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Measurement of the A+ binding energies in silicon
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We have measured the binding energies of Ga*, Al*, and In* centers in silicon with energy-resolved
phonon-induced electrical conductivity. For Ga* and AlT we obtain the value of about 2 meV as earlier
found for B, whereas the binding energy of In* is 6 meV. Spectral structures attributed to impurity in-
teractions found for higher concentrations of In at energies up to about 12 meV demonstrate that acoustic
phonons up to this energy are transmitted from the tunnel junction to the substrate.

Recently, we have demonstrated the feasibility of
phonon-induced electrical conductivity (PIC) for the deter-
mination of the binding energies of shallow P~ and B*
states in silicon by phonon spectroscopy with superconduct-
ing Al junctions.! Good agreement with previous far-
infrared (FIR) measurements®> has been obtained. In this
paper we report on the application of this technique to the
deeper effective mass acceptors Al, Ga, and In in silicon,
showing that there is a shallow-to-deep instability for the
binding energies of the 4% series similar to that discussed
for neutral centers,* and that phonon spectroscopy is possi-
ble with Al junctions up to energies as high as 12 meV. No
multiplet structure due to the j-j coupling of the two holes
has been found.

The experimental setup is as described previously.! How-
ever, two different contact configurations were used,
measuring the conductivity change in different regions of
the substrate, as indicated in Fig. 1. With the first (I), the
probing electric field is confined to some tenths of mm
below the contacts, that is, a sheet opposite to the phonon
generator, as we know from first measurements with epitax-
ial layers. The second (II) probes the channel along the
phonon path, i.e., also directly underneath the phonon
source. In this latter case an additional distinction is possi-
ble by changing the polarity of the bias: A positive polarity
of the junction electrode will prevent holes, generated by
the light in a zone opposite to the junction, to produce 4+
centers near the phonon source (configuration II-); the
negative polarity will do the reverse (II+). A listing of the
samples is given in Table I. In the case of boron and indi-
um a large range of concentrations is covered. All alumi-
num- and gallium-doped samples contain oxygen in the
range of 10'® cm~3. The FIR resonance of the interstitial
oxygen is seen as an absorption line (marked by an arrow)
in the PIC spectra of Al and Ga in Fig. 2. The inset shows
an enlarged view of this line and is a demonstration of the
resolution (here 0.03 meV) of our method which, in princi-
ple, is limited by the sharpness of the gap of the supercon-
ducting aluminum (~35 weV). The boron-doped sample
S80 contains an oxygen concentration of 6x 107 cm~3.

First, we discuss the binding energies of the series B,
Al*, and Ga*. Figure 2 shows the PIC signals for these
impurities at low dopant concentrations (isolated A*
centers; S80, S147, S154). For all three samples the energy
value at half of the threshold height (Ey;,;) scatters around
2.1 meV. In Table I we have also given the threshold
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values (E;) as obtained from a linear extrapolation of the
PIC values at 66% and 33% of maximum to zero signal.
This extrapolation gives the same threshold for a range of
smaller boron concentrations, even though the PIC rise is
shifting and broadening because of the influence of com-
plexes® (Fig. 1 in Ref. 1). Two things are noteworthy: (i)
The binding energies E(4*) of the three elements do not
scale with those of the neutral acceptors. Instead, the value
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FIG. 1. Different contact configurations for PIC measurements.
In case II the bias at the Al contact could be positive (II+) or nega-
tive (II-). All samples are bulk doped and the sample thickness is
about 3 mm. The measuring temperature was 1.0 K.
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TABLE 1. Data of the measured samples. Conc. gives its con-
centration in 10!® cm~3, obtained from room-temperature resistivi-
ties. In some cases the values are based on infrared measurements.
E)/, is the energy value of half the threshold height and E; is ex-
trapolated from the 33% and 66% of maximum to zero.

Ey Eyp

Sample Dopant Conc. (meV) (meV)

SS3 B 0.005 1.83 £0.05 1.93 £0.02
S122 B 0.05 1.85 £0.07 2.06 £0.03
S83 B 0.95 1.80 £0.07 2.24 £0.03
S80 B 1.2 1.85 £0.07 2.13+£0.03
S87 B 54 33101 418 £0.05
SS55 B 10 3.8+0.1 4.87 £0.05
S154 Ga 0.95 1.69 £0.05 1.94 £0.02
S157 Ga 3.2 1.55 £0.07 2.38 £0.03
S150 Al 0.78 1.63 £0.1 2.05 £0.04
S148 Al 0.82 1.45£0.1 1.96 £0.05
S147 Al 1.5 1.64 £0.07 2.10 £0.03
S137 In =20 5.90+0.2 6.30 £0.05
S136 In =4.0 5.90+£0.1 6.30 £0.05
S96 In =5.0 5.80+£0.1 6.25 £0.05
S162 In 75 5.75 £0.1 6.25 £0.05
$160 In 28 5.40 £0.1 6.05 £0.05
S161 In 28 5.50 £0.1 6.35 £0.05
S123 In =25 5.50 £0.1 7.35 £0.05
S103 In = 5.50 £0.1 8.60 £0.05
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FIG. 2. PIC signals for B (S80), Al (S147), and Ga (S154, S157)
doped samples. The abosrption line marked by an arrow is due to
interstitial oxygen. The inset shows an enlarged view of this line.
Only S157 is taken in configuration II+ which, to our experience,
always gives less noisy signals.
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of 2.1 meV fits rather well to the hydrogenic model relation
E(A*)/E(A4°) =0.055% if one takes 36 meV (Ref. 5) as the
effective mass value for E(A4°), that is, the larger Bohr ra-
dius of the state is correlated with a reduced influence of a
central-cell deviation from the ideal situation, as it is in the
case for the excited states of the neutral centers. (ii) Due
to the j-j coupling of the two holes one might expect
ground-state splittings in the meV range. Such splittings are
discussed theoretically® and found experimentally’ for accep-
tor bound excitons, where it is frequently assumed that this
system can be viewed as an A% state surrounded by the
electron with negligible influence on the hole-hole splittings.
If this model is correct we would expect excited states at
0.09 and 0.16 meV for B*, at 1.2 and 1.5 meV for Al*, and
at 1.4 and 1.8 meV for Ga*.® At our measuring tempera-
ture of 1 K we should be able to resolve the direct excita-
tion from the B* triplet state, whereas the thermal occupa-
tion of the Al* and Ga* excited states is much too small
for direct excitation from these states. However, in the case
of Ga the distance from these excited levels to the band
should be small enough to allow a combined detection
scheme: The center is transferred into the excited state by
the quasimonochromatic phonons, and subsequent excita-
tion of the hole into the band by thermal phonons
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FIG. 3. PIC signal for various In-doped samples (parameter, see
Table I). The In concentration increases from S137 to S103. The
contact configuration is II+ except for S137 (configuration I).
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(3.8kgT=0.3 meV at 1 K) leads to a conductivity change.
One would, however, expect well resolved lines instead of
thresholds. Thus, it appears that the A* state does not
show the splittings observed for the bound exciton.

We turn now to the deep acceptor In [E(In°) +155.4
meV]. Figure 3 shows the PIC signals for a series of con-
centrations. Up to 5% 1015 cm~3 we find a constant thresh-
old at 5.8 meV. Thus, for the 4% centers we have a similar
shallow-to-deep instability of the binding energy with in-
creasing electronegativity of the central cell as is discussed
for the neutral centers.* Because of the larger Bohr radii as-
sociated with the 4% centers, the turning point of the insta-
bility is shifted to larger values of the electronegativity. In
this context the presented results may help to verify the
consistency of the theoretical models. Again, no structure
is found in the PIC signals at these low concentrations.
From luminescence one would expect excited states 3.1 and
6.3 meV above the 4% ground state. At higher In concen-
trations the threshold is shifting to somewhat smaller ener-
gies and broadening with growing additional structures on
the high-energy side. These maxima have some similarities
with those observed in FIR photoconductivity? of B* and
P~ in silicon at higher concentrations. They may be associ-
ated to complexes with maxima in the density of states at
certain binding energies, whereas the shift of the threshold
may be due to an In*-In* interaction analogous to that for
neutral centers.’

From these results it is clear that thin Al junctions emit
to a sufficient extent the primary phonon spectrum as deter-
mined by the junction bias up to energies of at least 12
meV, so that continuous high-resolution phonon spectros-
copy is possible beyond the Debye frequency of many ma-
terials. Compared to Sn or Pb or other superconductors as
phonon generators, aluminum is distinguished by its high
Debye temperature, its small electron-phonon interaction
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preventing inelastic decay of the primary high-frequency
phonons by Cooper-pair breaking, and finally, by the possi-
bility of depositing Al as very thin continuous films (8 nm)
without special technical expenditure. The very small spec-
tral density of the high-frequency phonons necessitates
sensitive and frequency selective detecting mechanisms such
as the described phonon-induced conductivity.

As regards the interesting question of the mean free path
of these high-frequency phonons, the PIC signals observed
with the different contact configurations allow some qualita-
tive statements: For lower concentrations of In the thresh-
old at 6 meV can be found for all three contact possibilities,
but with different signal strength. For higher concentrations
(S161, S123, S103 in Fig. 3) the PIC signal is only obtained
in configuration II+, which favors the phonon probing
directly under the junction (for D~ centers we find con-
figuration II— to be optimum). This shows that in silicon
phonons of 6 meV travel a distance of the order of 3 mm,
whereas this distance is much shorter for phonon energies
of about 10 meV; however, in this case the higher bulk In
doping may be of influence. More confined contact
geometries in combination with doped layers may help to
sort out and determine the elastic (e.g., isotope scattering)
and inelastic (e.g., phonon-phonon interaction) mean free
paths of these very high-frequency phonons, which is not
possible in the present situation.
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