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not satisfied here, this formula has only a qualitative
meaning.

A. I. Larkin and Qu. N. Ovchinnikov, Zh. Eksp.
Teor. Fix. 73, 299 (1977) tSov. Phys. JETP 46, 155
(1977)].

'6The notation is the same as in Ref. 12 except for
the omission of the superscript (L) which refers to
the (I.) mode. See also the article of one of the authors
(A. S.) in Ref. 1.

VYu. N. Ovchinnikov, Zh. Eksp. Teor. Fix. 59, 128
(1970) [Sov. Phys. JETP 32, 72 (1971)l.

In the opposite case 4«T, the driving term propor-

tional to 4& is essential. The relaxation of the order
parameter close to T~ depends entirely on this term.

'~A. Rothwarf and B. N. Taylor, Phys. Rev. Lett. 19,
27 (1967).

For these parameters, we find that 1/T{A) =2.0
&& 10 {for Pb), 1.7X 10~ {for Sn), and 0.9&&106 {for Al).
1The expected values of the collision rates and other
data are extracted from S. Kaplan, C. C. Chi, D. N.
Langenberg, J. J. Chang, S. Jafarey, and D. J.
Scalapino, Phys. Hev. 8 14, 4854 (1976).l Thus, we

expect, in general, to have much lower frequencies
in this experiment than in the experiment of Ref. 7.
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Hydrogen evolution and infrared vibrational absorption have been interpreted to show

(1) the existence of weakly bonded H in a-Ge:H and Ge-rich a-Si-Ge:H alloys, and (2) a
preference ratio in excess of 5 for the attachment of H to Si over Ge in the formation of
such alloys. It is suggested that this may account for the inferior photoresponse of
hydrogenated binaries compared to elements, and also for the superiority of a-Si:H over
a-Ge:H. Some ideas on better compensators than H are advanced.

PACS numbers: 72.80.Ng, 72.40.+w

The presence of hydrogen during the deposition
of thin films of amorphous tetrahedrally coordi-
nated semiconductors has become an accepted
means for reducing the density of defect-related
states in the pseudogap. ' It has been shown from
electron-spin-resonance measurements that the
dangling-bond density can be reduced by orders
of magnitude. It is further expected that the den-
sity of other types of defect (such as reconstruct-
ed weak bonds) may also be reduced. Although

the gross effects of H incorporation are clearly
the same for all hydrogenated elements and bi-
naries of the fourfold-coordinated system, there
are quantitative differences distinguishing a-Si: H

from the rest. The differences between a-Si:H
and a-Ge:H, which seem to be independent of
whether the material is produced by sputtering in
an Ar-H plasma or by glow-discharge decomposi-
tion, are illustrated by the following typical re-
sults: The lowest reported spin density and the
lowest (field effect) gap density of states are each
about two orders of magnitude lower in a-Si:H

than in a-Ge: H; and, while there is efficient pho-
toluminescence in a-Si:H, none has yet been re-
ported for a-Ge: H. It also appears that alloying
some C or Ge into Si in amorphous binary alloys

quickly reduces the effectiveness of hydrogena, -
tion. Yet such alloying is naturally thought of as
a way of adjusting the energy gap for specific ap-
plications, such as solar cells, by analogy with

crystalline material. In order to probe the rea-
sons for the superiority of a-Si:H, we have pre-
pared a series of hydrogenated Si, „Ge„:Halloys
by dc glow-discharge decomposition of different
ratio mixtures of pure GeH, and SiH4. In this
communication, a carefully selected set of meas-
urements will be interpreted, together with ear-
].jer work' on a-GaAs: H, and a-Si:H (Ref. 3) pre-
pared under certain conditions of sputtering, in
order to provide a plausible explanation for the
relative inferiority of the photoresponse in all hy-
drogenated binary systems. Further, hypotheses
will be made which are capable of explaining the
smaller reduction of pseudogap density of states
in a-Ge: H than in a-Si:H. Finally, the underly-
ing reasons for the variability in the efficacy of
H incorporation will be used to suggest possible
improvements in the method of compensating de-
fects.

Codeposited samples of a-Si, „Ge„:Hof differ-
ent x were prepared on (cathode) substrates of
Corning 7059 glass, -Si, and quartz held at 100
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I IG. j.. Evolution of H from a-Si& „Ge„:Halloys.

or 250 C. The total pressure of GeH4+SiH4 was
kept constant from run to run, with the result
that the rate of deposition, for the same applied
power, increa, sed monotonically with x from 0.1
gm/min for x=0 to 0.5 p, m/min for x =1. The
amorphicity of the films was verified by x-ray
diffraction. The composition x was checked by
electron microprobe to be uniform across the
film within the instrument sensitivity of 1%%up. Sec-
ondary-ion mass-spectrometric examination
(SIMS) showed uniform bulk densities of 0 less
than 0. 5'%%uq and C less than 0.1%. No Si-0 infrared
vibrational absorption was observed, even in
films 12 p, m thick. SIMS also confirmed uniform
depth profiles of H, Si, and Ge. Transmission-
electron-microscopy (TEM) and secondary-elec-
tron-microscopy (SEM) micrographs showed
smooth, homogeneous regions with no evidence
of columnar growth in the magnification range
available, but this does not in itself guarantee
the absence of heterogeneity on a scale less than
about 100 A. Although many optical and tra, nsport
measurements have been completed which give
the familiar signatures of H incorporation and
provide evidence on the alteration of pseudogap
density of states, we shall concentrate here on
experiments bearing on the structure and chem-
istry: the evolution of H on heating, the infrared
vibrational absorption spectra, and the remeas-
urement of these spectra at various stages of
anneal.

Figure 1 shows evolution spectra for samples
of different x. Whereas a large fraction of the H

evolves from Ge near 150 C, the evolution from
Si occurs above 400'C. The spectra for the al-
loys are intermediate, generally resembling the
spectrum of the dominant component. We deduce
that, for this series of preparations, Ge and Ge-
rich alloys contain weakly bonded H in configura-

TABLE I. Characteristics of glow-discharge a-
Si& „Ge„:Halloys.
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9.2
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11.6
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13,5
j3.0
9.7

11.6
10.3
l2,5
10.4
8.2

14.0
- 20

Samples deposited at Tq = 100 C; for all others T~
= 250 C.

tions unidentified so far. From the total pres-
sure produced when all the H has been evolved,
the volume of the container, and the mass of the
sample, we can obtain the atomic fraction of H.
These are shown in Table I, It appears that the
alloys contain more H than the end elements.

The infrared spectra were measured in the as-
deposited condition and after successive anneals
at several temperatures. Representative exam-
ples are shown in Fig. 2. The integrated area un-
der the wag mode near 600 cm ' has been used to
obtain the content of bonded H, by assuming the
(equal) matrix elements for absorption by Si-H
and Ge-H wag modes determined with use of H

contents derived from the nuclear-reaction meth-
od.4 This H content, H,.„ is less than that found

by evolution, H„, which is itself (because of H

diffusion into the quartz of the evolution chamber)
a lower bound on the total H content. Despite
problems involved in transferring an empirical
calibration on matrix elements between labora-
tories, it appears that the increase in (H„-H,,)/
H,, as the Ge content is increased suggests the
existence in a-Ge: H and a-Ge-rich alloys of
weakly bonded H.

Unalloyed Ge:H shows absorption features as-
signed to stretch modes at 1875 and 1975 cm '.
The corresponding modes for Si:H occur at 2000
and 2090 cm '. To estimate the fraction of hydro-
gen bonded to Ge and Si in the alloy SiGe:H,
therefore, we fitted the observed absorption spec-
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tory experience of our own laboratory in evaluat-
ing the transport and other properties of sput-
tered Si-H aQoys. ' In the latter case, we sup-
posed that the Si films nucleated and grew in is-
lands which eventually sought to join together,
which led to a two-phase material of "islands"
and "connective tissue" which were different in
structure, chemical composition (H content), and
electronic band structure.

In a-Si:H alloys we expect the H attachment to
be sufficiently strong so that Si-H bonds on the
surfaces of islands are preferred to reconstruct-
ed Si-Si bonds as the film grows. By contrast,
we suggest that in a-Ge: H, the H attachment is
weaker so that reconstructed Ge-Ge bonds often
win out on the island surfaces. The connective
tissue of Ge and Ge-rich alloys is postulated to
be such that it contains a large density of defects
and permits the trapping of H. This model is evi-
dently consistent with the evolution of much weak-
ly bonded H from Ge-rich alloys and with the de-
tails of the changes in infrared spectra on anneal.

The more effective removal of pseudogap states
in a-Si, by H compensation of defects, over other
amorphous semiconductors may now be rational-
ized. It has several ingredients:

(I) The preference ratio for H attachment to Si
over Ge, a factor of 10, seems to be firmly es-
tablished, given the argument that the ratio of
matrix elements for absorption by Si-H and Ge-
H bonds remains constant near the value deter-
mined in Ref. 4 as the composition x of Si, „-
Ge„:H alloys changes. Such preferential attach-
ment is not new in the amorphous semiconductor
literature, since the same conclusion was reached
earlier by a somewhat different combination of
experiments on a-Si, C„:H. ' We believe it to be
a general effect possible in all hydrogenated bi-
nary systems. It implies that defects connected
with one element of a binary may be left uncom-
pensated while H substitutes for the other ele-
ment, which would provide adequate reason for
the poorer photoelectronic properties of all bi-
nary alloys with respect to the pure elements.

(2) Preferential attachment in a binary does not
explain the inferior compensation of defects by H
in a-Ge itself. Our hypothesis, which is less
firmly based than that concerning preference,
nevertheless has the same genesis: It is that the
Ge-H bond is less strong with respect to its com-
petitors in a growing film (reconstructed, long
Ge-Ge bonds, for example) than is the Si-H bond
with respect to its competitors. The end result
is a different microstrueture which experiment

shows is more highly defected and contains rela-
tively more weakly bonded H.

(3) It is a corollary to our postulates of relative-
ly weak Ge-H bonding that a different compensa-
tor might more effectively reduce the dangling-
bond density of a-Ge. It has been claimed that F
possesses advantages in this regard over H in a-
Si,"but in fact its substitution for H has not yet
been shown to produce significantly different gap
state densities or photoresponses. In the present
context, however, the stronger F or 0 bond may
well compete more effectively with alternatives
in a-Ge. The incorporation of 0 would have the
additional advantage that it could promote the
joining of growth islands and so reduce the vol-
ume of defected connective tissue. Improvement
of binaries by this device might nevertheless re-
main problematical if preferential attachment oc-
curs for the new compensator. We are currently
testing these ideas on Ge containing 0 and F.

Many factors must determine the photoelectron-
ic properties of hydrogenated binaries. We have
identified two, the preferential attachment of H

to Si in SiGe and the probability of increased dis-
order/microstructure in Ge-rich material, as
playing a role. It is stiQ nevertheless possible
that a judicious combination of deposition temper-
ature and plasma composition may thwart the ap-
parently deleterious effect of the two identified
processes and yield usable device material.

This work was supported by the U. S. Depart-
ment of Energy under Contract No. De-AC03-V9-
ET23036.
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Transient four-wave mixing techniques have been used to measure the decay rate of
the excited-state population grating in Nd„I aq „P~Oq4 samples as a function of grating
spacing. The results show that at room temperature there is diffusive energy migration
over distances of the order of 0.36 pm in the highly concentrated samples.

PACS numbers. 78.20.-e

Degenerate four-wave mixing (FWM) spectros-
copy has been shown recently to be a powerful
method for studying spatial migration without
spectral transfer of electronic excitation energy
in solids. ' ' This technique has been used to de-
termine the diffusion coefficient of molecular ex-
citons in organic solids, ' but attempts to make
similar measurements on Frenkel excitons in in-
organic materials have resulted only in placing an
upper bound on the diffusion coefficient because
the migration is too short to observe in the sam-
ples which have been studied. ' ' We report here
the results of FWM measurements on single crys-
tals of Nd„La, „P,O„at room temperature. The
presence of energy migration is easily observed
and it is found to be diffusive with a migration
distance of the order of 0.36 p, m. These results
are of significant importance since they represent
an unambiguous determination of the range of en-
ergy migration in this class of stoichiometric
materials used as "minilasers" for low-thresh-
old, high-gain applications. " The mechanism
causing concentration quenching of the fluores-
cence in these materials is not understood but it
is known to have quite different properties from
other neodymium laser materials. ' This is not
only an interesting fundamental physics question,
but it is also important in material development
for laser applications. The contribution of ener-

gy migration to concentration quenching in neo-
dymium pentaphosphate has been the subject of
significant interest and some controversy, with
estimates of migration lengths ranging from a
few angstroms to a few microns. ' " These FWM
results provide an answer to one of the fundamen-
tal questions surrounding this controversy.

The samples used for this investigation were
cleaved from high-quality single crystals grown
by the technique described recently. " Several
different experimental arrangements have been
used to establish and probe population gratings of
excited states. A schematic diagram of the setup
used for this work is shown in Fig. 1. The 5145-A
line of an argon laser was used since it fa1.ls on
one edge of a Nd" absorption line. The absorp-
tion of this light by the Nd'+ ions in the sample
creates a spatial distribution of excited states
with a sinusoidal pattern of wavelength A =A/8,
where 0 is the crossing angle of the write beams
and A. is the wavelength of the light in the sample.
This "population grating" can cause the probe
beam to be scattered with the maximum scatter-
ing efficiency occurring when the Bragg condition
is satisfied.

Figure 2 shows the results from measuring the
decay rate K of the scattered probe beam as a
function of the square of the crossing angle of the
write beams for single crystals of Ndp50j4 and
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