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Photostructural change in amorphous selenium has been stindéitd by extended x-ray-absorption fine
structure at 30 K. The essential features of the amorphous state are in agreement with the previous reports; the
average bond length is shortened and the second-nearest-neighbor peak is smeared out, suggesting strength-
ening of intrachain and weakening of interchain interactions. In amorphous selenium, however, the coordina-
tion number is shown to be higher than(22.2) which is attributed to the presence of static threefold-
coordinated sites in concentration about 20%. For these samples, we observe light-induced increase of the
average coordination numbéry ~5%) and disorder while the bond length remains unchanged. This change
is ascribed to the local formation of additional dynamical threefold-coordinated sites which increases structural
disorder. Light-induced change of the coordinatiotramsient the initial coordination is restored after switch-
ing off the light, while the light-induced structural disorder remains. A microscopic mechanism of the light-
induced structural change is proposed based on these experimentd5@43-18207)02602-1

I. INTRODUCTION chalcogenides—AgSes,.° X-ray photoemission spectros-
copy studies performed for this glass revealed that a revers-
Reversible photostructural changes in annealed thin film&le change occurs in the density of states in the valence
and melt-quenched bulk chalcogenide glak8ésmve been band on illumination and subsequent anneatfhg.
the subject of numerous investigations but the microscopic The formation of As-As bonds alone cannot explain the
mechanism of such changes still remains unclgee Ref. 3  photodarkening, since in bulk As-S glasses any deviation
for a recent review.After direct proof of the changes in the from stoichiometry(the formation of As-As bonds, implying
structure evidenced by x-ray diffractidryarious structural the formation of an equal number of S-S bonds, means local
techniques such as IR, Raman, and extended x-raydeviation of composition from stoichiomejryesults in an
absorption fine structur€EXAFS) were used to study these increaseof the forbidden gaf} in contrast to experimental
changes 8 These measurements clearly demonstrated the iresults where a decrease in the gap is observed as a result of
reversible changes in the structure of as-evaporated thin filmight irradiation®
under light irradiation and/or annealing which were attrib- It seems more likely that changes in the position of chal-
uted to polymerization of as-prepared films having moleculacogen atoms are responsible for the photodarkening. This
structures, but the reversible changes, which are most inteconclusion comes from the fact that the top of the valence
esting from the fundamental point of view, were difficult to band is formed by nonbonding orbitals of chalcogen atoms
detect. A slight reversible change in the Raman spectra adind a change in mutual positions of chalcogen atoms, result-
annealed and illuminated AS; film was attributed to cre- ing in the change in the interaction between the lone-pair
ation of a small numbefabout 6% of “wrong” As-As electrons, should cause a change in the forbidden gap. This
bonds after illuminatio.EXAFS studies performed by vari- argument is also supported by the observation that the value
ous groups confirmed the formation of like-atom bonds orof a shift of the top of the valence band on illumination
illumination of As,S; glass(a somewhat smaller change of (~0.2 e\) is exactly the same as ttwtal) decrease in the
about 19%.”8 At the same time, a change in the bond angleoptical gapt® Correlations between the formation of
subtended at sulphur atoms was detected, accompanied by"arong” bonds and displacements of chalcogen atoms were
simultaneous change in the dihedral angle between the adjaecently showrt?
cent AsS pyramids’ A similar change in the chalcogen The interpretation of previous EXAFS data is not straight-
bond angle was reported for another representative of arsernigrward. Firstly, the chalcogenides studied were mostly bi-
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nary glasseéwith the exception of Ref. 13, where EXAFS of
elemental selenium was reporjeavhich made analysis

of the data complicated. Elemental chalcogens, such as
sulphur or selenium, which also exhibit reversible
photodarkening?*® have basically not been studied, mainly
because photo-induced changes in elemental chalcogens can
only be realized at low temperature. Annealing the samples
at room temperature results in a complete recovery of their
initial parameters. The only reported EXAFS work on amor-
phous seleniufi (a-Se evidenced that disorder in the ma-
terial increases upon light irradiation.

. XW: X-ray window - 3D Soller slit
Secondly, all previous measurements were performed OW: Opfical window A
sity, i.e., only annealed films and irradiated films were stud- - Hor ilation
ied but a film keptunder light irradiation during the mea- dem;‘g array

surement has never been studied. As a result, information
about the excited state of the semiconductor and hence about
the mechanism of the structural change was missing. It is
therefore interesting to perform structural studies of light- FIG. 1. Schematic diagram of the experimental setup.
induced changes ia-Se including investigation of the struc-
ture of the material kept under light excitation. EXAFS study cence monitoring the same region of unifoevaporated
of a-Se is also interesting since, despite previous effSt8,  fjjm) sample at low temperature maintained withir®.1 K.
the structure of-Se is still not understood completely. We have estimated possible uncertainties in the obtained
We have performed am situ EXAFS study of photo-  yajyes caused by the nonsystematic noise, i.e., photon count-
structural changes ia-Se at 30 K and have observed pro- jng statistics and electronic noise. Although it is difficult to
nounced changes in the first-coordination sphire this  estimate the systematic noise, we believe that the dominant
paper, the results of detailed analysis of EXAFS are dissource of error in ouin situ experiments is beam instability
cussed. First, the local structureafSe at low temperature is  gjnce the effect of inhomogeneity in sample thickness is not
described with an emphasis on the average coordinatiogresem. We followed the recommended procetfusnd
number which measures the fraction of intrinsic over- or Unmeasured several independent scans consecutively for a film
derCOOI‘dinated defeCt SiteS. The effeCt Of phOtOEXCitation aéf Crysta”ine Se|enium Wh|Ch does not undergo Struetura|
low temperature is then discussed providing the direct evitransformations. The scatter in the data never exceeded
dence for the dynamical bond formation. +0.5%, which clearly demonstrates thiat situ measure-
ments under these conditions allowed us to achieve the ac-
curacy in a relative change in coordination number and
mean-square relative displacemegiMiSRD) within =1%
Our a-Se samples were thin film&.1-0.3 um thick) (compared ta+20% for conventionaéx situEXAFS).
prepared by thermal evaporation of bulk selenium onto silica The sample was mounted on an aluminum holder in an
glass and aluminum-foil substrates. In order to anneal thevacuated cryostat equipped with windotkapton for inci-
films, they were kept at room temperature for at least 48 hdent and fluorescent x-ray beams as well as an optical win-
before the measuremeritie glass-transition temperature of dow (Mylar) for in situ light irradiation. A 500 W Xenon
selenium is about 30 °(Ref. 11)]. lamp with an IR-cutoff filter was used as an excitation
The measurements were performed at BL 13B station asource. The light was focused onto a 15 mm diameter spot
the Photon Factofy using a 27-pole wiggler magnet in- for which the light intensity on the surface of the sample
serted in a 2.5 GeV storage ring. We have chosen a fluores-aried from 50 to 250 mW/cr A closed-cycle He refrig-
cence mode because of the fact that the samples with thiclerator with a cooling power of-9 W at 20 K was used. A
nesses smaller than the band-gap light penetration depsthematic diagram of the experimental setup is illustrated by
should be probed. Either arrays of 19-element high-purity Géig. 1.
solid-state detectof® or 9 NakTl) scintillation counters SeK-edge EXAFS spectra ai-Se andc-Se were mea-
were used to detect the fluorescence. EXAFS spectra withured in the temperature range from 15 to 300 K. The pro-
good signal-to-noise ratio were obtained for thin films with cedure for the study of photostructural changes was the fol-
1000 A thickness. A film of crystallized seleniunt-Ge) lowing. After cooling the sample down to 30 K, the EXAFS
with trigonal phase of a similar thickness was used as a starspectrum of the startingannealegfilm was measured. After
dard to obtain experimental phase-shift function for thethat the sample was irradiated in the cryostat for 1.5t0 7 h
Se-Se pair. and an EXAFS spectrum of the photoexcited fkept under
Combination of high brilliance photon source and alight irradiation was measured. Immediately after that, the
densely packed detector array allowed us to improve the eiXenon lamp was switched off and the EXAFS spectrum of
ficiency of fluorescence excitation and detection by two orthe irradiated sample butp longer kept under light irradia-
ders of magnitude. A directly water-cooled(BL1) double- tion, was measured. In order to check reversibility, the irra-
crystal monochromaté? provided a stable and intense x-ray diated sample was heated up to 300 K and kept at this tem-
beam with an energy resolution ef2 eV at 9 keV. High perature fo 2 h which is sufficient to remove
precision was achieved kg situ monitoring of the fluores- photodarkenintf and then cooled down to 30 K where the
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FIG' 2. SeK-ec_ige fluorescence yield spe_ctr_um_ for amorphous FIG. 4. Magnitude of Fourier transform of the 8eEXAFS
sel(;anlu;n7 6-5|9 u_smglg an tatrtzayF?rf] ?[ N(ip) fcmt”!ﬁ?on coutnters oscillations multiplied byk for as-prepared-Se (solid line) and
and a 2/-pole wiggler at the Fhoton Factory. the spectrum Waﬁ-Se(dashed lingas a reference material to obtain the experimental

taken at 30 K after illumination. Se-Se phase-shift function.

EXAFS spectrum was measured again. The whole procedure _ _ o
toreen Functionsmoothly interpolates EXAFS oscillations.

was repeated for several sets of samples. . : . _ .
The cubic spline function was normalized to the edge jump
and subtracted from the fluorescence vyield spectrum. Be-

cause of rather high signalfluorescenceto-noise(scatter-
ing) ratio and a high fluorescence yield-00° cp9, high-
quality data were collected in 50 min using NH)
scintillation counters andni 2 h using solid-state detector
arrays.

The EXAFS oscillations multiplied bk [kyx(k)] were
ourier transformed using the region extending from 4.5 to
5 A1, Typical results for the magnitude of Fourier trans-
orms forc-Se and as-preparedSe films are shown in Fig.

IIl. RESULTS
A. a-Se versusc-Se

Figure 2 shows the raw S€« fluorescence yield normal-
ized by the incident beam intensity for ana-Se film taken
at 30 K. In Fig. 3, the SK-EXAFS oscillations are shown as
a function of the photoelectron wave numliefor a-Se and
c-Se after subtraction of smooth backgrounds due to th
atomic absorption, from the fluorescence yield spectra. Th
background function given as a combination of the third- an

fourth-order polynomials, with tabulated coefficiettéVic-
T T T I T T T T T T
T T T T T T T Se K'edge
Se K-edge 30K 30K . As-prepared
a-Se
z £
g = Y v
E =
= o
= c-Se
[ 1 1 1 1 I | 1 1 I
4 6 8 . 10 12 14
1 I 1 ] ] 1 1 k (A")
2 4 6 8 10 12 14 16 18
k (Z\") FIG. 5. Fourier-filtered first-shell SK-EXAFS oscillations for
as-prepared-Se(solid line) and the results of a least-squares curve

FIG. 3. Se K-EXAFS oscillations for amorphous selenium fitting (dashed ling The results of curve fit with a fixed coordina-
tion number(below) and optimized coordination numbéabove

(a-Se, top and crystalline seleniumc{Se, bottom plotted as a

function of photoelectron wave numbler are indicated.
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FIG. 6. X-ray-absorption near-edge structe¢ and Fourier-
transformed EXAFS(b) spectra of polycrystalline-Se film ori-  bond length and the mean-square relative displacement
ented at different angles with respect to electrical ve@onf ~ (MSRD) o were allowed. In the second approach, all pa-
x-rays. 1:E|x, 2: Elly, and 3:E||z. rameters were allowed to vary. This is equivalent to the cor-

relation analysis where the contour map with the two param-

4. The prominent peaks observed a2 A for a-Se and eters is obtained. We note that the curve fit results were also
c-Se are due to the first-nearest selenium atoms. The peaonfirmed by a model-independent ratio metifazh the ba-
positions are shifted to smallerbecause of neglect of the sis of the fact that the bond length was unchanged between
phase-shift function. The second- and third-nearest peaks atlee two phases.
well resolved forc-Se at~3.3 and~4.5 A, respectively. For The curve-fitting analysis in the case ofabe film gives
a-Se, the second peak has a smaller magnitude and is shiftége coordination number close to 2.15. The bond length in
to largerr broadening the distribution, while the third peak is the crystalline film is 2.36:0.1 A and that in an amorphous
smeared out. One can see that the height of the first peak fdifm is 2.32+0.01 A. These values are in agreement with the
a-Se is greater than that farSe in agreement with Ref. 25 data obtained by other groups®?
and in contrast to other amorphous semiconductors. Such a Orientedc-Se film is expected to be strongly anisotropic
change of the short-range order in the amorphous state Because of its linear chain structure. This could result in the
unusual among semiconductors sucha&Si or a-Ge where  modulated coordination number farSe because of polar-
the nearest-neighbor peak slightly decreases going from theation factor 3 cosg whereé denotes the angle between an
crystalline to the amorphous state as a result of structuratlectrical vectorlE and the Se-Se bond. In order to exclude
disorder?6-28 this possibility, we have measured the orientational depen-

For the quantitative EXAFS data analysis, the Fourier-dence of EXAFS and XANES for the-Se fiim at room
transformed data were filtered in order to extract the contritemperature for different orientations of the sample around
bution of the first-nearest neighbors, and back-Fourier tranghe vertical axis. The results of this measurement is shown in
formed into k space. The filtered data for the first shell Fig. 6. It can be seen that thgolycrystalling Se film is
together with the results of least-squares curve fitting basethdeedanisotropic The difference in the coordination num-
on a single scattering theory are shown in Fig. 5deBe. bers obtained for different sample orientations could be
The fitting, based on a single scattering the®ryas per- about 20%. This anisotropy of the reference sample was
formed using two different approaches in order to minimizetaken into accountby averaging over various directions
the effect of the correlation between the coordination numbewhen the coordination number farSe was determined.
and the disorder parameter. In the first approach, the coordi- Figure 7 shows the temperature dependence of MSRD for
nation number was kept constant and only the change in the-Se anda-Se deposited onto silica glass and aluminum sub-
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FIG. 8. Raw EXAFS(top) and magnitude of Fourier transform
(bottom of the SeK-EXAFS oscillations multiplied b for virgin
a-Se film (solid line) and irradiated film under light excitation
(dashed ling

1
Se treatment stage

FIG. 9. Results of a least-squares curve fit analysis of the Se
K-EXAFS data fora-Se plotted against the treatment stagjeas-
prepared, 2: under illumination, 3: after illumination and 4: after
strates. One can see that MSRD increases with temperatuheat treatment at 300)KThe figures show the Se-Se bond length
for both c-Se anda-Se. At lower temperatures MSRD is not for a-Se deposited on silica glass and aluminum substrétes,
dependent on temperature due to static disorder. the normalized coordination numbémniddle) and the normalized
mean-square relative displacemémttorm). The normalization was

performed to the data for the initial state.
B. Light-induced changes ina-Se

Although the EXAFS technique is a local probe on a par-number increases reversibly in the sample kept under irradia-
ticular species of atom, the information is averaged over altion by about 4%, which is significantly larger than the ex-
limited light-induced effect as a distinct variation in the mag-y,aried from 2 to 7% depending on light intensity and expo-
nitude of Fourier transform. However, usifigsitu measure- ¢ e time which is discussed elsewhe\ssociated with

ments with optimized excitation light intensity and exposurey, . change in coordination, the MSRD also increases under
time, we were able to detect the photostructural change. Ra

e . \ Wght irradiation. After illumination, the local change of co-
EXAFS spectra of the virgin and photoexcitaeSe films as ordination disappearsyhile the light-enhanced structural

well as the results of Fourier transform are shown in Fig. 8. isorder remains. Althouah the maanitude of structural dis-
The least-squares curve fit analysis based on the two ap- ' 9 g

proaches described in the previous section confirmed thgrder varies f“’"? sample to sample, the norm_all_zed change
structural change in terms of both coordination number and? Poth coordination number and MSRD gave similar results.
disorder parameter: in all measurements, Ehéactor, de- 1 nuS we conclude that this change of structure, averaged
fined as a sum-up of the mean-square differences betwe@Ye" all sites, indicates a locally increased coordination num-
the experimental data and simulated curve, is minimized€r such as threefold-coordinated sites. Annealing of the ir-
when all parameters were allowed to vary. The result wagadiated sample at 300 K results in complete recovery of the
independent on choice of theoretical amplitudes if they ardnitial values for both the coordination number and the dis-
properly normalized to reproduce the referenceS@ order parameter.

EXAFS amplitude. We have analyzed the coordination number deBe as-

In Fig. 9, variations in the bond length, normalized coor-prepared, under illumination and after annealing. The results
dination number, and disorder paramdtdSRD) associated of the curve-fit analysis systematically varying the value of
with sequences of sample treatment, i.e., as-prepared, und@ted coordination number around the value obtained by all-
illumination, after illumination and after annealing, are sum-parameter fit are shown in Fig. 10. The change of coordina-
marized. One can see that the bond length is essentially irtion as a result of various stages of illumination is clearly
dependent on the irradiatiofwhich justifies the use of the demonstrated. The ratio methH8dalso confirmed that both
ratio method, although a slight substrate dependence is obeoordination number and disorder increase as a result of light
served possibly due to the effect of strain. The coordinationrradiation.
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138 ordination number ira-Se is 2.17 at 350 R? Taking the
o experimental error in determining the absolute coordination
under illumination number into account, this result is in good agreement with
13.6 \\..._._.,-/'// the present observatid.13).
The results of curve-fit analysis using different theoretical
i amplitude function¥ 8 showed that the coordination num-
13.4F ber is independent of the choice of theoretical backscattering

amplitude, while the MSRD values are dependent on
|f;(k,m)|. The use of the parameters of Teo and Yegave
13.2F the MSRD values of about 0.001 29 and 0.001 76 fAr
annealed and irradiated films, respectively, while the use of
annealed the FEFF (Ref. 38 gave a much smaller MSRD value of less
13_0V than 0.000 12 & for annealed and 0.000 36%or irradi-
ated films. It is found that the normalized coordination num-
| ber, defined as a ratio of coordination number between the
_O\a\o,c/’/o measurements before and after irradiation, gives a good con-
after illumination vergence, however.
The bond length shortening in the amorphous state is un-
L ! ! L L ! usual since the unharmonicity of the two-body potential
210 2.15 _2-29 225 230 235 should increase the bond length as observed fo(R&é. 26
Coordination number and Si?’ However, this is not the case where the short-range
FIG. 10. R factor is plotted as a function of bond length with ordgr changes. In selenium, trme.rCham distance is CIOS? to
fixed coordination number for least-squares curve fit around théhe mtracham second-nearest distartfelhe structura_ll dis- .
value obtained from the all-parameter fit. An increase in the coor-Order in the amorphous state relaxes the .folded.splral Ch‘,”“n'
dination number in the excited state is clearly seen. As a result of decreased Coulomb repulsion, this would in-
crease the overlap integral, or the bond charge, shortening

We would like to stress once more that the error barsthe bond length. Similar arguments were made to explain a
which are usually about-20% for absolute coordination decrease in the bond length of selenium chains confined in

number in conventional EXAFS, are significantly decreasednordenite channef¥. _ o _

in ourin situ study since we always probe tsamearea. In The rearrangement afterchain interaction was also ob-
our case, the error bars for the relative change in coordinaserved as a shift of the second-nearest peak away from the
tion are smaller than 1% and this substantial decrease f§St-nearest neighbor peak. The helical chain structure in
caused by excluding the systematic error due to the fluctudfigonal c-Se originates from minimization of the intra- and
tion of beam position which is the main source of error ininterchain repulsive interactions. The essential feature of
coordination number. The remaining factor of systematic@-Se€ is therefore the strengtheniettachain interaction and
noise, the fluctuation of the beam intensity in the incidentveakenednterchain interaction. An increase of the second-
beam, was minimized by the inspection of the quality fornearest distance in the amorphous state may reflect th.e en-
repeated scans. Our independent measurements over sevdrancement of the-like character of the Se-Se bond, which

sets of samples gave very good repeatability of the observed Stabilized by maximizing the distance between the second-
changes. nearest neighbors. Such a trend is demonstrated in the mag-

nitude of the Fourier transform in Fig. 3, which is consistent
with an increase of the band gap associated with the intensi-
fied homopolar bond chard&*

A. a-Se versusc-Se We now turn our attention to the temperature dependence

. L of the MSRD inc-Se anda-Se. Inc-Se, the MSRD increases
The observation of a greater coordination number than . . . o

) : . . .. with T over a wide range since the thermal vibration term
two in a-Se is ascribed to the threefold-coordinated sites.

The possibility of polarization effectorientation of linear dominates. In the case afSe, the temperature variation is

chaing is ruled out as discussed in the previous section. Prec—)nIy observed folf>150 K. At lower temperatures, MSRD

vious model¥*-38assumed that uncharged defects expresse' constant implying that_the_ static disorder dominates at

by two neutral dangling bonds, produce pairs of threefold- ose temperatures. Application of a simple formula based
. . : . . op the Einstein mod#

coordinated sites and singly coordinated charged sites calle

valence-alternation pair&/AP):

103R

12.8

12.6

IV. DISCUSSION

0?=C,+[h/pwg]coth hwg /KT), 2
2CY—C;+C5. (1) , o .
whereC; characterizes a degree of static disordetis the
Although the VAP model has attracted much attention inatom mass, an@g is a characteristic frequency, allows us to
relation to photoinduced effects in chalcogenide glad$es, estimate the valuevg, which is a measure of the bond
such a model is not consistent with the experimental obserstrength.wg equals 6. % 10 s~ for c-Se. Application of
vation, i.e., the average coordination numt0) should be the same formula ta-Se(with larger error bars because the
preserved since the charged sites are equal in number. Recentmber of data points is very limitgdives a rough estimate
molecular-dynamics calculations found that the average cosf wg to be 7.3< 103 s~ for the a-Se film on an aluminum
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substrate and 8:210'% s~ ! for a-Se on a silica glass sub- . .
strate. The fact thatg is larger fora-Se implies that the '/\/\__.
Se-Se bond is stronger in the disordered state in agreement 4
with the conclusion obtained from the bond length shorten- , ) / '/vk

ing in a-Se. An increase iwg for the a-Se film deposited Y 5 6

onto a glass substrate is possibly caused by extra disorder.

The internal strain caused by different thermal-expansion co-z/g\/gz fight off
t
2

78
] .

light on

efficients ofa-Se and silica glass would increase the bond 7 9
stretching near the interface. The effect of strain also results 2
in the slightly longer bond length in the film in contact with

the silica glass substrate.

B. Light-induced changes ina-Se

The light-induced increase in the coordination number is
interpreted as indicating the formation of higher-than-
twofold-coordinated sites. Under light irradiation, electrons
from the top of the valence band, formed by lone-gaipP)
electrons, are excited into the conduction band leaving one
electron in the former LP orbital. Provided the distance be- FIG. 11. A schematic diagram of the local structural change in
tween such excited atoms is close to the covalent bondelenium chains as a result of illumination and that after the illumi-
length and the spins have opposite directions, additional co3ation. Interchain bond formation under photoexcitation at low tem-
valent bonds can be dynamically formed between excitegerature forms the threefold-coordinated sites which increases the
atoms, making a part of selenium atoms threefold coordilocal distortion observed as the increase in the mean-square relative
nated. This can happen in the excited state since a largésplacement. There could be different pathways of returning to the
number of photoexcited carriers screen the positive Charg@round state. In path I, initial bonds are restored, while in path 1,
centered on threefold-coordinated atoms. The process of dyeW bonds are formed between atoms belonging to different chains.
namical bond formation is expressed by the following for-'n pqth 1, palrs of threefold-coordinated s!tes and onefold-
mula whereC3 denotes twofold excited lone-pair states: ~ co°rdinated sites are formed. See text for details.

2C§—>(C2—Cg). ®) bonds may break after which the initial structure is restored
(path ). Second, strained bonds in the vicinity of the newly
The formation of these neimterchainbonds is expected formed bonds may be broken, e.g., as demonstrated by path
to introduce a local distortion around the threefold-Ilin Fig. 11, in which case the initial coordinating number is
coordinated sites, which would result in an increase in thalso restored. However, the system may not recover the
MSRD. The formation of dynamical bonds would also causeoriginal configuration with the minimurtocal energy which
the displacement of near-neighbor atoms. would introduce the additional disorder. And, finally, there is
The incident photon flux in our experiment was aboutalso possibility that a bond in the vicinity of the newly
108 photons/cn? s, while the absorption coefficient was of formed bond is broken resulting in the formation of a defect
the order of 16 cm™*. Then for a 1000 A film, the number pair composed of a singly coordinated and triply coordinated
of absorbed photons is about!I@hotons/cnd s or 1 photon/  selenium atoms, similar to a valence alternation gpath
atom s. A rough estimate of carrier lifetime in selenium inlll), where the initial average coordination number is also
our experimental conditions, using the lifetime temperaturgestored. The bond length difference for such singly and tri-
dependence in a rather limited temperature range foply coordinated atoms should increase the MSRD also.
a-As,Se;,** and room-temperature values of lifetime in  Although we cannot make a clear distinction between the
a-Se* gives a typical lifetime value in the range from a two possibilities (path Il and path 1l), the formation of
millisecond to a second. Unfortunately, the lack of experi-As-As bonds in AsS; on irradiatiof?"” suggests that path I
mental data for carrier lifetime ia-Se at low temperatures in Fig. 11 may be operative. On the other hand, results of
does not allow us to make a better estimate. These two valight-induced electron-spin resonan¢eESR) experiments
ues result in the average concentration of light-excited atomfor the same materi&l support the possibility indicated by
of the order of a few percent under our experimental condipath Ill. Most likely, the two paths coexist. Further studies
tions which is a reasonable concentration required by thare needed in order to elucidate which of them is dominant in
suggested model. each particular case. More recent results of LESRaf@e
After cessation of light irradiation, the photo-excited elec-(Ref. 46 indicate that path Il is most likely to be the case,
trons recombine. However, since the formation of a thirdalthough the stable configuration is strongly dependent on
bond removes an electron from an LP orbital to a bondingemperature.
orbital, a corresponding empty state is forced to move to an One could argue that an increase in the MSRD under light
antibonding orbital and the recombination in the excited-irradiation could be caused by thermal excitation. Although
state configuration is impossible as there is no empty state ithere may exist some heat-up of the sample, we believe that
the valence band. Bond breaking is a necessary process ftis is not a decisive factor due to the following arguments.
the recombination. This process can proceed along three diFirst, we estimate that the temperature increase cannot be
ferent pathways shown in Fig. 11. First, the newly formedhigher than a few degrees. Second, the effect is hardly de-
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pendent on the substrate materiallica glass and alumi- at lower temperatures since the number of photoinduced de-
num), although heat dissipation conditions change drastifects increases as the temperature decreases.
cally. And, third, theT dependence of the MSRD indicates
that an increase in temperature up to 150 K does not lead to V. CONCLUSION
an increase in MSRDsee Fig. 7 and should not affect the
coordination number.

A thin film of about 0.1um used in our experiment can

The average coordination number of selenium in the
amorphous state is about 2.2, which means that about 20% of

easily be affected by the presence of strain since the substra?%fr?”émofaézwj Izrne t:]hfr?c?lrgegﬁ?stdln;rt((;dréllthee %psselglfg
strongly influences the properties of chalcogenide films of1ang 9 qu ve disp

much higher thicknesséé.A small difference in the Se-Se ment in the amorphous state is interpreted in terms of weak-

bond length ina-Se deposited onto silica glass and alumi-"N9 _oflnter(_:hal_n interaction and strengthening iora-
chain interaction in the amorphous state.

num are most likely caused by a difference in the thermal- We found that light illumination increases the average

expansion coefficients of the two substrates; the film is more elenium coordinatign number. which suagests that abgout

relaxed on aluminum since the thermal-expansion coefficie " . ’ 99 .
% of additional selenium atoms become threefold coordi-

of aluminum is greater and closer to thate. The films ated. This indicates that new interchain covalent bonds are
deposited on silica is stretched giving a greater bond lengt ) X
ormed dynamically and locallyas a result of bond alterna-

as observed experimentally. . . . i ) . ) ;
The observed formation of dynamical bonds in the photo_t|on during the irradiation. After cessation of light irradia-

excited state, in which lone-pair electrons play a decisiv tion, the initial (average& number of twofold sites is restored.

. e[he dynamical bond alternation introduces additional struc-
role, allows one to understand why reversible photostructur ral disorder durina the illumination which is auenched to
changes can only be observed in amorphous ChaICO(‘gemds%atic disorder at 3(? K. It was found that anneglin at room
and not in other amorphous semiconductors such as af8eni ) 9

i . (iemperature leads to recovery of the initial structure. These
or hydrogenated amorphous silicbhAlthough an important : ; . .
X . . results provide direct evidence for the dynamical structural
role of line-pair electrons for this process was recogniz®d

in previous papers, it was stated as a mere “hypothe%is.”Change induced by bond alternation during photoexcitation.

The mechanism of the photostructural change suggested I;I'hle y also explain yvhy reversible photostrugtural change can
nly be observed in amorphous chalcogenides.

the present results demonstrates that bond formation occu
first followed by bond breaking, in sharp contrast to the con-
ventional understanding of the photostructural change which
assumes bond breaking to be the initial process>? This work, partly supported by NEDO, was performed in
Very important is the observed similarity between thethe Joint Research Center for Atom Technold@RCAT)
structure ofa-Se in the photoexcited state and that of liquid under the joint research agreement between the National In-
selenium; thermal excitation and optical pumping lead to thestitute for Advanced Interdisciplinary Resear@AIR) and
same short-range order change. This similarity gives the cluthe Angstrom Technology PartnershidTP). The measure-
to a more general understanding of the photostructurainents were done at the Photon Factory as part of a research
change as local athermal quasimelting at low temperaturBroject No. 95G026. A.V.K. and H.O. gratefully acknowl-
permitting a large degree of local lattice relaxation in theedge a very useful discussion with Professor E. A. Stern and
absence of steric hindrance. For example, this explains whisis comments on the estimation of the experimental uncer-
the photoinduced fluidif} in a chalcogenide glass increasestainties.
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