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Negative correlation energy and valence alternation in amorphous selenium:
An in situ optically induced ESR study
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Two different kinds of electron spin resonance~ESR! signals, triclinic and isotropic, are observed in amor-
phous selenium under photoexcitation at 20 K with a concentration of up to 1020 cm23. ESR annealing
behavior shows that isotropic centers are not stable and are converted into triclinic defects. The defects are
identified as singly and triply coordinated Se defects. The results present experimental evidence for negative-U
centers and valence alternation in amorphous selenium. The relationship between the photoinduced ESR and
reversible photodarkening is discussed.@S0163-1829~98!07338-X#
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I. INTRODUCTION

Amorphous semiconductors, being intrinsically me
stable, undergo reversible changes under photoexcita
Typical examples are the Staebler-Wronski effect in hyd
genated amorphous silicon (a-Si:H) ~Ref. 1! and photostruc-
tural changes in amorphous chalcogenides~see Ref. 2 for a
review!. In addition, amorphous chalcogenides, of whi
amorphous selenium (a-Se) is the simplest representativ
exhibit a number of other unique properties, such as pinn
of the Fermi level in the middle of the forbidden gap~usually
called the mobility gap in the case of amorphous semic
ductors! due to a large density of states in the gap. At t
same time they are characterized by high transparency in
infrared ~IR! region and absence of an electron spin re
nance~ESR! signal.3 In order to explain these contradictor
facts, a concept of defects with negative correlation ene
~negative-U! favoring the formation of doubly occupie
states was suggested.4 This model was developed further i
Ref. 5, which suggested that dangling bonds~the main de-
fects in a unielement material such as selenium! are charged
according to the exothermic reaction

2D0→D11D2, ~1!

where D denotes a dangling bond and superscripts co
spond to the charge of the defect. At about the same tim
was suggested6 that the valence of defects change followin
the change in the charge. This is possible because of
presence of lone-pair~LP! electrons in chalcogens. The su
gested reaction in which apair of charged defects is forme
is as follows:

2C1
0→C3

11C1
2 , ~2!
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with C standing for chalcogen and subscripts correspond
to the coordination number~valence!. This model, often
called the valence-alternation-pair~VAP! model, is very ef-
ficient in explaining the majority of experimental results o
tained for various chalcogenide glasses and is widely us

Although all these models were initially suggested for
emental chalcogens such as selenium, there has so far
no direct experimental evidence for the existence of negat
U and valence alternation ina-Se. The proof of the existenc
of charged defects is limited to observation of the dipo
activity in a-Se and some amorphous selenides by mean
alternate current~ac! measurements.7 However, no proof has
ever been found that valence alternation does accomp
bond breaking. The experimental proof for negativeU in
compound chalcogenides is the appearance of a strong
tron spin resonance signal under light excitation~up to
1020 cm23, provided the light intensity is high enough!.8–10

However, such large densities of photoinduced unpai
spins were only reported for compound chalcogenides wh
calculations11 also show the negativeU.

For elemental selenium the situation is more complicat
Similar calculations fora-Se ~Ref. 12! lead to the rather
unexpected result that ina-Se the correlation energy isposi-
tive. The optically induced ESR observed experimenta
although giving strong support to the negativeU, is not a
final proof for negativeU since the observed spin densi
was less than 1018 cm23 ~Ref. 8! and a-Se can easily have
up to 1019 cm23 ~Ref. 3! impurities such as oxygen whic
can be responsible for the observed spin density. In addi
to the possibility that the impurity itself is ESR active, it
also possible that inclusion of an impurity perturbs thea-Se
network and the observed ESR signal, although coming fr
selenium species may originate in the vicinity of impuriti
thus being caused by their presence.
12 004 ©1998 The American Physical Society
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It is thus evident that the concepts of negativeU and
valence alternation ina-Se, which are the key issues of th
widely used VAP model, lack reliable experimental ev
dence. In this paper we report the results of anin situ opti-
cally induced ESR study which present direct experimen
evidence for negativeU and valence alternation ina-Se.
Preliminary results have been published elsewhere.13

II. EXPERIMENT

The samples for ESR measurements werea-Se films~;5
mm thick! deposited onto ESR-grade quartz substrates.
samples were prepared by thermal evaporation of 5N bulk
selenium onto silica-glass and aluminum-foil substrates
kept at room temperature for at least 48 h to remove
irreversible component of the photoinduced structu
change which is present in as-evaporated films.2

The sample was sealed in a quartz tube filled with heliu
The measurements were carried out at 20 K both in the d
and under photoexcitation. The microwave power used w
mW, and care was taken to avoid signal saturation due
high microwave power. The photoexcitation using Ar-ion
ser (l5514.5 nm) was performed at 20 K with an intens
at the sample surface of 50 mW/cm2. To identify the origin
of the ESR centers, we studied the kinetics of both the c
ation and the annealing of the optically induced ESR cent
The isochronal annealings for 20 min at elevated temp
tures were carried out and ESR spectra were measured
time after cooling the sample back to 20 K. This experim
was done in order to discriminate between ESR signals
to centers with different creation and annealing behavio
The intensity was calculated from the double integral of
resonance line, and the absolute value was calibrated us
standard sample~‘‘strong pitch’’! whose spin density is
known.

To make sure that the observed ESR signal is intrinsic
a-Se and not caused by impurities, care was taken that
centration of impurities was lower than the observed pho
induced spin density.13

III. RESULTS

In the dark, no ESR signal was observed. However, p
toexcitation resulted in a clearly observable signal. An E
spectrum taken at 20 K is shown in Fig. 1~top curve!. In the
first irradiation cycle for a sample cooled down from roo
temperature, the ESR signal increases slowly with light
posure~Fig. 2, closed circles! and its intensity levels off afte
;2 h of exposure~the saturated value is shown by a clos
circle at the top right-hand side of the figure!. Figure 3 shows
ESR spectra measured after 2 min and 4 h of irradiation ~at
50 K!. It can be seen that the line shape is essentially
same for the two data sets despite quite different irradia
times. Since the optically induced ESR centers are froze
at 20 K, the ESR signal is maintained even after the exc
tion light is turned off. Annealing above 150 K for 20 mi
destroys the ESR centers.

In the subsequent irradiation cycle for a sample pre
ously irradiated at 20 K for several hours and then annea
at T.150 K, the evolution of the ESR signal~measured at
20 K! occurs more rapidly than that in the first cycle,
l
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shown in Fig. 2. The ESR signal saturates much faster w
the line shape is identical to that observed in the first cyc
The sequence of curves shown in the figure correspond
different annealing temperatures~indicated to the right of
each curve!. Two components, fast and slow, are seen in
curves. The faster component is more strongly pronoun
for lower annealing temperatures and it gradually decrea
as the sample is annealed at higher temperatures. Anne
at room temperature completely recovers the initial state
the sample. It is also seen that at the second stage the ra
which the ESR signal increases is independent of the pr
ous treatment as evidenced by the essentially identical slo
of the dashed lines approximating the ESR increase rate

FIG. 2. Kinetics of light-induced spin density at 20 K in th
starting film ~bottom! and in the film previously irradiated for sev
eral hours at 20 K and then annealed for 20 min atT.160 K ~three
upper curves!. The annealing temperature is indicated next to ea
curve. The closed circle in the top-right corner corresponds to
spin density after 2 h of irradiation. Dashed lines approximate th
slow-rate stage of the kinetics.

FIG. 1. Observed total ESR spectrum taken at 20 K~top! and its
temperature evolution after annealing at temperatures indicated
to each curve for 20 min. The measurements were all done at 2
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In the isochronal annealing experiments, the results
which are shown in Fig. 1, it is seen that the line shape of
ESR changes at successive annealing steps forTa,100 K,
while no change occurs for higher temperatures (Ta
.100 K). This implies that atT,100 K two or more centers
coexist while atT.100 K only one center exists. The lin
shape of this center~Fig. 1; spectra taken after annealing
100 and 150 K! reveals the characteristics of a triclinic cent
with its principal values ofg tensors being 2.22, 2.099, an
1.983. These values are in good agreement with those in
previous work@2.16, 2.09, and 2.00~Ref. 8!# except that the
spin density is much higher in the present study. The s
density of the triclinic center induced at 20 K is estimated
be 5.531019 cm23. Assuming that the line shape of the tr
clinic component is always the same as that atTa.100 K,
the signal for lowerTa can be deconvoluted into the triclini
component and a remaining rather broad and structure
component. The broad component obtained from the spe
recorded at 20 and 70 K is shown in Fig. 4. Small structu
in the resonance line can be seen. Although we cannot
out a possibility that this structure is an artifact arising fro
the deconvolution process, we would like to point out th
the same structure is observed for all data taken foT
,100 K at almost symmetric position with respect to t
resonance position.

In this paper, the triclinic center is referred to as theT
center and the remaining center as theB center. Theg value
and the linewidth for theB center are 2.09 and;150 G,

FIG. 3. ESR spectra taken after 2 min and 4 h of irradiation at
50 K.

FIG. 4. Isotropic~deconvoluted! component of the ESR signa
Results of deconvolution for spectra taken at 20 and 70 K
shown.
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respectively, and the spin density at 20 K is 5
31019 cm23. It is of interest to note that the starting conce
trations of the two kinds of photoinduced defects are
same within experimental accuracy.

The annealing temperature dependence of the spin de
of the two centers~T and B centers! has been described i
detail elsewhere~Ref. 13, Fig. 3!. In the regionTa,100 K, it
was found that these two components show complemen
behavior, namely, a decrease in the concentration ofB cen-
ters concurrent with an increase in the concentration oT
centers. This implies that theB centersare convertedinto the
T centers with increasing temperature and that theT center is
more stable than theB center. ForTa.100 K, onlyT centers
are observed, decreasing its intensity with increasing te
perature, and finally forTa.150 K the ESR signal is com
pletely annihilated. Thus, light exposure creates two differ
kinds of metastable defects, namely,T and B centers, and
with increasing temperature a conversion fromB to T centers
takes place. An estimate of energy barrier between the
states~B andT! gives a value of about 10–30 meV.

Figure 5 shows the temperature dependence oftotal spin
density on annealing of the irradiated sample. Unlike
behavior of each of the two components shown in Fig. 3
Ref. 13, the total concentration does not change in the t
perature range of 20 to 80 K, after which it decreases
disappears at around 160 K.

In order to check whether the defect transformation
accompanied by a change in coordination, we performed
in situ extended x-ray-absorption fine structure~EXAFS! ex-
periment which is a unique technique to get direct inform
tion on the local structure. Results of this study will be pu
lished elsewhere.14

IV. DISCUSSION

The fact that there is an optically induced ESR sign
while no signal is observed in the dark implies that the d
fects acquire unpaired spins in the excited states while in
ground state there are no unpaired spins. This is the situa
characteristic of centers with negativeU. The observed high
density of spins (;1020 cm23) clearly shows that the signa
is not caused by impurities, e.g., oxygen, but is intrinsic
the nature ofa-Se. This result gives direct evidence of neg
e

FIG. 5. Temperature behavior of the total number of photo
duced spins.
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FIG. 6. Schematic representation of the reversible photostructural change ina-Se. Under photoexcitation dynamic interchain bon
~shown by dashed lines in the encircled area! are formed~step I! which break into a neutral~ESR-active! VAP ~step II!. Two different
possibilities for stabilization of neutral defects include direct charge transfer~step III! and formation of charged VAP via intermediate bon
breaking~steps IV and V!. Annealing at room temperature leads to recovery of initial structure~step VI!.
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tive U in this material. An important point is that the startin
concentrations of the two kinds of photoinduced defects
the same, which strongly suggests that the defects are cre
in pairs. The same line shape at the initial~2 min! and final
~4 h! stages of irradiation obtained at a different temperat
of 50 K ~Fig. 3! demonstrates that this is always the case

We shall now discuss the ESR annealing behavior. I
obvious from Fig. 1 that at temperatures higher than 100
only one ESR center exists while at lower temperatures
different centers coexist. Previously,8 it was suggested tha
the more stable triclinic center arises from a localized h
on the Se site, because theg shift is positive and large, bu
the authors did not discuss the specific defect structure s
as VAP. If theT center is theC1

0 center, the unpaired elec
tron is located in one of the nonbonding orbitals while oth
orbitals are filled. Therefore, this center is holelike, which
consistent with the sign of theg shift. On the assumption o
sp hybridization for singly bonded radicals with a fraction
s character of;0.4 the principal values of theg tensor have
been calculated to beg152.22, g252.075, and g3
52.0023.15 @Similar values have been obtained in a differe
calculation:g152.238,g252.104, andg352.002~Ref. 16!#.
These values are in good agreement with our experime
data. We thus conclude13 that theT center is a neutral dan
gling bond,C1

0. In addition, it is reasonable to expect that
singly coordinated atom will be more relaxed; thus the
isotropy of the center should clearly appear while a trip
coordinated center will be more distorted due to the netw
strain and its structure should be smeared out. In theC3

0

center, the electron is in the antibonding orbital. Degener
of three bonding orbitals will be lifted as a consequence
the lattice distortion. Therefore it is expected that theC3

0

center will show less anisotropy~thanC1
0! and a more broad

ened spectrum due to the disorder. The small structures
served in the line shape of the isotropic center can be ca
by hyperfine doublets due to77Se ~I 5 1

2 , 7.58%
abundance!.13

A question may arise as to why the averageg values are
practically the same for the two quite different defects. O
of the possibilities would be that the three bonds of the ov
coordinated defect are not static but rather dynamic. In s
a case, the signal from such a center should be similar to
of a singly coordinated defect but should have less struct
Also, this configuration should be rather unstable and sho
easily decay into a singly coordinated defect and a twofo
coordinated selenium atom forming part of a selenium ch
The fact that the isotropic center decays at higher temp
re
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tures andis convertedinto the monoclinic defect gives sup
port to this argument. This process can be expressed by
reaction

C3
0→C1

0. ~3!

The estimated energy barrier for the defect conversion
about 10 meV is indeed very small and agrees well with
results of calculations17 which have shown that a threefold
coordinated defect is unstable and is transformed into a
gly coordinated defect. We thus conclude that the triclin
center is a singly coordinated defect and the isotropic ce
is a triply coordinated defect. As already mentioned, t
conclusion agrees well with the results of calculatio
made17 but contradicts a simple idea of the VAP mode6

which suggested that a triply coordinated neutral defect w
more stable.

Now we turn to the kinetics of optically induced ESR
Similar behavior was reported earlier for As2S3 ~Ref. 9! and
it was concluded that the fast component represented
excitationof already existing defects, while the slow comp
nent was related to thecreation of new defects. We agree
with this interpretation. Our previous EXAFS studies of ph
tostructural changes ina-Se~Ref. 18! have shown that unde
photoexcitation a number of dynamic interchain bonds
formed making a certain proportion~up to 6%! of selenium
atoms threefold coordinated~Fig. 6, step I!. These light-
induced extra bonds are essentially dynamic, which
marked by dashed lines representing covalent bonds in
figure, and break~step II!, resulting in unpaired spins as i
seen from the figure. We can describe this process by
following reaction:

2C2
0→2C2*→2C3

0→C3
01C1

0. ~4!

At the same time light irradiation excites already existi
defects as shown by the reactions

C3
1→C3

0,
~5!

C1
2→C1

0.

The latter reactions do not require any bond rearrangem
and are much faster than the former reaction which invol
bond rearrangement. Both reactions take place simu
neously but since the number of intrinsic~dark! defects is
smaller than that of light-induced defects, reaction~3! domi-
nates and we can only observe the slow component in
annealed sample.
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Annealing atT.160 K brings the defects to a more stab
~for negative-U centers! charged state according to reactio
~2!. When secondary irradiation takes place there are alre
a large number of charged defects and it is only necessa
excite them in order to create ESR-active centers. This
plains why the ESR grows at a much faster rate in the sec
irradiation cycle. At the same time the photoinduced defe
recombine with the number of recombined defects increas
with the annealing temperature. This results in a decreas
the fast component observed in the second irradiation.

We will now discuss the process taking place atT
.160 K, i.e., the conversion of neutral defects into charg
defects, in more detail. One possibility is that the defect p
is stabilized as it is by a simple charge transfer without a
change in the bonding topology~Fig. 6, step III!. This pro-
cess would result in the formation of a charged valence
ternation pair. Another possibility is that a triply coordinat
defect decays first into a normally coordinated atom an
more stable neutral undercoordinated defect with a pai
neutral dangling bonds~Fig. 6, step IV! further transformed
into a charged valence alternation pair~step V!. Although a
naive consideration would suggest that the first proces
more likely to take place, the experimental data demonst
that this is not the case. Indeed, should the process be ta
place by direct stabilization of a VAP by a charge transf
then the two ESR signals should disappear in pairs, whic
clearly not the case: up to 80 K~and this is the temperature a
which C3

0 are annealed out!, the total concentration of ESR
centers remains constant, not exhibiting any decrease~Fig.
6!. This clearly shows that direct stabilization of VAP’s b
the charge transfer has a very low probability. A possi
explanation could be different energy barrier heights for
two pathways. Thus even though the process involving
bond breaking may seem longer the barrier height on
pathway being lower would explain its higher probability.

Another implication from this result is that electron pa
ing is only possible via intermediate bond breaking. T
could probably account for why the result of theoretical c
culations obtained in Ref. 12 has led the authors to a con
sion that the correlation energy for selenium was positive

V. RELATIONSHIP BETWEEN PHOTOINDUCED ESR
AND REVERSIBLE PHOTOSTRUCTURAL

CHANGE „PHOTODARKENING …

In this section we would like to discuss the relationsh
between the photoinduced ESR and reversible photost
tural change which is characteristic of amorpho
chalcogenides.2 After the introduction of the VAP model i
was suggested19 that photoinduced charged defects created
large concentration were responsible for the photodarken
However, in a later study of photoinduced ESR in As2S3,

10 it
was shown that the temperature dependence of the ph
darkening, which is a manifestation of the photostructu
change, and that of photoinduced ESR are quite differ
While photoinduced ESR is annealed out at about 200 K
photodarkening is stable to much higher temperatures. T
result has led the authors of Ref. 10 to a conclusion that
mechanisms of the photodarkening and photoinduced E
are different and this point of view seemed to have do
nated. Below we demonstrate that the earlier sugges
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namely, that photostructural change and creation of phot
duced VAP’s are closely correlated, is likely to be mo
correct.

It is important to realize that after annealing at tempe
turesT.160 K photocreated VAP’s do not disappear. What
disappears is the ESR signal but this is related not to
presence or absence of VAP’s but to their charge state.
defects become charged and hence ESRinactivebut they are
still there, which is clearly evidenced by the presence of
faster component in the ESR kinetics in the secondary i
diation process. A relative amplitude of the fast compon
is a measure of the concentration of charged VAP’s. In F
7 we show temperature dependencies for the photodarke
in a-Se~the data taken from Ref. 20! and those for the con
centration ofcharged VAP’s. The two curves are normalize
in such a way that the first point~at 160 K! for the tempera-
ture dependence of the VAP’s concentration is placed o
the curve for the photodarkening dependence. An excel
agreement between the temperature behaviors of the two
fects is obvious.

Furthermore, we can also add to the plot concentration
neutral (ESR-active) VAP’sobtained from Ref. 13. The con
centration of neutral VAP’s is put on the same scale as
charged VAP’s. One can easily see that this concentra
also correlates well with the magnitude of the photodark
ing. A slight difference between the temperature behavior
the photodarkening and concentration of neutral VAP’s
around 90 K could be caused by the fact that disappeara
of a charged VAP means disappearance of~photoinduced!
defects while disappearance of a neutral VAP does not m
disappearance of defects: the singly coordinated defect
mains unchanged and a triply coordinated defect does
disappear as such but is converted into another kind of
fect, i.e., a dangling-bond pair~DBP! is formed. Since lattice
distortions around singly coordinated defects also contrib
to the photoinduced change in the optical absorption,
though to a lesser degree than those around threef
coordinated defects, the change in the photoinduced abs
tion should be smaller than the decrease in concentratio
charged VAP’s, in agreement with the data shown in Fig

The correlation between photoinduced ESR and pho
darkening is further evidenced if we consider the result o

FIG. 7. Temperature dependencies for the photodarkening~ab-
sorption edge shift, data taken from Ref. 20, solid line connect
closed triangles!, concentrations of charged VAP’s~open circles!
and neutral VAP’s~open squares!, and recovery of the photodark
ening~slope of the absorption edge, data taken from Ref. 21, das
line!.
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thorough investigation of the temperature dependence of
recovery of initial parameters~the slope of the absorptio
edge! in the photodarkeneda-Se reported in Ref. 21 an
shown in Fig. 7 as a dashed line. One can clearly see
there are two characteristic temperatures at which the slo
in annealing of the photodarkening ina-Se change. Thes
temperatures are in good agreement with the character
temperatures of 90 and 160 K in the photoinduced ES
demonstrating that a change in the nature of photoindu
defects~charge or coordination! is reflected in the optica
absorption. A slower recovery rate in the temperature ra
between 100 and 160 K can be understood on the basis o
present study. Indeed, at lower temperatures when a stra
bond subtended at a threefold-coordinated atom bre
rather large lattice relaxation becomes possible~faster
change in recovery of the slope!. In the temperature range o
90 to 160 K, dangling bonds get charged and a positiv
charged one forms an extra bond to a neighboring chain
lizing lone-pair electrons of the latter. The lattice relaxati
accompanying this process is likely to be smaller~slower
recovery rate!. Finally at T.160 K charged VAP’s recom
bine into normally coordinated atoms which involves rath
large lattice relaxation and this manifests itself as an incre
in the recovery rate.

We can thus conclude that the photodarkening is clos
correlated with the concentration of VAP’s, either neutral
charged. The underlying mechanism is believed to be
following. In the annealed state, the lone-pair orbitals of
lenium, forming the top of the valence band, are orien
perpendicular to each other in order to minimize the ener
Any changein the atomic positions, such as the creation
VAP defects~either neutral and hence ESR active or charg
and not detectable by ESR!, results not only in displacement
of the particular atoms involved but also in displacements
their neighbors from their original positions. This increas
the repulsive interaction between the LP electrons and res
in a shift of the top of the valence band upwards in ene
thus leading to a decrease in the forbidden gap, i.e., ph
darkening. We thus believe that photoinduced VAP’s are l
seeds around which a structural change takes place, cau
the photodarkening. The electric field, introduced by char
VAP’s present in high concentration, may also play a cert
role, for example, through its effect on the excitonic abso
tion edge as discussed by Dow and Redfield.22

We believe that the mechanism is essentially the sam
elemental selenium and in compound chalcogenides, the
cess in the latter group being more complicated since
addition to coordination defects, stoichiometric defe
~‘‘wrong bonds’’! can also be induced in the materi
through the formation of dynamic interchalcogen bonds.23,24

VI. CONCLUSION

The results of the present study give direct experime
evidence for the negativeU and valence alternation ina-Se.
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In a previous paper18 we reported creation of dynamic bond
between selenium chains under photoexcitation. The res
presented in this paper enable us to understand the deta
the structural transformation following the excitation ste
These transformations proceed as follows. After the pho
excitation bond breaking takes place at threefold-coordina
atoms resulting in a pair of ESR-active centers. One of
defects is singly coordinated and the other one is triply
ordinated. This neutral VAP is not stabilized by direct char
transfer. Instead, the triply coordinated neutral defect is c
verted into another singly coordinated defect at temperatu
around 90 K and a DBP is formed. At higher temperatu
pairs of singly coordinated neutral defects~DBP! are trans-
formed into pairs of charged defects, one of which becom
threefold coordinated, i.e., a charged VAP is formed. At y
higher temperature, charged defects recombine and the in
structure of the material is restored. The whole proces
summarized in Fig. 6. A configuration diagram illustratin
the structural changes during the reversible photodarken
cycle is shown in Fig. 8.

Based on close correlation between the concentration
VAP pairs and the photodarkening we conclude that the p
todarkening is caused by photoinduced creation of valen
alternation pairs which act as seeds for lattice distortion
sponsible for the photodarkening.
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FIG. 8. Configuration diagram illustrating the reversible pho
structural change. The corresponding atomic configurations are
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