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We investigated the effect of surface carrier concentration on the quantum levels and the in-plane effective
masses of the subbands in Si(111) p-type inversion layers. Two inversion layers with different surface carrier
concentrations were made as a result of metallic surface structures. The subband dispersion was measured by
angle-resolved photoelectron spectroscopy. The energy levels of the observed subbands at k=0.0 A~! partially
agree with the results of the calculation using the triangular approximation. The effective masses are not
significantly affected by the surface carrier concentration. The spatial extension of the subband wave functions

is discussed.
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The scale of the complementary metal-oxide-
semiconductor field-effect transistor (CMOSFET) reaches
the decananometer level today due to continuous scaling
down. In such devices, the depth of the inversion layer (IL)
under the gate electrode is a few nanometer. Due to the quan-
tum confinement effect along the depth direction, the elec-
tronic states in IL form two-dimensional energy bands, called
subbands. The subband structure is closely related to the
properties of the electron transport from the source to the
drain in CMOSFET. Thus, from a technological point of
view, a strong demand exists for the determination of the
subband structures in IL.

Investigation of the subband structure in IL has a long
history which dates back to when the quantization in IL was
first postulated' and proven.? Effective masses of the sub-
bands were measured using Shubnikov-de-Haas (SdH)
oscillation>¢ and cyclotron resonance (CR).”"!3 The energy-
level separations of the quantum levels were measured by
intersubband optical-absorption,'4-'3 inelastic-light-
scattering,'”?® and photoconductivity measurements.?!?2
Far-infrared light emission through the intrasubband transi-
tion was also investigated.”> These experiments have stimu-
lated intensive theoretical studies. Subband effective mass
was calculated using the Hartree approximation®*~2’ and
compared with the experimental results by SdH and CR. Im-
portance of the many-body effect on the subband structure
such as effective mass and energy separation was pointed
out.”8-3* The results of the early works are summarized in a
comprehensive review.®

Recently, several groups have revisited the quantized
electronic structure in Si IL (Refs. 36—43) to achieve faster
CMOSEFET performance speed. Although for this purpose
detailed information such as effective masses in specific di-
rections and energy separations at certain wave vectors is
necessary, it has not been provided experimentally. For de-
tailed information, a direct measurement of the dispersion
structure of the Si valence subband is needed. We have re-
cently shown that the dispersion structure of the Si valence
subbands is detectable using angle-resolved photoelectron
spectroscopy (ARPES) on a metal-adsorbed Si surface.** An
atomic layer of indium on the Si(111) clean surface acts as a
“built-in electrode” and induces band bending without apply-
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ing external voltage [see Figs. 1(a) and 1(b)]. The dispersion
structure of the Si subband in the IL induced by the built-in
electrode was clearly detected by ARPES.

In this paper, we report valence-subband structures under
two different surface carrier concentrations (ng). The change
in ng was achieved by altering the adsorbate metal which acts
as the built-in electrode. The dependences of the subband
energy and effective mass on ngy were discussed in compari-
son to the available theoretical results. As the two_different
built-in  electrodes, indium-covered Si(11 1)\e"z>< v3-In
structure*™#®  and  lead-covered  Si(111)y3 X 3-SIC-Pb
structure,*’~* where SIC means “striped incommensurate,”
were chosen Hereafter, we shall refer to IL induced by V7
X \3-In (V3 X 3-SIC-Pb) as IL(In) [IL(Pb)]. Both surface
structures are formed with approximately one monolayer
metal overlayer*®* and both have large density of states at
the Fermi level, which induces strong upward band
bending. 647

All surface preparations and ARPES measurements were
done in an ultrahigh-vacuum chamber. The surface of Si(111)
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FIG. 1. The surface band bending induced by a metal atomic
layer. (a) A schematic cross section of our sample and (b) the cor-
responding band bending. (c) ARPES spectra at k=0.0 A~ from (i)
Si(111)7 X7, (ii) V7 X V3-In, and (iii) \3 X \3-SIC-Pb surfaces. Ar-
rows indicate Si 3p peaks.
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substrates from the same wafer (p-type, impurity concentra-
tion of 1X10'"® cm™) was cleaned by flash heating. Lead
and indium were evaporated from alumina-coated tungsten
baskets. During or after the deposition, substrate was an-
nealed at 400—500 °C. The surface structure was monitored
by reflection high-energy electron diffraction during deposi-
tion and annealing. After the \EX y@-ln or Si(111)y3
X \s’g—SIC-Pb structure was made, ARPES was done using
the monochromatized He I light (21.2 eV) and a photoelec-
tron analyzer (VG Scienta SES2002). The probing depth of
ARPES in the present study was around 5 A.5° The sample
was rotated around an in-plane rotational axis to detect pho-
toelectrons over a wide range of emission angles. Sample
temperature was at around 298 K during the ARPES mea-
surement.

The band bendings induced by the surface structures were
calculated using the following equation derived from the
Poisson equation:!

L f” Tdv
zZ= .
P vy VE[cosh(ub +v)/cosh u, — v tanh u, — 1]

Here z is the depth from the surface and Lp is the Debye
length. Lp’s for both ILs were 4.1 nm. v and uy, are expressed
as v=(E,—E")/kgT and u,=(Ex—E,)/kgT. Eg, E', and E, are
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the Fermi level, the middle of the band gap varying with z in
the space-charge layer, and the middle of the band gap in the
bulk. The lower limit of the integral vy is expressed as vy
=(E,—E,)/kgT. E is the middle of the band gap at the sur-
face. In the case of Si(111)-7 X7, the Fermi level is known
to be pinned at 0.63 eV (ng) above the valence-band maxi-
mum (Eygy) at the surface.’> The differences between Eg
and Eypy; at the surfaces of IL(In) (Vg‘) and IL(Pb) (ng) are
then obtained by adding the Si 3p (valence-band) peak shifts
of each suriace relative to_that gf 7X7 to V(7)X7. The energy
shifts for v7 X 3-In and 3 X y3-SIC-Pb surfaces in ARPES
spectra shown in Fig. 1(c) were measured to be —0.34 eV
and —0.59 eV, respectively. Then, the V{)" and ng are ob-
tained to be 0.29 eV and 0.04 eV, respectively. From these
values, E,—FE;, which determines v, is derived to be
—0.41 eV for the 7X7, —=0.75 eV for IL(In), and —1.00 eV
for IL(Pb). The difference in the amount of the band bending
between the IL(In) and IL(Pb) was obtained to be 0.25 eV
from the Si3p peak shift. The calculated band-bending
shapes are shown in Fig. 2. The n, was calculated to be
3.1X 10" cm™ for IL(In) and 3.8 X 10'> cm™ for IL(Pb).
Surface photovoltage (SPV) effects were reported for
ARPES measurement on semiconductor surfaces. This effect
arises from the movement of photoinduced electron and
holes toward opposite directions along the electric field gra-
dient of band bending when it exists. By this effect, the
amount of the original band bending tends to decrease. High
photon flux density and low carrier recombination rate at low
substrate temperature makes this effect significant. In the
case of Si(111)7 X7 at 100 K, the S, surface states peak was
reported to shift by 0.7 eV by changing the photon flux.>? At
room temperature, however, the carrier recombination rate is
high enough and no large SPV effect is expected.’
Dispersion structures of the valence subbands in both ILs
measured by ARPES are shown in Figs. 3(a) and 3(b). The

in-plane wave vector is in [112] direction. The dispersion
curves with light and heavy in-plane hole masses are visible
in both ILs. At the raw spectra in Fig. 1(c), such valence
subbands appear as small peaks. We note that the subbands
exist not only at the inversion layer but also at the depletion
layer in the space-charge layer region. The topmost valence
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FIG. 3. (Color online) Valence-subband dispersions of (a) In- and (b) Pb-induced Si(111) ILs. The second derivative was applied in the

energy direction to the raw ARPES intensity map for clarity. Wave vectors are along [112]. The red region corresponds to higher photo-
electron intensity. Horizontal axes are converted from the photoelectron emission angle in raw data to the wave number.
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FIG. 4. (Color online) Comparison of the subbands formed in
the two inversion layers IL(In) (red) and IL(Pb) (blue). The subband
structure in IL(In) is shifted by 0.24 eV to the Fermi level to fit its
ground subband to the subbands in IL(Pb). The solid and dashed
lines are parabolic curves which correspond to effective masses
m| 5(hh)(0.57m) and m| 5(1h)(0.15m).
subband in IL(Pb) is placed closer to the Fermi level by 0.24
eV than IL(In). This amount is approximately the same as the
shift of the band bending (0.25 €V) shown in Fig. 2. The
heavy and light in-plane mass subbands are crossing/
repulsing at around |k|=0.1 A~'. The energy separations be-
tween the subbands depend on k at [k|=0.1 A~'. This indi-
cates that the subband shapes are modified due to
interactions between the adjacent bands. In the outer region,
|k|>0.1 A1, the energy separations are almost constant. In
Fig. 4, the dispersion structures of the subbands in both ILs
are displayed in the same frame to illustrate the influence of
the amount of the band bending, namely, the surface carrier
concentration on the subband structure. For comparison, sub-
bands from IL(In) are shifted by 0.24 eV toward the Fermi
level. It is seen that the energy separations of the adjacent
subbands are larger in IL(Pb). This corresponds to the nar-
rower width of IL(Pb) compared with IL(In). Further discus-
sion on the energy separation will be given later. The curva-
tures of the subbands of the ILs are approximately the same
with the exception of two points. One discrepancy exists in
the second subband at k=0.0 A~'. The second subband of
IL(Pb) at k=0.0 A~' is connected to the subband with light
in-plane mass while the second subband of IL(In) at k
=0.0 A~! is apparently connected to the subband with the
heavy in-plane mass. This feature was observed over re-
peated experiments. This is explained by the difference of
the band repulsion points of subbands of both ILs arising
from the difference in the subband energy separations. The
second discrepancy is at the highest heavy subband at k
=0.3 A~ It is clear that in this region, the subband disper-
sion of IL(In) is flatter than that of IL(Pb). In the case of
IL(In) surface, there is a surface-state band which crosses the
Fermi level at 0.5 A~! and disperses toward the higher wave
vector under the Fermi level.** The first heavy subband may
interact with this surface state because both bands are close
in E-k map and also close in real space. Other than the above
two points, the dispersion curvatures look to be the same in
both ILs.
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FIG. 5. Subband levels obtained by the calculation (left sides)
and the ARPES (right sides) for IL(In) and IL(Pb). lh, and hh,, are
the levels belonging m (1h) and m_(hh), respectively. Energy values
by ARPES are employed from k=0.0 A~

It is interesting to compare this subband structure to the Si
bulk valence band. Employing the k-p approximation and
using the band parameters for Si,>¢ the effective masses for

bulk Si in [112] direction are calculated to be mui(hh)

=0.57m, and mtli(lh)=0.15mo. Here, hh and 1h means heavy

hole and light hole, respectively. The lines shown in Fig. 4
are parabolic curves with the above effective masses. The

curvature of the parabolic line of mT] i(hh) fits well with the

experimental dispersion curve at k<<0.12 A~'. Because the
valence-band parameters are derived for the small wave-
vector region satisfying £%*/2mA < 1, which corresponds to
k<0.11 A~! using spin-orbit splitting A=0.044 eV for Si, it
is concluded that the effective mass of the top heavy valence
subband has the effective mass of the bulk valence band
within the above k region. Although there is a faint trace of
the subband with light in-plane mass belonging to the funda-
mental subband level [Fig. 3(b)], it is not obvious whether

the light-hole subband also has bulk effective mass mni(lh)

or not. The (in-plane) light-hole subbands belonging to
higher indices were found to have effective masses slightly

heavier than the bulk m?li(lh).

The relationship between the surface carrier concentration
ng and the effective mass of the Si(111) valence subband has
been investigated by CR,!” SdH,**7 and calculations.?%7-38
The results of those studies are summarized in Refs. 10 and
35. The results are separated into two groups in terms of the
value of the effective mass on n,. The effective mass of one
group®!1%26.27 is around 0.5m, and that of the other group®’>
is around my at n;=3 X 10> cm™. These observed masses
are believed to be a heavy-hole mass.> Although the reported
CR mass and SdH mass are the averaged mass over all di-
rections on the surface, the anisotropy of the valence sub-

035318-3



TAKEDA, HIGASHI, AND DAIMON

TABLE 1. Relation between the 1h and hh masses in z ([111])
and x([112]) directions.

z direction ([111])

lh hh
x direction ([112]) lh Px
hh D Dy

band is not so large in the case of Si(111) (Ref. 26) so the CR
and SdH masses should be similar to the ARPES effective
mass. Thus, our result supports the value of the former
group. The value of latter group may correspond to the lower
part of the subband structure, where the effective mass is
obviously heavier as is clearly seen in Fig. 4.

All the early results indicate that the effective mass of the
valence subband increases with n,. In the case of the former
group, the effective mass at n;=4 X 10'> ¢cm=2 was obtained
to be around 0.55my—0.6m, which corresponds to the in-
crease of 10—20 % from the value at n,=3 X 10'> cm™2. This
increase is attributed to an effect of electron-eletcron inter-
action. In contrast to the early results, the result obtained in
this study indicates that the dispersion structure of the va-
lence subband is not influenced by ng at this range. Since
data here is obtained at room temperature, unlike the early
results by CR and SdH taken at low temperature, strong ef-
fect by electron-electron interaction cannot be expected. We
can conclude from our data here that effective mass of the
subband is constant at this n, range at RT.

In Fig. 5, the valence-subband levels at k=0.0 A~!
compared to the values calculated by the triangular approxi-
mation (TA).” In the TA, the energy levels are expressed as

E, ,=1/(2m, )13(feE,)*?y,, where 7, is the Airy function
and v=2.338, y,=4.088, ¥,=5.521, y3=6.787, and for
higher n, 7y, = [32”( +2)]%3.50 E, is the electric field at the
surface. m. is the effective mass of Si in z ([111]) direction.
It is obvious from this equation that the energy levels are
classified into two groups according to whether the corre-
sponding m, is heavy or light The masses are calculated to
be m (hh) 0. 72my and m “(1h)=0.14m, using the valence-
band parameters for Si.553¢ The relationships between the
orbital type and the effective mass in z and x directions are
shown in Table I. For example, the bands which have heavy
mass in z direction are composed of p, and p, orbitals and
their masses in x direction are light and heavy, respectively.
The calculated energy levels are labeled as lh, and hh,, ac-
cording to n and the type of m, which they belong to. From
the comparison between the observed and calculated levels
of In(Pb) shown in Fig. 5, it is found that the observed levels
E, to E, are close to the calculated levels lhy to lh; within
0.04 eV. As an interpretation of this, we speculate that the
observed levels are those which have m(lh), and that the
ARPES 1ntens1ty of the levels belonging to m_(hh) are weak
at k=0.0 A=, The sharp ARPES peaks in the spectrum
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shown in Fig. 1 indicate that the observed levels are not
superposition of both lh and hh levels having comparable
ARPES intensities. In the case of IL(In), the discrepancies
between them are larger particularly for E4 and 1h; (0.07 eV)
However, because the energy differences between the neigh-
boring measured levels are close to the calculated levels for
m_(lh), the above interpretation is still valid. The observed
level E, should then correspond to hh, although the discrep-
ancies are large in both ILs. To explain this ARPES intensity
difference, effects from the matrix element of photoemission
process and/or effects of surface states on the reflection at the
surface are currently being considered and will be published
in the future. In this paper, only a simplified triangular ap-
proximation is used to calculate the subband energy levels.
Further theoretical calculations using more realistic models
are needed to discuss the complicated subbands dispersion
structures and their energy levels around I' point.

The deepest subband at k=0.0 A~! detected in this study
lies at 0.88 eV in IL(In) and at 0.76 eV in IL(Pb). At these
energies, the spatial extension of the subband wave function
in z direction is large due to the triangularlike shape of the
confinement potential. The spatial extension of the subband
wave function can be deduced from the band-bending curva-
ture in Fig. 2. The spatial extensions of the deepest subbands
in the above binding energies are obtained to be 15 nm in
both ILs from Fig. 2. According to Ref. 61, the hole mobility
of Si with the dopant concentration of 10'® ¢cm™ is 1.5
X 10? c¢cm?/V s at room temperature. The mean-free path of
the hole is calculated to be 4 nm using this mobility. Thus,
the spatial extension of the deepest subbands is longer than
the mean-free path by a factor of 4. In such a case, the
scattering would disturb the coherency and the formation of
the wave function extending in z direction. In ARPES spec-
tra, this makes the subband peak weak and broad. Conse-
quently, it is concluded that the subband extending more than
15 nm was not detected in this study. This suggests that a
narrow IL is necessary to observe the subband dispersion by
ARPES.

In conclusion, we investigated the dispersion structures of
the hole subbands in Si(111) p-type ILs with different sur-
face carrier concentration directly by ARPES. By changing
the IL shape, the top valence-subband level shifted according
to the shift of the confining potential height. The measured
energy levels other than n=0 were in good agreement with
that of the valence subbands calculated by the TA with the
bulk light-hole mass m_(lh). The observed ground (n=0) lev-
els were attributed to the calculated levels with the bulk
heavy-hole mass m_ (hh) The effective masses of the sub-
bands were similar to the bulk hole masses and not modified
by the change in surface carrier concentration used in this
study.
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Glass Foundation for Materials Science and Engineering,
and Semiconductor Technology Academic Research Center
(STARC).
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