IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Effects of annealing on electrical properties of Si/Si junctions by surface-activated bonding

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2015 Jpn. J. Appl. Phys. 54 030212
(http://iopscience.iop.org/1347-4065/54/3/030212)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 122.102.204.65
This content was downloaded on 26/01/2015 at 11:54

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/1347-4065/54/3
http://iopscience.iop.org/1347-4065
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

Japanese Journal of Applied Physics 54, 030212 (2015)

SELECTED TOPICS IN APPLIED PHYSICS

http://dx.doi.org/10.7567/JJAP.54.030212

Advances in Low-Temperature Bonding Technologies for 3D Integration

Effects of annealing on electrical properties of Si/Si junctions by surface-activated bonding

Masashi Morimoto, Jianbo Liang, Shota Nishida, and Naoteru Shigekawa*

Graduate School of Engineering, Osaka City University, Osaka 558-8585, Japan

E-mail: shigekawa @elec.eng.osaka-cu.ac.jp

Received August 1, 2014; revised September 9, 2014; accepted September 29, 2014; published online January 20, 2015

Effects of annealing on surface-activated bonding (SAB)-based Si/Si junctions were investigated by transmission electron microscopy (TEM)
observations and current-voltage (/-V) measurements. We observed an amorphous-like layer at the bonding interface, which was recrystallized by
annealing. We extracted the potential barrier heights at Si/Si interfaces annealed at different temperatures from the results of I~V measurements at
various ambient temperatures. For p-Si/p-Si junctions, the barrier height increased as the annealing temperature increased from 200 to 400 °C and
decreased from 400 to 1000 °C. For n-Si/n-Si junctions, the barrier height increased as the annealing temperature increased from 200 to 600 °C
and decreased from 600 to 1000 °C. By using the charge neutral level (CNL) model, we estimated the energy of CNL, Ecn., and the density of
interface states, Dy, at each annealing temperature. D;; decreased as the annealing temperature increased from 400 to 1000 °C. Ecyn. showed
values larger than the reported ones. © 2015 The Japan Society of Applied Physics

1. Introduction

Heterojunctions composed of dissimilar semiconductor
materials are widely used to fabricate high-performance elec-
trical and optical devices. Given that the epitaxial growth
of semiconductor layers with different crystal structures,
thermal expansion coefficients, and lattice constants is, in
general, difficult, the possibility of applying direct wafer
bonding to prepare such heterojunctions has been explored."
Actually, direct wafer bonding has been employed to
fabricate, for example, GaAs/Si>® GaAs/InP,) InP/Si,>
and Si/Si0,® junctions. In this method, however, annealing
at a high temperature (typically ~600 °C) is necessary during
or after bonding to achieve sufficient bonding strength.” This
means that the bonded substrates with thicknesses of several
hundred microns should be annealed at high temperatures. In
addition, the electrical characteristics of bonding interfaces
depend on chemical treatments of surfaces before bonding.®)
It is consequently assumed that the applicability of conven-
tional direct wafer bonding as a method for fabricating
heterojunctions is limited.

By surface-activated bonding (SAB),” !V in which samples
are brought into contact in a vacuum chamber after oxidized
layers on their surfaces are etched off by Ar fast atom beam
(FAB) irradiation, substrates are bonded without intentionally
heating them. It was reported that the strength of SAB
was greater than that of direct bonding.'? In addition, it
is assumed that the electrical properties of the interfaces
obtained by SAB are less sensitive to prebonding chemical
treatments than those of interfaces obtained by direct wafer
bonding since the surfaces of SAB samples are processed
through Ar FAB irradiation. Therefore, SAB is attractive
for fabricating various devices with heterojunctions, such
as tandem solar cells.'?

The Ar FAB irradiation of surfaces, however, reportedly
leads to the formation of an amorphous-like layer at the
bonding interface.'” The interface states with high densities
are assumed to be introduced through Ar FAB irradiation.
Previous reports showed that the thickness of the amorphous-
like layer decreased and the current—voltage (I-V") character-
istics changed with annealing.'>!® In this work, we fabri-
cated Si/Si junctions and annealed them at different temper-
atures. We observed the interface by transmission electron
microscopy (TEM) and measured the /-V characteristics of
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junctions. Furthermore, we discussed the correlation between
the electrical properties of the interface and the annealing
temperature in the framework of the charge neutral level
(CNL) model.

2. Methods

We employed (100) p-Si and (100) n-Si substrates. The
carrier concentrations of p-Si and n-Si substrates were 2.4 x
10'7 and 4.8 x 10'®cm™3, respectively. The surfaces of these
substrates were cleaned with acetone and ethanol, and
activated by Ar FAB irradiation for 180s. The pressure was
below 5 x 107°Pa immediately before Ar FAB irradiation.
After surface activation, the substrates were brought into
contact and pressed for 60s at 10 MPa. The temperature of
the substrates was not intentionally raised while they were
being bonded. These samples were annealed at different tem-
peratures (400, 600, 800, and 1000 °C) for 10 min. Electrodes
on the back of p-Si substrates were formed by evaporating Al
and annealing (400 °C, 1 min) to prepare p-Si/p-Si junctions
with interfaces annealed at temperatures between 400 and
1000°C. Two more p-Si/p-Si junctions were fabricated
by forming electrodes on the back of p-Si substrates and
bonding them under the above conditions. Then, one of
them was annealed at 200 °C for 10 min. n-Si/n-Si junctions
with interfaces annealed at 200, 400, 600, 800, and 1000 °C
were obtained by bonding n-Si substrates, annealing them
at a various temperatures, and evaporating Ti/Au on the
back of the Si substrates. All twelve samples were diced
into 2 x 2mm? chips. We measured their /¥ characteristics
between —185 and 200°C. We also observed the inter-
faces without annealing and after annealing at 1000 °C by
TEM.

It was previously reported that interface states were formed
at interfaces fabricated by direct bonding.!”'®) The inter-
face states that trap carriers are likely to produce a potential
barrier and depletion layers neighboring the interface, as
is schematically shown in Fig. 1. The density of electrical
charges at the interface, Qy, is described using the CNL
model, in which interface states with energies lower (higher)
than that of the CNL, Ecnp, are assumed to have donor
like (acceptor like) features. We define Ecyp as the separation
between the CNL and the valence band edge at the inter-
face.?” The Fermi level at the interface relative to Ecnp
determines Qj, which is expressed as

© 2015 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic band diagrams of (a) p-Si/p-Si and
(b) n-Si/n-Si junctions.

Oitp = qDi(Ecn. — @B + 8p), (D

Oitn = gDi(Eg — ¢B + 80 — Ecn), (2)
for p-Si/p-Si and n-Si/n-Si junctions, respectively. In these
expressions, “p” and “n” denote p-Si/p-Si and n-Si/n-Si
junctions, respectively. D; is the density of interface states
and @p is the potential barrier height at the interface. We
assume that Dj; is independent of energy, i.e., the interface
states are uniformly distributed in the band gap and the
carriers in the interface states are degenerated. dyn) is the
difference between the valence (conduction) band edge and
the Fermi level. We find, from Fig. 1, that the magnitude
of Oy increases (decreases) as Ecyp, increases for p-Si/p-Si
(n-Si/n-Si) junctions. From the requirement that Q; should
be compensated by the charges in the depletion region, Qj is
also expressed as

Oitpn) = 2qNa@ Wp(m)» 3)

where N, is the concentration of acceptors (donors) in p-Si
(n-Si) substrates and wp, is the thickness of their depletion
region. From Poisson’s equation, the barrier height is
expressed as

_ CNaoWowy _ Qipimy
2¢e 88Na(d) '

Here, ¢ is the dielectric constant of Si. This equation indicates
that g depends on Qj; and Nyq).

The current of junctions with a potential barrier is modeled
using the thermionic emission model.? In this model, only
the carriers with energies greater than the potential barrier can
contribute to the current. By assuming that the barrier height
of one side of the junction changes to ¢p + gV while
the barrier height of the other side remains ¢g when a bias
voltage Vis applied to the junction, the net current across the
junction, /iy p(n), is described as

" (pB — (S n qV
Ity = Ay T° exl’(_ ﬁ) [1 TP (_ kB_T)]

)

“4)

¢B
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Fig. 2.

(Color online) TEM images of Si/Si bonding interfaces
(a) without and (b) with annealing at 1000 °C for 10 min.

where A;(n) is the Richardson constant, kg is the Boltzmann
constant, and 7 is the ambient temperature. Providing that
qV < kT, the following approximation holds

qV qV
1 - - =—.
exP( kBT) kp T ©
Using the two equations, we obtain
. 0l
G kT o —

In(=) =] —— | =G, - 220
n < T) n 7 n Gy T @)

Here, G is the conductance across the junction at the zero-
bias-voltage limit and Go = g4, /ks. We extract gp by
fitting the measured relationship between In(G/7T) and (1/7)
to Eq. (7).

3. Results and discussion

3.1 Results

Figure 2(a) shows the cross sectional TEM image of the
Si/Si bonding interface without annealing. No interfacial
voids or fractures were found at the nanometer scale. In
this figure, an amorphous-like layer with a thickness of
7.5nm was observed at the interface. This layer is attributed
to surface damage caused by Ar FAB irradiation.'® In
contrast, this layer was not observed after annealing at
1000°C, as is shown in Fig. 2(b). It is assumed that the
recrystallization of the amorphous-like layer occurred with
annealing. This result is consistent with that previously
reported.'+10)

© 2015 The Japan Society of Applied Physics
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Fig. 3. (Color online) /~V characteristics of (a) p-Si/p-Si and (b) n-Si/
n-Si junctions without and with annealing at 200, 400, 600, 800, and 1000 °C
for 10 min.

Figure 3(a) shows the [~V characteristics of p-Si/p-Si
junctions with and without annealing measured at room
temperature. The results for the n-Si/n-Si junctions are shown
in Fig. 3(b). The I~V characteristics in the respective figures
are approximately symmetric. As is shown in Fig. 3(a), the
current density of p-Si/p-Si junctions decreased as the anneal-
ing temperature increased up to 400 °C and then increased as
the annealing temperature increased from 400 to 1000 °C. The
current density of n-Si/n-Si junctions decreased as the anneal-
ing temperature increased up to 600 °C and then increased as
the annealing temperature increased from 600 to 1000 °C. The
decrease in current owing to annealing at temperatures up to
600 °C, in which the contact resistance was assumed to play a
major role,'® has been reported in the literature.

The relationship between In(G/T) and (1/7) for the
annealed p-Si/p-Si and n-Si/n-Si junctions is shown in
Figs. 4(a) and 4(b), respectively. The results of fitting using
Eq. (7) are also shown by dashed lines in these figures. A good
fit was obtained for the respective curves in comparatively
high temperature ranges, suggesting that the current due to the
thermionic emission was dominant at higher temperatures.
The relationship between the extracted ¢g and the annealing
temperature is shown in Fig. 5. The ¢g of p-Si/p-Si junctions
increased as the annealing temperature increased from 200 to
400 °C and decreased as the annealing temperatures increased
from 400 to 1000 °C. The ¢g of n-Si/n-Si junctions increased
as the annealing temperature increased up to 600°C and
decreased as the annealing temperature increased further.
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Fig. 4. (Color online) Relationship between the conductance at zero-bias-
voltage limit and the temperature for annealed (a) p-Si/p-Si and (b) n-Si/n-Si
junctions.
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Fig. 5. (Color online) Relationship between the potential barrier height at
Si/Si interface and annealing temperature.

These ¢p trends are consistent with the variation in current
owing to annealing, as is seen in Figs. 3(a) and 3(b).

3.2 Discussion

We estimated Oy of the respective junctions from their ¢g
using Eq. (4). Then, we obtained the relationship between Dy
and Ecnp for the p-Si/p-Si and n-Si/n-Si junctions annealed
at the respective temperature using Eqs. (1) and (2). The
obtained curves for junctions annealed at 200, 400, 600, 800,
and 1000 °C are shown in Figs. 6(a)-6(e), respectively. Here

© 2015 The Japan Society of Applied Physics
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we assume that D;; and Ecnp depend on the conditions of
surface activation and annealing and are not sensitive to the
polarity of the substrates. This means that Dy, and Ecyp in the
p-Si/p-Si junction annealed at, for example, 400 °C are the
same as those in the n-Si/n-Si junction annealed at 400 °C.
On the basis of this assumption, D;; and Ecyny are given by the
intersection of the two curves in each figure.

The estimated Ecnp and Dy are shown in Fig. 7. Although
the data are largely scattered, we find that Ecnp decreases as
the annealing temperature increases. We also find that the
estimated Ecnp, 0.61-0.75¢V above the valence band edge
of Si, is higher than that previously reported, which was
approximately one-third of the band gap (0.36eV).?? It was
reported that Schottky barrier heights increased in p-Si
Schottky diodes and decreased in n-Si Schottky diodes with
the implantation of Ar ions.?>?3 It was also reported that the
barrier heights in the p-Si (n-Si) Schottky diodes decreased
(increased) with annealing after the implantation of Ar
ions.?¥ These results were explained by the scheme in which
donor like defects were generated and Ecnp was increased by
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(2), and (4) and barrier heights.
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Ar implantation. It was also assumed that the damage due to
the implantation was recovered by annealing and Ecnp was
lowered. The Ecnp values higher than 0.36eV and their

© 2015 The Japan Society of Applied Physics
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variation due to annealing observed in the present work
might be explained by a similar mechanism. We also find that
Dj; roughly decreases as the annealing temperature increases,
which is assumed to be consistent with the results of TEM
observation that the amorphous-like layer in the vicinity of
the interface was recrystallized by the annealing [Figs. 2(a)
and 2(b)].

Using Egs. (1) and (2), the lowering of Ecny is considered
to reduce gg in the p-Si/p-Si junctions and increase it in
the n-Si/n-Si junctions. The decrease in Dj;; should bring
about the decrease in ¢g both in the p-Si/p-Si and n-Si/n-Si
junctions. The changes in Ecyny and Dy are consequently
assumed to additively reduce g in the p-Si/p-Si junctions.
The changes in the two parameters might contradictively
act to realize the variation in @g in the n-Si/n-Si junctions,
which increased up to 600°C and decreased for higher
temperatures.

Given that ¢g, Ecnr, and Dy are ~0.2¢eV, ~0.7¢eV, and
~10" cm™2eV~!, respectively, the depletion layer thickness
in the n-Si/n-Si junctions is estimated to be ~10~"cm at a
doping concentration of 10"’ cm~ using Egs. (2) and (3). If
interfaces with such low barrier heights and narrow depletion
layers are obtained in junctions made of dissimilar materials
such as Si/GaAs systems, the resistance across the bonding
interface does not severely affect the characteristics of the
tandem cells obtained by bonding. The results of the present
work suggest that the resistance across the interfaces is
lowered by annealing them. Bonded interfaces with lower
densities of interface states are likely to be obtained by
optimizing the conditions of Ar FAB irradiation.

4. Conclusions

We fabricated p-Si/p-Si and n-Si/n-Si junctions by SAB and
annealed them at different temperatures. We then charac-
terized them by TEM observations and /) measurements.
We observed an amorphous-like layer at the bonding inter-
face, which was recrystallized by annealing. We extracted the
potential barrier height ¢g at annealed Si/Si interfaces from
the dependences of their /- characteristics on the ambient
temperature. For p-Si/p-Si junctions, ¢g increased as the
annealing temperature increased from 200 to 400°C and
decreased from 400 to 1000 °C. For n-Si/n-Si junctions, ¢g
increased as the annealing temperature increased from 200 to
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600 °C and decreased from 600 to 1000 °C. Using the charge
neutral level (CNL) model, we estimated the energy of CNL,
Ecni, and the density of interface states Dj; at each annealing
temperature. One explanation was given for the relationships
among Ecni, Di, and ¢g.

Acknowledgement

This work was supported by the “Creative research for clean
energy generation using solar energy” project under CREST
programs of JST.

-

) O. Moutanabbir and U. Goscele, Annu. Rev. Mater. Res. 40, 469 (2010).
Y. C. Zhou, Z. H. Zhu, D. Crouse, and Y. H. Lo, Appl. Phys. Lett. 73, 2337
(1998).
K. Tanabe, K. Watanabe, and Y. Arakawa, Sci. Rep. 2, 349 (2012).
H. Wada, Y. Ogawa, and T. Kamijoh, Appl. Phys. Lett. 62, 738 (1993).
H. Wada and T. Kamijoh, Jpn. J. Appl. Phys. 37, 1383 (1998).
T. Abe, T. Takei, A. Uchiyama, K. Yoshizawa, and Y. Nakazato, Jpn. J.
Appl. Phys. 29, L2311 (1990).
7) K.D. Hobart, M. E. Twigg, F. J. Kub, and C. A. Desmond, Appl. Phys. Lett.
72, 1095 (1998).
8) M. J. Jackson, B. L. Jackson, and M. S. Goorsky, J. Appl. Phys. 110,
104903 (2011).
9) J. Liang, S. Nishida, M. Arai, and N. Shigekawa, Appl. Phys. Lett. 104,
161604 (2014).
10) J. Liang, T. Miyazaki, M. Morimoto, S. Nishida, N. Watanabe, and N.
Shigekawa, Appl. Phys. Express 6, 021801 (2013).
11) J. Liang, T. Miyazaki, M. Morimoto, S. Nishida, and N. Shigekawa, Appl.
Phys. 114, 183703 (2013).
12) M. M. R. Howlader and T. Suga, J. Micro/Nanolithogr. MEMS MOEMS 9,
041107 (2010).
13) N. Shigekawa, M. Morimoto, S. Nishida, and J. Liang, Jpn. J. Appl. Phys.
53, 04ERO05 (2014).
14) H. Takagi, R. Maeda, N. Hosoda, and T. Suga, Jpn. J. Appl. Phys. 38, 1589
(1999).
15) S. Essig, O. Moutanabbir, A. Wekkeli, H. Nahme, and E. Oliva, J. Appl.
Phys. 113, 203512 (2013).
16) M. M. R. Howlader and F. Zhang, Thin Solid Films 519, 804 (2010).
17) S. Bengtsson and O. Engstrom, J. Appl. Phys. 66, 1231 (1989).
18) S. Bengtsson, G. I. Andersson, M. O. Andersson, and O. Engstrom, Appl.
Phys. 72, 124 (1992).
19) L. S. Yu, P. Mages, D. Qiao, L. Jia, P. K. L. Yu, S. S. Lau, T. Suni, K.
Henttinen, and I. Suni, Appl. Phys. Lett. 82, 916 (2003).
) J. Robertson and B. Falabretti, J. Appl. Phys. 100, 014111 (2006).
) C. H. Seager and G. E. Pike, Appl. Phys. Lett. 40, 471 (1982).
22) S. Ashok and K. Giewont, Jpn. J. Appl. Phys. 24, 1533 (1985).
)
)

N
-

D 01 A W

S. Ashok, H. Krautle, and H. Beneking, Appl. Phys. Lett. 45, 431 (1984).
R. Singh, S. J. Fonash, P. J. Caplan, and E. H. Poindexter, Appl. Phys. Lett.
43, 502 (1983).

© 2015 The Japan Society of Applied Physics


http://dx.doi.org/10.1146/annurev-matsci-070909-104448
http://dx.doi.org/10.1063/1.122454
http://dx.doi.org/10.1063/1.122454
http://dx.doi.org/10.1038/srep00349
http://dx.doi.org/10.1063/1.108855
http://dx.doi.org/10.1143/JJAP.37.1383
http://dx.doi.org/10.1143/JJAP.29.L2311
http://dx.doi.org/10.1143/JJAP.29.L2311
http://dx.doi.org/10.1063/1.120975
http://dx.doi.org/10.1063/1.120975
http://dx.doi.org/10.1063/1.3662144
http://dx.doi.org/10.1063/1.3662144
http://dx.doi.org/10.1063/1.4873113
http://dx.doi.org/10.1063/1.4873113
http://dx.doi.org/10.7567/APEX.6.021801
http://dx.doi.org/10.1063/1.4829676
http://dx.doi.org/10.1063/1.4829676
http://dx.doi.org/10.1117/1.3500747
http://dx.doi.org/10.1117/1.3500747
http://dx.doi.org/10.7567/JJAP.53.04ER05
http://dx.doi.org/10.7567/JJAP.53.04ER05
http://dx.doi.org/10.1143/JJAP.38.1589
http://dx.doi.org/10.1143/JJAP.38.1589
http://dx.doi.org/10.1063/1.4807905
http://dx.doi.org/10.1063/1.4807905
http://dx.doi.org/10.1016/j.tsf.2010.08.144
http://dx.doi.org/10.1063/1.343469
http://dx.doi.org/10.1063/1.352172
http://dx.doi.org/10.1063/1.352172
http://dx.doi.org/10.1063/1.1544063
http://dx.doi.org/10.1063/1.2213170
http://dx.doi.org/10.1063/1.93138
http://dx.doi.org/10.1143/JJAP.24.L533
http://dx.doi.org/10.1063/1.95247
http://dx.doi.org/10.1063/1.94367
http://dx.doi.org/10.1063/1.94367

