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Abstract

The atomic-scale surface roughness of Si(110) reconstructed via high-temperature Ar annealing is
immediately increased by non uniform accidental oxidation during the unloading process (called
reflow oxidation) during high-temperature Ar annealing. In particular, for a reconstructed Si(110)
surface, characteristic line-shaped oxidation occurs at preferential oxidation sites appearing in
pentagonal pairs in the directions of Si[-112] and/or [-11-2]. We previously reported that the
roughness increase of reconstructed Si(110) due to reflow oxidation can be restrained by replac-
ing Ar gas with H; gas at 1000°C during the cooling to 100°C after high-temperature Ar annealing.
It was speculated that preferential oxidation sites on reconstructed Si(110) were eliminated by H;
gas etching and hydrogen termination of dangling bonds. Thus, it is necessary to investigate the
effect of H; gas etching and hydrogen termination behavior on the reconstructed Si(110) surface
structure. In this study, we evaluated in detail the relationship between the temperature at which
the H; gas replaces the Ar in high-temperature Ar annealing and the reconstructed Si(110) surface
structure. The maximum height of the roughness on the reconstructed surface was the same as if
Ar gas was used when the H; gas introduction temperature was 200°C, although the amount of
reflow oxidation was decreased to 70% by hydrogen termination. Furthermore, line-shaped oxi-
dation still occurs when H; gas replaces Ar at this low temperature. Therefore, we conclude that
oxidation is caused by slight Si etching at low temperatures, and thus the preferential oxidation
sites on the reconstructed structure must be eliminated by hydrogen etching in order to form an
atomically smooth Si(110) surface.
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1. Introduction

Semiconductor integrated circuits are the most important hardware technology in today’s technologically ad-
vanced society. Improvements in the performance of semiconductor integrated circuits have been driven primar-
ily by Si field-effect transistors (a type of metal-oxide-semiconductor field-effect transistor, MOSFET), which
are the smallest constituent units of high-performance circuits. To improve the performance of semiconductor
integrated circuits, it is essential to enhance the current-driving ability and reduce the power consumption of a
transistor. Until now, these requirements have been met mainly by scaling the transistor structure. However,
scaling will face limitations in near future [1] [2], and so it is very important to establish a performance im-
provement method other than scaling.

Surface scattering at the Si/silicon dioxide (SiO,) interface in MOSFETS can reportedly be decreased by
forming an atomically smooth Si surface. Moreover, such a smoothing process can also enhance the carrier mo-
bility of MOSFETSs [3]-[5]. In other words, controlling the Si surface structure with a high degree of accuracy
can enhance the current-driving ability and reduce the power consumption of a transistor. Thus, control of the
atomic surface structure of Si is important for future metal oxide semiconductor (MOS) large scale integration
(LSI) technology.

It is well known that a smooth surface on Si wafers can be realized by wet hydrogen fluoride (HF) cleaning at
room temperature or by high-temperature annealing [6]-[8]. Wet HF cleaning provides an atomically flat surface
on Si(111), but it is difficult to maintain the obtained degree of flatness because the surface structure changes at
low temperatures [9]. Furthermore, Si(100), which is used for the commercial manufacture of MOS LSI circuits,
is not smoothed by wet HF cleaning at room temperature. In addition, there have been no reports on the surface
smoothing of Si(110), which has a higher carrier mobility than Si(100).

In contrast, high-temperature annealing provides atomically smooth surfaces on both Si(100) and Si(110).
Furthermore, high-temperature annealing in a furnace is a useful industrial process and can be used to process
around 100 wafers in one batch. Kumagai et al. reported that the surface of a Si substrate annealed at 900°C or
above will contain well-developed terraces with monoatomic steps [10]. The width of a terrace formed by
high-temperature annealing is dependent on the off-angle of the Si wafer, and it is necessary to maintain a small
off-angle to obtain a wide terrace [7]. They also reported that annealing a Si surface in an H, atmosphere causes
etching of the surface, which affects the surface roughness [10]. However, during the thermal process for im-
proving the surface roughness of Si, it is necessary to consider not only the etching of the Si surface by H, gas
but also the effect of accidental oxidation, which results in the growth of thermal oxide films and affects the Si
surface roughness. For example, the surface roughness increases with increasing in the oxide layer thickness on
the surface of a Si substrate [11]. Generally, the formation of an oxide layer on the surface of a Si substrate is
not observed during high-temperature annealing in either an Ar or an H, atmosphere. However, oxidation might
occur during unloading, which is called reflow oxidation [12]. In this process, the atmosphere gas is changed to
air at relatively high temperatures. We have found that restricting the reflow oxidation during high-temperature
annealing is very important for maintaining the smoothness of a reconstructed surface [12]. We clarified that the
surface roughnesses of both Si(100) and Si(110) decreased with decreasing thickness of the reflow oxidation
layer. However, high-resolution atomic force microscopy (AFM) revealed that reflow oxidation still caused a
variation in the surface roughness.

In particular, characteristic line-shaped oxidation occurs at preferential oxidation sites appearing in pentagon-
al pairs in the directions of Si[-112] and/or [-11-2] on a reconstructed Si(110) surface. This line-shaped oxida-
tion causes a height fluctuation of approximately two atomic layers (0.24 nm) in AFM measurements, which is
an obstacle for decreasing the Si(110) surface roughness.

Thus, we have attempted to find other effective methods for restraining the influence of reflow oxidation. One
such method is hydrogen termination (H-termination), i.e., terminating dangling bonds with hydrogen. This me-
thod provides a chemically inert surface that was found to restrain the growth of native oxides at room tempera-
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ture [13]. Thus, we assume that the use of an unloading process with a perfect H-terminated Si surface would be
a good method for suppressing reflow oxidation. In addition, replacing the injected Ar gas with H, gas during
the cooling process for high-temperature Ar annealing is another effective method for reducing the effect of ref-
low oxidation. However, the Si surface structure is also etched when H, gas is used. Therefore, it is necessary to
investigate the effects of H, gas etching and H-termination on the reconstructed Si(110) surface structures.

We previously reported that the roughness increases of reconstructed Si(110) due to reflow oxidation can be
restrained by replacing Ar gas with H, gas at 1000°C in the process of cooling the wafer to 100°C after
high-temperature Ar annealing [14]. We speculated that this effect is due to the elimination of the preferential
oxidation sites on reconstructed Si(110) by H, gas etching and H-termination of dangling bonds. To obtain a
better understanding of this process, in this study, we evaluated in detail the relationship between temperature at
which H, gas replaces the Ar after the high-temperature Ar annealing and the reconstructed Si(110) surface
structure.

2. Experiments

Boron-doped Czochralski-grown Si(110) polished wafers (200 mm in diameter) with off-angles below 0.1° were
used. Their electric resistivities were 15 Q-cm. The sample wafers were heat-treated at 1200°C for 1 h in an Ar
atmosphere by using a commercial vertical furnace. We chose the two temperature ranges, 1000°C - 100°C and
200°C - 100°C, in which the Ar in the furnace was replaced with H, during the cooling process to obtain a better
understanding of the changes in the surface structure due to the introduction of H, gas. Under the former condi-
tion, which was used in our previous work [14], no line-shaped oxidation occurred. Nearly the same results are
expected for the new 200°C - 100°C temperature range; the only difference should be the Si etching effect,
which depends on the temperature. Therefore, a better understanding of this process can be gained by comparing
the results obtained for these two cases.

H-termination on the Si surfaces was confirmed by Fourier transform infrared attenuated total reflection
(FT-IR-ATR) spectroscopy carried out using a Bruker IFS-120HR system. The thickness of the oxide film on
the surface was determined by X-ray photoelectron spectroscopy (XPS) carried out using a PHI Quantera SXM
XPS spectrometer. The surface structure of the samples was observed using an atomic force microscope (Digital
Instruments Nanoscope I11a) operated in tapping mode. The measurement fields had areas of 3 x 3 and 0.2 x 0.2
um?®. The first measurement area was used to observe the reconstructed surface of an annealed wafer, which
generally consists of a step/terrace structure, and the second measurement area was used to observe in detail a
single terrace at a time.

3. Results and Discussion

We investigated the effect of changing the injected gas from Ar to H, during the cooling process on the silicon
oxide (SiO) layer formed on the surfaces of Si(110) wafers during high-temperature Ar annealing. The thickness
of the oxide layer after the annealing process was measured by FT-IR-ATR and XPS. Figure 1 shows the
FT-IR-ATR spectra for Ar-annealed Si(110) wafers in the wave number range of 2000 - 2300 cm™*. Spectra (i) -
(iv) were obtained before Ar annealing (w/o Ar annealing), after Ar annealing using Ar gas during the cooling
process (Ar-cooled), after Ar annealing using H, gas during the cooling process from 200°C (H,-cooled_ 200°C),
and after Ar annealing using H, gas during the cooling process from 1000°C (Hp-cooled 1000°C), respectively.

In the spectra for the H,-cooled samples, three significant peaks were observed at 2089, 2013.7, and 2250
cm *. The strong peaks at 2089 cm * and 2103.7 cm * were only observed for the samples cooled in H, atmos-
pheres, and were assumed to originate from Si-H and Si-H, bonding, respectively [15] [16]. The peak at 2089
cm* was strongest for the H,-cooled 200°C sample, whereas the 2013.7 cm ' peak was strongest for the
Hy-cooled 1000°C sample in our previous work [14]. On the basis of reported examples [15] [16], the Si-H,
bonding in Si(110) is considered to result from the breaking of dimers and back bonds and the formation of ter-
minal Si-H, bonds during H, atmosphere annealing. Thus, we assume that surface was etched by H, during the
cooling process at 1000°C. On the other hand, Si-H bonds, which produce the 2089 cm™ peak that is dominant
for the Hy-cooled 200°C sample, are known to be the typical H-termination structure of Si(110) [15] [17].
Therefore, it is speculated that the surface of the H,-cooled 200°C sample was only slightly etched by H, gas,
unlike that of the H,-cooled 1000°C sample.
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Figure 1. FT-IR-ATR spectra of Si(110) surfaces (i) before Ar annealing
(w/o Ar annealing); (ii) after Ar annealing using Ar gas during cooling
process (Ar-cooled); (iii) after Ar annealing using H, gas during the cooling
process from 200°C (H-cooled 200°C); and (iv) after Ar annealing using H,
gas during the cooling process from 1000°C (H,-cooled 1000°C).

The peak at 2250 cm™* is known to be caused by oxidation, and thus if oxidation is enhanced during the an-
nealing process, the height/intensity of the 2250 cm* peak should increase. However, we found that the intensi-
ty of this peak was lowest for the H,-cooled 1000°C sample. Therefore, a stable atomic surface obtained after
high-temperature annealing can be improved by replacing Ar with H, at 1000°C during cooling. On the other
hand, the H,-cooled 200°C sample showed no clear difference from the Ar-cooled sample in terms of the 2250
cm * peak intensity.

Figure 2 shows the XPS spectra for annealed Si(110) wafers for the binding energy range of 98 - 104 eV.
SiOx layers were observed on the Si(110) surfaces regardless of whether H, or Ar was used during the cooling
process. However, the SiOx peak intensities for the both H,-cooled samples were markedly lower than those for
the Ar-cooled samples. Furthermore, the thickness of the SiOx layer was lower in the H,-cooled_1000°C sample
than in the H,-cooled_200°C sample.

Figure 3 shows the oxide layer thicknesses calculated from the XPS spectra [18]. On Si(110) surfaces cooled
in an Ar atmosphere, the oxide layer was 0.6 nm thick. In contrast, for H,-cooled samples, reflow oxidation was
effectively suppressed, resulting in oxide layers with thicknesses of 0.4 nm for H,-cooled_200°C sample and 0.2
nm for H,-cooled_1000°C sample. These results are in approximate agreement with the aforementioned FT-IR-
ATR observations.

Finally, we investigated the atomic surface structures of the samples by AFM. The surface morphologies of
typical Si(110) wafers measured by AFM in an area of 3 x 3 um? are shown in Figure 4. The images for the po-
lished Si wafer in Figure 4(i) were obtained from reference data. In contrast to a non-annealed surface, all
Ar-annealed samples shown in Figures 4(ii)-(iv) had terrace and step structures, although the terrace width was
slightly different in each Ar-annealed Si(110) sample. This difference in widths is tentatively attributed to the
variation in the off-angles of the starting wafers [7].

The H,-cooled_1000°C sample (Figure 4(iv)) showed no obvious characteristic line-shaped oxidation as seen
for the Ar-cooled sample (Figure 4(ii)), but the surface was observed to be somewhat rough. However, this
somewhat rough surface became smoother with time, as confirmed by a second AFM measurement taken 30
min after the first one, as in our previous work [14]. No characteristic line-shaped oxidation of the Si(110) was
observed in this second observation, either. This roughness variation only occurred for the H,-cooled_1000°C
sample. In contrast, characteristic line-shaped oxidation was observed for the H,-cooled 200°C sample [Figure 4(iii)],
as well as for the Ar-cooled sample. In addition, the somewhat rough surface caused by H, gas etching of the
H,-cooled_1000°C sample was not seen on the H,-cooled 200°C sample. The surface observed in the AFM im-
ages was in good agreement with the etching effect suggested by the FT-IR-ATR results.
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Figure 2. XPS spectra of Si(110) surfaces (i) before Ar annealing (w/o Ar
annealing); (ii) after Ar annealing using Ar gas during the cooling process
(Ar-cooled); (iii) after Ar annealing using H, gas during the cooling process
from 1000°C (Hp-cooled 1000°C); and (iv) after Ar annealing using H, gas
during the cooling process from 200°C (H,-cooled 200°C).
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Figure 3. Thicknesses of oxide layers on Si(110) wafers calculated from XPS
spectra.

Furthermore, we observed the roughness on the terrace in detail, as shown in the 0.2 x 0.2 um? view-field
AFM images measured for one terrace on the Si(110) surface in Figure 5. The root mean square (rms) values of
the surface roughness of the annealed Si(110) wafers along the lines drawn in the images are listed in the top
panels in Figure 5.

When H, was used during the cooling process from 1000°C [Figure 5(iv)], the rms value was 0.048 nm, and
the line-shaped oxidation was strongly suppressed. The differently colored region (lower left side) in Figure 5(iv)
shows a different terrace. In contrast, the rms value when H, was used during the cooling process from 200°C
was 0.098 nm because of the influence of the characteristic line-shaped oxidation, as shown in Figure 5(iii). The
characteristic line-shaped oxidation on the terrace was more clearly observed in this measurement field. The
maximum height on a terrace was 0.24 nm, which is almost same as that of Ar-cooled sample, although the sur-
face structure might be slightly changed by the H, gas etching.

On the basis of these results, the dependence of the atomic-scale Si(110) surface roughness on the hydrogen
introduction temperature in high-temperature Ar annealing can be summarized as follows. Surface Si atoms mi-
grate during high-temperature annealing at 1200°C, and a reconstructed surface is considered to form during the
cooling process below 800°C [10]. It is assumed that the reconstructed Si(110) surface has a 16 x 2 structure that

)
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Figure 4. Surface roughness and AFM images of polished and annealed Si(110) wafers
(images were obtained for a 3 x 3 um? measurement area) (i) before Ar annealing (w/o Ar
annealing); (ii) after Ar annealing using Ar gas during the cooling process (Ar-cooled); (iii)
after Ar annealing using H, gas during the cooling process from 1000°C (H,-cooled 1000°C);
and (iv) after Ar annealing using H, gas during the cooling process from 200°C (H,-cooled_
200°C).
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Figure 5. Surface roughness and AFM images of polished and annealed Si(110) wafers
(images were obtained for a 0.2 x 0.2 um? measurement area) (i) before Ar annealing (w/o Ar
annealing); (ii) after Ar annealing using Ar gas during the cooling process (Ar-cooled); (iii)
after Ar annealing using H, gas during the cooling process from 200°C (H,-cooled_200°C);
and (iv) after Ar annealing using H, gas during the cooling process from 1000°C (H,-cooled_
1000°C).

is maintained when the sample is cooled to 100°C in an Ar atmosphere. These reconstructed surfaces are atomi-
cally smooth but are chemically unstable. They are also unaffected by a reduction in the unloading temperature,
but are easily oxidized by reflow oxidation during unloading. In particular, line-shaped oxidation occurs for
Si(110) with a 16 x 2 surface structure after reconstruction because of preferential oxidation at the pentagonal
pairs in the directions of Si[-112] and/or [-11-2], as described in [19]. This line-shaped oxidation causes a height
fluctuation of approximately two atomic layers (0.24 nm) in AFM measurements, which hinders any decrease in
Si(110) surface roughness.

When cooled in an H, atmosphere, the reconstructed Si(110) surfaces are etched by H, gas at a rate depending
on the temperature. The etching rate of Si at 1000°C is about 5 x 10 * nm/min [10], and the pentagonal pairs that
cause preferential oxidation in the Si[-112] and/or [-11-2] directions are effectively eliminated. Dangling bonds
on the reconstructed surface, as well as broken dimer bonds and back bonds created by H, gas etching, are ter-
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minated by hydrogen below 400°C [16]. On the other hand, the etching rate of Si at 200°C is estimated as less
than 1 x 102 nm/min [10]. The results obtained here obviously indicate that this temperature is too low for Si
etching to eliminate the pentagonal pairs on the reconstructed Si(110) surface. As a result, the terminal H bonds
are formed on the reconstructed surface, and preferential oxidation sites remain during the cooling process even
under the H, atmosphere. Nevertheless, the H-terminated reconstructed surface decreases the degree of reflow
oxidation to approximately 70% (see Figure 3). However, line-shaped oxidation still immediately occurs
through reflow oxidation upon unloading of sample, and thus the maximum height of the roughness on a terrace
remains large. Therefore, we conclude that the preferential oxidation sites on the reconstructed structure must be
eliminated by hydrogen etching in order to form an atomically smooth Si(110) surface.

Introducing H, at 1000°C entirely eliminates the preferential oxidation sites, and results in such an atomically
flat surface. This technology has been utilized for evaluations of the performance of actual devices. For example,
S. Jeon et al. verified the effect of the controlled surface using a MOSFET [20]. The results in this paper provide
motivation for further such attempts. It would be possible to produce a high-mobility wafer with a high-quality
gate oxide by very large scale integration (VLSI) fabrication by combining a technique for smoothing the sur-
face atomic structure during annealing with a process for forming ultrathin oxidation layers.

4. Conclusion

We investigated the relationship between reflow oxidation and the structure of Si(110) surfaces by changing the
H, introduction temperature during the cooling process after high-temperature Ar annealing. The experimental
results indicated that the maximum height of the roughness on reconstructed surface was not decreased at all
when only slight Si etching occurred after hydrogen introduction at a lower temperature, even if H-termination
occurred. The preferential oxidation sites need to be entirely eliminated in order to form atomically smooth
Si(110) surfaces.
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