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Origin of nonhydrogenic hole transition in boron-doped silicon: An STM/S study
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The origin of the nonhydrogenic hole transition at ~23 meV in the boron-doped silicon is still under debate.
Here we employ the scanning tunneling microscope to uncover that a boron-containing complex on the silicon
(111) surface shows three shallow acceptor states. Among them, the first excited state has the typical energy of
the nonhydrogenic hole transition. We then show that this energy gap originates from the strain-induced mixing
of the valence bands, unraveling a distinct origin for the nonhydrogenic hole transition in the boron-doped silicon.
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I. INTRODUCTION

Shallow acceptor states in silicon (Si) attract renewed in-
terest due to their potential applications in the solid-state
quantum technology [1,2] and the terahertz laser field [3,4].
These states are normally described as the hydrogenic lev-
els of the hole carrier moving in the uniform medium of a
semiconductor with an effective mass m* under the impurity
potential [5]. Boron (B), which is the most important acceptor
impurity in the Si technology, has the fourfold degenerate
ground level (1Fg’ ) with the binding energy of 44 meV and
first excited hydrogenic level (1I'g’) about 30 meV above
the ground level [5,6]. Interestingly, some Raman [7-9] and
infrared [10] spectroscopy measurements on the B-doped Si
reveal the intriguing transition feature at ~23 meV, implying
the existence of a nonhydrogenic shallow state between the
IF; and 1I°g levels of the B acceptor. Wright and Moonra-
dian [7] ascribed it to the even-parity excited state (1I'7) of
the B acceptor associated with the spin-orbit split-off band
of Si [5,6,10,11]. Pavlov et al. [3], however, questions this
assignment, arguing that the 1I"; state does not lie ~23 meV
above the 1F§ ground state, not even in the Si band gap.
Instead, he suggests that it may be an odd-parity excited state
of the B-containing complex like the so-called B-X center
[12,13], not B itself, because the infrared detection of the ab-
sorption feature at ~23 meV is enabled by the dipole-allowed
transition [10]. This debate implies that the nonhydrogenic
hole transition in B-doped Si has not reached complete un-
derstanding yet, leaving other possibilities open for its origin.
It will thus be worthwhile to examine the diverse entities with
the nonhydrogenic acceptor states not only in the bulk but also
close to the surface region [14—-19] for the identification of
other possible origins.

Here we employ the scanning tunneling microscope (STM)
to explore individual defects on the heavily B-doped Si(111)
surface produced during the thermal annealing process. We
find that a specific kind of defect involves shallow acceptor
states as a consequence of the strain-induced mixing of the
valence bands and that the energy spacing between the ground
state and the lowest-lying excited one is ~22 meV, providing
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a strain-driven mechanism for the nonhydrogenic hole tran-
sition in the B-doped Si that differs from the 1"} level of
Wright and Moonradian [7] and also contrasts to the energy
model assumed by Pavlov e al. [3,12].

II. EXPERIMENT

Our experiments were carried out using a low-temperature
STM in the ultrahigh-vacuum chamber, whose base pressure
was below 1 x 107! Torr. A heavily B-doped crystalline Si
with the (111) orientation and the resistivity of <0.01 Qcm
was cleaned in situ by the repeated thermal flashes at
~1370 K. It was then cooled down to room temperature at the
rate of ~2 K/s after the last flash. After that, it was quenched
down to ~4.5 K for the STM measurements. The STM probe
tip was made of the Pt-Ir alloy. Also the Savitzky-Golay filter
[20] was utilized to get the derivative part of the tunneling
current spectra by digital differentiation.

III. RESULTS AND DISCUSSION

Shown in Fig. 1(a) is a typical STM topography of the
heavily B-doped Si(111) surface with the ﬁ X ﬁ recon-
struction whose lattice parameter is 0.67 nm [21]. Its structural
model is displayed in Fig. 1(b) where the B atom occupies
one-third of the third-layer sites (Ss site) and the topmost Si
adatom is sitting directly above the B atom (T4 site) [22,23].
This +/3 x +/3 surface often contains two kinds of defects
which are produced during an in situ thermal annealing pro-
cess. One is the bright defect like the one indicated by the
dotted arrow in Fig. 1(a), whose structure is well understood
now; that is, a Si atom substitutes a B atom at the S5 site to
leave a dangling bond (DB) at the Ty site as illustrated in
Fig. 1(c) [24-27]. The other one is the dark defect like the
one enclosed by the white rectangle in Fig. 1(a). This defect
has been barely studied so far with its structure unknown. We
term this defect as the Dy center in this paper and will show
that it involves shallow acceptor states as does a B acceptor.

Figure 2(a) compares the electronic structure of the Dy
center with that of the normal /3 x +/3 surface. The latter
(blue curve) develops no energy state within the Si band gap
because the DB orbital of the Si adatom is passivated by the
underlying B atom [28,29]. The former (red curve) also has
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FIG. 1. (a) Topography of heavily boron-doped Si(111) surface,
whose lateral dimension is 20 x 10 nm?. It is probed with the sample
bias (Vampie) of +2.0 V and the tunneling current (f;) of 1.0 nA.
A bright (dark) defect is indicated by the arrow (white rectangle).
(b), (c) Structural models of (b) the intact surface and (c) the bright
defect.

similar electronic structures as the latter (blue curve) only
with slight changes near the valence band maximum (VBM):
it does not produce any spectral feature in the middle of the
band gap either, implying that the D center does not contain
the unpassivated DB orbital. The filled-state topography of the
Da center around Vggmple = —0.2 V displays three ball-like
features in an equilateral triangle as shown in Fig. 2(c). It
means that the Dy center has the Cs, symmetry about the
[111] direction. On the other hand, the large-bias topographies
of the D, center look darker than the normal surface in both
polarities [see Figs. 2(b) and 2(d)]. Hence the D4 center is
likely to have a geometrically hollow structure. Later we will
address further structural features of the D4 center like the
possible incorporation of B and/or C atoms as in the B-X
center for which Jones et al. [13] proposed a B-C pair at the
nearest-neighbor sites though questioned by others [11,30].
Nonetheless, we do not attempt to determine the complete
structure of the D center in this paper because it requires
a great deal of systematic investigation far beyond the scope
of this work; we leave it for future study.

Since the dI/dV spectrum of the Da center slightly de-
viates from that of the normal surface near the VBM [see
Fig. 2(a)], we have measured it again across the VBM with
finer spectral bin spacing as displayed in Fig. 3(a). The red and
blue curves in the figure are probed at two different positions
of the D4 center marked by red and blue crosses in Fig. 3(b),
respectively. They have prominent peak structures at +40 mV,
+18 mV, and —18 mV, which are termed as A, A,, and A3,
respectively, in Fig. 3(a). We have also probed the squared
wave functions of these shallow levels by using the scan-
ning tunneling spectroscopy (STS) technique and displayed
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FIG. 2. (a) Tunneling conductance (dI/dV) spectra probed at
the normal +/3 x +/3 surface (blue curve) and at the D, center
(red curve) with the bin spacing of 17 mV. (b)-(d) Bias-dependent
topographies of the white rectangular region in Fig. 1(a) probed
with Vgmple = —0.8 V, —0.2 V, and +2.5 V, respectively, and
I, = 1.0 nA.

them in Figs. 3(c)-3(e), which reveal that the A, A,, and
Aj levels are bounded with finite spatial extents. As a bound
state accommodating a hole carrier, A; is the ground state
located at —40 meV below the Fermi level (Er) and A, and
Az are the excited ones located at —18 meV and +18 meV,
respectively, relative to Er. The ground state (A;) has sim-
ilar binding energy as that of the B acceptor in Si, which
suggests that the Dy center is possibly a complex structure
containing a B atom like the B-X center [12]. On the other
hand, the lowest-lying excited state (A,) is located above the
ground one (A) by ~22 meV. This value is almost identical
to the nonhydrogenic transition energy (~23 meV) observed
in the B-doped Si [7-10]. The latter has long been ascribed to
the optical transition to the even-parity excited state (1I'7) of
the B acceptor associated with the spin-orbit split-off band of
Si [7,11]. But, unlike the 1"} state, the squared wave function
of the A, state shown in Fig. 3(d) has a nodelike line along
the [110] direction and, therefore, it cannot be assigned to the
even-parity 1" state. Recently, Pavlov et al. [3] suggested
that the nonhydrogenic hole transition at ~23 meV can be
a dipole-allowed transition to the odd-parity excited state of
the B-containing complex like the B-X center [12], not B
itself, which has the C3, symmetry about the [111] direction.
The A, state that has a nodelike line and is probed in the
threefold symmetric D5 center looks more compatible with
his argument. But, he assumes the modified hydrogenic levels
proposed by Scott and Jones [12], which have energy-shifted
s-like states and little-shifted p-like ones due to the different
penetration to the atomic core of the complex structure (B-

235304-2



ORIGIN OF NONHYDROGENIC HOLE TRANSITION IN ...

PHYSICAL REVIEW B 108, 235304 (2023)

(@) 25

di/dV (pA/V)

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Sample bias (V)

FIG. 3. (a) Red (blue) curve is the dI/dV spectrum measured at
the red (blue) cross in (b) with the bin spacing of 0.6 mV. Three peak
structures at +40 mV, +18 mV, and —18 mV are labeled as A, A,
and Aj, respectively. (b) Topography of the D, center probed with
Viample = —0.2 V and I, = 1.0 nA. Its lateral dimension is 1.2 x 1.2
nm?. (c)—(e) dI/dV maps or squared wave functions of As, A,, and
A, levels in (a), respectively, which are probed in the same region as
that in (b). The tip-to-sample separation at each pixel of these maps
is determined by the feedback loop to yield the tunneling current of
I, = 1.0 nA at the sample bias of Viympe = —0.2 V.

X center). This hydrogenic model, though modified, is still
inconsistent with the energy spacings between A, A,, and A3
levels. We, therefore, ascribe them to a different origin, i.e.,
strain-driven mechanism as elaborated on below.

The wave function of the shallow acceptor state can be
written as

Y(r) =) F®)e(r), M

where ¢, (r) are the Bloch functions at the zone center or I"
point of the unperturbed Si and the index ¢ runs over (nearly)
degenerate states at that point [31,32]. The slowly varying en-
velope functions F; (r) satisfy the Luttinger-Kohn Hamiltonian
(Hpg) [31]:

D D (—iVa)(iVp) + U @) 1y (1) = eF (). (o)

t

where the numbers Dfi’s are related to the effective masses of
hole carriers, whose specific forms are given in Ref. [31]. The
perturbing potential U (r) is due to the electric charge of the
Dy center and is assumed to have the —e?/kr form in this
calculation, which would yield the hydrogenic energy levels.
For the 1s level, Eq. (1) is simplified as

Y (r) = R, (r), 3

where Fy(r) is the spherically symmetric envelope func-
tion and ¢, are the Bloch functions at the I' point

appropriate for the external perturbation if any [32,33].
The acceptor wave function in Eq. (3) transforms like
the Bloch function and, therefore, the former would have
the same point symmetry as the latter in the ls level.
For the unperturbed Si, there are six nearly degenerate
Bloch functions at the VBM which are called the heavy-
hole (|3/2,+£3/2)), the light-hole (|3/2,+£1/2)), and the
spin-orbit split-off (|1/2, £1/2)) states. This valence band
structure, however, is modified near the D, center because
it generates the strain fields around it. Such modifica-
tion can be assessed by using the Bir-Pikus Hamiltonian
(Hpp) [34] that reads in the {|j,m)|j = 2, 1; m = +3, +1}
basis as

P+Q -S R 0 L V2R
3
s P—0Q 0 R V1o \[is
RY 0 P—Q S \/gsf V20
0 Rt S P+Q V2R st
_Let _ 3 _
55" —v20 /35 —V2R P+A 0
i 3¢t 1
V2R ST V20— 0 P+ A
“4)
for the hole carriers, where
P = —a,(ex + €y + €2),
1
0= _zb(exx + €y — 2¢..),
V3 .
R = Tb(exx — €yy) — ide,y,
S = _d(ezx - ieyz)v (5)

and A is the effective spin-orbit split-off energy [34,35]. Also,
€;j is the symmetric strain tensor and a,, b, and d are Bir-
Pikus deformation potentials whose values for Si are 2.4 eV,
—2.1eV, and —5.1 eV, respectively [36].

The strain Hamiltonian Hgp has three doubly degenerate
levels in general because it does not break the time-reversal
symmetry. We denote them as {¢>§’), qbé’)} for the E; level with
i =1, 2, and 3. These states and levels turn out to match the
experimentally probed ones in Fig. 3. To be specific, Hpp in
Eq. (4) with A =279 meV, P — (VBM — Ep) = 22.6 meV,
QO=11.1 meV, R=28.7 meV, and § = 0.0 meV has the
same energies as the A, A, and Az levels within the error
of £0.1 meV, that is, E; = —40 meV, E, = —18 meV, and
E; = 418 meV relative to Er (see Supplemental Material
[37]). Also, the squared wave functions |¢®|? of the E; level
(i = 1,2, 3), which are computed with | j, m) or, equivalently,
Dx» Py, P orbitals at the bright positions in Fig. 4(a), are
displayed in Figs. 4(b)—4(d) (see Supplemental Material [37]).
Despite the slight mismatch, they resemble most features of
the experimentally probed ones in Figs. 3(c)-3(e): the E; state
has the threefold symmetry about the [111] direction with
no nodal line as does the A; state, whereas E, and E3 have
the reduced symmetries with nodelike lines as do A, and Aj.
Indeed, various sets of A, P — (VBM — Ep), Q, and R values,
e.g., those in Fig. 4(e), make the strain Hamiltonian Hpp
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FIG. 4. (a) Positions of the ball-like features in Fig. 2(c) whose
spacing is 3.84 A. 2 is set to the surface normal, i.e., [111] di-
rection and X () to the [112] ([110]) direction. (b)—(d) Squared
wave functions of Ej3, E;, and E) levels of Hpp, respectively. They
are calculated with A =27.9 meV, P — (VBM — Er) = 22.6 meV,
Q0 =11.1 meV, R=28.7 meV, and § = 0.0 meV, as well as with
| j, m) or, equivalently, p., p,, p, orbitals at the bright positions in (a).
(e) Various sets of A, P — (VBM — Er), Q, and R parameters with
which Hpp has E; = —40 meV, E;, = —18 meV, and E; = 18 meV
relative to Er, and |¢”|*’s similar to those in (b) to (d). For each
parameter set, S is fixed to zero. (f) Strain tensors computed with
Eq. (5) and the parameter values in (e). Here Ef is assumed to be at
the VBM.

reproduce the experimentally probed energies and squared
wave functions with good qualities. Noteworthy is that the
spin-orbit energy A in Fig. 4(e) is significantly smaller than
that (i.e., 44 meV) of the unperturbed Si regardless of its
large variation. It suggests that the D center contains in its
local structure other species like, e.g., carbon (C), which has
smaller spin-orbit splitting (A ~ 13 meV for C) [40] than
Si but, as mentioned above, we leave it for future study to
uncover the detailed structure of the D4 center. The strain
tensors in Eq. (5) can also be evaluated from the parameter
values in Fig. 4(e) (see Supplemental Material [37]). The

results for €, €,,, and €, are displayed in Fig. 4(f) with
€y = €,; = € = 0.0: the formers are determined within
the constant error of %‘(VBM — Er), whose magnitude is

as large as +3.5 x 1073 because of the uncertainty (i.e.,
425 meV) of the Er position relative to the VBM in our heav-
ily B-doped Si sample [see the blue curve in Fig. 2(a)]. The
strain values in Fig. 4(f) (with an additive constant) indicate
that the Da center is subject to the anisotropic strain fields
in both in-plane and out-of-plane directions. Such anisotropic
strain fields generally cause the mixing of the heavy/light
hole states with the spin-orbit split-off one (see Supplemental
Material [37]) and yield new Bloch states with the reduced
symmetries like A, and A3 [see Figs. 3(d) and 3(c)] [41,42]. In
other words, the A, A, and A3 states of the D4 center develop
as a consequence of the strain-induced mixing of the valence
bands at the I" point. This strain-driven mechanism contrasts
the hydrogenic model for the B-X center proposed by Scott
and Jones [12] and referred by Pavlov et al. [3], as well as the
even-parity excited state (1I'y) of the B acceptor suggested by
Wright and Moonradian [7], providing another origin for the
nonhydrogenic hole transition at ~23 meV in the B-doped Si.

IV. CONCLUSION

In conclusion, the D4 center with the C3, symmetry about
the [111] direction is produced on the (111) surface of the
heavily B-doped Si during the thermal annealing process
though its internal structure is not uncovered yet. It develops
three acceptor levels at —40 meV, —18 meV, and +18 meV
relative to Ep as a consequence of the strain-induced mix-
ing of the valence bands near the Da center, whose spacing
between the ground state with threefold symmetry and the
lowest-lying excited state with a nodelike line is ~22 meV.
Thus it provides a strain-driven mechanism for the nonhy-
drogenic hole transition in the B-doped Si [7-10], though it
does not necessarily deny other mechanisms like the modified
hydrogenic levels for the B-X center [3,12] or the 1I'} state of
the B acceptor in Si [7].
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