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Impurity XAFS

=Local Structures and Optical Properties=

Yoshikazu TAKEDA and Hironori OFUCHI

Department of Materials Science and Engineering, Nagoya University

Fluorescence-detected XAFS is applied to impurity atoms in thin semiconductor layers with the concen-
tration of ~10'® cm~3, where the impurities well behave as active dopants. It is demonstrated that the local
structures of the impurity atom Er in semiconductors are correlated with the optical properties and that the
lowest concentration to measure the XAFS is limited by the combination of the impurity atom and the host =
material even when the absorption edges of the impurity atoms and the host matrix atoms are far separat--
ed. Several topics are suggested for ‘‘impurity XAFS”’ to be utilized at the present state-of-art.
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Figure 1. Photoluminescence radiative efficiency as a function of

electron density in Se- and Te-doped GaAs.
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Figure 2. Photoluminescence spectra of Er in InP. (a) With Er
concentration of 2 X 10" cm~3 grown at three different temperatures
(#A: 550°C, #B: 580°C and #C: 610°C) and (b) with Er concentra-
tion of 8x 108 c¢m™3 grown at two different temperatures (#D:
530°C and #E: 580°C). Measurement temperature was 4.2 K. The
PL intensity increased with increasing Er concentration, but
changed drastically with the growth temperature.

Table 1 Growth conditions for the growth of InP with uniform Er
doping. The growth temperature was varied from 530 to 610°C and
the Er supply rate was changed to obtain the Er concentration in
InP to be 2x10"¥ cm~2 and 8Xx 10" cm~3. Other conditions were
kept the same

TMIn Flow Rate [umol/min] : S e
TBP Flow Rate [ umol/min] 511
V/III Ratio : 10
Er (MeCp); Bath 'Temp,erature cy 100
H, Flow Rate through Er(MeCp), Cylinder [sccm] 50, 125
Growth Temperature [°C] ' 530-610
Reactor Pressure [Torr] 76
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Figure 3. EXAFS k3x (k) spectra for five samples in Fig. 2. Spec-

tra of the samples #B, #C and #E have a small peak as indicated by
arrows and have shorter oscillation periods than other two.
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Figure 4. Fourier transformed k3y (k) spectra (i) of the samples
grown at lower temperatures (#A: 550°C and #D: 530°C) and (ii) of
the samples grown at higher temperatures (#B: 580°C, #C: 610°C
and #E: 580°C) . The spectra are clearly grouped into (i) and (ii) in
terms of the peak position and the peak height.
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Figure 5. Model structures for Er and neighbor atoms. 1) Er sub-
stitutes In site to form the zincblende structure. 2) Er is interstitial
to form the rocksalt structure. 3—a) Er is at the Td site with P as the
nearest neighbors. 3-b) Er is at the Td site with In as the nearest
neighbors. Nearest neighbor atoms are fringed in all the models.

B 128855 (1999%)

IlllIlillli!l!llllllllliil!'t!llIllliltl|Ilt

\V\MI)ErIn

2) ErP (rocksalt structure)

3-a) tetrahedral interstitial site
(1st NN:P)

3-b) tetrahedral interstitial site ]
(1st NN:In) 7
[N AR SRR AR

2 3 4 5 6 7 8 9 10
Radial distance [A]

IlllIIlIIlIII]lIII

Radial distribution : F.T.{ k3x(k)} [a.u.]
TVTT ! TTTT L

Iilllllllllll’llll|ll)|l|||

Illllllll

INAE W |

o
—

Figure 6. Fourier transform of the theoretically calculated &3y (k)
spectra generated for the four model structures in Fig. 5. The
Debye-Waller factor ¢ was assumed as 0.10 A for the first peak and
0.15 A for the second and third peaks.
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Table 2 Best fit values of parameters for samples A~E. r: bond
length, N: coordination number, and ¢: Debye-Waller factor

Sample Tg [°C] r [A] N "o [A]
A 550 2.67 3.8 0.11
D 530 2.67 3.9 0.11
B 580 2.77 6.2 0.12
c 610 2.78 6.1 0.10
E 580 2.77 7.3 0.11
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Figure 7. Photoluminescence spectra measured at 2K for GaAs

samples grown at 500°C doped (a) with Er only and (b) with Er and
O. The Er concentration is 2X 10" cm~3 for both samples. The
highest peak intensity is by five times stronger in (b) than in (a).
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Figure 8. EXAFS k3y (k) spectra of the GaAs sample co-doped

with Er and O.
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Figure 9. Fourier transformed spectra of Fig. 8. The double peaks
imply two different bonds around Er.
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Figure 10. Model structures assumed for Er and its neighbors in

Er and O co-doped GaAs. (a) is for Er,0; of which unit cell has a
complicated structure and is composed of 24 Er atoms on the C, site
and 8 Er atoms on the Cy;. (b) is for Br on the Ga site with two As
and two O atoms as the near neighbors. Near neighbor atoms are
fringed.
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Figure 11. Fourier transform of theoretically calculated k3x (k)

spectra generated for the two model structures in Fig. 10.
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Figure 12. Fitting of the calculated and experimental k3y(k)
curves for fist two peaks in Fig. 9. Good fitting in the wide range of
k is clear.
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Table 3 Best fit values of parameters for Er and O co-doped sam-
ple. The coordination number is almost 2 for both Er~O bond and
Er—As bond

g [A] 214

Er-O Bond Nero : 244
: o oro [A] 0.10
e [A] 279
‘Er-As Bond Necas 2.00
Opens [A] 10.10

Position of Er atom in GaAs lattice. By locating the As
and O atoms on the As sites of GaAs and using the measured Er-O
bond length of 2.14 A, the Er—As bond length is calculated to be
2.82 A and the Er atom is shifted to <001 direction by about 0.6 A.
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Figure 14. Raw data of Er L;-edge XAFS spectra for a) GaP: Er,
b) GaAs: Er, O and c¢) InP: Er.
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Figure 15. Photon energy (Channel Number) dependences of X-

ray intensity detected by Ge-SSD. Er atoms are doped in GaP,
GaAs and InP.
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Figure 16. Photon energy (Channel Number) dependences of X-
ray intensity detected by Ge-SSD for undoped GaP, GaAs, InP and
InAs.
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Growth direction [001]

(@)

Figure 17. Growth directions and tetrahedral locations of Ga and
As atoms. Linearly polarized X-ray of synchrotron radiation can be
adjusted to those directions shown in (a) to distinguish the oxygen
locations in (b) or (c). O atoms may occupy the As sites on the
[170] direction (b) or on the [110] direction (c).

B3, fEEOIIAL E A OERFREZEAGLE S L,
Fig. 1T0O L5 XD L > B TCHERTFBAAE L TRE LT
7o 7ot (REDOZOHTRHETUERE LTI R #
BMBHETHHO, TNERROHEICHE LI, £
2WNWHAWHEZ BIb, AT ZIE108 em =3 B ) 5 RE
TEIEWS/BHEEHBILVWERI R, Z0DICE—E
ETREET S,

PF T, [FEEFNS ABBRED LTI IEBHDT
TH) LRLSEDNIR, TORE Y 7 ARETEOES
MEMRIET 7= LB S,

EER

KROWEE, BEITHI > TT - 725D N Er (2B
LCEED/2DDTH B, BRFEFESEIERICIIRR &%
F R DOWIRE R OVERAR, PRI RB I e & o
¥ EXAFS B U X ## CTR #ELOWE R UMREE & L
THEYLTHH->TWD, ZARITH/=% D THET HERL
DHE Lo THNBEEFBEOFELREAE, 7x b
W3R ABEICE L CEREZ D » TEW KRS
BEROKINEFTHE, PEERDBEICKHT 2,
NTT ZEBEFZERT (B 70 YY) OBEEH—B Iz
Hysin GaAs BRIORBEZTEE, FFBERTFRETEY
7zo EXAFS EBOWIICIE, EFRIMEEMIEIETE
B AMEZ SRICS K BT R0, WRICERT -
ZLOMEBREZE EDBHTEBTE, BIRINF—4
BRI GR &I AIVF — I B e E E s
SRR SRR BRI OB B iR B) #7113 BL12C
DOFIFICEE LTI 2 ICBIEBIC 2 - 7o ARRD XAFS i
B4 52%E5iIPF OXEFIAER GREES @ 94G240,
95G221, 97G052) I X VT 57z, E/z, ABFEO—IBIT
Fleemise miah 4 (H07750348, #07455007, #0865009,
#07555100, #09305003, #09244209, #10138208) 1= k %,

403

B3

1

2)

3)

4)

5)
6)

7)

8)
9)
10)

11)

12)
13)

14)

15)

16)

17)

18)

19)

20)
21)

22)

23)
24)

25)

H. Kressel, F. Z. Hawrylo, M. S. Abrahams and C. J. Buioc-
chi: J. Appl. Phys. 39, 5139 (1968).

M. Tabuchi, D. Kawamura, K. Fujita, N. Matsubara, N.
Yamada, H. Ofuchi, S. Ichiki, Y. Fujiwara and Y. Takeda:
Rare-Earth Doped Semiconductors II (MRS, Pittsburg, 1996)
155.

Y. Fujiwara, N. Matsubara, J. Tsuchiya, T. Itoh and Y.
Takeda: Jpn. J. Appl. Phys. 36, 2587 (1997).

H. Ofuchi, D. Kawamura, N. Matsubara, M. Tabuchi, Y.
Fujiwara and Y. Takeda: Microelectron. Engr. 43-44, 745
(1998).

KHEBE  ZEBERETEVRRHEARTC (1998).

M. Tabuchi, H. Ofuchi, T. Kubo, K. Takahei and Y. Take-
da: Materials Science Forum 258-263 Defects in Semiconduc-
tors (Trans Tech Publications, Zurich, 1998) 1571.

Y. Fujiwara, Y, Itoh, Y. Nonogaki, N. Matsubara, K. Fujita
and Y. Takeda: Materials Science Forum 196-201 Defects
in Semiconductors (Trans Tech Publications, Zurich, 1995)
621.

PR, MEREE - PHOTON FACTORY NEWS 14, 19
(1996).

M. Nomura and A. Koyama: KEK Report 95-15 (National
Laboratory for High Energy Physics, Tsukuba, 1996).

M. Nomura: KEK Report 984 (National Laboratory for
High Energy Physics, Tsukuba, 1998).

H. Ofuchi, D. Kawamura, J. Tsuchiya, N. Matsubara, M.
Tabuchi, Y. Fujiwara and Y. Takeda: J. Synch. Radiat. 5,
1061 (1998).

J. J. Rehr, J. Mustre de Leon, S. I. Zabinsky and R. C. Al-
bers: J. Am. Chem. Soc. 113, 5135 (1991).

Y. Takeda, K. Fujita, N. Matsubara, N. Yamada, S. Ichiki,
M. Tabuchi and Y. Fujiwara: J. Appl. Phys. 82, 635 (1997).
H. Ofuchi, J. Tsuchiya, N. Matsubara, M. Tabuchi, Y.
Fujiwara and Y. Takeda: Appl. Sur. Sci. 117/118, 781
(1997).

K. Fujita, J. Tsuchiya, S. Ichiki, H. Hamamatsu, N. Mat-
sumoto, M. Tabuchi, Y. Fujiwara and Y. Takeda: Appl. Sur.
Sci., 117/118, 785 (1997).

Y. Fujiwara, N. Matsubara, J. Yuhara, M. Tabuchi, K. Fuji-
ta, N. Yamada, Y. Nonogaki, Y. Takeda and K. Morita: Inst.
Phys. Conf. Ser. 145, 149 (1996).

M. Tabuchi, K. Fujita, J. Tsuchiya, Y. Fujiwara and Y.
Takeda: Appl. Sur. Sci. 130-132, 393 (1998).

Y. Takeda, Y. Sakuraba, K. Fujibayashi, M. Tabuchi, T.
Kamamoto, I. Takahashi, J. Harada and H. Kamei: Appl.
Phys. Lett. 66, 332 (1995).

M. Tabuchi, Y. Takeda, Y. Sakuraba, T. Kumamoto, K.
Fujibayashi, I. Takahashi, J. Harada and H. Kamei: J. Cryst.
Growth 146, 148 (1995).

M. Tabuchi, N. Yamada, K. Fujibayashi, Y. Takeda and H.
Kamei: J. Electron. Mat. 25, 671 (1996).

M. Tabuchi, K. Fujibayashi, N. Yamada, Y. Takeda and H.
Kamei: J. Appl. Phys. 81, 112 (1997).

M. Tabuchi, K. Fujibayashi, N. Yamada, K. Hagiwara, A.
Kobashi, T. Iguchi, Y. Takeda and H. Kamei: J. Cryst.
Growth 186, 48 (1998).

Y. Takeda, K. Fujita, M. Tabuchi, M. Funato, S. Aoki, Sz.
Fujita and Sg. Fujita: Inst. Phys. Conf. Ser. 156, 263 (1998).
M. Tabuchi, M. Yokoi, S. Ichiki, K. Fujita and Y. Takeda:
J. Synch. Radiat. 5, 899 (1998).

M. Tabuchi, N. Matsumoto, Y. Takeda, T. Takeuchi, H.
Amano and I. Akasaki: J. Cryst. Growth 189/190, 291
(1998).



404

26)
27)
28)
29)

30)
31

32)

M. Tabuchi, Y. Takeda, N. Matsumoto, H. Amano and I.
Akasaki: Jpn. J. Appl. Phys., Suppl. 38-1, 281 (1999).

B. Lambert, A. Le Corre, Y. Toudic, C. Grandpierre and M.
Gauneau: J. Phys. D2, 479 (1990).

J. Nukeaw, J. Yanagisawa, N. Matsubara, Y. Fujiwara and
Y. Takeda: Appl. Phys. Lett. 70, 84 (1997).

H. Ofuchi, T. Itoh, T. Kawamoto, M. Tabuchi, Y. Fujiwara
and Y. Takeda: Jpn. J. Appl. Phys., Suppl. 38-1, 542 (1999).
K. Takahei and A. Taguchi: J. Appl. Phys. 74, 1979 (1993).
K. Takahei, A. Taguchi, Y. Horikoshi and J. Nakata: J.
Appl. Phys. 76, 4332 (1994).

Er & O QRN K ARIGREDIEAIL, WO SIFTHR
Hahic, REOME L LTl zE, J. Michel, L. V. C. As-
sali, M. T. Morse and L. C. Kimerling: Erbium in Silicon in
Light Emission in Silicon, Semiconductors and Semimetals,
Vol. 49, eds. R. K. Willardson and E. R. Weber (Academic

33)
34)
35)

36)
37)

38)
39)

40)

e BEESS  (19995)

Press, San Diego, 1998).

R. M. Moon, W. C. Koehler, H. R. Child and L. J. Rauben-
heimer: Phys. Rev. 170, 176 (1968).

J. Kaczanowski, Y. Yamamoto, Y. Kido, J. Nakata and K.
Takahei: Nucl. Instrum. Methods B117, 275 (1996).

F. Sette, S. J. Pearton, J. M. Poate, J. E. Rowe and J. Stohr:
Phys. Rev. Lett. 56, 2637 (1986), and 58, 1281 (1987).
T. N. Morgan: Phys. Rev. Lett. 58, 1280 (1987).

T. Kitano and M. Mizuta: Jpn. J. Appl. Phys. 26, L1806
(1987).

M. Ishii, Y. Yoshino, K. Takarabe and O. Shimomura: Appl.
Phys. Lett. 74, 2672 (1999).

ARBE, KPEE, Bk, HEER, BAL, KX
P35« 55 1 B XAFS #i4TE (1998) p. 23.
ATHZER - B AR RRRSESGE 25,2 (1998).



