experimental methods and techniques

X-ray-excited optical luminescence of constructed in actual Si:Er thin film. In order to analyze the unique

. . . . structure of the optical center, site-selectivity at the atomic level is

Impurity atom in semiconductor necessary in XEOL-XAFS measurements (Ishial, 2000). In this
paper, we demonstrate the site-selective XAFS measurement of only

M. Ishii, * Y. Tanaka,” S. Komuro, ° T. Morikawa, ° Y. the optically active Er atom incorporated into host Si, and discuss

Aoyagi Yand T. Ishikawa ® influences of optical and x-ray absorptions at Si to observe the weak

XEOL signal from the impurity atom.
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XEOL-XAFS measurement has been performed for
various optical materials. In addition to the site-selectivity of this
method, anomalous optical-luminescence yield with a positive- and a
negative-jump at absorption edge has been investigated by many
groups (Emura et al.,, 1993; Rogalev & Goulon, 1997). This
Phenomenon is caused by luminescence that arises from plural
lectron excitation and relaxation processes in a sample. Emura et
|. proposed a theoretical model in which two excitation paths owing
Q K- and L-shell absorption are taken into account as an electron
source for the optical transition at a valence state, and predicted the
anomalous luminescence yield for the various sample thicknesses.

- . o In our system, the inner-shell excitation of Er, not the host Si,
host Si was detected. The edge-jump and XAFS oscillation Wer;?rovides the site-selective XEOL-XAFS signal. Since the Si

successfully obtained at the Eydedge. This spectrum originated surrounds the Er atom as shown in Fig. 1, influences of (a) an

from inner-shell excitation and relaxation of only the optically aCt'Veabsorption of XEOL and (b) an x-ray absorption at Si, should be

ih?etsng indicating that site-selectivity at an atomic level WaZonsidered. The absorption (a) simply attenuates the XEOL, so that
) it has nothing to do with the anomalous luminescence yield of
XEOL. However, as discussed below, the absorption (a) is not

We observed the x-ray-excited optical luminescence (XEOL) o
erbium-doped silicon (Si:Er) thin films to make a site-selective x-ra
absorption fine structure (XAFS) measurement of an optically activ
Er atom. The undulator beam was used for the increment of t

infrared wavelength of 1.54m with minimum absorption loss in the

KeYWCI’IrdS: S_ite'ze'eai"i_ty ?t atomi%'e"di XEOL; infrared; negligible for the detection of the weak luminescence signal from the
optically active Er atom; phonon-absorption Er atom. Moreover, although the incident x-ray is absorbed in a
1. Introduction separate area from the Er atom (Fig. 1 (b)), it is considered that an

energy transfer from Si to Er is excite the valence state of Er,

X-ray-excited optical luminescence (XEOL) has beenresumng in a background luminescence. The property of this long-

studied (Gouloret al, 1983; Shanet al, 1993) in order to acquire range energy transfer has never been understood.
site-selectivity in x-ray absorption fine structure (XAFS) In order to discuss both the absorptions of XEOL and x-

measurement. Since the luminescence wavelength is intrinsic to thﬁ, at the host Si, the incidence of the x-ray with the intensity of |
materials, an x-ray photon energy dependence of thg,y tgowing XEOL emission from the Er atom at the depth of x
monochromatized XEOL yield indicates a site-selective XAFSgjq 1) are considered. In this situation, a detectable XEOL yield
spectrum (XEOL-XAFS). On the other hand, other pathway$,, this Er atom Jeov, is expressed as

without luminescence are also involved in the relaxation of the x-
ray-excited state. Although the relaxation processes depend on the
materials, the poor signal-to-noise (S/N) ratio in XEOL-XAFS
spectra generally suggests a high branching ratio of the relaxation
pathways without luminescence to the optical de-excitation Host Si
(Soderholmet al, 1998). In spite of this simple idea of site-
selectivity, the low emission efficiency of the luminescence restricts X-
the observable material for the XEOL-XAFS measurement. In fact,  "2Y =—fr—z> O Er atom
almost all of the observable materials published in previous papers o=0

have been bulky, such as powder mixtures of semiconductors,
indicating that sufficient volume was necessary to obtain a strong

Surface

Optically inactive

XEOL signal (Pettifer & Boutfillon, 1987). (a) XEOL absorption
Erbium-doped semiconductors have been studied over the XEOQOL exp(q, X) Optically active
last few decades (Coffat al, 1994), because of their inherent D R 5 (O Eratom
2

optical property of exhibiting an infrared (IR) luminescence peak at X-ray
a wavelength of ~1.5dm. This IR luminescence originates from

the Er intra-#transition, which is forbidden in Er atoms. Therefore, exp(nyX)
a crystal field by a liganting atom such as oxygen, is considered to

modify the electronic structure of Er, resulting in the intra-4

transition. In previous studies, we demonstrated conventional XAFS
analyses of an Er-doped Si (Si:Er) thin film, and concluded that a

slightly distorted six fold O around Er with,Gsymmetry is the most

probable structure for the optically active center (Ishial, 1999).

However, the intensity of Er-related photoluminescence (PL) Figure 1
sensitive to the Si:Er fabrication conditions, such as an annealing \iodel for the XEOL-XAFS. (a) and (b) indicate absorptions of XEOL
temperature and heating duration, suggests that not only the optically and x-ray at host Si, respectively.

active Er but also inactive centers with different local structures are

) (b) x-ray absorption

——> X

0
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IxeoL =0 lg exp(4ix X) exp{-HoL(A) X} given by ~1ji,. Actually, d, converges to the x-ray penetration
=alg eXF{-{Hx + Mot (M)} X1, (1) depth of ~79.3um in the IR region ok > 1.1pum. In this case, all
where o is the XEOL emission probability which is equal to the optically active Er atoms in the x-ray penetration depth can be
multiplication of the x-ray absorption probability of the Er atom anddetected, resulting in maximumgeb.. This finding indicates that
its relaxation probability with the XEOL emission. The optically detection of XEOL in the IR region is desirable for XEOL-XAFS
inactive Er atom has = 0 due to the forbidden transition of intra-4f Measurement of low-density impurity atoms in Si.
electron. py, andpo. (M) are the absorption coefficients of x-ray and
optical luminescence in Si, respectively. Theis the XEOL
wavelength. Theglis attenuated by a factor of exm(x), and the 3. Experiment
;(tl)zs(())lr_ptigol \rgegprr)és(;éczj Z);pg;z{[)&) dxe}cLena:ﬁeif ef;r::]pee:s ?onflir?el_ The beamline used in this study was the BL29XU RIKEN
4 beamline, which has an in-vacuum undulator (Kitamura, 1995) as its
sample surface. Note thamndy, are fixed values when the sample ; ht source. For an efficient emission of XEOL from the impurity
and the x-ray photon energy are given for the XAFS measurementigy ., 5 yseful technique is the population increment of an excited
Therefore, the minimization gfo,(A) by selection of is important  g¢ate py the irradiation of an intense x-ray beam. The incremegt of |
for the increment ofXEOL;. an escape depth of the luminescence, Eq. (1) resulted in enhancement gfd,. X-ray beams with a
deeper than a penetration depth of x-ray is advantageous fQhqqy bandwidth demand continuous tuning of the undulator gap
s_ensr_uve_detectlon. In _the ideal case, the maximum totgl XEOLyidth during XAFS measurement. Despite this complicated
yield is given by summation of Eq. (1) for all the Er atoms in the Xprocedure, an x-ray photon flux with two orders of magnitude
ray penetration depth. stronger than that from a standard bending magnet is obtained.
~ The closed circle in Fig. 2 shows thg.(A) of the host Si In our experiments, the photon flux at the sample was
for variousA between 0.1 and 1.@m (Edwards, 1985; Hulthen, estimated to ~18 photons/s. A monochromator equipped with a Si
1975). According to the Eq. (1), the detectable depth of XEQJL, d (111) double crystal was used to monochromatize the x-ray beam
defined by 1/{i + HoL(A)} is also indicated by open circle in this from the undulator. The sample was Si:Er thin film deposited by the
figure. Assuming thatt = 1, the g, indicates the depth with a l|aser ablation technique (Komust al, 1999). An ablation target
detection efficiency,xkol/lo, Of 1/e. The x-ray penetration depth at was made by a powder mixture of Si ang@zrwith a density of 10
Er Ly-edge, I ~ 79.3um (U ~ 0.0126pm™Y), is used for the wt%. The EsO; was decomposed into Er atoms during laser
calculation of ¢d. As shown in Fig. 2, the host Si has the maximumablation, and forms the optically inactive center in as-ablated
HoL ~ 238.1um* at the wavelength, of 0.287pm (Edwards, 1985). sample. After annealing for 3 min at 600+ ip &mbience, part of
Since y, is negligible in this ultraviolet (UV) region, d is  the Er atoms were activated, and laser induced PL atptrbdas
approximately given by an escape depth of the luminescencebserved.
~1/uoL(A). Despite of the large penetration depth of x-ray, theisl In the experiments using SR, the XEOL emitted from the
limited to the sample surface region < 0.am. The po(A) sample was condensed onto the slit of an IR monochromator (Acton
decreases with increasingand becomes ~ 0.598n™ in the typical Resea_rch Corporation, SpectaPro 300i)_ with 300 groove/mm_grating
visible light withA = 0.619pm (Hulthen, 1975). In this wavelength by coII_lmator_ and focus_ Ienses: _ An optical chopp_er for sensitive IR
region, o, > Hy still limits the detectable depth of XEOL. Finally, detection using a !OCk_'n ampllfle_r was mou_nted in frqnt of the IR
the infrared (IR) luminescence At= 1.54pum has the smalleio, monochrpmator slit. The Ge p-i-n photodiode (Applied Detector
due to the photon energy being less than the band gap of Si. In tﬁ;grporatlon, 403L) was used as the IR detector.
case, thelo, is < 10" pm™ (Edwards, 1985), so that,dis roughly

4. Results and discussion

1000 T T T T T T T 1000 E
[ Y
i 2 Fig. 3 (a) shows the XEOL-XAFS spectrum of Si:Er thin
H.g 10F 4_' 79'3”@,6"0,0 ,,,,,,,,,,,,,,,, o 100 f film at the Er Ly-edge. The wavelength for the XEOL observation
=2 L * . "s was fixed at 1.54um. The substrate temperature was 300 K.
3 o1k PO 1o 2 Althoggh the difficulty of the XEOL-XAFS observation for the
< o e impurity atom has been pointed out (Soderhetal, 1998), the
=° 3 o N =1 photon energy dependence of the XEOL signal indicates a positive
£ oo001f R m, absorption peak at the Epkedge (white line) and following XAFS
% i ° ¢ o= oscillation.  Unfortunately, the S/N ratio of this spectrum is
S o b . 1., g insufficient for the Fourier transform to obtain structural
T‘: ° = ’ e information. Nevertheless, the bonding state of Er with the ligand
o 3 B can be analyzed from the shape of the white line (¢&thai, 1999).
gl 10" F o 1y, (for UV light) Joo1 8 In conventional XAFS measurements, a convoluted spectrum of the
F° 8 m’{ g (for IR light) g optically active and the inactive centers is obtained. In contrast to x-
15 . . . . ’ . . . OOOlg ray fluorescence and photoelectrons observed in conventional

XAFS, the XEOL emission is induced at only the optically active

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 . . . . . . .
atom, indicating that Fig 3 (a) is site-selective XAFS spectrum of the

Wavelength i m) optically active Er. The structural information evaluated by the
Figure 2 comparison between conventional and XEOL-XAFS spectra will be
Optical constant of Sipor, and detectable depth of XEOLyd  discussed elsewhere.
Convergence of ;¢ to 1/po. and 1/ is obtained for UV and IR Fig. 3 (b) indicates the XEOL-XAFS spectrum at 20 K. In
lights, respectively. this case, the edge-jump is not obtained. This finding indicates that
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5. Summary

A continuous tuning of the undulator gap width and
infrared (IR) luminescence detection were performed for site-
[ selective x-ray absorption fine structure (XAFS) measurement of Er-
doped Si thin film. The photon energy dependence of the x-ray
excited optical luminescence (XEOL) yield at the wavelength of
- 1.54um indicates an XAFS spectrum at 300 K. Since the spectrum
was obtained by inner-shell excitation and relaxation of only the
optically active Er atoms, site-selectivity at an atomic level was
achieved. On the other hand, the XAFS spectrum is not observed at
20 K. This temperature dependence can be explained by energy
exchange between Si and Er.

(a) 300 K

B (b) 20 K
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