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ABSTRACT

The local structure of hydrogenated amorphous Ge-Si alloys has been studied by
measuring the X-ray absorption at the Ge K-edge; Ge-Ge and Ge-Si distances were
found independent of concentration and equal to 2,45 R and 2.38 & respectively, A sti

“dy of the composition of the first coordination shell around Ge is consistent with a
random mixing of the two species in the alloys. The total disorder factors have been
determined for both pairs Ge-Ge and Ge-Si and turned out to be constant and equal to
each other over the whole concentration range studied.
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1, - INTRODUCTION

The possibility of "tailoring" optical and electronic properties makes the study
of the semiconducting binary alloys of great interest, This is even more so for hydro
genated amorphous tetrahedral semiconductors due to the flexibility of the deposition
processes, by e, g. glow-discharge, and to the complete miscibility of the elements,
In particular the hydrogenated amorphous silicon-germanium alloys (a-GeySiq_y:H)
have been recently extensively stud‘ied(l) and applied in efficient photovoltaic devices(z).‘

Generally speaking, however, the alloys tend to have more defects and localized
states in the gap than the elementary films do, an occurrence pointing to additional
disorder present in the amorphous matrix, In order to shed light on these problems,
a close examination of the local structure is of paramount impotrtance. To this end,
EXAFS is the best suited technique due to its unique capability of investigating the sur
rounding of single atomic species(g)‘. In the present work, we have measured EXAFS
spectra above the Ge K-edge in a series of hydrogenated amorphous silicon-germani
um alloys as a function of their relative composition, Two main points are clarified
by the analysis. First, Ge-Ge and Ge-Si distances are respectively 2.45 A and 2.38?&
and do not vary with composition, a result implying an additional distortion of the
amorphous network in the alloys 4s compared to the elementary films, Second, we
found a random composition of the first-neighbor shell, implying a compositional dig
order superimposed to the topological one, Both results qualitatively account for the

larger number of localized electronic states present in these alloys.

2, - EXPERIMENTAL

The samples were grown ina R¥ capacitively éc>up1ed glow discharge apparatus
by a mixture of SiH, and GeHy. The gas composition r =\}eH4/(SiH4C-+'GeH4) was
varied in the range 0-0,93. The deposition temperature was 250°C, but few samples
were also deposited at 190°C, The chemical composition x was determined by plas-
ma emission spectroscopy at CISE Laboratories, Segrate (MI). The results are
shown in Fig, 1, where a higher deposition rate of Ge is apparent, The continuous
line is the resul't(4) of a best fit assuming an independent deposition rate for the two
species, The best agreement with the experimental point is found for a value equal
to 3 for the ratio between the sticking coefficient of Ge and Si,

The X ray absorption spectra at the Ge K-edge were taken at the Frascati Syn-
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rent Iy ¥ 50 mA) was monochroma-

tized by a Si(111) channel cut crys-

tal, The average photon flux was oo
~ 107 ph/s and the resolution ~2

eV(s). The samples were held in va 04
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the whole set up . nium as determined by chemical analysis of
the samples va, the gas composition in the
glow discharge apparatus
r = (GeHy)/[(GeH,) + (siH,)] .

3, - EXAFS RESULTS AND ANALYSIS

In Fig. 2 we show the EXAFS spectra of the samples studied, It is apparent that
the lineshapes of the two extreme cases (spectra (a) and (h) corresponding to x=0,07,
and x =1 respectively) are duite different: spectrum (a) having a monotonically de-
creasing envelope function, spectrum (h) a nearly gaussian envelope function with a ma
ximum at 7 2\}.’ Irnis dissimilar k-dependence results. from the different backscatter-
ing function(®) of the atoras which form the first coordination shell in the two cases:
Ge in spectrum (h) and predominantly Si in spectrum (a).

With decreasing Ge concentration the remaining spectra of Fig. 2 exhibit a pro
gressive evolution toward a higher backscattering amplitude at low k and a decrease
of the maximum at 7 1?&.' L This behavior confirms a smooth variation of the first shell
composition from pure Ge to pure Si.

Upon Fourier transforming the spectra, one gets the radial distribution function
centered at the absorbing atoms(g). They are shown in Fig, 3 for three different con-

centrations, Only the first shell contribution due to the nearest neighbours is present,

(+) The Synchrotron Radiation Facility is sponsored by CNR (Consiglio Nazionale del
le Ricerche) and INFN (Istituto Nazionale di Fisica Nucleare),



a; x=,07(e) xz.64
—WM‘ A

x=,89

{arb.un.)
[ o
?—'
>
it
Pl
3 oo
; =
f
i x
"
{3

EXAES
¢=:%%%§;:—E
>
u
g
‘ =
%
=
3

d) x=.62h) ) x=1.00
=== ' Wv/\AA/\JAWw
t t { L ! |
0 5 10 15 0 5 C 10 15
K{A™Y)

FIG., 2 - Experimental X(k) at different Ge

concentrations : the interference function
was obtained by subtracting a ciibic fit eur
ve to the experimental abgorption coeffi-
cient, u(k). The zero of the kinetic ener-
gy, Eg, was assurned at the inflection
point of the Ge K-edge,

without any significant structure at higher
R values, pointihg to the lack of long ran-
ge order in these alloys. In the pture hy-

drogenated amorphous germanium (a-Ge:

H) samples the peak position, corrected
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FIG, 3 - Fourier tranhsform .of
EXAFS spectra corresponding to:

a) x=0,07, b) x=0,64, c)x=1, The
transformation range used was the
same for the whole sef of samples

and equal to: 2,5-15 A-1, Ak weight
ing factor and & paussian window were
used,

by the phase shift, corresponds to the Ge-Ge bond length of R =2,45 1& With decreas

ing Ge content the peak position shifts towards lower R values, with a "mean" linear

dependence on x as shown in Fig, 4,

However, we found in a prélimninary analysis of the spectra performed in k-spa-

ce that these Fourier transformed (FT) peidks could be composéd by two contributions:

Ge-Ge and Ge-Si pairs whose bond lengths and relative weight should beé determined,



It is to be noted that the two pairs contribute 2151 { { ¥

to the FT peaks with different phase shifts ®
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and with different weights due not only to the
chémical composition of the first coordina-

tion shell but also to the backscattering am- H
plitudes, These two contributions are not 2051
resolved in R-space owing to the broaden-
ing introduced by the finite transformation 200
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range and to the gaussian window used in the
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backtransforming procedure we regained the
EXATFS spectra filtered from the noisell1) FIG. 4 - Plot of the I'T maxima Ve.
x, not corrected for the two phases
shift,
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Where the sum extend over the two species of backscattering atoms, N, is the num-
ber of Ge or Si atoms in the first coordination shell, R, is the bond length of the
pair Ge-Ge or Ge-Si, 0121 is the rms fluctuation of R, including the thermal and
static contribution, {f(kjn‘)l is the backscattering finction of Ge or Si, (Dn(k) is
the phase-shift function including both the central atom phase shift and the backscat
tering one and S(z) accounts for the many-body relaxation effects(lz). Int order to ex
tract structural informations (i, e, Ny, Ry and Gi for both pairs) from eq; (1), it is
necessary to know the backscatterifig amplitudes and phases of the two atoms pairs
involved, This is generally done by usihg model compounds provided they are as
close as possible to the unknown systems in terms of chemical bond, geometry and

bond distancees:(j' 3,14)

. In our case, the EXAFS spectra of the samples with the two
extreme compositions x=1 and x = 0,07 are the obvious representative of Ge-Ge and
Ge-Si pair, respectively, These two samples match all the conditions required to be
good models for investigating the alloys with intermediate composition. Therefore,
a complete study of these two materials was in order. In what follows we report the

results of this charactéerization and then the analysis on the different alloys.



a-Ge: H case

Many EXAFS investigations have been performed on evaporated and sputtered
a-Ge(ls"zl) but no study has been done on a-Ge:H grown by glow-discharge. The

main results we obtained are:

a) The bond length Ge-Ge was determined in two ways : from the Fourier transform,

which, as mentionad previously, peaks at the same position ag in the crystalline Ge;

and from a comparison of the total phase II(k)= 2kR +®(k) of pure a-Ge:H with that

of ¢-Ge. Both methods give R =2,45 .& as in ¢-Ge and a=Ge,

b) The envelope function of the experimental spectra . o

Alk) = (Si N/Rg) exp(-zozkz)l f(k,n)‘ is in good agreement with the theoretical value

calculated by Teo and Lee(S), provided Sé =0,67 and 62 = 0,5x% 1()"232 are used
) aGe:H

(Fig., 5). The value for S ig in close agreement with previous resultq(l ),

¢) 'The coordination number N and the disorder factor ¢2 have been deduced

aGe:H

i 2 2 R
from the plot of the function ln LA (k)/A (k):] vs, k7, As knonwn("z)# this
aGe:H ¢-Ge

function has a lifiear behavior whose value at k=0 is equal to the ratio

lg N (k)/N (k) and whose slope is Ad® = -2(0:‘2 - 62 )o In Fig, 6 we show
a-Ge c-Ge aGe:H  c¢Ge
this plot obtained from our experimental data, The oscillations of the experimental

curve around the best-fitted linear behaviour are very small over a large k-range
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FIG. 5 - Backscattering amplitude of FIG, 6 - 1n [A (k)/A (k)] vs k2 at
Ge, Continuous curve: experimental, a-GeiH c-Ge
obtained by back-transforming the T room temperature, The straight line was
peak of the a-Ge:H sample, Dashed li obtained ka a linear fit in thée range: Kk
ne: theoretical, obtained by using Teo = 25-125 A2,

and Liee's parameters,

2

)



s0

and poinit to the good quality of the data, The accurdcy of this determination of N and

62 was established(23) to be 5% and 1T10%, respectively, We found N =4,0%0,2
aGe:H

and A62 = (0.16%0,015)x10~2 A2, Since the 62 value at RT for c-Ge is 0.33x 10-232(2%

o5
the disorder factor results 0,49 x 10'2A2.

a-GeXSil__X ‘H case

In this case the EXAFS spectra areé practically determined by the Si backscatte-
ring function since the contribution of Ge atoms to the Ge first neighbor shell; aver-
dged over the entire sample, should be no more than 7%, This Ge constribution is
certainly close to the sensitivity of the technique. Nevertheless, in order to obtain
unambiguously the EXAFS of the Ge-Si pair, we have subtracted from the experiment
al data the a-Ge:H spectrum multiplied by the statistical weight 6/99 = 0,06, Then, af
ter Fourier filtering, we compared these experimental backscattering amplitude and
phase functions with the theoretical onhes caleculated for Si( )‘ In the theoretical spec-
trum a coordination nuimber N =4 has been asstimed, as stiggested by the pure a-Ge:H
sample for which the coordination ig the same as in the crystal, In Fig, 7 we show the
difference between the experimental and theoretical total phases as 4 function of k.
The linear behaviour obtained over the entire experimental k range demonstrates
the excellent agreement between theoretical and experimental phases and that the Ge-

&
Si distance is 2,387 0,01 A in this compound,
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FIG, 7 - Ge-Si nearest neighbor di- FIG, 8 - Backscattering amplitude of Si.
stance obtained from the difference Continuoils curve : experimental, obtain
between the theoretical and experi-‘, ed by back-transforming the FT peak of
mental phases in the (xeo 07o10 93.1—]‘ the a-Geq o78ig gq alloy. Da«hed line:
sample. theoretical, obtained by using Teo and

Lee's parameters,



Ag for the amplitudes, Fig. 8 shows the good match between the experiment and
theory, provided the latter is corrected by an overlap factor Sg =0.6 and = disor=
der factor exp(-kazoz) with 62=0,5% 10‘2.512., It is to be noted that the crz value ob
tained is equal to the total 62 in a-Ce:H, Since the overlap factor depends only on
multiple excitations of the central atomuz), the Sg value found seem to be low as
compared with the value 0,67 found for the a-Ge:H sample. This discrepancy is pro
bably due to the approximations needed for the theoretical amplitude calculations,

which are less valid when the atomic number of the element decreases.

4, - RESULTS ON THE ALLOYS

From the previous study we obtained the phase and amplitude functions for the
Ge-Ge and Ge-Si pairs, that can be used for the analysis of the EXAFS spectra of

the remaining alloys at intermediate con-

Y centrations., With these phases and ampli
tudes a fitting function was built in k-space
to be compared to Fourier filtered k X{k).

3 The only assumption we did is that the aver
age coordination number around the Ge
atoms does not vary as a function of the

| concentration, This hypothesis is reason-

able since in both the two extreme casges

considered (x=1 and x=0,07) the coordina
tion number was equal to four, Therefore

/ we performed a two shells fit by keeping

9

k zik}{au)

fixed the totdl coordination nuinber around

Ge atoms, but varying the relative concen

tration of the two cotnponents, their 02 fac

o) tors and B valdes, In Fig, 9 we show tlie

excellent quality of the fits obtained, and in

Table I we reéport the numerical results,

FIG. 9 - Comparison of the experimental
Fourier filtered k X(k) with the result of
a fit obtained as discussed in the text,
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We want to stress here that:

a) the bond lenghts are constant over the whole concentration ratige;

b) the relative concentrations of the Ge~Ge and Ge-Si pairs are in excellent agreetment
with the results of the chemiecal analysis (compare columns 1 and 2);

c) A02 values obtdined are so small that the disorder factor can be considered con-
stant over the whole range of concentration,

N

TABLET
Numerical values of the parameters obtained from the fitting procedure,
oo | BGebY | Rgy g A | doe2in10¥ A% R o inA | 4o® in 1073R7
EXAFS

28 26 2. 45 - 0,21 2,37 - 0, 03
32 30 2,45 0. 42 2,317 - 0,20
62 62 2. 45 ~ 0, 05 2. 37 0,17
64 65 2,45 - 0,73 2,38 0,74
i 8¢ 2,45 -0 11 2,38 2,17
89 100 2,45 - 0, 09 -- -

Columu 1 ¢ Ge relative content as obtained by chemiical analysis.

Column 2 : Ge relative content as obtained by the fit of the EXAFS data as disctissed
in the text,

Column 3! bohd distance of the Ge-Ge pair,

Column 4 ¢ difference of the disorder factor of the Ge-Ge pair with respect to the
model,

Coluran 5 : bond distance of the Ge-Si pair,

. Column 6 : difference of the disorder factor of the Ge-Si pair with respect to the

model,

For the greatest Ge concentration we do hot report the values for the Ge-Si pair,
gince its contribution i§ within the uticertainty of the technique,

5, - DISCUSSION

Our results on distances are the first direct determination of first-nearest neigh
bour bond length in Ge-Si:H amorphous alloys. The value found for Ge-Ge pair is the
same as in pure amotrphous and crystalline Ge,; while the valie for Ge=Si pair is very
close to the gumm of the two covalent radii (2:39-2:40), Both bond distances are coti«
centration independent, The last result seems to be in contrast with diffraction re-
sults on crystalline Ge-Si alloys, where a linear dependence of the lattice parameter

versus concentratién (Vegard's law) is founid25), This is due to the fact that the lat
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tice parameter in a multicomponent crystalline alloy is determineéd by a concentration
weighted mean of the partial pair distribution function of the components, In EXAFS
too, if one limits oneself to the consideration of the first peak in the Fourier spectra,
one gets again a "mean" linear behaviour as shown in Fig, 3, Nonetheless, the
EXAFS capability of determining the partial distribution function around a single
atom allows the complete determination of the gingle bond dist:ances(‘zs)w

In crystalline alloys the single bond distances too are slightly concentration de-

(28)

pendent as shown in GaxInl_XAs(27) and in Cd,Mn,_,Te . On the contrary, indica

tion that in amorphous alloys the bond distances are concentration independent was

found in a diffraction study of GeySny_, at x=0.5 and x= 0.75(29)

. Our study confirms
this result in a different tetrahedral system, showing that this concentration independ
ent bond distance is probably a general feature of the disordered alloys : i. e, the lack
of long range order constraints allows the relaxation of the distance to their "molecul
ar" values,
As mentioned previously, from the knowledge of the average composition of the

Ge first nearest-neighbour shell it is possible to derive information on the short-ran
ge order in the alloy. As a matter of fact, different degrees of compositional disorder

(30)

can be superimposed to the topological disorder in the amorphous alloys . The lo-
cal composition can be either: a) chemically ordered (in this case,for e.g. x=0,5 we
would have Ge atoms surrounded by Si atoms only and vice versa); or b) randomly
mixed (in this second case the probability of finding Ge or Si atoms as first neighbors
would be proportional to the atomic concentration); or ¢) composed of small clusters
of only Ge or only Si atoms forming separated phases on a microscopic scale.

That the situation (b) is the most likely to occur in GeSi alloys was inferred from
the comparison of Raman spectra with the calculated phonon density of states(31), To
our knowledge only one direct structural study has been performed[wz) on a single
concentration of unhydrogenated Ge-Si amorphous alloy, whose experimental results
were interpreted in terms of a random mixing. We believa that the excellent agreement
found in the present study between the relative number of Ge-Ge and Ge-Si pair in the
first coordination shell and the overall chemical composition of the alloy demonstra-
tes that the random composition model is the right one for these materials, In fact one
would get a relative weight of the Ge-Ge pair much lower than the chemical concentra-
tion in case (a) and much higher in case (b).

As discussed previously, the disorder factors of the alloys studied do not vary
appreciably with concentration and remain equal to the value of the two models, name

ly 6% = 0.5% 10'2A2. This result is not surprising, if one examines separately the
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two contributions to the disorder factor, namely the thermal and the structural com-
ponents,

Asg for the thermal component, it has been shown(33) that only the "uncorrelated”
motion of the atoms contribute to the EXAFS, In the case of covalent semiconductors
this uncorrelated motion is well represented by a simple Einstein model(34), There-

fore one gets

2 2 i,
, cu’s <n> += ]
4050 Ge . S"2ce-ge | (<> *gege  Hoe-si Pesi ~ 1 ()
2 2 1 U ) -
< 1 1 — - =
AGGG-SL <u™>an s (<n> + 2)Ge--Si Ge-Ge GeGe

where <n> is the Bose-Einstein occupation number, HGe-qe and Boe.g; 2re the
reduced masses of the Ge-Ge and Ge-Si pair and OGe-gi and wGe-‘Ge are the fre-
quencies of the phonon modes localized on the Ge-5i and Ge-Ge pairs. These frequen
cies are concentiration independent.and equal to 400 and 290 em™! respectively as shown

from Raméan measurerm ent,s(35)

. This indicates that the thermal part of the disorder
factor are the same for the two pairs and do not vary with concentration, Therefore -
we conclude that the thermal contribution in all alloys is equal to that of a-Ge:H, i, e

62 = 0,33x 107242,

As a consequence of the above result the structural contribution is the same for
tha Ge-Ge and Ge-Si pair over the whole concentration range studied and equal to
0.16x 10‘2:&2. The physical meaning of this is that the rms fluctuations of the bond
distances are the same for the two pairs and equal to 4x10-2A. The explanation of
its constancy with concentration is to be found in the likeness of the interaction elas-
tic potentials in these materials, a consequence of their very close electrosic struc-
ture, This closeness is reflected in the nearly equal values of the Keating potentials
in pure Ge and Si, This means that the energy increase for a given bond stretching
is nearly the same in the Ge-Ge and Si-Si pairs., It is reasonable then to assume that
also the Ge-S8i pair have the same interacting potential and cons equently the same

root mean square fluctuations of bond distances,
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