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Grazing-incidence x-ray scattering (GIXS) techniques have been used to study the local and

intermediate-range order in photodiffused amorphous Ag-GeSe2 thin films and a variety of Ag-Ge-
Se alloys. Using synchrotron-radiation sources, the GIXS technique can be used in conjunction
with radial-distribution-function analysis, differential anomalous x-ray scattering, and differential

distribution-function analysis to study the structure of very thin amorphous films. With these tech-

niques, we have determined that the local atomic structure of Ag-GeSe2 films satisfies a model

~here Se—Ag dative bonds are formed, one Se—Ag covalent bond is formed for each Ag atom add-

ed (below a critical composition), and Ge—Ge bonds are created as Ag is added. This last result

significantly modifies the intermediate-range order in this system.

I. INTRODUCTION

The amorphous Ge-Se system undergoes unique
changes in its optical, electrical, and chemical properties
when irradiated by light, electrons, or ions. ' One
radiation-induced phenomenon in particular, the
photodiffusion of Ag into evaporated or sputtered films of
amorphous GeSez (a-GeSez), is the subject of this paper.
The photodiffusion process occurs when light with energy
greater than the GeSez semiconductor band gap is in-

0
cident on a thin layer (100 A) of Ag deposited onto an a
GeSez film. Under those conditions, Ag rapidly diffuses
into the GeSez films.

The phenomenology of the photodiffusion of Ag into
a-GeSez is extremely well understood since it has been ex-
tensively characterized for use as a high-resolution pho-
toresist and e-beam resist for the lithography of integrat-
ed circuits. Typically, a thin film of a-GeSez is prepared
and a Ag layer is either evaporated or deposited electro-
chemically in the form of Ag2Se ( =100 A thick) onto its
surface. In the presence of light, the Ag diffuses into the
a-GeSe2 with a very high diffusivity (3 X 10 ' cm /s) at
room temperature. (For GeSez at room temperature,
the ratio of the absolute temperature to the melting
point, T, is 0.28.) Comparable diffusivities would be ob-
served for thermal diffusion of Ge in c-Ge at =0.9T
Ag into metallic Ag at =0.6T, and Se diffusion into c-
Se at =0.5 T . The Ag concentration profile is Fickian
and the diffusion depth into a-GeSez after long exposure
times (1—2 h) is about 1500 A. However, the time depen-
dence is too slow for a Fickian profile for reasons which
are not understood.

As stated, photodiffusion occurs for photon energies
greater than the semiconductor band bap of the chal-

cogenide substrate. The photodiffusion mechanism ap-
pears to be nonlocal since the light only penetrates
several hundred A. The diffusion process is also activat-
ed by electrons and ions, but the sensitivity and resulting
properties are different for the various forms of irradia-
tion.

With 4 at. % or greater mean Ag concentrations
photodiffused into a-GeSez, the material is insoluble in

strong bases, indicating that significant chemica1 changes
occur with photodiffusion.

Chalcogenide glasses such as GeS, As-Se, and As-S also
exhibit photoenhanced diffusion (including Cu
photodiffusion to a much lesser extent), but the reaction
kinetics and the apparent products are different. Pho-
toenhanced diffusion has not been observed for the crys-
talline forms of these materials.

While the microscopic phenomenology of photodif-
fusion is well understood, little is known about the
atomistic mechanisms or the specific structural aspects of
the photodiffusion process. One diSculty in studying this
system with direct structural x-ray techniques, which are
well suited to the study of amorphous materials, is that
Ag photodiffuses from the surface to a depth of only
=1500 A, so that the measured signal from the film is
both weak and overwhelmed by the scattering from the
rest of the sample (including the substrate). In this work,
we have used the grazing-incidence x-ray scattering
(GIXS) approach developed for the study of structurally
ordered interfaces and surfaces and adapted by us for
the study of amorphous films on substrates. Using syn-
chrotron radiation, the GIXS technique can be used in
conjunction with x-ray scattering and radial-
distribution-function (RDF) analysis, differential anoma-
lous x-ray scattering (DAS), and differential-distribution-
function (DDF) analysis to study the structure of thin
amorphous films.
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This paper describes the structural study of very thin
layers of Ag-GeSe& made by photodiffusion. GIXS mea-

0 0

surements were performed on 250-A- and 1500-A-thick
films of a-GeSe& (on single-crystal Si substrates) into
which different amounts of Ag were photodiffused. Bulk
(symmetric-Braggj x-ray measurements at several wave-
lengths were also made of the bulk materials from which
both RDF's and DDF's were obtained. In addition, Ag
K-edge (fluorescence and transmission) EXAFS (extended
x-ray-absorption fine-structure) measurements were per-
formed on a select set of samples made by photodiffusion,
sputtering, and melt quenching. These results are inter-
preted using previously proposed structural models for
a-GeSez (the starting material), a-(Ag-Ge-Se), and
photodiffused (pd) Ag-GeSe~. The goal of this work was
to obtain insight into the atomic rearrangements brought
about by the photodiffusion process.

This paper is divided into four sections. First, we de-
scribe current models of a-GeSez and the photodiffusion
process. Then, we discuss experimental techniques. Be-
cause of the developmental nature of the GIXS tech-
nique, descriptions of experimental and data-analysis
methods are presented. The results of the GIXS, EX-
AFS, and anomalous scattering measurements are then
presented. Finally, we discuss the implications of these
results and propose a model for the structure of a-Ag-
GeSez.

II. Ag-Ge-Se STRUCTURAL MODELS

Since a broad cornpositional range of Ag-GeSe~ can be
made by photodiffusion, it is useful to consider the struc-
ture of a-GeSez as an initial starting point in understand-
ing the a-Ag-GeSe& structure. Two models have been
proposed for a-GeSez. These have very similar local or-
der but differ in the intermediate-range order. The first
model is the chemically ordered covalent-random-
network (COCRN) model, which consists of randomly
bonded GeSe4&z tetrahedra linked to form a three-
dimensional network. This COCRN model is very simi-
lar to the SiOz-network model. In the COCRN model,
like-atom bonds (Ge—Ge and Se—Se) or phase separa-
tions (Ge- and Si-rich regions) are defects which, from en-
tropy arguments, are statistically present.

In the second model, the raft model, proposed by Phil-
lips, the network also consists predominantly of GeSe4»
tetrahedra, but these units are covalently bonded togeth-
er in layers having atomic arrangements which are sirni-
lar to the layers of crystalline GeSe&. A layer is com-
posed of parallel chains of corner-sharing tetrahedra,
cross-linked with pairs of edge-sharing tetrahedra. In the
raft model, layers are terminated by Se-Se "dimers"
parallel to the chains. From Mossbauer work, Boolchand
et al. suggest that the raft has six parallel chains (50—60
A) rather than two. In both the model and the crystal,
the layers are held together by van der Waals forces. In
the raft model, like-atom bonds are a necessary part of
the structure. In addition, since the rafts are Se rich,
there is also a Ge-rich region. Phillips has suggested
"ethanelike" chains of GezSe6&z which are correlated
with the Se-rich rafts. Thus, the material is phase

separated and has two distinctive structures.
Little is known about the specific structural aspects of

the photodiffused Ag-Ge-Se system. X-ray-photo-
electron-spectroscopy (XPS) studies of the Ag, Se, and
Ge 3d core levels suggest that the Ag interacts with Se
but not with Ge in photodiffusion. ' Optical spectra for
a-GeSez show that the excitation of Se lone-pair and
bonding electrons can be resolved in a-GeSe~, but not for
samples into which 10% Ag has photodiffused. " These
results suggest a rearrangement of the local structure via
an interaction with Se.

A structural model for the photodiffusion of Ag into a-
GeSez was originally proposed by Phillips using the raft
model. In the presence of light, Ag reacts with the Se
along the Se-rich edges of the stacks of rafts (regions of
high strain energy and possibly some dangling bonds)
forming channels of ion-conducting AgzSe. In one of its
crystalline forms, bcc AgzSe is a superionic conductor,
with an ionic conductivity of 2 Q 'cm '. In this pic-
ture, only the edges of the GeSez layers are disturbed in
the photodiffusion process, so that the center of the layer
as well as interlayer correlations remain intact.

We know of no other detailed structural models for the
photodiffusion of Ag into a-GeSez, but Kastner' has pre-
dicted that group-I metals (Cu, Ag, Au) in amorphous
chalcogenide glasses will be fourfold coordinated by the
chalcogenide. With its outer s electron, the metal atom
forms a covalent bond to the chalcogenide. Three other
metal-chalcogenide bonds are formed datively (chal-
cogenide lone-pair electrons donated to the bond). The
covalent and dative bonds cannot be distinguished be-
cause of resonance. The expected bond lengths are those
of covalent bonds. The work of Hunter et al. ' and of
Laderman et al. ,

' who studied the local Cu environ-
ment in a-AszSe3 with (EXAFS), support this model.

III. EXPERIMENT

A. Sample preparation

The photodiffused Ag-GeSez samples were prepared in
three steps: (1) thermal evaporation of different
thicknesses (250 and 1500 A) of a-GeSe~ onto single-
crystal Si substrates; (2) thermal evaporation of different
thicknesses of Ag (0—250 A) onto the GeSez', (3) exposure
to uv light to cause the Ag photodiffusion. The GeSez
evaporation source was made from 99.999%-pure Ge and
Se materials, which were degassed, melted together, and
homogenized at 800 C for 2 d. Deposition rates were 10
A/s for the GeSez and 1 A/s for the Ag. The base pres-
sure was 3 X 10 Torr and the operating pressure was
(10 Torr. The light source was an unfiltered 200-W
Hg lamp and exposure time was = 1 h to ensure complete
diffusion of the Ag. During exposure, samples were
cooled by forced air and remained cooler than =40'C.

In addition to the photodiffusion samples, reference
samples were prepared by two techniques. Sputtered
films of different thicknesses of sputtered amorphous
GeSez and Ag, 0Ge30Se60 were prepared using a single tar-
get to maintain composition uniformity. Melt-quenched
samples of a-GeSe& and Ag, 0Ge36Se~4 (and other Ag-Ge-
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Grazing-incidence x-ray scattering (GIXS) measure-
ments were made of thin-film photodiffused and sputtered
samples. Synchrotron radiation was used because it pro-
vides both the beam collimation necessary to obtain the
depth sensitivity appropriate for the thin films as well as
the intensity necessary for the weakly scattering noncrys-
talline films. In particular, focused wiggler beamlines
IV-2 and VI-2 (8-pole, 18-kG and 54-pole, 8-kG magnets,
respectively) were used during dedicated conditions (3
GeV, 50—100 mA) at the Stanford Synchrotron Radia-
tion Laboratory (SSRL). In this section we discuss the
GIXS measurements and analysis suitable for the study
of amorphous materials. To obtain interpretable data,
the weak diffuse scattering associated with amorphous
films must be accurately measured over a large 20 angu-
lar range. A major complication is that, unlike in the
crystalline case, it is not possible to simply determine
background and substrate contributions. Hence, this
analysis includes careful considerations of background
and substrate contributions which, although minimized
by the GIXS geometry, are still important.

A schematic of the GIXS configuration is shown in
Fig. 1. The incident and scattered (determined by the

TABLE I. List of the samples studied during the course of
this work. See Sec. IIIA for a description of the sample-
preparation techniques. ev denotes evaporation, pd
photodiffusion, sp sputtering, and MQ melt quenching.

Sample
Prep.

method Comp. Thickness Substrate

1

2
3
4
5

6
7
8

9
10

ev
ev and pd

pd
pd
pd
pd
Sp

sp
MQ
MQ

GeSe,
Ag4Ge32Se64

Ag4Ge32Se64

Ag, 2Ge29Se59

Ag25Ge25Se50

Ag7Ge31Se62

Ag, oGe»Sego
Ag&oGe3oSebo

Ag, oGeq6Se54
GeSe2

250 A
250 A
1500 A
250 A
1500 A
1500 A
1500 A
7.5 pm

bulk
bulk

Si(100)
Si(100)
Si(100)
Si(100)
Si(100)

glass slide
Si(100)
Kapton

Se compositions) were made by weighing appropriate
proportions of the following chemicals: Ge (40-Q ingot),
Se (99.999%-pure shot), and Ag2Se (99.999%-pure lump)
for a 3 g total weight (+0.00003 g). The materials were
placed into sorption-pumped ( =10 Torr) quartz tubes,
heated and rocked at 1050 C for = 12 h, and quenched
into a saltwater ice bath. The quenched material was
ground to a very fine powder in preparation for the x-ray
experiment.

The samples' compositions and other parameters are
summarized in Table I. The film thicknesses were deter-
mined by a quartz oscillator during the deposition pro-
cess, and the Ag composition was determined by Ruther-
ford backscattering (RBS). The Ge-Se composition was
accurate to = 1% based on extensive prior work with this
evaporation system. Microprobe measurements for these
samples were consistent with the preceding results, but
the accuracy is limited by the thinness of the films.

B. GIXS measurement technique and data analysis

FIG. 1. Illustration of the grazing-incidence scattering
geometry. During a 28-8 scan, the incident and takeoff angles P
and P' are fixed while detector and sample rotate about sample
surface normal. (For clarity, the reflected beam is not shown. )

detector position) beams are fixed at small angles (P and
P') with respect to the sample surface. In the scattering
measurement (intensity as a function of momentum
transfer k) the detector is rotated about the axis normal
to the sample surface (azitnuthal angle 28). Thus, the
scattering vector lies nearly parallel to the surface. In a
symmetric scattering measurement, the substrate is rotat-
ed azimuthally in a coupled motion with the detector (8-
28 scans). After determining that these amorphous films
showed cylindrical symmetry (unique axis normal to the
surface), the substrate rotation (8) was eliminated for this
work to maintain precise control of the incident angle.
The diffractometer developed for this work is discussed
by Fischer-Colbrie. '

The advantage of this geometry is that the signal from
the film can be isolated from the substrate signal by using
refractive-index (n ( 1 for x rays) and absorption
effects. ' By adjusting the grazing incident angle, the
transmitted x rays can travel nearly parallel to the sur-
face to be either scattered out or absorbed before reach-
ing the substrate. For a-GeSez, using an x-ray energy of
11 keV, incident angles of 0. 15', 0.20', and 0.25 yield a
1/e film penetration of 40, 170, and 2030 A, respectively.
This sensitivity of penetration depth to very small
changes in incident angle means that the incident beam
needs to be highly collimated and the samples need to be
flat. For these measurements, the beam collimation was
0.13 mrad vertically and 2.0 mrad horizontally. To main-
tain sample flatness —,-in. -thick polished single-crystal Si
substrates were used. In practice, the incident ang1e was
selected empirically by measuring the scattered intensity
from the film as a function of incident angle, and then
selecting an incident angle which maximized the signa1
from the film.

In general, the data collection included k-space mea-
surements [k =4m sin(8)/A. , involving 28 motion], k-

space fluorescence measurements to obtain an empirical
correction for the variation of the amount of illuminated
sample seen by the detector as a function of scattering an-
gle [geometric correction D ( k ) ], "background" scans
(k-space scattering at very low incident angle), which
were particularly useful for cases where there was a rela-
tively strong low-k signal (due to air or other parasitic
scattering), and scans of incident angle for a fixed scatter-
ing vector, k, to aid in the selection of incident angle for
the k-space measurements.

In quantitative analysis of GIXS data, the structure-



38 . . . PHOTODIFFUSED AMORPHOUS Ag-GeSe2 THIN FILMS 12 391

+I,(k) A, P(k)D(k)+IbD(k), (2)

where If and I, are the scattering from the film and sub-
strate, respectively, and Ib is a k-independent back-
ground signal due to parasitic sattering and/or fluores-
cence.

The polarization correction depends on the experimen-
tal parameters 28 and f', as well as the fractions of the
incident beam which are horizontally, h, and vertically, v

( = 1 —h), polarized according to

P(h, 28, $') =h cos (28)+v cos (P')

where the incident angle is small. Because of the large
value of h ( =0.96) for this synchrotron-radiation experi-
ment, ' the first term dominates and there is a deep
minimum in the scattered intensity when the detector is
near 20=90'. For the 11-keV x-ray-energy data, this
minimum occurs at k =7.9 A

The absorption corrections depend on the composition,
density, and thickness of the film and substrate, P and P',
and can be calculated. For the film, the correction is
given by

po f AoDf(P)sin(P')

sin(P)[sin(P') —pf Df(P)]

X {1—exp[ —t [1/Df($)+pf /sin(P')]] ),
where po f is the average density of the film, A o is the (il-
luminated) sample area, Df(f) is the film 1/e penenetra-
tion depth at shallow incident angles, t is the film thick-
ness, and pf is the linear absorption coefficient of the

dependent scattering normalized to a per-atom scattering
strength is desired. In the usual manner for amorphous
materials, ' ' If(k), the signal from the amorphous film,
can be separated into this structure-dependent term,
if(k), a structure-independent (self-atom) elastic scatter-
ing term, If;„d(k), and an inelastic scattering term,
If;„,(k),

If(k) =if(k)+If;„d(k)+If;„,(k) .

The second and third terms in Eq. (2) are functions of
composition, the complex scattering factors, and the in-
coherent scattering, only. Thus, they can be calculated
explicitly. In this work, the values for the scattering fac-
tors and incoherent scattering are obtained from para-
metric fits by Cromer and Mann' and Balyuzi, respec-
tively. The anomalous scattering factors are obtained
from Cromer and Liberman. '

The normalized scattering, If(k), is obtained from the
experimental data using methods described by Fuoss, '

with modifications arising from the GIXS geometry. In
particular, corrections are necessary for the polarization,
P(k), as well as variations in the amount of sample seen
by the detector, D(k). In these experiments, it was also
necessary to account for finite penetration of the beam
into the substrate as well as (k-independent) film and sub-
strate absorption, Af and A, . The measured signal, I
scaled by the normalization constant E, is given by

KI (k) =If(k) Af P (k)D (k)

film.
Analogous expressions can be written for the substrate

scattering, I„and for corrections to the substrate scatter-
ing. It is important to note that the substrate is
effectively infinitely thick. In this work we assume that
the only signal observed in this geometry from the
single-crystal Si substrate is the inelastic scattering.

To accurately correct for geometric aberations in the
GIXS geometry, the detection linearity, D (k), is needed.
D (k) was obtained from measurement of the sample's Ge
Ka fluorescence as a function of 2I9 with the x-ray energy
slightly above the Ge I{:-absorption edge. In the analysis
of the GIXS data, the measured signal is divided by a po-
lynomial spline fit to D (k). As in the case of the polar-
ization function, the detector linearity function has a
minimum near 26I=90', where the detector sees the
smallest illuminated area of the sample.

In the normalization of the GIXS data, it is evident
that large corrections to a weak signal must be made in
the region near 20=90'. These corrections also exag-
gerate noise, which adds uncertainty to the analysis. In
spite of this difficulty, the horizontally oriented sample
(and scattering plane) is preferred over the vertically
oriented sample with smaller polarization correction, be-
cause the horizontal sample subtends a much larger frac-
tion of the incident beam (due to the spatial and diver-
gent characteristics of the synchrotron beam) and yields
an estimated factor-of-20 increase in signal. The next
generation of high-brightness synchrotron-radiation
sources will allow a vertical sample orientation to be
used.

In the RDF analyses of this work, the structure-
dependent normalized data were divided by Warren's ap-
proximation for the square of the average scattering fac-
tor before applying the Fourier sine transform. In a mul-
ticomponent system, this factor is given by'

a
(5)

where f v, f' and f" are the atomic-scattering factors
with real and imaginary corrections, respectively, and the
sum over e is over the diff'erent elements in the system.
The resulting RDF peak areas represent the average
number of "average" atoms around an average central
atom.

C. Dift'erential anomalous scattering measurements
and analysis

Ge, Se, and Ag K-edge DAS measurements, discussed
below, were made on bulk melt-quenched (MQ) GeSe2
and MQ Ag, oGe36Se~4. Transmission DAS Ag K-edge
measurements were made on Ag, OGe30Se6O sputtered onto
Kapton films. GIXS Ge K-edge DAS measurements
were made of a 1500-A-thick film of GeSe2 evaporated
onto a Si substrate.

The DAS methods used in this work are described by
Fuoss. ' These involve the differences between scattering
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measurements taken at two different photon energies
below the E-absorption edge of one of the elements, one
energy far below the edge (

—1000 eV) and one closer to
the edge ( —14 eV). In particular, for a binary a-b sys-
tern, the difference of two normalized structure-

I

dependent scattering curves [i (k, E, ) and i (k, Ez )] yield
the differential structure function (DSF). The DSF
weighted by the structure-dependent weighting function,
W(k, E&,Ez) can be Fourier transformed to yield the
DDF according to

2r i (k, E, ) i (—k, E~)
k sin kr dk +4mr p, o+p„o

&.(f'i f'2) [F[2f.0(k)+f'1+f.'2]+2(1 F)[—fb 0(k)+fbi ]]

q (2fao+fa& +fax )pa +2(fbo+fb, & )Pab+Pao[1 (2fo,o+fa~ +far )]+pbo[1 2(fl,,o+fbi )]
F(2Z, +f,', +f,'~ )+2(1 F)[Z—b(k)+ fb, ]

where both energies are below the absorption edge of ele-
ment a, f, o,f,' „f,' &

are the atomic scattering factor and
real corrections at the two energies E& and Ez, respec-
tively, fb o and fb, are the atomic scattering factor and
real correction to element b (assumed not to change at
the two energies), F is the ratio of a—a bonds to a—a
plus a bbon—ds (for the shell of interest) and 1 F is the-
ratio of a bbond—s (when F =0, the material is chemi-
cally ordered and when F =X, it is randomly ordered),

p, o and pb 0 are the average atomic densities of element a
and b, respectively, and p„and p, b are the radial density
of a and b atoms, respectively, around a. The areas under
the peaks of this function yields the average number of
atoms around element a, within the volumes of those
peaks.

D. EXAFS measurements and analysis

Transmission EXAFS experiments were performed on
melt-quenched Ag, oGe, 6Se,4 glass, sputtered- (sp-)

Ag, oGe3oSe6o, and crystalline- (c-) AgzSe. The first two
samples are from the same material studied in the x-ray-
scattering measurements discussed earlier. Fluorescence
EXAFS measurements were made on 1500-A-thick pd
Ag7Ge»Se6z films deposited onto 75-pm-thick glass
slides. Four of these samples were stacked together, in
order to obtain measurable signal from the films. A Lytle
fiuorescence detector (sealed ion chamber), with a 75-
pm-thick Pd filter, filled with Kr was used to detect the
fluorescence signal. In both the transmission and fluores-
cence EXAFS measurements, the samples were cooled to
liquid-nitrogen temperature. The data were collected at
the Stanford Synchrotron Radiation Laboratory (dedicat-
ed 3 GeV and 50—100 mA) on an 8-pole wiggler (17 kG)
side station (Branchline 4-3). Si(220) monochromator
crystals (detuned to accept 90% of the incident beam)
provided an energy resolution of 7 eV at the Ag K edge
(25.5 keV).

EXAFS curve-fitting ' and Fourier-trans form
methods were used to analyze these data. The relatively
well-defined first-neighbor shell in the glasses suggested
by Fourier-transform methods support the reliability of
curve-fitting methods. Theoretical values for the back-
scattering amplitude and total phase shifts calculated by
Teo and Lee were used because of the lack of suitable
reference compounds. (The Ag—Se bond type in c-AgzSe
appears to be quite different from that of the amorphous

I

materials. )

Typical calculations for the accuracy of the distances
obtained in EXAFS is 0.01 A. However, this value de-

pends on the shape of the distribution of the nearest
neighbors. For an asymmetric distribution, the EXAFS
is heavily weighted by the shortest distances. Our
analysis assumes that the absolute values of the distances
obtained are not accurate, but the relative distances are
significant.

IV. RESULTS

In this section the GIXS results obtained for Ag-GeSez
films made by photodiffusion are discussed and compared
to bulk Ag-Ge-Se glasses made by quenching from the
melt (MQ) and by sputtering (sp). This comparison in-
cludes RDF analyses as well as a DDF analysis of MQ
Ag-Ge-Se. The section concludes with a presentation of
the Ag-edge EXAFS results.

A. GIXS results for photodi8'used Ag-GeSe&

The x-ray-scattering patterns for a-GeSez films, into
which Ag has been photodiffused, are shown in Fig. 2.
The Ag concentrations are 0, 4, 12, and =25 at. %. The
first three samples are 250 A thick, while the most Ag
rich is 1500 A thick. In the figure the four curves have
been scaled to constant intensity of the largest peak
(k =2 A '). As discussed earlier, the minimum in the
scattered intensity near k =7.9 A ' is due to the highly
horizontally polarized synchrotron radiation as well as
the detector function (sample area), both of whose effects
are greatest when the detector is at 28=90'.

The primary difference between these curves is the
reduction in intensity of the low-k ( =1 A ) peak, from
a strong peak for pure GeSez to no peak for =25 at. %
Ag. With the addition of 25 at. % Ag, there is also a
merging of the second and third peaks as well as an in-
crease in the small-angle scattering (SAXS). These re-
sults indicate that large changes in the structure take
place with photodiffusion.

As shown by Fuoss et al. , the first peak in a-GeSez is
due to Ge-Ge correlations. Our quasicrystalline (qc)
modeling work ' suggests that the low-k peak arises
from chemically ordered corner- and edge-sharing
GeSe4&z tetrahedra (including contributions from both
inter- and intralayer correlations). The disappearance of
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d' appear for other substrate rotations 0.isap

Small-angle scattering is not observed with eitherr the
0- or 4-at. % Ag samples, but is evident for the 12-at. %
sample and is still stronger for the 25-at. % Ag samp e.
Th

'
rease in the SAXS with the addition of Ag sug-T e increase in

b thegests athat inhomogeneities are introduce y
r rob-photodiffusion of Ag. These inhomogeneities are pro-

ably a phase separation created by the photodiffusion re-
action, since SAXS is not present in the a-GeSe2 sample.
(We have performed an extensive search for SAXS in a-
GeSe2. This search included measurements near the Ge
E.-a sorp ion eE. b t' edge where anomalous scattering effects
would maximize the contrast between Ge-ric an e-
rich regions. Those results will be presented in a separate
paper. )

full k range is sensitive to normalization parameters as
well as small background contributions.

C. RDF's of a-Ag-Ge-Se

Figure 4 shows the RDF's for the photodiffused sam-
1 T ble III summarizes the peak positions

determine rom
'

n 2.37—2.62 A)The increase in near-neighbor separation 2.
with increasing gA concentration is expected since Ag-
(Ge,Se, or Ag) distances in crystalline Agz e e s.
28 —32) or AgsGeSe6 (Ref. 33) (2.45 —2.85 A) tend to be

Ge-Se (Ref. 34) (2.37 A), Ge-Ge (Ref. 35)
(2.45 A), or Se-Se (Ref. 35) (2.34 A). The first pea area
rises from = . o . a-2 5 t 3.3 average atoms and is significant y
broa ene wi ind d 'th '

creasing Ag concentration. Overa,
the RDF becomes a much smoother function. a is,
the local structure approaches the average density very

30—

B. Comparison of pd Ag-GeSe& to other Ag-Ge-Se glasses

20—In Fig. 3 normalized structure-dependent intensity
data, if(k), for the 250-A-thick, 12-at. % g

hotodiffused film are compared to samples of compara-p oto i use
bl A oncentration made with other prepher re aration

Se filmmethods: a 1500-A-thick sputtered Ag, oGe3OSe6O
and a MQ (bulk) sample of Ag, OGe36Se54. The normaliza-
tion parameters are listed in Table1 II.

The curves for the three glasses are qualitatively quite
similar. The curves differ primarily in the heights o t e
first two peaks and, to a much lesser degree, in pea posi-

Whether these differences are due o ations. e
lt tostructural effect or normalization error is difficu

determine since the overall shape of the curve over the

LL
O 10— A PD Ag2& Ge&5 Se50

PD Ag&2 Ge2g Se5g

PD Ag4 Ge32 Se64

ev GeSe2

I

10

0— I. . . 1

6 8
I

2

r (A)

FIG. 4. Radial distribution functions (RDF's) of Ag-Ge-Se
films made by photodiffusion of different amounts of Ag into
evaporated GeSe2 films.
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TABLE II. Summary of the data-collection and analysis parameters used for the x-ray-scattering
and RDF analysis performed in this work. See Sec. III B for a discussion of these parameters.

Sample

Incident
angle

P (deg)
Density

po (g/cm )

Horizontal E,„0
polarization (A ')

0
2 250 A pd Ag4Ge»Se64
3 1500 A pd Ag4Ge»Se, 4

7 1500 A sp Ag, OGe30Se«
8a sp Ag, OGe30Se«
9 MQ Ag„Ge„Se,4
4 250 A pd Ag, 2Ge»Se59
5 1500 A pd Ag»Ge»Seso

0.19
0.23
0.23

0.22
0.30

4.5
4.5
5.0
5.0
5.0
5.2
5.5

0.96
0.96
0.96

0.96
0.96

0.55
0.55
0.6
0.6
0.6
0.65
0.8

Data taken at 11 keV:

High-k normalization range:
Fourier-transform data range:
Fourier-transform a. :

'Transmission x-ray
Data taken at 25.4 keV

High-k normalization range:
Fourier-transform data range:
Fourier-transform cr:

fo, = —4. 3 electrons, fo, =0.5 electrons

fs, = —1.8 electrons, fz', =0.6 electrons

fAg
= —0.3 electrons, f&g=2.5 electrons

2.0-7.0 A
0-6.2 A
0.02 A

measurement for sample 8:
fo, =0.2 electrons, fo, =0.9 electrons

fs, =0.2 electrons, fs', =1.2 electrons

fA~ = —4.9 electrons, fA&=1.6 electrons

10.0—11.0 A
0-10.75 A
0.02 A

rapidly. These trends show the modification of the origi-
nal a-GeSez structure with the addition of Ag.

The accuracy of the photodiffused RDF peak areas is
estimated to be =8% including the uncertainty in film

density and normalization errors. In particular, for
shorter-k-range data sets (k,„(6.2 A) the larger o
values (cr =0.02) used with the Fourier transform (in the
convergence factor) lead to a systematically larger peak
area by =5%. In the final analysis here, the peak areas
were reduced by this amount for the short-k-range,
large-a data sets. The accuracy in peak position is es-
timated to be +0.01 A for bulk RDF's. For the GIXS
RDF analysis, the error may be somewhat larger because
of large corrections to the data. In particular, larger
(nonphysical) low-r oscillations were usually obtained in
the GIXS RDF's. In spite of this problem, the peak posi-

tions for bulk and films of a-GeSe2 measured with bulk
symmetric-Brag g and GIXS techniques, respectively,
yielded the same first peak distances. This consistency
implies that the data-analysis methods are reliable.

In Fig. 5 are the RDF's from the Ag-Ge-Se samples
made with different methods: the 250-A-thick
photodiffused Ag»Ge»Se59 film, the 1500-A-thick sput-
tered Ag~&&Ge3QSeso sample, and the bulk MQ
Ag, pGe36Se54 sample. While the overall appearances of
these curves are quite similar, the MQ bulk Ag, oGe36Se&~
sample is slightly higher in density between 5 and 6 A.
The first-neighbor distance (see Table III) is slightly
shorter for the 1500-A-thick Ag]pGe3pSe6p sputtered sam-
ple (2.40 A) than for the 250-A-thick Agt2Ge29Se» film
prepared by photodiffusion (2.47 A). The peak areas are
comparable, =3.0 average atoms, for all three samples.

TABLE III. Summary of the RDF results for the dift'erent samples examined in this work.

Sample
Area

(av. atoms)
Peak positions

(A)
0

250-A pd Ag4Ge»Se, 4

1500-A pd Ag4Ge»Se, 4

1500-A sp Ag»Ge30Se«
bulk sp Ag, OGe30Se«
bulk MQ Ag, OGe36Se«
250-A pd Ag»Ge»Ses9
1500-A pd Ag2sGe2sSeso

'Large negative oscillations next to peak.
Extremely broad peak.

2.9
2.8'
2.9
3.0
2.9
3.0
3.3

2.39
2.37
2.40
2.40
2.45
2.47
2.62

3.81
3.84
3.86

3.84
3.86
3.97

6.13b

6.10b

6.12

5.94
6.11
6.15

7.48
7.20
7.31

7.20
7.10
7.08
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30—

20—
I

Q.
OJ

LL
C)

io—

the GeSe2. Under such circumstances, one might expect
separation into one phase with composition near Ag2Se
or Ag&GeSe6 (the relevant compounds in the equilibrium
phase diagram) and Ge-Se alloys. For example,

Ago &oGeo. soSeo. 6o 0. 15(Ago 67Sep 33)

+0. 85( Gep ssSep 65)

r (A)

0
A SP Ag)p Ge3p Se60

0
A PD Ag)2 Ge2g Se59

MQ Ag~p Ge36 Se54

1

10

or

and

Agp, pGep, pSep 6p= 0. 19(Agp»Geo p7Sep 4p)

+0.81(Geo 36Sep 64)

FIG. 5. Radial distributions functions (RDF's) of a-Ag-Ge-
Se materials made by dift'erent methods. (Structure-dependent
normalized scattering patterns in Fig. 3).

or

Agp zsGeo 2,Sep sp= 0.38(Ago 67Sep 33)

+0.62 ( Gep 4oSep 6p )

(8)
These results show than the local order of the
photodiffused material and melt-quenched glass are quite
similar, and not highly dependent on the method of
preparation. The bond length for the sputtered sample is
somewhat shorter, but the near-neighbor coordination is
the same. Differences in composition (as well as uncer-
tainty in composition) will also affect peak position, and
may exaggerate differences.

X-ray-scattering data for a (13-p,m) thick film of sput-
tered Ag, OGe30Se60 film on Kapton, measured in a
transmission geometry, were taken to compare to GIXS
data of the same composition, and analyzed using the
methods of Kortright. These data were taken at 25.4
keV, and not the 11 keV of the GIXS data, so that the
peak areas are somewhat different (due to differences in

anomalous scattering factors). The first peak distance
and area are 2.40 A and 2.95 average atoms, respectively,
compared to the 2.40 A and 3.1 average atoms of the
1500-A-thick film.

In summary, the GIXS results described thus far indi-
cate the following.

(1) The short-range order in the 12% pd film appears
identical to that in 10% MQ glass, within the sensitivity
of the normal x-ray-diffraction techniques. The
intermediate-range order may, however, be different.
The short-range order in the sputtered sample appears to
be slightly different.

(2) There is evidence for phase separation in the 12%
and 25/o Ag pd films. The presence of separation is un-
certain in the 10% Ag materials, and seems unlikely in
the 4% Ag pd films.

(3) The low-k (k =1 A ') peak disappears with in-
creasing Ag concentration. This disappearance could be
attributed to either of two (or both) possible causes. The
first is a breakup of the Ge-Ge correlations associated
with a-GeSez. This cause is inconsistent with a model for
photodiffusion in which Ag diffuses only through isolated
channels in a-GeSe2, leaving the bulk of the material in-
tact (described earlier).

A second possible cause, which is consistent with that
model, is phase separation. In the photodiffusion model,
the Ag diffuses through and reacts with Se-rich regions of

Ago. zsGeo. zsSeo. so 0.47(Ago 53Gep p7Seo. 4o)

+0.53(Geo 42Sep ss) .

The Ge-Se compositions are all associated with glass
formation, so that there is nothing inherently wrong with
this picture. A diSculty, however, is that all these a-
(Ge-Se) alloys show strong peaks in the region of k =1
A '. Thus, the disappearance of that peak with in-
creasing Ag concentration would have to be ascribed to
the fortuitous presence of a deep minimum in the scat-
tered intensity of the Ag-containing phase near k =1
A '. %'e cannot rule out that possibility. However,
quasicrystalline modeling studies of AgzSe and Ag8GeSe6
do not show such a minimum.

D. Bulk Ag-Ge-Se differential anomalous scattering

DAS measurements and DDF analyses for the bulk
MQ Ag~oGes6Se54 sample were also made. Specifically,
Ge, Se, and Ag K-edge DAS measurements were ob-
tained for the MQ Ag&pGe&6Ses4 sample. The x-ray ener-
gies and anomalous scattering factors are listed in Table
IV. Ag f' values somewhat more negative than theoreti-
cal Cromer and Liberman value (

—8.0 instead of —7.0
electrons) at 14 eV below the edge significantly improved
the Ag K-edge DDF in terms of the flatness of the low-r
region.

Figures 6—8 show the normalized data and DSF's for
the MQ Ag, pSe36Ses4 sample near the absorption edges of
the three elements. %'e see from the difference curves
that, as in the case of a-GeSe2, the first peak is sensitive
to changes in energy near the Ge K edge, but not at the
Se K edge and probably not at the Ag K edge, though the
signal is quite noisy. %hile the scattering differences are
relatively large at the Ge and Se K edges, the changes in
the signal at the Ag K edge are extremely small. There is
only 10 at. % Ag in the sample and the change in the
anomalous scattering factor is only =3 electrons for
these energies, so we expect this result to be less reliable
than the other two.
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TABLE IV. Parameters used for the differential-distribution-function analysis. See Sec. III C for a

discussion of these parameters.

Sample

Normalization Fourier-transform Fourier transform
0 0 0

Energy range (A ') range (A ') cr (A )

MQ Ag&OGe, 6Se,4 (po=5.0 g/cm') Ge K edge
Se K edge
Ag K edge

7.0—9.0
10.0—11.0
1O.O —11.O

0-10.75
0-10.75

0.5 —10.75

0.02
0.02
0.02

MQ GeSe& (pa=4. 2 g/cm') Ge K edge
Se K edge

7.0—9.0
10.0-11.0

0.5-10.75
0.5-12.0

0.01
0.01

Energy
(eV)

f'o, fo, fs. fs.
(electrons)

Ge K edge (11104 eV)

Se K edge (12568 eV)

Ag K edge (25514 eV)

11 000
11090

12 550
12 645

25 400
25 500

—4.3
—7.0
—1.1
—1.1

0.2
0.2

0.5
0.5

3.1

3.1

0.9
0.9

—1.8
—1.9

—4.3
—7.5

0.2
0.2

0.6
0.6

0.5
0.5

—0.3
—0.3
—0.5
—0.5
—4.9
—8.0

2.5
2.5

2.0
2.0

0.5
0.5

In Fig. 9 are shown the corresponding DDF's. We see
that the first peak of the Ge K-edge DDF is dropping
rapidly where the Ag E-edge DDF is peaked. In this re-
gion, the Se E-edge DDF does not reach the same deep
minimum as does the Ge E-edge DDF, indicating that
Ag is bonding to the Se, but not the Ge, as suggested by
the XPS measurements discussed earlier. Further evi-
dence in support of this conclusion is provided by the
comparison of these DDF's to those of bulk a-GeSez
show n in Fig. 10. The Ge environment is very similar in
the two glasses, but the Se environments are different. In
particular, in the region beyond the first peak, in a-GeSe2
there is also a deep minimum (as with the Ge DDF), but
not in the Ag-Ge-Se glass.

Peak areas and positions are listed in Table V. In
Ag, QGe36Se&4 the Ge, Se, and Ag nearest-neighbor dis-

tances are 2.39, 2.41, and 2.65 A, respectively. Ge, Se,
and Ag are approximately coordinated by 4, 2.9, and 3.9
atoms, respectively. The estimated accuracy of these re-
sults is 0.02 A for peak positions and 8% for peak areas,
including uncertainties in f,', average density, po, and
normalization parameters.

E. Ag EXAFS results

EXAFS measurements were made for the bulk MQ
Ag&QGe36Se54, the sputtered Ag, QGe3QSe6Q film on Kap-
ton, and the pd Ag7Ge»Se62 samples. The Ag EXAFS
(weighted by k and windowed by a Gaussian-broadened
square window at k =12 A ') are shown in Fig. 11. We
see from these curves the remarkable similarity of the Ag
environment in these materials both in near-neighbor dis-

500
O

fD
C0

0

to

C

-500

E
O
Z.'

—--—Difference

11090 eV

11000 eV

Ge K edge = 11104 eVI. . . I ~ . . I. . . I

4 6 8 10
0

Scattering Vector k (A1)

500

(0
C0

0

tn
C

-500
ai
E
0

I I

0
Scattering Vector k (A ')

—--—Difference

12645 eV (-13 eV)

12550 eV (-108 eV}
Se K edge = 12658 eV

I

6 8 10

FIG. 6. Structure-dependent normalized Ge K-edge
differential-anomalous-scattering (DAS) data and differential

structure function (DSF) for bulk MQ Ag, oGe36Ses4 measured in

symmetric Bragg geometry.

FIG. 7. Structure-dependent normalized Se K-edge
differential-anomalous-scattering data and differential structure
function for bulk MQ Ag»Ge3, Se,4 measured in symmetric

Bragg geometry.
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FIG. 8. Structure-dependent normalized Ag K-edge
differential-anomalous-scattering data and differential structure
function for bulk MQ Ag, oGe36Se, 4 measured in symmetric
Bragg geometry. The inset shows the Ag K-edge DSF on an ex-
panded scale.

tance (frequency) and coordination (amplitude). The
sputtered sample appears to have a very slightly different
frequency than the other two samples. These results are
significant in that they indicate that the Ag near-neighbor
environment is nearly independent of the method of sam-

ple preparation, although there is a slight difference for
the sputtered sample.

Quantitative values for R, N, and cr, for different values
of E0 are given in Table VI, where the reference energy
(bEo ) occurs at the half-height of the edge jump of the
absorption curve and we use a value of E0 derived from
Fourier-transform analysis. We have assumed that Se is
the nearest neighbor of Ag, as indicated by XPS studies'
and the DAS studies presented here. (Se and Ge have
very similar backscattering amplitudes and phases, so
that there is not much difference in the modeling results

r (A)

FIG. 10. Comparison of Se K-edge and Ge K-edge DDF's for
bulk melt-quenched GeSe, (same as in Fig. 8). Analysis parame-
ters are listed in Table IV and peak positions and first peak
areas are listed in Table V.

when either Se or Ge are assumed to be the nearest neigh-
bor to Ag. ) The difference (0.007 A) between the near-
neighbor distance of the pd film and the MQ glass is
smaller than the combined precision of 0.02 A. The dis-
tance for the sputtered film is somewhat shorter than for
the other two glasses, with a small difference of 0.024 A
compared to the MQ glass. As seen in Table VI, values
for the coordination X are quite similar. The absolute
values of X are not considerable reliable since they are
based on theoretical analysis parameters, rather than on
empirical (by comparison to a standard component) ones
and also because of reasons discussed at the end of this
section.

Figure 12 shows the Ag EXAFS for the pd film com-
pared to crystalline Ag2Se. Both the frequencies and the
amplitudes of the EXAFS are quite different. In particu-
lar, the amplitude of Ag2Se EXAFS is less than that for
the pd film EXAFS. This smaller amplitude may reAect
either a lower coordination or the interference due to a

30—

20—
L

OJ

x 0

tL
C3

10—

8 ~ S I 4 ~ 4 I ~ 5 ~ I

Ag Kedge

Se K edge

Ge K edge

~ 4 ~ I

4 6 8 10

r (A)

-2

k (A')

10 15

---- PD Ag7 Ge3) Se62
———sp Ag)p Ge3p Se6p

MQ Ag&p Ge36 Se54
I 4 I ~ ~ I

FIG. 9. Differential distribution functions calculated from

Ge, Se, and Ag K-edge DAS measurements of Figs. 6—8.

FIG. 11. Comparison of Ag K-edge EXAFS, k g(k), for
melt-quenched Ag IOGe36Se, 4, sputtered Ag, oGe30Sefo, and
photodiffused Ag, Ge„Se„.
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TABLE V. Summary of the differential-distribution-function analysis. These results are discussed in Sec. IV D.

Sample

MQ Ag„Ge„Se,4

MQ GeSe2

Energy

Ge K edge

Se K edge

Ag K edge

Ge K edge
Se K edge

Nearest neighbors
(at. % n-n; Ag coordination)

(32 Ge, 68 Se; Q&~=3)
(32 Ge, 68 Se; Q~~ =4)
(0 Se, 23 Ag; Q~ =3)
(0 Se, 29 Ag; Q~g=4)
(100 Se)

(100 Se)
(100 Ge)

Area
(av. atoms)

4.2
4.2
2.9
2.9
3.9

4.2
2.0

Peak positions
(A)

2.39, 3.81, 4.64, 5.67, 6.68. 7.59

2.41, 3.88, 5.85. 7.19
2.65, 4.00, 4.94, 5.58, 6.30, 7.10

2.37, 3.68, 4.89, 5.65, 6.79, 7.53
2.35, 3.88, 5.65, 6.29, 6.71, 7.30

range of near-neighbor distances, as found in all of the
crystalline modifications of Ag2Se.

0
The shortest c-Ag2Se distance is =0. 1 A longer than

any of the distances found in the glasses. This difference
suggests a difference in the type of bond formed by Ag in
the two materials. That is, the bonding in the amorphous
material is significantly more covalent than that in the
crystalline compounds. This points is utilized later in the
context of a local-bonding model proposed here for these
glasses.

In summary of the Ag EXAFS results, we have ob-
served trend in the Ag nearest-neighbor distance in the
glasses which show that the environment of the Ag in the
pd film is quite similar to that of the MQ glass, and that
these distances are slightly longer than those of the amor-
phous sputtered film. A similar trend was observed in the
RDF's, although the RDF is more sensitive to exact com-
position. The differences in distance, however, are small.
The Ag coordinations in the glasses are about the same.
Covalent bonding of Ag in all of the glasses is indicated
by shorter distances than those of crystalline Ag2Se.

It should be noted, however, that absolute distances
and coordination numbers were not determined in this
EXAFS work. Indeed, there is a marked difference be-
tween the Ag coordination number ( =4) obtained from
the DAS study of the MQ glass and that ( = I ) obtained
for that sample from EXAFS. As stated above, one
reason for this is that a suitable standard is not available,
so that calculated backscattering amplitudes and phase
shifts were utilized. Often the coordination numbers ob-
tained under such circumstances are too small by
30—50%.

A second large contribution to the discrepancy is the
asymmetric shape of the distribution of atoms bonded to

Ag, as shown in the Ag DDF of Fig. 9. Under such cir-
cumstances, EXAFS analyzed in the standard plane-wave
approximation can yield coordination numbers which are
less than 25% of the value provided by DAS techniques,
as discussed by Kortright and Bienenstock.

V. STRUCTURAL INTERPRETATION

In this section we present a local (nearest-neighbor)
structural model for the pd Ag-GeSe2 materials (and oth-
er a-Ag-Ge-Se glasses) and compare the calculated RDF
and DDF peak positions and areas to the measured re-
sults.

Construction of the model begins with the physical sit-
uation associated with the photodiffusion phenomenon.
That is, Ag is introduced into a-GeSe2. In the pure
GeSe2, Ge is fourfold coordinated by Se and Se is twofold
coordinated by Ge. Considered here is the situation in
which two Ag atoms are introduced into such a system.

We assume that Kastner's picture' of Ag in amor-
phous chalcogenides is valid. In this picture, Ag forms
one covalent bond (with its 5s electron) and up to three
coordination (or dative) bonds with Se lone-pair electrons
to obtain a maximum coordination number of 4. This
picture is consistent with the evidence presented here
that the Ag bonds to the Se in these materials.

x 0—

TABLE VI. EXAFS results where AE0 is referenced to at
the half-height of the edge jump of the absorption curve, R is
the first-neighbor distance, N is the first-neighbor coordination,
and cr is the Gaussian disorder associated with the first-
neighbor shell.

-2—

———PD Ag7 Ge3] Se6$

c-Ag2 e

Sample
EE0
(eV)

R
(A)

0-2

(A )

E I I

10 15

MQ Ag, OGe„Se„
sp Ag 10Ge30Se60

pd Ag7Ge»Se6,

2.52
2.49
2.51

0.8
0.8
1.2

0.0044
0.0039
0.0078

FIG. 12. Ag K-edge EXAFS, k'g(k), for photodiffused
Ag7Ge31Se62 compared to crystalline Ag2Se.
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Xo,Casse N«, = (2Xse QAsXAs )Ntot (10)

In order for a Se atom to bond covalently with a Ag, a
preexisting Se—Ge bond must be broken. Thus, for
counting purposes, each Ag yields a dangling Ge bond.
Therefore, we assume that each pair of Ag atoms intro-
duced into the system yields one Ge—Ge bond.

This simple picture must be generalized, however, be-
cause the samples studied here have Ag:Ge:Se ratios
which cannot be described as mixtures of Ag with GeSe2.
In the more general form, it is assumed that Ge forms
four covalent bonds and Se two covalent bonds, with a
preference for unlike-atom bonds. In the materials stud-
ied here (Ge rich), it is necessary to postulate that Ge-
Ge bonds are formed, particularly since some of the two
covalent bonds per Se are tied to Ag. There are no Ag-
Ag, Se—Se, or Ag—Ge bonds in the model.

For that portion of the Ag-Ge-Se system for which
XA (Xs, and 2Xo, )Xs, (where X~ is the mole frac-
tion of Ag, etc. ), we can count bonds to determine coordi-
nation numbers. For example, to determine the number
of Se neighbors for each Ge atom, we note that the num-
ber of Ge—Se bonds (No, s, ) is given by the coordination
number of Se (2), the number of Se atoms (Ns, ), the co-
valent bonds on a Ag atom (QAs, which is assumed to be
1 here), and the number of Ag atoms (N„) by the simple
relationship

No, s, =2Ns, —
QAsN~s .

Expressing the number of Se and Ag atoms in terms of
the total number of atoms, N„„and the atomic fraction,
we obtain

where fo„the average scattering factor, is given by

fo, = (fo, (k =0) ) =[(Zo, +fo, )'+(fo, )']' ', (14)

where Zo, is the atomic number of Ge, and fo, and fo,
are the anomalous scattering factors. The expressions for
fs, and fAs are analogous.

Similarly, the first peak distance is the average bond
length of the first neighbor shell and is given by

coordination of Ag, a Ag concentration of 40 at. %%uscan
be reached. It is interesting to note that the crystalline
compound in the Ag-Ge-Se system, Ag8GeSe6, has a
composition such that CG«e =0.

This model can be used with the RDF's to determine
the remaining unknown coordination number, CA s„by
counting bonds and calculating the first peak areas. The
first peak distances can be calculated assuming that bond
lengths are comparable to those found in materials such
as a-GeSez, a-Ge, and c-Ag2Se or c-Ag8GeSe6. In addi-
tion, the Ag-Se distance, for which there is a large range
of distances in crystalline compounds (2.45 —2.86 A), is
treated as an unknown. In principle, this length can be
determined from the position of the first peak.

Using the preceding rules and our earlier RDF analysis
methods, the RDF first peak area, which is the average
number of atoms around an average central atom, is
given by

2Xoe Coesef oef se +Xoe Coeoef oe +2XAg CAgsef Agf se

Xoefoe+Xsef se+XAsf As

(13)

or

Xs. XA
C =2GeSe X ~Ag XGe Ge

Ge GeSe GeSe Ge GeGe GeGe Ag AgSe AgSe

Ge GeSe Ge GeGe Ag AgSe

(15)

Xs.
Coo, =4—2 +QA

Ge XGe

XA
(12a)

where CG,s, is the coordination of Se around Ge. Using
this procedure, we can derive a set of equations that de-
scribes the average coordination around each type of
atom. The resulting relationships are
suiting relationships are

where RG,s„RG,G„and RA s, are the average first-
neighbor distances.

Calculations of the first peak areas for the different
Ag-Ge-Se compositions are listed in Table VII. In these
calculations, we have used the RDF peak area obtained
from the measurements and calculated the unknown Ag
coordination, Q~, using Eq. (11). The Ag coordinations

C =2 XS, XAg
Gese X QAg XGe Ge

CGeAg
—0—

CAgGe

CSeSe

Xs.
SeGe

Ge

g g g C
XA XA

seAg X Q Ag X Agse
Se Se

(12b)

(12c)

(12d)

(12e) Sample
Thickness

(A)
RDF area

(atoms)

Ag
cool d.
(atoms)

TABLE VII. Estimate of the first-neighbor Ag coordination
of Se. These results are derived using Eq. (13) and are discussed
in Sec. V.

(12f)CAgAg

Here, QA is the total coordination of a Ag atom, i.e., it
includes neighbors which are both covalently and coordi-
nately bonded. For the fourfold total coordination of Ag,
31 at. % Ag can be added to a-GeSe2, at which point all
of the Se lone pairs are bonded to Ag. For threefold total

pd Ag46e3QSe64

pd Ag, 2Ge29Se59

pd Ag25«zsSe5O
sp AgioCre3oSe~o

MQ Ag, OGe36Se, 4

1500
250
250
1500
1500
bulk
bulk

2.8
2.9
3.1

3.5
3.2
3.0
3.1

3.7
4. 1

3.5
3.5
3.9
3.7
3.7
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Sample
Thickness

(A)

Meas.
RDF
Dist.
(A)

Ag-Se
Dist. '
(A)

Ag-Se
Dist. '

(%A~=4)
(A)

TABLE VIII. Estimated Ag—Se bond distances derived us-

ing Eq. (15). These results are discussed in Sec. V.

DDF area
(av. atoms)

area
(av. atoms)

TABLE IX. Comparison of the MO Ag&pGe36Ses4 DDF
areas and the postulated structural model (Ge—Ge model bond
length, 2.45 A; Ge-Se model bond length, 2.36 A. )

Model DDF

pd Ag4Ge32Se, 4

pd Ag, 2Ge29Ses9

pd AgzsGe2sSesp

sp Ag1 pGe3pSe~p

MQ Ag, OGe„Se,4

1500
250
250
1500
1500
bulk
bulk

2.37
2.39
2.47
2.62
2.40
2.40
2.46

& 2.45
2.48
2.62
2.76
2.45
2.45
2.60

& 2.45
2.48
2.66
2.74

& 2.45
& 2.45

2.59

Ge K edge

Se K edge

Ag K edge

QAg =3
Q~g =4

QAg =3
QA, =4

QA, =3
Ag

=4

4.2
4.2

2.9
2.9

3.9

3.9
3.9

2.8
3.0

3.0
4.0

'Calculation of Ag-Se distance, assuming Ag coordination ob-
tained from RDF area with model (see Table VII).
Calculation of Ag-Se distance, assuming a coordination of 4.

calculated from the RDF peak areas range from =3.5 to
4. 1 average (Se) atoms. There is potentially large error
associated with this result since the Ag comprises only a
small percentage of the total peak area. If we assume
that the RDF area can vary by 8%, then for the 4-at. %
Ag sample, the measured coordination may range from
=2 to =5 atoms, while for the 25-at. %%uoA gsampl e, the
range is only =3 to =4 atoms. In spite of these
difficulties, the Ag coordination appears to be very simi-
lar in all of the amorphous Ag-Ge-Se glasses. This result
agrees well with the local Ag bonding proposed by
Kastner. There is a trend to lower Ag coordination with
higher Ag concentration, but a definitive result would re-
quire more accurate measurements.

With the first peak distance and Ag coordination ob-
tained from the RDF's, we calculate the Ag—Se bond
length using Eq. (12). These distances along with the as-
sumed Ge—Ge and Ge—Se bond lengths are listed in
Table VIII. In addition, Table VIII shows the Ag—Se
bond length calculated assuming a Ag coordination of 4.
The Ag—Se distances calculated from the RDF peak po-
sition fall into a broad range of distances, 2.45 —2.74 A,
which is consistent with the broad range of Ag—Se dis-

I

tances found in the crystalline compounds Ag8GeSe6 and
AgzSe. The Pauling Ag—Se covalent-bond distance is
2.66 A. In the context of the model, these results lead to
the conclusion that all of these materials have covalent
Ag—Se bonds, in spite of the fact that Ag photodiffuses
ionically through a-GeSe2.

For the photodiffused Ag-Ge-Se samples, there is a
trend to slightly longer Ag—Se bond length with increas-
ing Ag concentration. The sputtered Ag, OGe36Se54 sam-
ple have very short Ag—Se bond lengths, while the melt-
quenched sample Ag, OGe36Se54 has bond lengths similar
to the photodiffused samples of similar Ag concentration.
The trends observed here are also subject to the large er-
rors as for Ag coordinations and are not considered to be
necessarily valid. It should be possible to prove the valid-
ity of these observed compositional trends with the
higher-quality data obtainable with the advances in syn-
chrotron radiation presently becoming available.

The DDF analysis then provides the means of testing
the model with the one sample for which such data are
available, Ag, OGe, 6Se54. A similar analysis can be used to
interpret the DDF results. In particular, the general ex-
pression for the DDF first peak area for a three-
component system, a, b, c (at the IC-absorption edge of ele-
ment a), is given by

(C„—Vp, o)(2Z, +f,', +f,'2)+2(C,g
—V q o)(Zq fq, )+2(C„——Vp, o)(Z, +f,'i )+ Vp

I dr=
F„(2Z,+f,', +f,'2 )+F,1, 2(Zq+ fI'„)+F„2(Z„+f,', )

(16)

where I is the DDF and Z„Zb, and Z, are the atomic
numbers of elements a, b, and c; f,', , f,'2, fi'„, and f,'~ are
the real anomalous scattering factor at energies 1 and 2;
C„, C,b, and C„are the coordinations of a around a, b
around a, and c around a; V is the volume of the first-
neighbor shell; p, o, pb o, and p, o are the average densities
of elements a, b, and c; and F, is the estimated fraction
of a around a, F,b is the estimated fraction of 6 around a,
and F„ is the estimated fraction of c around a. This
equation is obtained by the integration of Eq. (7) over the
first-neighbor shell. This expression is simplified for the

including the assumed chemical order (e.g. , CAso, =0,
FAsG. =o).

A comparison of the DDF areas of Ag, oGe36Se~4 and
the model, using Q~ =3.7, are listed in Table IX. Good
agreement is obtained for DDF's obtained at all three
edges. This result indicates that the basic short-range
structural features of the model are valid.

The DDF first peak distance, D, for a three-component
system can be calculated according to (near the K-
absorption edge of element a )
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(2Z, +f,', +f,'2 )C„R„+2(Zb+fb, )C,qR,b+2(Z, +f,', )C„R„D=
(2Z, +f,', +f,'~ )C„+2(Zb+fq, )C,b+2(Z, +f,', )C„

where R„, R,b, and R„are the a—a, a—b, and a—c
bond lengths.

The Ag—Se bond distance obtained from the Ag-edge
DDF of MQ Ag, oGe36Se&4 is 2.65 A, about 0.05 A longer
than that deduced from the RDF. The EXAFS analysis
yields a shorter Ag—Se bond length, 2.49 —2. 52 A (short-
er than the RDF results by =0. 1 A). Also, the varia-
tions in bond length with sample are much smaller than
those suggested by the RDF results. We expect the rela-
tive errors in the RDF results to be much larger than for
the EXAFS. Also, we note that the EXAFS technique
generally picks out the shortest distance, particularly for
asymmetric distributions. Given the accuracy of these
techniques and the smallness of the variations, we cannot
tell if there are subtle trends to the bond lengths with
composition. Overall, we conclude that all of these mea-
surements yield results consistent with each other.

The picture which emerges for the pd material is
schematically shown in Fig. 13. In the figure is shown a-
GeSe2, in which all of the Ge are fourfold coordinated by
Se and all of the Se are twofold coordinated by Ge. (We
are not concerned about intermediate-range order in this
model, and intend to convey only that Ge and Se bonding
requirements are properly satisfied in this schematic. )

With the addition of two Ag atoms, twp Ge—Se bonds
are broken and each Ag atom forms a covalent bond with
Se. This leaves two unbonded Ge atoms which can form
a Ge—Ge bond. Thus, the addition of a pair of Ag
atoms results in a Ge—Ge bond. Ag also forms coordi-

Se g Se y Seg Seg
Ge

Se Se+ Se Se

Se Se Se Se

Se+ Se+ Se Se

Se Se Se Se

Se Se Se Se
Ag Ag

Se Se Se Se
Ge Ge+ Ge

Se Se Se Se

FIG. 13. Schematic of GeSe2 before Ag photodiffusion and
after Ag photodiffusion.

nation bonds with any available Se lone-pair atoms. A
detailed model incorporating these concepts would re-
quire large structural rearrangements during the
photodiffusion of Ag, as suggested by the x-ray-scattering
data.

This picture agrees with the RDF and DDF results ob-
served for these materials. In addition, it can be used to
explain the disappearance of the low-k peak with the ad-
dition of Ag. Ge—Ge bonds disrupt the chemical order
of the system and put Ge atoms at distances (specifically
nearest neighbor) which will reduce the strength of the
low-k peak. In addition, with an overall disordering of
the system, we would expect that larger-distance interfer-
ences (farther than nearest neighbor) also would decrease
the intensity of the peak.

Finally, these results are consistent with the changes in
the optical spectra, " in which it was observed that the
excitation of the Se lone-pair electrons could be resolved
for a-GeSez, but not samples into which 10 at. % Ag had
been photodiffused. The rearrangements described here,
in which Se lone-pair electrons are tied up in bonding
with Ag photodiffusion, explains these results.

It should be noted that the model addresses the short-
range, but not the intermediate-range, order. It is, in
fact, consistent with either a homogeneous distribution of
Ag atoms or phase separation of the type discussed in
Sec. IV. C.

VI. CONCLUSIONS

These results demonstrate the power of the GIXS tech-
nique in the study of thin amorphous films (ranging from
250 A to bulk thicknesses). The critical parameters of
the GIXS technique are a high incident-beam intensity
and collimation (high brillance, photons/sm mrad—
0.1% bandwidth) to provide both a measurable scattered
signal from such a small amount of weakly scattering ma-
terial as well as depth sensitivity. We have been able to
determine the normalized (structure dependent) scattered
intensity as a function of k, so that data sets from
different samples and even measurements using different
scattering geometries (e.g. , symmetric Bragg scattering
from bulk samples) can be compared. Peak count rates
for a-GeSez were approximately 1 count/s per A thick-
ness of film at SSRL on wiggler BL-4 (8 poles, 18 kG) us-
ing a focusing mirror, with the SPEAR storage ring
operating at 3 GeV and =50 mA current.

High-quality RDF's were obtained from the Fourier
transform of the a-Ag-Ge-Se data and agreed well with
RDF's obtained from bulk samples measured in the stan-
dard symmetric Bragg geometry. The resolution of the
RDF was limited by the somewhat short k range of 6.2
A ' because of the large polarization necessary with the
sample surface oriented nearly horizontally. As dis-
cussed, this orientation was used to maximize both the
amount of beam striking the sample as well as the depth
sensitivity of the measurement. We expect that the next
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generation of synchrotron-radiation sources will elimi-
nate this requirement and that highly accurate studies of
amorphous thin films will be possible.

From these measurements, we have determined that
the local atomic structure of Ag-GeSe2 films satisfies a
model derived from the Kastner picture in that (1) the
Se—Ag bonding is consistent with the formation of da-
tive bonds, (2) one Se—Ag covalent bond is formed for
each Ag atom added to the system up to a critical con-
centration, and (3) that Ge—Ge bonds are created as Ag
is added and significantly affect the intermediate-range
order in this system. The model can be sustained to an
Ag concentration of 31 at. %%uo if Ag is fourfol dcoordinat-
ed by Se, or 40 at. %%uo if th eA g is threefol dcoordinated.

The short-range model presented here is consistent
with both a homogeneous Ag distribut. ion or phase sepa-
ration into a Ag containing phase like Ag2Se or
AgsGeSe6 (the crystalline compounds in the system) plus
a Ge-Se alloy. That portion of the small-angle-scattering
(SAXS) curve which was measured with the GIXS indi-
cates the presence of phase separation for the 25 at. %
Ag and probably, for the 12 at. % Ag pd samples, but not

not for the 4 at. %. The fact that the SAXS is observable
at relatively high angles indicates that the separation
must be on a very fine scale. Such fine-scale separation
would limit the Ge-Ge correlations which account for the
low-k peak in the scattering from the amorphous Ge-Se
alloys and account for the disappearance of the peak as
the Ag concentration increases.
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