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Abstract

E%ect of annealing at up to 1400 K under argon pressure up to 1.2 GPa on hydrogen-plasma-etched and hydrogen-implanted
Czochralski or 6oating-zone-grown single-crystalline-silicon (FZ), were investigated by secondary ions mass spectrometry
(SIMS), X-ray, transmission electron microscopy (TEM), electrical, infrared and photoluminescence (PL) methods. External
stress during annealing of hydrogen-containing Si results in suppression of hydrogen out-di%usion, but in its pronounced
di%usion into the sample depth. The result is also stress-stimulated creation of small bubbles, thermal donors and crystallographic
defects and prevention of sample splitting. ? 2001 International Association for Hydrogen Energy. Published by Elsevier
Science Ltd. All rights reserved.

1. Introduction

Properties of hydrogen-containing single-crystalline sili-
con (Cz–Si and FZ–Si with hydrogen introduced by etching
in the hydrogen-containing plasma, HPE-Si, or by implant-
ation, Si:H) are of considerable interest for microelectro-
nics, because of hydrogen e%ect on the creation of thermal
donors [1,2] and passivation of impurities or dangling bonds,
but especially because of recently invented “smart-cut” pro-
cessing (hydrogen-induced silicon surface cleavage [3]) for
producing silicon on insulator (SOI) structures.

Annealing of Si:H, at atmospheric pressure results in
the creation of hydrogen-Clled microcavities and bubbles.
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The hydrogen pressure in microcavity can reach the
Giga-Pascal (GPa) range [3]. Internal stress in Si:H is
of crucial importance for “smart-cut” processing and
preparation of SOI structures; and its value can be
changed for the sample annealed at increased hydrostatic
pressure.

The e%ect of external stress (exerted by high pressure
(HP) of argon) on annealing related e%ects in Si:H is in-
vestigated in this paper. As stated earlier [4], increased

pressure of the argon environment during annealing (treat-
ment (annealing) at HP, HT–HP treatment) can in6u-
ence features of hydrogen-plasma etched silicon (HPE-Si)
and hydrogen-implanted silicon (Si:H). The details of
HT–HP treatment are described elsewhere [5]. Such an
approach proved its e%ectiveness also for investigation
of transformation of the state of impurities and defects
in Czochralski-grown single-crystalline silicon (Cz–Si),
Si–Ge and other materials [6].
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Nomenclature

c0 concentration of oxygen in interstitial positions
CVD chemical vapour deposition
Cz–Si Czochralski-grown single-crystalline silicon
d distance between crystallographic planes
D hydrogen dose in hydrogen-implanted Si:H

samples
FZ–Si 6oating-zone-grown single-crystalline silicon
HP enhanced (high) hydrostatic pressure
HPE-Si hydrogen-plasma-etched silicon
HT enhanced (high) temperature

HT–HP treatment (annealing) at HP
IR infrared absorption (measurement)
PL photoluminescence
Si:H hydrogen-implanted silicon
SIMS secondary ions mass spectrometry
SOI silicon on insulator (Si=SiO8=Si) structure
TEM transmission electron microscopy

Greek letters
� wavelength

2. Experimental

p-type Cz–Si samples of (0 0 1) orientation with c0 =
8× 1017 cm−3 were subjected to high-frequency hydrogen
plasma etching (HPE) for 1 h using a commercial CVD
system [4]. High-frequency (110MHz) plasma with a power
of 50 W at a pressure of 250 mTorr and a hydrogen 6ux of
200 cm3=min was applied. The sample temperature during
plasma exposure was about 530 K.

Other Cz–Si and 6oating-zone-grown single-crystalline
silicon (FZ–Si) wafers of (0 0 1) and (1 1 1) orientation were
implanted by H+

2 ions (hydrogen doseD up to 6×1016cm−2,
energy 130–135 keV).

HPE-Si and Si:H samples of about 10 × 8 × 0:6 mm3

dimension were subjected to HT–HP treatment for up to 10 h
at up to 1400 K and argon HP up to 1.2 GPa [6].

The HT–HP-treated samples were investigated by sec-
ondary ions mass spectrometry (SIMS, Cameca IMS 6F),
transmission electron microscopy (TEM, Philips CM30, 300
keV), X-ray (reciprocal space mapping), electrical, photo-
luminescence (PL, argon laser excitation, �=488 nm, at 14
K) and infrared absorption (IR, dispersive-type spectrome-
ter, room temperature) methods.

3. Results

3.1. E>ect of HT–HP on HPE-Si samples

The e%ect of HT–HP on the hydrogen proCle in HPE-Si
samples is presented in Fig. 1. In the case of non-treated
HPE-Si samples, the hydrogen distribution tail reaches
deeply into sample bulk, up to above 6 �m (Fig. 1A).
Annealing at 720 K for 2 h at atmospheric pressure results
in almost complete out-di%usion of hydrogen (Fig. 1B),
whereas the treatments at 720 K–1.2 GPa (Fig. 1C and D)
or the treatment at 920 K–1.2 GPa–2 h still resulted in the
SIMS-detectable presence of hydrogen in the Cz–Si surface
layer (Fig. 1E).

Fig. 1. Depth proCles of hydrogen in HPE-Cz–Si samples: (A) after
plasma-etching; (B) annealed at 720 K–105 Pa for 2 h; (C) treated
at 720 K–1.2 GPa for 2 h; (D) treated at 720 K–1.2 GPa for 10 h;
(E) treated at 920 K–1.2 GPa for 2 h. Sputtering by Cs+ ions.

The as-etched (non-treated) HPE-Cz sample indicates
pronounced X-ray di%use scattering (Fig. 2A). The same
happens for sample treated at 720 K–1.2 GPa–2 h (Fig. 2C),
whereas annealing at 720 K–105Pa for 2 h (Fig. 2B) and
the HT–HP treatment at 920 K–1.2 GPa for 2 h (Fig. 2D)
resulted in decreased intensity of X-ray di%use scattering.

The HP–HT treatment of HPE-Cz–Si samples at 720 K
resulted in the HP-stimulated creation of thermal donors
(Table 1, see also [4]).

3.2. E>ect of HT–HP on Si:H samples

The e%ect of HT–HP on the hydrogen proCle in some Si:H
samples is presented in Fig. 3. HT–HP treatment at 720 K
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Fig. 2. Reciprocal space Bragg maps recorded near 0 0 4 reciprocal lattice point for HPE-Cz–Si samples: (A) after plasma-etching; (B)
annealed at 720 K–105 Pa for 2 h; (C) treated at 720 K–1.2 GPa for 2 h; (D) treated at 920 K–1.2 GPa for 2 h. Axes are marked in �=2d units.

Table 1
Carrier concentration Nn (×1015 cm−3) in initially p-type HPE-Cz–Si samples with initial Np = 2× 1015 cm−3 and c0 = 8× 1017 cm−3,
after annealing=HT–HP treatment at 720 K for 2 and 10 h. Measurements were performed at the sample surface subjected to HPE

720 K=HP (Pa) 1 × 105=2 h 1:2 × 109=2 h 1 × 105=10 h 1 × 107=10 h 1:2 × 109=10 h

Type p n p n n
Nn 0.91 2.9 0.13 0.93 8.8

results in a higher hydrogen content (as compared to that in
the samples annealed at 720 K at atmospheric pressure). The
treatment at 920 K–HP resulted also in the hydrogen shift
to the deeper sample areas (Fig. 3C). In the case of samples
treated at higher temperatures hydrogen disappeared almost
completely (Fig. 3D).

The “deeper shoulder” on the depth proCle for the
as-implanted sample and for that annealed at 720 K –1.2
GPa was caused by the presence of single-atomic H+ in
implanting H+

2 beam.
TEM images of the 1 1 1-oriented FZ–Si:H samples (D=

6×1016 cm−2, 135 keV) were obtained for the as-implanted

samples, annealed at 920 K–105 Pa and treated at 920 K–1.2
GPa (Fig. 4).

Annealing of the Si:H samples at 105 Pa resulted in the
creation of numerous bubbles and indications of splitting
(Fig. 4B), whereas increased pressure at annealing resulted
in the suppression of splitting but in the creation of small
cluster-like defects, also in the near-surface silicon layer
(Fig. 4C).

X-ray di%use scattering from the same FZ–Si:H samples
(D = 6 × 1016 cm−2, energy 135 keV), as-implanted and
HT–HP treated, is presented in Fig. 5. The HT–HP treatment
resulted in increased X-ray di%use scattering, especially for
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Fig. 3. Depth proCles of hydrogen in Cz–Si:H samples
(D = 4 × 1016 cm−2, 130 keV): (A) as-implanted; (B) annealed
at 720 K–105 Pa for 2 h; (C) treated at 920 K–1.2 GPa for 0.5 h;
(D) treated at 1320 K–1.2 GPa for 0.5 h. Sputtering by Cs+ ions.

the samples treated at 920 K–0.6 GPa and 1400 K–1.2 GPa
(Fig. 5B and 5D).

Enhanced HP during treatment of FZ–Si:H samples at
920 K resulted in much higher PL intensity at about 0.79
eV, with that at 1.01 eV markedly decreased (Fig. 6). PL
related to the band-to-band transition was not detected.

The Si:H samples submitted to the HT–HP treatment at
920 K indicate the presence of additional absorption lines
at IR related to localised vibrational modes of defects. For
example, the sample treated at 920 K–0.6 GPa for 10 h
indicates the presence of peaks at 2092, 2127, 2353 and
2597 cm−1, which can be attributed to hydrogen-related
bonds.

4. Discussion

Our results concerning the HT–HP treatments e%ects on
hydrogen-containing (non-equilibrium) silicon samples ob-
tained by HPE or hydrogen implantation are between the
Crst results hitherto reported (see also [4]).

There is clear similarity of the HPE-Si and Si:H samples
with respect to the HP-induced e%ects, so their features after
treatment at HT–HP will be discussed jointly.

At enhanced temperature (e.g. at 720–920 K), under at-
mospheric pressure the hydrogen atoms escape from the sil-
icon matrix (see Figs. 1 and 3), creating in-between nu-
merous hydrogen-Clled bubbles or even causing splitting of
silicon (Fig. 4B). Treatment of the samples at an increased
pressure of argon ambient at the same temperatures resulted
in:

• decreased hydrogen out-di%usion, but its pronounced dif-
fusion into the sample depth (Figs. 1 and 3),

• prevention of splitting with creation of small defects just
near the sample surface (Fig. 4C),

• HP-dependent creation of microdefects and dislocations,
as evidenced by X-ray reciprocal space mapping (Figs. 2
and 5),

• strongly HP-stimulated creation of thermal donors in
hydrogen-doped Cz–Si samples (Table 1). This e%ect
is obviously related to the presence of interstitial oxy-
gen in Cz–Si, and can be considered as the proof of
stress-stimulated creation of thermal donors, representing
small oxygen=silicon clusters [4],

• the presence of hydrogen-related Si–H bonds [7] in the
HT–HP-treated oxygen-containing Cz–Si:H samples. The
presence of oxygen should stabilise hydrogen bonds in
the samples; some of the IR absorption lines can be also
related to H–O complexes,

• enhanced intensity of the PL line peaking at about 0.8 eV
(Fig. 6).

In the case of HT–HP-treated hydrogen-containing sili-
con the hydrogen out-di%usion to the sample surface seems
to be much diminished with retarded Cnal escape=removal
of hydrogen. Retarded hydrogen out-di%usion creates con-
ditions for its di%usion into the sample depth.

PL spectra of HT–HP-treated Si:H samples indicated the
presence of rather strong PL peaking at about 0.8 eV. The
origin of the observed PL is not known. PL at about 0.8 eV
corresponds to that detected for H+ split silicon-on-insulator
wafers [8]; however, in this case its explanation as an
e%ect related to the creation of oxygen precipitates seems
to be highly improbable because our PL spectra were taken
on FZ–Si:H samples with low (¡ 2 × 1016 cm−3) oxy-
gen content (Fig. 6). One can assume that the observed
PL is related rather to HP-stimulated creation of speciCc
point-like defects [9]. Stress-stimulated creation of thermal
donors (related in turn to pressure-induced transformation
of oxygen present in the samples) in low concentration, but
still exerting an e%ect on PL (compare Table 1) cannot be
excluded [9,10].

Explanation of uniform stress e%ect at annealing on fea-
tures of HPE-Si and Si:H demands more quantitative analy-
sis. As already mentioned, some HP-induced e%ects seem to
be related to decreased di%usivity of hydrogen at HP, and to
stress-stimulated creation of nucleation centres for oxygen
precipitation and of extended oxygen-related and other de-
fects (in HPE-Cz–Si and Cz–Si:H), whereas the dimensions
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Fig. 4. TEM images of FZ–Si:H samples: (A) as-implanted (D = 6 × 1016 cm−2, 135 keV); (B) annealed at 920 K–105 Pa for 10 h; (C)
treated at 920 K–1.2 GPa for 10 h.

Fig. 5. Reciprocal space Bragg maps recorded near 3 3 3 reciprocal
lattice point for FZ–Si:H samples (D=6× 1016 cm−2, 135 keV):
(A) as-implanted; (B) treated at 920 K–0.6 GPa for 10 h; (C)
treated at 920 K–1.2 GPa for 10 h; (D) treated at 1400 K–1.2 GPa
for 5 h. Axes are marked in �=2d units.

of originally hydrogen-Clled bubbles seem to be suppressed
at HT–HP.

5. Conclusions

The stress introduced by increased hydrostatic pressure of
ambient during annealing of HPE-Si and Si:H samples exerts
a pronounced e%ect on the hydrogen out- and in-di%usion,
on the creation of crystallographic defects (e.g. bubbles), of
thermal donors and on the “smart-cut” e%ect. Further inves-
tigations are important in order to understand the phenomena
taking place during high pressure–high temperature treat-
ment of hydrogen-containing silicon, important for micro-
electronics, e.g. in the preparation of SOI structures.

Acknowledgements

The help of Dr. A.Ulyashin (Belarussian State Poly-
technical Academy, Minsk), M. Lopez (Barcelona Uni-
versity, Barcelona), M. Rozental and A. Trojan (Institute
of Electron Technology, Warsaw) during sample prepa-
ration and measurements is gratefully acknowledged. The
authors thank also Prof. V.V. Emtsev (Io%e Physicotech-
nical Institute, RAS, St. PPetersburg, Russia) for valuable



488 A. Misiuk et al. / International Journal of Hydrogen Energy 26 (2001) 483–488

Fig. 6. PL spectra of FZ–Si:H (D = 6 × 1016 cm−2, 135 keV) samples excited by argon laser, � = 488 nm, at 14 K: (A) annealed at 920
K–105 Pa for 10 h; (B) treated at 920 K–1.2 GPa for 10 h.

discussion. This work was supported in part by the Polish
Committee for ScientiCc Research (Grant no. 7 TO8A 057
17), the Polish–Spanish Joint Research Programme and
the NATO Collaborative Research Grant no. SA (HTECH
CRG 974588).

References

[1] Ulyashin AG, Bumay YuA, Job R, Grabosch G, Borchert
D, Fahrner WR, Diduk AYu. Solid State Phenomena 1997;
57–58:189.

[2] Tokuda Y, Ito A, Ohshima H. Semicond Sci Technol
1997;13:194.

[3] Lu X, Cheung NW, Strathman MD, Chu PK, Doyle B. Appl
Phys Lett 1997;71:1804.

[4] Surma B, Misiuk A, Jun J, Rozental M, Wnuk A, Ulyashin
AG, Antonova IV, Popov VP, Job R. In: Breza J, Donoval

D, Drobny V, Uherek F, editors. Proceedings ASDAM’98,
Smolenice, IEEE, Bratislava, Slovakia 1998. p. 47.

[5] Misiuk A, Zaumseil P. Electrochem Soc Proceed 1995;
95–130:194.

[6] Misiuk A, Surma B, Rebohle L, Jun J, Antonova IV,
Tyschenko I, Romano–Rodriguez A, Lopez M. Phys Status
Solidi(b) 1999;211:233.

[7] Pearton SJ, Corbett JW, Stavola M. Hydrogen in crystalline
semiconductors. Berlin: Springer-Verlag, 1992, p. 153.

[8] Tajima M, Ogura A, Karasawa T, Mizoguchi A. Jpn J Appl
Phys 2 Lett 1998;37:L1199.

[9] Misiuk A, Surma B. In: Majchrowski A, ZieliTnski J.
editors. International Conference on Solid State Crystals ’98:
Single Crystal Growth, Characterisation and Applications,
Proceedings of the SPIE, The International Society for Optical
Engineering, Bellingham, USA, vol. 3724, 1999, p. 239.

[10] Misiuk A, Jung W, Surma B, Jun J, Rozental M. Solid State
Phenomena 1997;57–58:393.


