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Abstract

Ge ions were implanted into SiO; films thermally grown on crystalline Si at an energy of 60 KeV and with a dose
of 1 x 10" ¢cm™?, followed by annealing at different temperatures. Under an excitation of the 514.5 nm line of an Ar*
laser, the implanted films exhibit a broad infrared photoluminescence (PL) at room temperature. The PL peak displays a
redshift with increasing annealing temperature. The experimental results from Raman scattering, Rutherford backscattering
and X-ray photoelectron spectroscopy were utilized to analysis the structure of the films. The PL mechanism is discussed
in the light of the results of structural analyses. (© 1999 Published by Elsevier Science B.V.

PACS: 73.61.Tm; 78.30.Am; 61.72.T; 78.55.Hx

Since the discovery of its visible room-temperature
photoluminescence (PL), optical and electronic prop-
erties of porous Si (PS) have been widely investigated
because of their potential use as new photoelectronic
materials and devices. The quantum size effect (QSE)
has been mainly proposed to be responsible for the
visible PL. However, the fragile structure and insta-
bility of light-emission have limited its applications.
Recently, Hirschman et al. [ 1] reported the successful
integration of Si-based light emitters with Si electron-
ics. This work has greatly stimulated further study of
PS. On the other hand, much attention has recently
been paid to other Si-based light-emitting materials,
which are more robust in various thermal and chemical
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surroundings and thus have a greater potential in opto-
electronics [ 2,3]. SiO; films have been widely used as
passivation and electrical insulation layer in Si devices
and integrated circuits due to their excellent compat-
ibility with Si. Its wide energy bandgap can provide
a high barrier for embedded nanocrystals. Therefore,
efficient light emission can be obtained by embedding
semiconductor nanocrystals in an SiO; matrix [4].
Studies on SiO; films embedded with Si nanocrystal-
lites have been carried out for a long time, and red,
green and blue PL have been observed due to QSE or
some color centers [5]. Since bulk Ge has a larger di-
electric constant and smaller carrier masses compared
with bulk Si, QSE will be more prominent in Ge than
in Si [4,6]. Recently, Kanemitsu et al. [7] fabricated
a SiO; matrix embedded with Ge nanocrystals with
size less than 4 nm by magnetic co-sputtering. They
obtained 550 nm light emission from this material and
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ascribed it to QSE. Scheglov et al. [8] observed light
emission from Ge-implanted SiO, films, and the PL
spectra show a broad band peaked at 500-900 nm.
They attributed the PL observed to the quantum con-
finement on Ge nanocrystals.

In this Letter, we report for the first time a near
infrared PL from Ge™-implanted SiO, films. Spectral
analysis seems to indicate that the infrared PL also
originates from the QSE of Ge nanocrystals.

A layer of Si0; films with thickness of 360 nm was
formed on p-type (100) oriented crystal Si by thermal
oxidation. Ge ions were implanted into this SiO, layer
with a dose of 1 x 10'® cm~2 and at an energy of 60
KeV. The implanted samples were annealed at various
temperatures {Ta) in N, for 30 min. PL and Raman
spectra were obtained on a 44 W monochrome meter
and SPEX 1403 Raman spectrometer, respectively.

Fig. 1 shows the PL spectra of three samples an-
nealed at 400, 600 and 1100°C, measured at 77 K
and under an excitation of the 514.5 nm line of an
Ar™ laser. The three spectra all exhibit a broad in-
frared PL peaked at ~ 800 (400°C), ~ 850 (600°C)
and ~ 900 nm (1100°C), respectively. The PL peak
position clearly shows a redshift with increasing Ta.
Moreover, it was found that the PL intensity decreases
with increasing Ta. The intensity of the sample with
Ta = 1100°C is only half of that of the sampie with
Ta = 400°C. No similar emission was obtained from
both pure SiO; film and the Ge™ -implanted SiO; film
without annealing, so it is reasonable to infer that the
PL. depends on annealing of our samples.

To identify the origin of the infrared PL, we in-
vestigated the annealing behavior of implanted films
and estimated the average crystallite sizes by means
of Raman scattering. In Fig. 2, curves (a)-(d) are
the Raman spectra of Ge*-implanted samples an-
nealed at 400, 600, 800 and 1100°C, respectively,
measured under the same initial experimental con-
ditions. A spectrum of bulk ¢-Ge is also shown for
comparison. Although the spectra of the samples are
noisy, they clearly show a sharp peak at ~ 300 cm™'.
Its position hardly changes but its full width at half
maximum (FWHM) obviously decreases as Ta in-
creases. Further comparing its integrated intensity
relative to the 521 cm~! peak from Si substrate, it is
found that the integrated intensity also changes with
Ta (3.2% for 400°C, 2.7% for 600°C 5.8% for 800°C
and 2.3% for 1100°C). The result indicates that the
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Fig. 1. PL spectra of samples with Ta = 400, 600 and 1100°C.
An obvious redshift can be observed with increasing Ta.

300 cm™! peak cannot originate from one-phonon
Raman scattering of Si substrate from transverse
acoustic phonons at X[2TA(X)] [9-11]. Thus, we
assign the ~ 300 cm™! peak to the scattering of Ge
nanocrystals formed during annealing. According to
the phonon confinement model adopted by Fujii et
al. [12], we can obtain the average crystallite sizes
to be 3.6, 5.3, 5.7, and 6.4 nm for the samples with
Ta = 400, 600, 800 and 1100°C, respectively. Obvi-
ously, the average size increases with Ta. Figs. 2a—-d
also show another two features:

(1) A broad band structure appears between 220
and 280 cm ™' . Its intensity changes with Ta and shows
a maximum on the sample with low Ta (400°C).
This band has been identified in the past and asso-
ciated with some relatively small Ge nanocrystallites
(< 2nm) [6}. The reduction of its intensity with in-
creasing Ta reflects an increase of Ge nanocrystal size.

(ii) Another band structure appears at ~ 400 cm~!.
The band can be assigned to the localization of Si-
Si optical phonons (phonon confinement) in the Ge
neighborhood as a result of the random introduction
of Ge ions into the SiO; film [ 13]. Its appearance is a
signature for compositional disorder and localization.
The above results indicate that the PL. may arise from
the Ge nanocrystals and its redshift be related to the
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Fig. 2. Raman spectra of samples with Ta = 400, 600, 800 and
1100°C in the frequency range of 200~500 cem™ !,

growth of Ge nanocrystals.

According to our results from X-ray photoelectron
spectroscopy [ 14], it has been shown that when Ge
ions are implanted into SiO; films, many Si-O bonds
are destroyed and a great deal of Ge, Si and O ions
are produced. Upon annealing at low Ta, Ge~O bonds
{GeO and Ge,0s) can be formed and Ge nanocrys-
tals appear. Increasing Ta leads to dissolution of GeO
and precipitation of Ge nanocrystals. However, in-
creasing Ta also leads to outdiffusion of Ge atoms and
the decrease of Ge content. Since the formation of
Ge nanocrystals is a diffusion-controlled process and
the diffusion coefficient increases with Ta, the higher
the Ta, the larger the crystallite size. If the infrared
PL originates from the QSE of the Ge nanocrystals,
its redshift with increasing Ta can be easily under-
stood, for, as indicated by the Raman data, the crys-
tallite sizes increase with increasing Ta. Rutherford
backscattering (RBS) was applied to detect the dis-
tribution of Ge before and after annealing at different
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Fig. 3. PL spectra of sample with Ta = 600°C, measured at 300
and 77 K.

temperatures. In the RBS spectra, besides the peak
at the implantation depth, labeled peak A in Table 1,
there is another peak at the interface between the Si
substrate and SiO,, film for these annealed samples la-
beled peak B. The data indicate that there is a loss of
Ge upon annealing, which is due to Ge diffusion to the
Si0, surface and subsequent evaporation. This causes
a 24% loss in atoms of Ge after annealing at 1100°C.
We should point out that although damaged SiO; is
known to evaporate at 1100°C, we did not observe
a significant decrease in SiO; content. Therefore, the
decrease (24%) in Ge atoms content is mainly due to
the outdiffusion.

Though the results above have suggested that the in-
frared PL may come from QSE of Ge nanocrystals, the
Bohr model cannot predict the PL peak position [ 15].
For Ge nanocrystals, the theoretical bandgap from the
Bohr model can be calculated to be 4.9, 2.7 and 2.0
eV for the samples with Ta = 400, 600, and 1100°C,
respectively. These results are quite different from
our experimental values of 1.6, 1.5, 1.4 eV under
corresponding Ta. In addition, although an apparent
blueshift of 0.07 eV can be obtained from 870 (300
K) to 830 nm (77 K) (see Fig. 3) and explained in
analogy to bulk Ge [16], an increase in FWHM by
more than a factor of two at 77 K cannot be explained
simply by analogy to bulk effects. Recently, Takaga-
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Table
The amount of Ge atoms deduced from RBS results

(]
(7S
e

Annealing Ge 10'® cm—? Ge 10'¢ cm™ Ge 10'¢ cm~2 Ge 10'¢ cm~—?

temperature (°C) (peak A) (peak B) (total amount) (escaped amount)
0 1.38 0 .38 0

600 1.18 0 1.18 0.20

900 1.24 0.01 1.21 0.17

1100 0.98 0.07 1.05 0.33

haraetal. [ 17] have proposed a model of the quantum
confinement effect on excitons in Ge and Si quantum
dots. According to this model, the bandgaps of Ge

nanocrystals with sizes of 3.6, 5.3 and 6.4 nm are 2.1,
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are consis-
tent with our experimental results. Thus, the PL can
still be explained by QSE. Here, we should stress that
the defects produced during Ge*-implantation are not
responsible for the infrared PL based on the following
reasons.

Firstly, the redshift of the PL energy is closely re-
lated to an increase of Ge nanocrystal sizes. Thus,
it shows a strong annealing temperature dependence.
The defects (even structural stable up to the temper-
ature as high as 1000°C) cannot cause the clear red-
shift [5.18]. Secondly, the blueshift of 0.07 eV at
77 K cannot be explained on the basis of the defects.
For the disagreement between the Bohr model and our
results, we note that in PS the radiative recombina-
tion often occurs through intermediate states or surface
states on the passivated Si crystallite surfaces [19].
Thus. for our samples, the luminescence centers at in-
terface between the Ge nanocrystals and SiQ, matrix
may be responsible for the obtained PL [5]. It should
be pointed out that besides QSE, strain effects and al-
loying effects leading to the formation, for instance,
of Ge;_,Si, compounds can also be responsible for
luminescence blue or red shift. Further investigation
is required to clarify this problem.

In conclusion, for the annealed Ge -implanted SiO,
films, a near infrared PL can be observed. The PL ob-
viously displays a redshift from 800 to 900 nm with
increasing Ta from 400 to 1100°C. The results from
Raman scattering, Rutherford backscattering and XPS
indicate that the obtained infrared PL comes from QSE
of Ge nanocrystals embedded in SiO; film. The theo-
retical values from Takagahara’s model are consistent

with our experimental results.

The authors would like to thank R.Y. Chen and Y.J.
Chen for their help in experiment, and M.J. Sailor for

cafil cnvaoeg f3onen o P PGP I 1y

his useful SUgEEsUois. This work was supporiea oy
the National Natural Science Foundation of China and
Jiangsu Province.

References

] 1] K.D. Hirschman, Ltsybeskov. S.P. Duttagupta, P.M. Fauchet,
Nature 384 (1996) 388.
{21 S. Tong, X.N. Liu, X.M. Bao, Appl. Phys. Lett. 66 (1995)
469.
131 Q. Zhang, S.C. Bayliss, R.A. Hutt, Appl. Phys. Lett. 66
(1995) 1997.
Y. Maedo, N. Tsukamoto, Y. Yazawa, Y. Kanemitsu, Y.
Matsumoto, Appl. Phys. Lett. 59 (1991) 3168;
S. Sato, S. Nozaki, H. Morisaki, M. Iwase, Appl. Phys. Lett.
66 (1995) 3176.
|51 H.Z. Song. X.M. Bao, Phys. Rev. B 55 (1997) 6988.
{6l S. Hayashi, M. Yamamoto, K. Tsunetomo, K. Kohuo, Y.
Osaka, H. Nasu, Japan. J. Appl. Phys. 29 (1990) 756;
S. Hayashi, H. Wakayama, T. Okada, S.8. Kim. K.
Yamamoto, Phys. Soc. Japan 56 (1987) 243.
{71 Y. Kanemitsu, H. Uto. Y. Masumoto, Appl. Phys. Lett. 61
(1992) 2187.
|8} K.V. Scheglov, C.M. Yang, K.H. Vahala, H.A. Atwater, Appl,
Phys. Lett. 66 (1995) 745.
V. Cracium, C.B. Leborgne, [.W. Boyd. Appl. Phys. Lett. 69
(1996} 1506.
[10] D.C. Paine, C. Caragianis. T.Y. Kim, Y. Shigesato, T.
Ishahara, Appl. Phys. Lett. 62 (1993) 2842,
|11} P.A. Temple, C.E. Hathaway, Phys. Rev. B 7 (1973) 3685.
i 12] M. Fujii, S. Hayashi, K. Yamamoto, Japan. J. Appl. Phys.
30 (1997) 687. Appl. Phys. Lett. 57 (1990) 2692.
(13] M.I. Asonso. K. Winer, Phys. Rev. B 39 (1989) 100569.
|14] T. Gao. X.M. Bao, F. Yan, S. Tong, Phys. Lett. A 232 (1997)
321.
[ 15] L.E. Brus, IEEE. J. Quantum. Electron. 22 (1986) 1909.
[16] H. Wolf, Semiconductors (Wiley. New York, 1971) p. 53.
[17] T. Takagahara. K. Takada, Phys. Rev. B 46 (1992) [5578.

14

{9



238 T. Gao et al./Physics Letters A 253 (1999) 234-238

[18] K.S. Min, K.V. Scheglov, CM. Yang, H.A. Atwater, M.L. [19] F.
1
i

B e Ty A Dilanne Awmal Dhoo T oA rs
Brongersima, A. Polman, Appl. Phiys. Lett. &6

69 (1996) 2033.

MNae P, Q
VIAVITICTIAD, IVIRS



