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DEPOSITION TECHNIQUE

Possibilities of plasma chemical deposition of a-Sii—zGey:H (x = 0+1) films undoped and
doped with PHs or Bz Hg have been analyzed from the viewpoint of their application in p—i-n
structures of solar cells. The optical, electric, and photo-electric properties are considered, and
the amount of hydrogen contained in those films is determined. The film properties are found to
strongly depend on the film composition and the hydrogenation level. The number of hydrogen
atoms in the films is varied by changing the gas mizture composition, and IR absorption in
a-Si:H and a-Ge:H films is measured. The photoconductivity is calculated using the formula
Jpn = AF” with v = 1. The hydrogen concentration Nu in the films is characterized by the
preferable additional parameter P and was determined with the use of the vibrational stretching
and wegging modes for the a-Si1_, Gey:H (x = 0+1) films. The a-Si:H and a-Sio.ss Gep.12:H
films were used to fabricate three-layer solar cells with an element area of 1.3 cm? and an

efficiency of 9.5%.
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1. Introduction

Si films and their alloy are characterized by various
structural phases. The most interesting of them are
crystalline grains embedded in an amorphous ma-
trix. Such alloys are prepared using various methods
and under various technological regimes. For the films
of hydrogenated amorphous silicon, a-Si:H, grown by
the method of cyclic deposition with an annealing
in hydrogen plasma, the Staebler—Wronski effect is
weakly pronounced [1]. The authors of work [2] mark
the actual absence of this effect in nanostructured a-
Si:H films. The crystallization of silicon a-Si:H films
is carried out by various methods, such as a long-
term annealing in vacuum at 600 °C, a rapid thermal

© B.A. NAJAFOV, V.V. DADASHOVA, 2014

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 10

treatment [3], laser annealing [4], and ionic implan-
tation [5]. The mobility of charge carriers and the ef-
ficiency of doping in such films are higher than in a-
Si:H, and the coefficient of optical absorption is higher
than in crystalline silicon. The a-Si;_,Ge,:H and a-
Siy_,C,:H films are an efficient cheap material for the
manufacture of solar cells and other electronic devices
[6,7]. In this connection, the production of the films
concerned and the modification of their conductivity
type is a challenging problem.

In work [8], it was shown that a variation of the
substrate temperature is accompanied by an increase
of the nanocrystal growth rate. It was found that an
increase of the PH3 concentration gives rise to a re-
duction of both the average grain size d and the vol-
ume fraction V, of crystalline particles. At the doping
with boron and an increase of the BoHg concentra-
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tion, the value of d does not change, whereas V, de-
creases. Hydrogen in a-Ge:H has weaker passivation
properties than in a-Si:H, so that, in whole, the pho-
toefficiency of a-Si;_,Ge,:H films is some lower than
that of a-Si:H ones [10, 11].

Hydrogen atoms play an important role in the film
structure. This work aims at determining the amount
of hydrogen in the a-Si;_,Ge,:H (x = 0=1) films and
measuring their electrophysical properties, as well as
at developing electronic devices on their basis.

2. Experimental Part

Thin a-Si;—,Ge,:H (x = 0+1) films were fabricated
using the method of plasma chemical deposition. The
applied gas mixtures Ho + SiHy and He + GeHy
were taken in various proportions. The correspond-
ing procedure was described in works [12, 13] in de-
tail. Plasma was generated by an HF field owing to a
mainly inductive coupling. The thickness of obtained
films varied from 0.1 to 1.0 ym. For every specimen,
the absorption, «, refraction, n, reflection, R, and
transmission, 7', coefficients, as well as the energy
gap width F, were measured using the Tauc model
[14]. Optical absorption was studied on an IKS-21
spectrometer, at room temperature, and following the
procedure described in works [15, 16].

The measurement of the temperature dependence
of the electric conductivity, o(T), in the interval
500 K< T < 200 K showed that, for a-Si;_,Ge,:H
films, the o(T) behavior is governed by the band
conductivity and is described by the known relation
[17,18]. At rather low temperatures, T' < 200 K, the
activation energy is a varying quantity obeying the
Mott law. The photoconductivity calculated in the
framework of the method of work [19] was found to
satisfy the formula

Iy = AFY (1)

with v = 1, where F' is the flux of incident pho-
tons per surface unit (cm~2-s7!). Integrated over
the whole spectral range, the photon flux equaled
5 x 102 em~2-s7!. Note that, in this wavelength
interval, Ny ~ F, where Ny is the total number of
incident photons irrespective of their wavelengths.

It is clear that, in order to determine the coefficient
of proportionality A, the spectral regions of weak ab-
sorption should be used. The photocurrent was mea-
sured in the interval 0.5=+3.0 eV. For a-Si;_,Ge,:H

960

films, it was found that the variation of such pa-
rameters as the hydrogen concentration H, hydro-
gen content x, quantum yield 7, and drift mobility u
gave rise to the photocurrent changes in the interval
1078+107% em?/V.

3. Results and Their Discussion

The hydrogen concentration in the a-Si;_,Ge;:H
(z = 0+1) films was determined with the help of the
method proposed by Brodsky et al. [15, 16]:

AN fal),
N= <r/s>/ d, @)

w
where N is the Avogadro number, and I'/§ =
= 3.5 cm?/mol is the integral strength of hydride. If
Aw/wy < 0.1, where wy is the maximum of the ab-
sorption band and Aw its width, Eq. (2) can approx-
imately, to an error of 2%, be rewritten in the form

__ANs oV do
N_(F/f)wo/ () dw, )

where A = %, and ¢ is the dielectric constant
(e = 12 for Si and 16 for Ge). Designating the pre-
integral expression in Eq. (3) as Ag and introducing
the integrated absorption of the stretching mode for
every film, Jg = wa a(w)dw, we obtain the general
short expression for the hydrogen concentration

Ny = AgJs. (4)

The coefficient Ag equals 1.4 x 10%° cm ™2 for a-Si:H
films in the stretching mode interval. The absorption
coefficient o equals 8 x 107'+3 x 102 cm™! at in-
dicated frequencies (about 2100 cm™!), and Ny =
=T7x10%1+2.1 x 10?2 cm ™3 in this case. For a-Ge:H
films, Ag = 1.7x10%° ecm™2. Tt is evident that Eq. (4)
also characterizes the vibrational mode of bond
stretching in the a-Si:H, a-Ge:H, and a-Si;_,Ge,:H
films. Estimations of the relative hydrogen binding in
hydrogenated amorphous a-Si;_,Ge,:H bring about
the expression

pP— {NSI—H} v (5)

NGefH 1—a’

where Ng;_g and Nge_py are the hydrogen con-
centrations in a-Si:H and a-Ge:H films, respec-
tively. Equation (4) can be rewritten for the wagging

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 10



Optoelectronic Properties

Characteristic parameters of amorphous a-Sip.60Geo.40:H films

No. Py, Eo, P H, NsiH, Nge:n, Ny, (Si) (Ge) (Ge) (Si)
. p - p I I I I Is /T
Film | mTorr eV at.% | cm™3 cm ™3 cm ™3 cm ™3 S S w oTW s/tw
1 0.6 1.32 | 1.85 1.3 | 6.2x10% | 22x10%! | 3.1x10%0 | 7.2x 10! | 6.3x 10! | 6.0 x 102 0.13
2 1.2 1.36 | 2.29 51 | 9.4x10%21 | 2.7x10%! | 4.0x10%! | 8.6x 10" | 7.5x 10" | 5.2 x 102 0.18
3 1.8 1.41 | 2.59 87 | 1.3x10%2 | 3.3x10%! | 5.1x10%! | 9.4x 10" | 8.3x10' | 4.0x 102 0.26
4 2.4 1.44 | 3.38 14.7 | 2.1x10%2 | 41x10%! | 6.2x 102! | 1.0x 102 | 9.0 x 10! 3.0 x 102 0.38
5 3.0 1.52 | 4.16 | 23.7 | 29x10%2 | 46x10%! | 9.7x10%" | 1.1x10% | 1.0x 102 | 2.7 x 102 0.51
mode of a-Si:H and a-Ge:H films. The corresponding ° 1
quantities Ng;_y and Nge_p look like as follows: § 12| ®2
4
3 '
Nu = Aw Jw. 6) ¢ -
S i
» t
Here, Jy = fww #dw is the integral absorption of é 1w ko
the wagging mode for the a-Si:H and a-Ge:H films, g d'
o
and Ay = 1.6 x 10 ecm~2 and 1.1 x 10! em™2, 3
respectively. Knowing the Nge_pn-value (where, for a- s
Ge:H films, Ay = 1.6x10" ecm™? anda =50 cm™!),  § ;0|
. . ©
let us calculate the hydrogen concentration Ny in the £
. . . Q
a-Si1_,Ge,:H film using the expression g A
1 (w) 0 0.2 0.4 06 08 1.0 1.2
[ () a i

streets

— wag
NH - NGefH

: (7)
az—(w)) dw

strefets ( “
where N§o8 ; is the number of Ge-H bonds calculated
with the help of Eq. (6) for the wagging modes in
pure a-Ge:H. The second multiplier in the expression
for Ny (the integral ratio between the maxima of IR
absorption) corresponds to the vibrational mode of
stretching in the specimen and in pure a-Ge:H. For
its calculation, the maximum corresponding to the
vibrational stretching mode of Ge-H (2000 cm™!) in
the a-Si1_,Ge,:H film was used.

The data presented above make it possible to esti-
mate the oscillator strength in the a-Si; _,Ge,:H film
using the relation

r'=Js/Jw,

where Jg ~ Jg’e—i—Jgi and Jy =~ JV(I;’,e—i—J%}. The quan-
tities J§¢, J5', JG°, and Jii are the integral absorp-
tions of the stretching and wagging modes, respec-
tively. For the oscillator strength, we obtain I' = 0.51
(at z = 0) and 0.13 (at = 1). The maximum
value of the parameter P (P = 4.16) is obtained for
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Fig. 1. Hydrogen distributions across the film thickness d de-
termined by the proton recoil (1) and IR absorption spectrum
(2) methods

x = 0.40. In Table, the characteristic parameters of
amorphous a-Sig g0Geg.40:H films are presented.

Figure 1 demonstrates the hydrogen distribution
across the film thickness d determined with the use
of the recoil proton method (points 1) and the IR
absorption spectrum (points 2). One can see that hy-
drogen atoms are distributed rather uniformly. Note
that the values of Ny determined by the indicated
techniques coincide to an accuracy of 2-3 at.%.

In Fig. 2, the correlation dependences of the hydro-
gen concentration determined for the a-Sigp 60Geg 40:H
films with the help of the effusion method are de-
picted. One can see that the hydrogen concentra-
tion Ny determined in this way correlates with the
corresponding values calculated, by using the inte-
grated strength Jy at a wagging mode frequency of
600 cm~!. After the effusion at the thermal treatment
(350700 °C), the hydrogen concentration was found
to equal Cy = 1.3+23.7 at.%.
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Fig. 2. Correlation dependences of the hydrogen concentra-
tion determined by the effusion method for a-Sip.60Geg.40:H
films obtained at various hydrogen pressures Py, = 0.6 (solid
circles), 1.2 (bold circles), 1.8 (thin circles), 2.4 (triangles), and
3.0 mTorr (diamonds)
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Fig. 3. Dependences of the partial hydrogen pressure Py,
(1) and the hydrogen concentration Cy (2) on the oscilla-
tor strength I' in amorphous films of the solid solution a-
Sio.60Geo.40:H

It is also found that the oscillator strengths I' de-
pend on the hydrogen concentration Cy: they de-
crease at the hydrogen effusion. As the hydrogen
content Py, in the environment of the obtained a-
Sip.60Geo.40:H films increased (within the partial pres-
sure interval from 0.6 to 3.0 mTorr), the oscillator
strength grew (Fig. 3). This circumstance is related
to the increase of the numbers of hydrogen-containing
bonds GeH and SiH at the specified frequency. As
the annealing temperature grows, the Ge-H and Si-
H bonds break. The hydrogen concentration in the
a-Si:H films after the thermal treatment at 350 °C
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starts to decrease, and at 700 °C it practically van-
ishes [20]. The shift of the absorption band in the
solid with respect to the characteristic frequency of
this vibration mode in a gas can be determined, by
using the expression [21]

e*? e—1
Aw=—
v [2mR3wo] |:25 + ].:|7 (8)

where e* is the effective charge, m the reduced dipole
mass, R the radius of a sphere around the volume
including the dipole, and ¢ the dielectric permittivity
of the matrix. The quantity e* can be determined
from the relation

cnw m
T on2 ex2 ©)

where c¢ is the light velocity, n the refractive index,
and w the oscillation frequency. The obtained theo-
retical values coincide with the experimental data.

3.1. Optical properties of films

The dependence of the quantity (ahu)1/2 on hv en-
ables one to determine the energy gap width for every
film [14,16]. In all examined films, the optical absorp-
tion edge coeflicient is described by the relation
ahv = B (hv — Ey)?, (10)
where a = 5 x 10*+10° cm ™!, Ej is the correspond-
ing optical energy gap width for a specific film, and B
is the proportionality factor. The specific value of the
latter is determined by extrapolating the dependence
of (ahu)1/2 on hv for every specimen. The square-
law dependence (10) was obtained theoretically in
the framework of the Tauc model [14] describing the
density of states in the mobility gap. The B-values
obtained for a-Siy_,Ge,:H (z = 0+1) films varied
from 527 to 343 cm'/2?/eV, and the corresponding Fy-
values from 1.14 to 1.86 eV.

3.2. EPR spectra
of amorphous a-Si,_, Ge,:H films

The EPR spectra of a-Si;_,Ge,:H films were regis-
tered on an RE-1316 spectrometer with an operation
frequency of 9.4 GHz (B = 3.2 cm) at a tempera-
ture of 80 K. The resulting spectra were asymmetric,
because they consisted of two components associated
with free Si and Ge bonds. However, the observed
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signal was not a simple superposition of signals for Si
and Ge: those signals strongly interacted with each
other, so that the ultimate signal registered in the
intermediate interval tended to look like as a single
one. Therefore, the observed spectra to the left and to
the right can be described by a superposition of those
two components: with the factor g = 2.018+2.022
and a linewidth of 73-86 Gs for silicon free bonds,
and with the factor g = 2.004+-2.006 and a linewidth
of 51-65 Gs for germanium ones [10].

For a-Siy_,Ge,:H films, the g(x) values are smaller
in comparison with the values of 2.005 for free silicon
bonds and 2.018 for free germanium ones. In other
words, in Si—-Ge systems, the value of g for free sil-
icon or germanium bonds diminishes [10]. In Fig. 4,
the typical EPR curves for a-Si;_,Ge,:H films with
x = 0.20 are shown. The g-factor was determined by
doubly integrating the differential curves. The results
were reduced to a common scale with the use of a
MgO:Mn?*t standard.

3.3. Electric and photo-electric
properties of a-Siy_,Gey:H films

The results of dark conductivity measurements for
the films concerned testify that this parameter can
be presented as a sum of two components: high-
(at T'> 200 K) and low-temperature (at 7' < 200 K)
ones:

AE
o =01+02=001€Xp|— +

kT
AFE
+op2exp | — T )

(11)
For a-Si;_,Ge,:H films with z varying within the in-
terval 0 < z < 1, the quantity AFE changes from 0.5
to 1.0 eV. Depending on z, the localization radius in
a-Si;_,Ge,:H films at temperatures 500 K > T >
> 200 K amounts to a1 = 7+10 A, the density of
states to N(Er) = 10*+10'® cm=3eV~!, the jump
energy to £ = 0.012+0.091 eV, and the hopping dis-
tance to R = 70+150 A.

In Fig. 5, the dependences of the energy gap width
on the conductivity activation energy are shown for
a-Siy_,Gez:H films with z = 1 (1), 0.75 (2), 0.6
(3),0.5(4),0.4 (5),0.3(6),0.1(7), and 0 (8). The
pre-exponential coefficients in Eq. (11) change within
the intervals op1 = 0.001+50 Q/cm and ogy =
=10"7+10"* Q/cm. The introduction of 40 at.% Ge
into a-Si:H films resulted in a strong reduction of the

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 10
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A

Fig. 4. Typical EPR curves registered at a temperature of
80 K: (a) a-Si1—5Gez:H with z = 0.4, H = 21 at.%, g = 2.006;
(b) a-Si:H: g = 2.005 before the annealing and 2.003 after
the annealing at 550 °C; (c) a-Ge:H: g = 2.018 before the
annealing and 2.003 after the annealing at 550 °C
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Fig. 5. Dependence of the energy gap width on the photocon-
ductivity activation energy for a-Sij_,Gez:H films with z = 1
(1), 0.75 (2), 0.60 (8), 0.50 (4), 0.40 (5), 0.30 (6), 0.2 (7),
and 0 (8)

electron and hole mobilities, energy gap width, pho-
toconductivity, recombination lifetime, and conduc-
tivity activation energy (Fig. 7).

In the interval of a weak absorption, A = 1 and
v = 0.4+0.9. The results obtained testify that the
parameter v depends only on the concentration of Ge
atoms in a-Si:H films (Fig. 6).

3.4. Creation of solar cells

The results of our researches showed that a-
Siy_Gez:H (2 > 0.20) films can be used in semicon-
ductor electronics as a high-quality material. For this
purpose, we developed a three-layer element on the
basis of two-layer elements of the cascade type. The
three-layer element was fabricated from a two-layer
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Fig. 6. Dependence of the photoconductivity parameter v on
the silicon concentration for a-Sij_,Gey:H films with x = 1
(1), 0.75 (2), 0.60 (8), 0.50 (4), 0.40 (5), 0.30 (6), 0.2 (7),
and 0 (8)
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Fig. 7. Dependences of the photoconductivity parameters
vpupT and opy, and the drift mobilities for holes (pp) and elec-
trons (un) on the Ge concentration for a-Sij_;Geg:H films
with x = 0+1. Deposition conditions are indicated in Fig. 5

one consisting of two a-Si:H-based elements with a
p—i—n junction, and a p—i—n element, in which an
a-Sig.gsGeg.12:H film played the role of an i-layer
(Fig. 8). The thicknesses of i-layers for the upper
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layer element with the i-layer fabricated on the basis of a-
Sio.s8 Geo.12:H
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Fig. 9. Characteristics of solar cells with single-, two-, and
three-layer p—i—n structures at an illumination intensity of
100 mW /cm?

junctions were selected to satisfy the equality condi-
tion for the short circuit current in the lower element:
the short circuit current should amount to about half
the corresponding value for the element with one p—
i—n junction. As the number of imposed layers grew,
the open circuit voltage increased, and the short cir-
cuit current decreased. This method can be used to
build up several layers (i.e. to fabricate an n-layer el-
ement). Note that an i-layer 0.5 pum in thickness was
made for every element. The area of every element
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Fig. 10. Dependences of the charge carrier collection efficiency
on the light wavelength for solar cells with single- (1), two- (2),
and three-layer (8) p—i—n structures

amounted to 1.3 cm?. While fabricating three-layer

solar cells, all elements must have the same thick-
ness and area. Steel was selected as a material for
the substrate. As a coating material, ZrO; with a
light transmittance of 80% was used. Simultaneously,
ZrOq played the role of the upper (front) contact
(Fig. 8). The thicknesses of a-Si:H layers of the p-
and n-types were equal to about 300 and 400 A, re-
spectively.

At doping the film, the amount of BoHg and PHjy
in the gas mixtures was varied within the limits of 0.1
and 0.5%, respectively. After the deposition of amor-
phous semiconductor layers, ZrO films about 500 A
in thickness were created by evaporation. Ni/Ag was
used for the upper contacts, and the substrates made
of a stainless steel for the lower ones. The elements
were illuminated with a sunlight source under the
AM-1 conditions (100 mW /cm?). The short circuit
current for three-layer elements was 8.5 mA /cm?,
the open circuit voltage about 2.25 V. the filling
coefficient about 0.50, and the efficiency 7 about
9.5% (Fig. 9). The efficiency was equal to 7% for
the single-layer element and 8.9% for the two-layer

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 10

one. In Fig. 10, the dependences of the collection ef-
ficiency on the light wavelength at a photon flux of
10161018 photon/mz/s are depicted for the single-,
two-, and three-layer elements operating in the short
circuit regime.

The efliciency of charge carrier collection at various
wavelengths is defined as

Jph (/\)
eN (N\)’

where Jpn (A) is the photocurrent density, N(\) the
number of photons incident on a surface unit per sec-
ond, and e the charge of free carriers. In order to make
the solar cell efficiency n higher, one has to increase
the number of layers, decrease the area of elements,
make a proper choice of metal wires, reduce the re-
sistance of metal contacts, and so on.

Y (A=

(12)

4. Conclusions

The method of plasma chemical deposition with the
use of the gas mixtures Hy+SiHy and Hy + GeHy
taken in various proportions was applied to fabri-
cate thin a-Si;_,Ge,:H films with x = 0+1. The ab-
sorption coefficient for visible light and the energy
gap width were shown to increase as the silicon con-
tent in the films grew. The mobility of charge carriers
and the photoconductivity in the a-Si;_,Ge,:H films
were found to strongly decrease if the germanium
concentration exceeds 40 at.%. Solar cells on the ba-
sis of a-Si:H and a-Sip.gsGeg.12:H films were fabri-
cated: single-, two-, and three-layer structures were
created, and their parameters were measured. In par-
ticular, the corresponding efficiency 1 was determined
to equal 7, 8.9, and 9.5%, respectively, provided the
same element area of 1.3 cm?. For the three-layer el-
ement, the maxima of the collection efficiency were
shifted toward the long-wave region. No degradation
was observed in the obtained structures at their illu-
mination with light in the wavelength interval from
0.3 to 1.1 pum for 120 h. The structures on the basis of
a-Sip.ssGeg.12:H and a-Si:H films were demonstrated
to be effective in the fabrication of solar cells, so that
the further works aimed at improving the film quality
and increasing their efficiency are challenging.
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OTITOEJIEKTPOHHI BJIACTUBOCTI

B I'JIPOTEHI3OBAHUX TOHKHUX ILJIIBKAX
a-Si1_zGeg:H (z = 0-1), OTPUMAHUX
[IJTABMOXIMIYHUM OCAJIPKEHHSIM

Peszmowme

IIpoanasizoBaHO MOKJIMBOCTI 3aCTOCYBaHHsI TEXHOJIOTIl IjIa-
3MOXIMIYHOTO OCa/PKEHHS IIIBOK a-Sij_5Gey:H (z = 0-1), ue-
neroBanux i jseroBanux PH3 i BoHg, s Bukopucranas ix B
P—I—N-CTPYKTypax COHSIYHUX €JIeMEHTIB. Po3ryisinyTo ontuyHi,
€JIEKTPUYHI, (DOTOEJEKTPUYHI BJIACTUBOCTI, TAKOXK BU3HAYEHO
KIJIbKICTh BOJIHIO, IO MICTUTBCS B JaHii 1iiBmi. 3HalIeHo,
IO BJIACTUBOCTI INIBKM CHJIBHO 3aJle’KaThb BiJ CKJady i pis-
He rigporenizarii. KisibKicTh aToMiB BOJHIO B ILIBKax Bapi-
IOBAJIM IIJISXOM 3MiHM CKJIaJiB ra3oBol cywimii, i BumiproBasn
IK nornunanus s miaisok a-Si:H i a-Ge:H. @oronposignicts
pospaxoBaHo 3a cmiBBigHomennaM: Jyg, = AFY mpm v = 1.
Konnenrpaliito BOJHIO B IJIiBKax BU3HAYEHO [TEPEBAXKHUM J0-
IaTKOBUM ItapaMmerpoM — P. Bognouac Ny BU3HA4YEHO 3a 10110~
MOI'OIO KOJIMBAJIBHOT MOJIM PO3TSATYBAHHS 1 MOJY KOYEHHS JIJIsi
niBok a-Sij—;Geg:H (2 = 0-1). Ha ocrosi miaiBok a-Si:H i
a-Sio,g8 Gep,12:H BUroTOBIEHO TPUIIAPOB] COHAYHI €JIEeMEHTH 3
momtero enementa 1,3 cm? i ecdbexrusnicTio (£) 9,5%.
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