.
K | K | (K | (K (K) (K) (K) (K) | ki/mol
Ge- 1.15 | 0.669 | 0.664 | 0.761 | 1.22x10" | 5.13x10 6.68 7.70x10" | 4041
Layer ! ! x10™ !
Si- 0.457 | 0.325 | 0.154 | 0.198 2.70 1.04x10° | 3.74x10" | 5.77x10" | 72.83
Layer x107 2 2 2

IVV. Conclusion

All samples show the same general behavior where the electrical conductivity increases
with increasing the annealing time at constant annealing temperature and becomes
constant at high annealing time. This behavior is attributed partially to crystallization
occurring in the multilayers and partially to the release of hydrogen from the network
depending on the annealing temperature and annealing time. The hydrogen content plays
an important role for determining the electrical conductivity and optical gap of nano-
multilayers a-Si:H/a-Ge:H thin films. The reason in changing optical gap, this may be
due to shifting the Fermi level, where increasing shifting the Fermi level above, with
bumps large.
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