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Hard x-ray photoelectron spectroscopy investigation of
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Hard x-ray photoelectron spectroscopy measurements are performed on ~10-nm-thick GaAs film/Si
substrate junctions fabricated by the surface activated bonding and selective wet etching. The chemical
shifts of Ga-O and As-O signals in Ga 2ps3;» and As 2ps3» core spectra indicate that oxides are formed in a
part of GaAs films neighboring GaAs/Si interfaces due to the surface activation process. Analyses of Ga-
O and As-O signals show that the thickness of such buried oxides is decreased due to a post-bonding
annealing at temperatures up to 400 °C. This means that the electrical properties of bonding interfaces,
which are in the meta-stable states, are improved by the annealing. The thickness of oxides is different
from that of amorphous-like transition layers at the GaAs/Si interfaces observed by transmission electron

microscopy.
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1. Introduction

II1-V semiconductor/Si junctions have a potential for fabricating novel functional devices such as tandem
solar cells [1,2], bipolar transistors [3], and high electron mobility transistors [4]. However, defects and
dislocations with high densities are typically introduced in III-V layers grown on Si substrates due to the
large difference in lattice constants and thermal expansion coefficients [5,6]. One way to overcome these
difficulties is usage of the surface-activated bonding (SAB) method, in which the surfaces of the bonded
substrates are irradiated by a fast atom beam (FAB) of Ar, i.e. the surfaces are activated, prior to the
bonding [7,8]. SAB-based interfaces have been successfully applied for fabricating I1I-V/Si hybrid tandem
solar cells that target both high efficiency and low costs [8,9].

The electrical properties of various SAB-based heterojunctions such as Si/GaAs, Si/InP, and Ge/Ge
junctions were reported [10-13]. We previously suggested that the electrical properties in SAB-based
Si/GaAs, Si/SiC and GaAs/GaN interfaces were strongly influenced by interface states formed during the
surface activation process [14-16]. We also found that the resistance across n*-GaAs/n*-Si interfaces was
lowered by annealing the interfaces [17].

Nanometer-scale structures, or nanostructures, of bonding interfaces have been examined using a
transmission electron microscope (TEM). It was reported that amorphous-like transition layers were
formed at the bonding interfaces [18,19]. The chemical properties, or properties of atomic bonds, of
interfaces, however, have not yet been fully understood although the electrical properties of interfaces are
likely to be strongly influenced by their chemical properties.

The chemical properties of interfaces formed several nm or several-tens nm below surfaces, or buried
interfaces, have been investigated using a hard x-ray photoelectron spectroscopy (HAXPES), in which x-
ray photoelectron spectroscopy (XPS) signals are measured using an incident x-ray with photon energies
of several keV [20]. The properties of various types of buried interfaces such as Si0»/Si, Al,O3/Si, and
InGaZnO4/Si have been examined using HAXPES [21-23]. In most cases, HAXPES have been applied
for interfaces prepared by epitaxially growing [24] or depositing thin films on substrates [25].

In this work, we prepared GaAs/Si interfaces by means of SAB and the subsequent annealing. We
performed HAXPES measurements of the interfaces with emphasis on Ga 2p3/2 and As 2ps3. core spectra.
XPS signals due to Ga-O and As-O bonds were analyzed so that the thickness of oxides in GaAs films in

the vicinity of bonding interfaces was estimated. We also performed their TEM observation and estimated
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the thickness of the transition layers at the interfaces. The thickness of the oxides and that of the transition
layers were compared with each other.
2. Experimental

We prepared a GaAs/InGaP epitaxial substrate, which was composed of a 240-nm-thick InGaP etch-
stopper and a 10-nm-thick undoped GaAs grown on a GaAs (100) substrate. The epitaxial substrate was
bonded to an n-type Si (100) substrate with a carrier concentration of 4.8 X 10'® cm™ using SAB. The
substrates were not heated during the bonding process. After bonding, samples were annealed at different
temperatures (200, 300, and 400 °C) for 1 min in a N, gas ambient. Then the GaAs substrate and InGaP
etch stopper were successively removed by selective wet etching so that ~10-nm-thick undoped GaAs
film/Si substrate junctions were obtained. We also prepared an unprocessed GaAs (100) substrate and a
GaAs substrate with the surface irradiated by an Ar FAB for the same condition as employed in the SAB
process. All samples were diced into 2 mm by 5 mm pieces.

HAXPES measurements were carried out using BL47XU at SPring-8 with a take-off angle of 40°. The
excitation X-ray beam used for HAXPES was monochromatized with Si (111) double crystal and Si (444)
channel-cut monochromators, which provides a 7940-eV X-ray with a bandwidth of ~40 meV, a focal spot
size of 30 um (horizontal)-40 pum (vertical), and a photon flux of 2.8 X 10'! photons/s. A VG Scienta R4000
hemisphere electron analyzer was used. The binding energies of the HAXPES spectra were calibrated
using the Fermi energy of an Au reference. Photoelectron signals due to Ga 2ps3,2 and As 2ps3.» core levels
were mainly examined. We also investigated the bonding interfaces of the GaAs/Si junctions before
annealing and after annealing at 300 and 400 °C using TEM with 200-keV incident electron beams. The
samples for TEM observations were fabricated by a micro-sampling method using a focused ion beam
(FIB) of Ga species.

3. Results

Cross sectional TEM images of the GaAs/Si bonding interface before annealing and those after annealing
at 300 and 400 °C are shown in Figs. 1(a), 1(b) and 1(c), respectively. No dislocations were observed at
bonding interfaces irrespective of the annealing temperature. A 4-nm-thick amorphous-like transition layer,
which was attributed to a damage caused by irradiation of Ar FAB, was observed at the interface without
annealing. The transition layer was partly recrystallized and slightly thinned (~2.5 nm thick) due to the

300 °C annealing. It disappeared when the junction was annealed at 400 °C. Similar behaviors were

3



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

observed at the Si/Si and 4H-SiC/Si bonding interface fabricated by SAB [26,27].

Ga 2p32 core spectra in HAXPES of GaAs/Si junctions before annealing and after annealing at 200, 300,
and 400 °C are shown in Figs. 2(a)-2(d), respectively. A Ga 2ps3;» core spectrum of a surface of an
unprocessed GaAs substrate is given in Fig. 2(e). That of an irradiated GaAs surface is shown in Fig. 2(f).
The respective core spectra were separated into two components at binding energies of ~1117.1 and
~1118.1 eV. The peaks at ~1117.1 and =1118.1 eV were attributed to Ga-As and Ga-O bonds, respectively,
by comparing observed binding energies with a literature [28]. The binding energies and intensities of the
respective components were estimated by a least-squares fitting to a Voigt (convoluted Lorentzian with
Gaussian) function [23,29]. The background was subtracted using Shirley method [30]. Curves obtained
by fitting were in good agreement with the experimental data as is shown in the respective figures. The
estimated binding energies of Ga-As and Ga-O peaks, their full widths at half maximum (FWHM) as well
as the Ga-O intensity normalized to the Ga-As intensity (Ga-O/Ga-As) are summarized in Table 1.

As 2psp core spectra of GaAs/Si junctions before annealing and after annealing at 200, 300, and 400 °C
are shown in Figs. 3(a)-3(d), respectively. As 2ps» core spectra of unprocessed and irradiated GaAs
surfaces are shown in Figs. 3(e) and 3(f). Similarly to the case of Ga 2p3/ core spectra, the respective As
2p3; core spectra were separated into two components. The peaks at =1322.7 and ~1325.8 eV were
attributed to As-Ga and As-O bonds, respectively. The binding energies and intensities of the respective
components were estimated using a similar method to the process for treating Ga 2ps/ core spectra. The
results of fittings are also shown in the respective figures. The binding energies and FWHM of As-Ga and
As-O peaks as well as the normalized As-O intensity (As-O/As-Ga) are given in Table I. We found that
the normalized Ga-O and As-O intensities of GaAs substrates were increased due to the Ar-beam
irradiation. In contrast, the normalized intensities of GaAs/Si junctions were decreased by increasing the
annealing temperature.

4. Discussion

The Ga-O peak appeared at a chemical shift of 0.7 eV higher binding energy in the unprocessed surface
of GaAs substrate. The chemical shift was increased to =1.2 eV by irradiating the surface by Ar FAB. The
0.7 and 1.2 eV chemical shifts are attributed to Ga,O and GaO compounds, respectively [31]. Consequently,
the change in chemical shifts suggests that the oxidation of Ga species is advanced (Ga,0—GaO) [32] by

irradiating a GaAs surface by an Ar FAB. The chemical shifts of Ga-O peaks observed for GaAs/Si
4
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junctions (=1.5 eV) were close to that for an irradiated GaAs surface, which suggests that XPS signals
come from oxides in GaAs neighboring the bonding interfaces, or buried oxide layers. The chemical shifts
of the As-O peaks were 3.1-3.4 eV in all samples. The As-O peaks observed for all samples are, then,
likely to be due to AsO compounds [31]. The binding energies of Ga-As and As-Ga peaks in the bonding
interface were higher than that of GaAs substrate by 0.2-0.4 eV. The difference in binding energies between
GaAs/Si interfaces and GaAs substrates was probably due to the difference in pinning of Fermi levels.
We estimated the thickness of oxides on surfaces of GaAs substrates from the normalized Ga-O and As-
O intensities by using a method reported in literatures [28,32,33]. The oxides were assumed to be
represented by GaOx (AsOx) compounds in handling Ga (As) 2ps/ signals. The ratio of intensities of XPS

signals coming from the native oxide and GaAs substrate (I, and Igaas) are expressed by

1 _ _motof1-enn(-55))

IGaas 2 —
Gads  MGaAsAGaAs®¥P\ =7 Sing

) ()

where N, and Ngaas are the atomic density of oxides and GaAs [37], Ao and Agaas are the mean free path
of photoelectrons of oxides and GaAs, d, is the thickness of oxides, and 0 is the take-off angle,

respectively. Equation (1) gives

dy = Ao sin @ In (Reedleatslo 4 1) )

NololGaas

Using the method proposed by Tanuma, Powell, and Penn [38], the mean free path was estimated to be
8.31,9.74, 10.31, and 10.58 nm for the Ga-O, As-O, As-Ga, and Ga-As signals, respectively. The atomic
densities of GaOx and AsOx compounds as well as GaAs were 5.88, 3.74, and 5.31 g/cm®. By using eq.
(2) for the normalized Ga-O and As-O intensities for the unprocessed surface of GaAs substrate, the
thicknesses of GaOy and AsOx compounds were estimated to be 0.58 and 0.22 nm respectively, which
provides a measure for the thickness of native oxides on such a surface.

We assumed that GaAs films bonded to Si substrates were composed of native oxides, GaAs layers, and
buried oxides from the top to the bottom. The thickness of the buried oxides was estimated using a
process similar to that applied for GaAs substrates. The intensity ratio of oxide-based peaks to the main

peaks in the bonding samples can be expressed as

B do do D—dbur—do) (L dpyr
I Modoy1 eXp( Zosin 9)+eXp( Zosin e)eXp( Toanssind J\ 1 eXp( o sin 9)
) _ GaAs (3)
lgaas —do_\(1_exp(-2=%bur—do ’
nGaAS’lGaASeXp( 7o sin e) 1-exp{ =5  sin6

where D and dyur are the thicknesses of GaAs films and buried oxides, respectively. The thicknesses of
buried oxides for the respective annealing temperatures were obtained by solving the Eq. (3) numerically.
The relationship between dpyr and the annealing temperature is shown in Fig. 4. We find that dpy for the

interface without annealing, 8.4 and 7.4 nm on the Ga-O and As-O signals, respectively, is much larger
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than the aforementioned d,. We also find that dy, gradually decreases due to the annealing, which is in
contrast with a report indicating that the oxide on surface of GaAs substrate got thicker as the substrate
was annealed at higher temperatures in vacuum [34]. The change in dvur due to the annealing is likely to
be related to the improvement of the electrical conduction across n-Si/n-GaAs interfaces [17]. The
thickness of buried oxides based on the Ga-O signal was close to that based on the As-O signal at the
respective annealing temperatures up to 300 °C. However, at 400 °C, dyur based on the As-O signal was
smaller than that based on the Ga-O signal, which was hypothetically explained by selective dissolution
and evaporation of AsOx and subsequent formation of Ga-rich layer.

The native oxides on a surface of a GaAs substrate were reportedly dissolved and evaporated when the
substrate temperature was as high as 500 or 600 °C [35,36]. The observed decrease in dpur at lower
temperatures suggests that the bonding interfaces are in the metastable state. The interfaces free from the
oxide layers could be achieved so that the interface resistances should be further lowered by optimizing
the post-bonding annealing process.

We note that the thickness of the transition layers achieved by TEM observation is smaller than dyur. One
possible explanation for this disagreement is that the transition layers might be recrystallized and got
thinner due to the unintentional heating while the samples for TEM observation were prepared using FIB.
5. Conclusions

We fabricated ~10-nm-thick GaAs/Si substrate junctions by using surface-activated bonding of a
GaAs/InGaP heterostructure grown on a GaAs (100) substrate to a Si (100) substrate and selective wet
etching of the GaAs substrate and InGaP layer. We annealed the junctions at different temperatures
between 200 and 400 °C. We performed hard x-ray photoelectron spectroscopy (HAXPES) measurements
of junctions and GaAs substrates and examined contributions of Ga-O and As-O bonds. The chemical
shifts of Ga-O and As-O peaks indicated that oxide composed of GaO and AsO compounds were formed
in junctions similarly to oxides on surfaces of GaAs substrates irradiated by Ar beams. This suggested that
the oxides observed for GaAs/Si junctions were due to the Ar beam irradiation and were regarded as buried
oxides that were distributed in the vicinity of GaAs/Si interfaces. Furthermore, the thickness of the buried
oxides was decreased from ~ 8 to = 5.6 nm by annealing junctions at 400 °C, which meant that the
interfaces were in the meta-stable states. The decrease in thickness of buried oxide was related to the

improvement of the electrical properties of interfaces by such an annealing. The thickness of oxides

6



10

disagreed with that of amorphous-like transition layers found by TEM observation, which might be related
to the possible recrystallization of the GaAs/Si interfaces during the preparation of TEM samples. The
abrupt decrease in As-O signals observed after the 400-°C annealing might be due to the dissolution and

evaporation of As-O bonds.
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Figure captions

Fig. 1. Cross-sectional TEM images of the GaAs/Si interface (a) without and with annealing at (b) 300
and (c) 400 °C.

Fig. 2. Ga 2ps. core spectra of the GaAs/Si interface (a) without and with annealing at (b) 200, (c) 300,
and (d) 400 °C and Ga 2p3, core spectra of (e) the unprocessed surface of GaAs substrate and (f) the
surface irradiated by Ar beams

Fig. 3. As 2ps3p» core spectra of the GaAs/Si interface (a) without and with annealing at (b) 200, (c) 300,
and (d) 400 °C and As 2ps,» core spectra of (e) the unprocessed surface of GaAs substrate and (f) the

surface irradiated by Ar beams.

Fig. 4. The dependencies of thicknesses of buried oxides of GaAs/Si interfaces on annealing temperature.

The thicknesses of native oxides on an unprocessed GaAs substrate are also shown.

Table captions

Table I. The estimated binding energy of each peak. FWHM and normalized intensities of Ga-O and As-

O signals of respective samples are also shown.
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Fig. 1(a), 1(b) and 1(c).
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Fig. 2(a), (b), (c), (d), (e), and (f).

12

Intensity (arb. unit) Intensity (arb. unit)

Intensity (arb. unit)

1124 1122 1120 1118 1116 1114 1112 1110
Binding energy (eV)

1124 1122 1120 1118 1116 1114 1112 1110
Binding energy (eV)

1124 1122 1120 1118 1116 1114 1112 1110
Binding energy (eV)



Intensity (arb. unit)
Intensity (arb. unit)

© 0 3 O Ot B~ W N o+~

=
(=]

1330 1328 1326 1324 1322 1320 1318 1330 1328 1326 1324 1322 1320 1318
Binding energy (eV) Binding energy (eV)

S
AW N R

e e
I B NI 1

DN =
S ©

—
0]

Intensity (arb. unit)

Intensity (arb. unit)

DO
—

[\
[\

1330 1328 1326 1324 1322 1320 1318 1330 1328 1326 1324 1322 1320 1318
Binding energy (eV) Binding energy (eV)

2 D D DO
o O &~ W

W M o
o W e =

o
~

=
Intensity [arD. unit]
Intensity [arb. unit]

oo
o

<o
-

w0
&

1330 13l33 13I26 13}4 13:.’_3 13‘30 13l13 1330 1328 1326 1324 1322 1320 1318
36 Binding energy [eV] Binding energy [eV]

37

38

39  Fig. 3(a), (b), (c), (d), (e), and (¥).
13



<N O Ot b~ W N

9 — T T B buried oxide (GaOx)
8 @ buried oxide (AsOx)
i WV native oxide (GaOx)
/é\ 7k o [ ] native oxide (AsOx)
E 6l $ )
92} L I
& st -
'_a L
S AT ]
<
=3 ]
2L o _
1E i
- 4
0 1 1 1 1
0 100 200 300 400

Annealing temperature (°C)

Fig. 4.

14



© 0 3 & Ul R W N M

—
(@)

11
12
13
14

Binding energy ) ) )
FWHM Normalized intensity
sample Ga-As  Ga-O As-Ga  As-O
a-As a- s-Ga S-
Ga-0/Ga-A As-O/As-G
@) (V) (V) (V) AT bamas SToAsa
GaAs sub. 1117.1  1117.8  1322.7 13258
0.07 0.01
(unprocessed) 0.9 1.1 1.1 1.2
- Gi‘lAS sub. 1117.1 11183 1322.8 13259 0.29 0.10
(irradiated by Ar) 1.1 1.4 1.4 2.1
GaAs/Si . 1117.3  1118.8 13232 1326.5 3.04 0.83
(before annealing) 1.2 1.6 1.6 1.8
GaAs/Si 1117.3  1118.8 1323.1 1326.5 1,49 0.74
(annealed at 200 °C) 1.2 1.6 1.4 1.9
GaAs/Si 1117.4  1118.9 1323.1 1326.5 1.06 0.44
(annealed at 300 °C) 1.2 1.7 1.3 1.8
GaAs/Si 1116.8 11184 1323.1 1326.5 075 0.09
(annealed at 400 °C) 1.2 2.2 1.5 4.3

Table L.
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