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Structural and optoelectronic properties of Ge-rich hydrogenated

amorphous silicon-germanium alloys
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S.P, Brazil

(Received 29 November 1993; accepted for publication 27 April 1994)

In this work the structural and opto-electronic properties of rf sputtered germanium-rich
hydrogenated amorphous silicon germanium alloys (a-Si,Ge;_,:H) are presented. It has been
found that for x=0.1, the Si incorporation does not appreciably affect, either the density of localized
states in the pseudo-gap, or the structural properties of the films. However the Tauc’s optical gap
shifts from 1.04 ¢V (x=0.0) to ~1.13 eV (x=0.1). A concomitant two orders of magnitude
decrease of the dark conductivity is measured, whereas the photoconductivity remains essentially
unchanged. In other words, the incorporation of small amounts of Si in the hydrogenated amorphous
germanium (a-Ge:H) network produces a noticeable increase of the photosensitivity of the samples.
These results are discussed in the framework of present models of amorphous semiconductor alloys.

I. INTRODUCTION

The neéd of efficient, cheap, and stable materials for the
photovoltaic conversion of sunlight has been the main moti-
vation for many research groups investigating new semicon-
ductor compounds. In order to increase the conversion effi-
ciency of solar cells, an appropriate match of the spectral
distribution of the solar spectrum and the light absorption in
the active layer must be obtained. The deposition technolo-
gies of amorphous semiconductors. are particularly suited to
easily tailor the band gap of alloys. Among the most prom-
ising materials to satisfy the efficiency optimization require-
ments are the hydrogenated alloys of amorphous silicon and
germanium (a-Si,Ge,._,:H H).!"% In these alloys the optical
band gap can be easily tailored. from =1.1 to 1.8 eV by
suitably changing the relative content of the elements. It has
always been found, however, that the electronic properties of
the alloyed films are inferior to those of a-Si:H. The reasons
for this deterioration, in terms of midgap density of states (or
dangling bond density, Npg) and mobility-lifetime product
(u7) of electrons and holes®® are not yet completely under-
stood. It appears that to some extent the degradation of the
electronic properties  are a comsequence of nonoptimized
deposition conditions. Up to now, the research effort has
mainly concentrated on the optimization of the silicon-rich
side of the alloys (x?O 5) the germanium-rich side remain-
ing almost unexplored.>*11

In recent years it has been shown that the deposition
conditions leading to a-Ge:H films of improved quality are
quite different from those normally used to deposit high-
quality e-Si:H films."'3 In this work we present results on
the structural and optoelectronic properties of small band gap
a-Si,Ge; _, :H (1.05 eV < E(Tauc) <1.35 eV) films, depos-
ited by the rf sputtering deposition technique. The deleteri-
ous effects of Si incorporation in the a-Ge:H network will be
analyzed. It will be shown that small (x=<0.1) concentra-
tions of Si do not appreciably affect the density of states
{DOS) of a-Ge:H. However, the photosens1t1v1ty of the films
can be satisfactorily increased.
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Il. EXPERIMENT

" The a-Si,Ge;_,:H samples were deposited by rf co-
sputtering pure crystalline targets of Ge and Si, in an atmo-
sphere of Ar and H, of high purity (99.997%). The compo-
sition was controlled by the relative Si and Ge target areas.
Let us remember that under the reported plasma conditions
the sputtering yield of Ge is 2.45 times larger than that of
Si."* The deposition parameters were the following: (a) A
total pressure of 1.5X10~2 mbar, (b) 2 H, partial pressure of
1.4X1072 mbar, (c) a substrate temperature of 220 °C, (d) a
self bias of the powered electrode kept at —640 V. The pres-
sure.on the chamber prior to deposition was approximately
10~° mbar. The deposition rate was around 0.1 nm s~ !, but
decreased slightly with increasing Si concentration. It should
be pointed out, however, that the conditions above are not
those corresponding to the best a-Ge:H thin films.!®> The
composition of the samples was determined by: (1) electron
microprobe analysis (EMA) using an electron beam of 15 kV
and (2) Rutherford back scattering (RBS) using a 2.2 MeV
*He* ion from a van de Graaff accelerator..The concentration
of bonded hydrogen was obtained from the integrated ab-
sorption of the Ge-H and Si-H wagging vibrational mode
centered at ~600 cm ~!.'5 Infrared spectra were taken in a
Fourier transform spectrometer (Perkin—Elmer FT1600) in
the 400—4000 cm ™! range, on samples grown onto crystal-
line Si substrates. The sample thickness, the absorption co-
efficient & (for @>500 cm™!), and the Tauc’s optical gap
were calculated from the interference fringes of optical trans-
mission spectra.’® Urbach tails and defect densities were es-
timated from the absorption coefficient edge and the subgap
absorption spectra measured by photothermal deflection
spectroscopy (PDS). Samples deposited onto Corning 7059
glass were used to obtain PDS and optical transmission spec-
tra. Dark- and photoconductivity measurements were pet-
formed on samples deposited onto glass substrates having
evaporated chromium parallel contacts. Photoconductivity
measurements were made with chopped light (=13 Hz) com-
ing from a tungsten halogen lamp (50 W), using the lock-in
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FIG. 1. Si concentration in the a-Si,Ge; _, :H samples measured by electron
microprobe analysis (EMA) and Rutherford backscattering (RBS) as a func-
tion of the estimated Si concentration from sputtering parameters. The esti-
mated composition was calculated from the Si sputtered area, the total area
of the Ge target, and the sputtering yields of Si and Ge.

technique. The air mass one (AM1) condition was simulated
by a 100 mW cm™? heat-filtered light coming from a tung-
sten halogen lamp. In some cases where higher photon fluxes
were necessary, the photoconductivity was measured using
the 1.16 eV line of a NdYAg laser.

lll. RESULTS AND DISCUSSION

The deposition of amorphous semiconductor alloys by
the rf-sputtering technique allows an easy control of the film
composition with the additional advantage that solid and gas-
eous sources may be combined in a single operation. For
example, the hydrogen concentration of a-Si:H or a-Ge:H
films can be easily controlled by adjusting the hydrogen par-
tial pressure in the chamber during film growth. In the case
of co-sputtering two or more different solid targets, the sput-
tering yields and the relative areas of the materials being
co-spuitered are the only information needed to accurately
predict the final composition of the sample. Unfortunately, it
has not been possible to deposit by rf-spuitering a-Si:H films
of the same quality as those produced by plasma enhanced
chemical vapor deposition (or glow discharge). Regarding
a-Ge:H films, it appears that both methods may produce
samples of comparable quality.'>"

A series of a-8i,Ge, _, :H films were deposited with sili-
con concentrations varying from x=0 to x~0.6. The film
compositions determined by EMA and RBS were compared
to those estimated from the sputtered areas and yields. In the
present case a good agreement was found between the three
methods for x=<0.2 (Fig. 1). However discrepancies be-
tween EMA and RBS results were observed for x>0.2. The
large deviation measured for x>0.2 may originate from
compositional inhomogeneities. The RBS data correspond
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FIG. 2. Hydrogen concentration (%) as a function of Si concentration in the
films. Note that for x>0.25, the hydrogenation increases from =~7% to
11%.

typically to an analyzed volume of 1X0.2Xd cm?® (where d
is the thickness of the film, =1 um). In the case of EMA the
volume is typically on the order of 1X1X1 gm>. Thus EMA
and RBS measure the composition in a different film volume
scale, which may account for the discrepancy found at Si
concentrations larger than x=0.2. We do not have at the
moment a definite explanation for these inhomogeneities ap-
pearing at x>0.2. But, in support of the above assumption,
let us mention that Yang et al.” have found persistent evi-
dence of compositional inhomogeneity in Si-rich
a-Si,Ge,_,:H films. Wind et al.'® determined that micro-
structure on a 10 nm scale existed in doped, undiluted Si-Ge
films, and that it corresponded to Ge-enriched clusters in a
silicon enriched matrix. A likely clustering might happen in
films having an increase in silicon content. Hereinafter the Si
concentration of films will be those measured by EMA.
Hydrogenation plays a major role on the properties of
amorphous semiconductors. The hydrogen concentration re-
maing approximately constant at ~7%—8% for x=0.25. For
higher Si concentrations it becomes larger, as seen in Fig. 2.
This abrupt change in hydrogenation is an indication of a
major change in the film structure, in agreement with the
evidence of composition inhomogeneities, as discussed
above. Another possible explanation comes from the prefer-
ential attachment of hydrogen to silicon bonds.® We have
found that approximately 15% of the Si atoms are bonded to
H, whereas the fraction drops to only =~ 5% for Ge atoms. In
the case x ~0.2 the Si-H contribution to the total absorption
is less than 3%, i.e., much less than half of the total hydrogen
concentration. On the contrary, for x=~0.4 the Si-H
contribution increases to 6%; representing more than half of
the total hydrogen concentration. In other words, because
of the preferential attachment of hydrogen to silicon, the hy-
drogen concentration in the alloys increases more than

C. F. O. Graeff and |. Chambouleyron
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FIG. 3. Optical gap (eV) as a function of silicon concentration in
a-Si,Ge; _, :H films using three different definitions: (filled squares) Tauc’s
optical gap E, and (opencircles) Eg3 and (open triangles) Eq4 correspond-
ing to the photon energy at which the sample’s absorption coefficient is 1000
and 10000 cm™?, respectively.

linearly with increasing silicon content. From the above dis-
cussion and to simplify our analysis, the following discus-
sion will only be concerned with samples where x=0.25.
On passing, we.would like to mention that neither bending
{scissors) of the Si-H, or Ge-H, vibration modes were de-
tected in the infrared spectra of the samples, nor oxygen or
carbon related absor; non peaks, an indication that we have a
compact material.'®

In the picture of a molecular orbital representation of the
conduction and valence bands, the sp> orbitals are split by
the bonding interactions to form the valence and conduction
bands. Since the split between the bonding and anti-bonding
state is larger in Si than in Ge, the introduction of Si atoms in
the ¢-Ge:H network increases the energy gap. In Fig. 3 the
optical gap, as defined by the Tauc relation?!

(ahv)?=B(hv—E,) ey

(where hv is the photon energy, B is a constant and E ¢ is the
Tauc’s gap) is presented for several samples as a function of
the Si fraction. In the same figure the alternative optical gap
definitions of £, and E (3 have also been plotted as a func-
tion of alloy composition x. Eg4 and Ey; corresponds to the
photon energy at which the sample’s absorption coefficient is
10 000 and 1000 cm™!. It may be seen that the three optical
parameters (E,, Eo4, Eg3) depend linearly on x with basi-
cally the same slope. The experimental data of Eq4 and E,
obey approximately the following expression:

Ege=1.21+0.75x,
Eg=1.05+0.75x.
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FIG. 4. Urbach tail energy (E,) as a function of silicon concentration in
a-5i,Ge;_, :H films.

Note that, as discussed in the Introduction, the samples being
analyzed here have an E, between 1.04 and 1.24 eV, a region
almost not explored in the literature, >~

In Street’s description of the amorphous semiconductors
electronic density of states,” localized states exist between
the extended electronic states of the valence band and those
of the conduction band. These localized states originate from
disorder. Tails of localized states appear near the band edges.
There are also coordination defects [dangling bonds, (DBs)]
giving electronic states deep in the pseudo-gap. The influ-
ence of localized states is apparent in electrical transport,
doping, recombination, and many other properties. Thus the
electronic properties of amorphous semiconductors are
markedly influenced by the presence, distribution, and den-
sity of these states. The density of localized states near the
valence or the conduction band edge decays exponentially
with energy. The valence band (VB) tail density of states is
best described by the following relation:

N(E)=N, exp(—E/kT,), ®3)

where £ is the energy measured from the band edge and
T, is a characteristic temperature. Let us assume that the
Ge-rich a-Si,Ge,_, :H alloys mirror the behavior of a-Si:H
alloys, in which the VB-tail is much broader than the con-
duction band (CB) tail. In this case the Urbach energy or the
slope E of the exponential tail of the optical absorption near
the fundamental edge, given by:

axexp[(hv—E,)/Eq] “)

mainly describes the VB tail characteristic energy.
The Urbach tail characteristic energies of the present
a-Si,Ge; _, :H alloys as determined PDS are plotted in Fig.
4. From the figure it is clear that for x=<0.1 sharp tails are

C. F. O. Graeff and I. Chambouleyron - 2475



found with Ey roughly constant and equal to 60 meV. E
increases rapidly to =100 meV for x>0.1. The correspond-
ing behavior is detected in electronic transport measure-
ments, as presented next. Another important parameter de-
rived from the PDS spectra is the defect density (Npg). In a
previous work,” the absorption coefficient at 0.7 eV as mea-
sured by PDS was correlated with the DB density (Npg) for
a-Ge:H films as determined from electron spin resonance.
The calibration constant, Npg=9 X 101 @(0.7 eV), was used
in the present case to estimate the defect density of the alloys
but using, instead of 0.7 eV, the absorption coefficient at (0.7
eV + the increase of the Tauc’s optical band gap) as the
value to be multiplied by the calibration constant. Using this
method, it was found that the defect density stays around
10'7 cm™? for all samples, a value comparable to the best
Npp reported in the literature.> As the content of Si
increases in the a-Ge:H network, the reliability of the
above method is expected to decrease, since a different cali-
bration constant is found for a-Si:H (Npg=2X10'® cm™3;
a=13eV).*

It was found that in all x=<0.1 a-Si,Ge,_,:H samples
the dark conductivity (o) is thermally activated down to at
least 200 K and well described by

T4= 0 exp(—E,/kT), (5)

where o is the microscopic conductivity, and £, is the con-
ductivity activation energy. However for x>0.1, deviations
from this temperature activated behavior were observed at
temperatures below 250 K. This is an indication of the con-
tribution of electron hopping between localized states at the
Fermi energy,” corresponding to an increased defect density
close to mid-gap, a Npg increment on alloying not detected
through PDS measurements. Thus to explain the apparent
contradiction, let us remember that as already pointed out,
the procedure used to derive the defect density in the
a-Si, Ge,_,:H alloys may not be appropriate especially for
x=0.15. Assuming that the statistical shift of the Fermi
energy and the gap shrinkage give negligible contributions,'°
E,=E.—Er, where E_ is position of the conduction band
mobility edge, and E is the Fermi level. In all samples the
ratio E,/E, was found to be ~ 0.44+0.02, which indicates
that the samples are n type, as expected. The constant ratio
E,/E 4 also indicates that the Fermi level is pinned relatively
to the CB-mobility edge. Either the Si-DB states are located
in the pseudo-gap at the same energy as the Ge-DB, or the
Ge-DB are the dominant defects for the alloys being ana-
lyzed here. In agreement with previous studies the second
assumption seems more plausible to us.>7810

The study of photoconductivity in amorphous semicon-
ductors allows a closer understanding of the recombination
process of excess carriers. In its simplest form, the secondary
photoconductivity can be expressed as

Aoy=Anep, (6

where An is the excess photoexcited electron density, u is
the electron mobility, and e the electron charge. It has been
assumed that as in a-Si:H, the secondary photoconductivity

is basically carried by electrons, since the hole mobility is

orders of magnitude smaller than that of electrons.” In the
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FIG. 5. Dark- (open squares) and photo- (filled circles) conductivity
(© Y em™") as a function of Si concentration in the films. The photocon-
ductivity (Ag;,) was measured using a tungsten halogen lamp simulating
air mass 1 (AM1) conditions.

steady state An=G T, where G is the photo-excitation rate
and 7 is the electron lifetime, and since G~ naF(1-—R),
where 7 is the quantum efficiency, « the absorption coeffi-
cient, F the photon flux, and R the reflection coefficient, Eq.
(6) can be rewritten as

Aop=a(l—R)Fenur. @

Depending on the recombination kinetics, = is usually a
function of the generation rate. For a purely monomolecular
recombination regime, the electrons and holes recombine via
deep defects (DB). In this case 7 « N ~1 where N is the
density of DB, and A(rphOCF . On the other hand, in the bi-
molecular recombination regime, electrons and holes recom-
bine by pair annihilation, thus 7oz~ !=G "2, consequently
Aoy \/F . A more detailed discussion on the general solu-
tion of the excess carrier rate equations in a semicondutor in
which recombination can occur either by bimolecular band-
to-band transitions or monomolecular recombination via de-
fects, has been given by Stutzmann et al.”® However, in gen-
eral it is found experimentally that

A Uph‘xFY, (8)

where 0.5<y<1.0. In the present case the y factor was
found to be around 0.8 for all rf sputtered a-Si,Ge;_,:H
films. v was determined using the NdYAg laser. The photon
flux density F was varied in the 10'3 to 10!7 photons s™?
cm™2 range. The above experimental result indicates that the
dominating recombination regime is monomolecular for all
the a-Si Ge; -, :H alloy series.

In Fig. 5, the room temperature (300 K) dark- and photo-
conductivity (AM1) are shown as a function of x. In agree-
ment with the resuits of PDS, the photoconductivity remains

C. F. O. Graeff and 1. Chambouleyron
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FIG. 6. nur product (cm® V™) measured at Eg; 5 as a function of Si
concentration in a-Si,Ge; _, :H films Note the decrease in the 747 product
for x>0.1.

approximately constant for x=<0.1, but decreases with in-
creasing x above this value. Figure 5 shows that a clear im-
provement of the Ao,/ ratio is obtained with the intro-
duction of Si in the a-Ge:H network. However, the
photoconductivity is still of the same order of magnitude as
the dark conductivity.

Since the majority of the photons of an AM1 illumina-
tion condition is mainly absorbed near the surface, it is con-
venient to measure the photoconductivity of a-Si,Ge; ., :H
samples under conditions of uniform photogenerated excess
carriers. To this aim monochromatic photoconductivity mea-
surements were made. The photon energy was adjusted to the
Egs.5 condition (kv at which @=1035 cm™!) with a photon
flux of ~10'> photons cm™2s~'. Under these conditions
the light is almost homogeneously absorbed in the bulk and
the carrier generation rate remains small. With the help of
Eq. (7) pu7 was calculated and the results shown in Fig. 6.
Their behavior is similar to that obtained under AM1 irradia-
tion. For samples having x>0.1, the nur product de-
creases. This is consistent with the increase in Npg deter-
mined from the dark conductivity for x>0.1. Moreover,
PDS measurements indicate that the VB-tail is broadened for
x>0).1, see Fig. 4. Thus, most probably, the decrease in the
77 product is due to both a decrease in the mobility related
to the broadening of the tails and to a decrease in ~ due to a
higher defect density. Unfortunately the present data cannot
separate both contributions to the decrease in the 747 prod-
uct. On the other hand, the 7zu7 products of the present
a-Si,Ge;_,:H samples are comparable to those recently
reported.>™

IV. SUMMARY AND CONCLUSION

The opto-electronic properties of rf-sputtered germa-
nium rich amorphous silicon germanium alloys (a-

J. Appl. Phys., Vol. 76, No. 4, 15 August 1994

Si,Ge,_, :H, x<0.25) have been studied. It has been found
that the incorporation of silicon in the a-Ge:H network up to
x==().1, neither appreciably affects the density of deep defects
(Npp) of a-Ge:H nor the Urbach tail characteristic energy
(Eo). In the present samples Ey~60 meV and Npg~10'7
cm~3. Thus the photoconductivity and/or the 77 product
remain approximately constant (7u7r~6X10"% cm? V1),
However, the pseudo-gap increases with Si incorporation
(from 1.04 to ~1.1 eV) and, consequently, the dark conduc-
tivity at room temperature decreases by two orders of mag-
nitude. Better photosensitivities are thus obtained in the al-
loys.

A preferential attachment of hydrogen to Si was con-
firmed and found to be a factor of 3 higher than in a-Ge. Our
results indicate that Ge-DB is the predominant defect in the
whole alloy range. For x>0.1, an increase in Ey and Npg is
accompanied by a decrease in the 747 product.
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