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Abstract

Electronic Raman scattering (ERS) is investigated as a probe for interactions between impurities

in silicon. We report ERS measurements of donors (P, Sb and As) and acceptors (B) at various

concentrations, and measurements at various illumination wavelengths. The difference between

above and below indirect band gap measurement is discussed in terms of the difficulties of using

ERS as a localised probe. We extend the previous literature on impurity interactions of Si:P

in the bulk to include Sb and B and demonstrate that the perturbation of the observed ERS

transition energy resulting from wavefunction overlap of nearest neighbours is opposite for donors

and acceptors. Finally we model the magnitude of the shift to the first order as a function of the

mean impurity atom separation.
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I. INTRODUCTION

As semiconductor device features continue to shrink, the precise placement, separation

and interaction of dopant atoms can significantly influence the electrical properties of devices.

It is therefore important to understand the wavefunction of dopant states, both isolated

and perturbed by a nearby state. An elegant experimental proposal to investigate dopant

interactions was reported by Koiller et al.1 who suggested that electronic micro-Raman

scattering (ERS) spectroscopy could be used to directly probe low lying donor states in an

actual silicon device with micron scale resolution and potentially, few donor sensitivity. Key

to this proposal was the use of UV excitation to achieve a local resonance that would provide

enough signal enhancement to allow the detection of a single (or few dopants) within the

measurement volume (e.g. a semiconductor transistor channel), and measurement of any

perturbations to the dopant wavefunction. Such a measurement would also in principal

permit the direct observation and quantification of the exchange parameter for two or more
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coupled dopants in an active device, an important parameter in Si quantum information

processing2. In this paper we report on our investigations of dopant interactions in bulk

silicon and the challenges in scaling this technique down to few impurity measurements

using ERS.

The Raman technique is based upon the inelastic scattering of light and is commonly used

to study discrete molecular vibrational states and collective modes of vibrational states3. It

can also be used to directly observe parity forbidden electronic transitions in semiconducting

crystals. ERS was first proposed for studying paramagnetic rare earth ions4, and has been

used extensively to study direct band gap semiconductors5,6 where significant ERS intensity

enhancement has been observed when the excitation wavelength approaches the direct band-

gap energy. While ERS has recently been neglected as a technique for studying dopants in

silicon, the original ERS studies have provided a great deal of information about donors

and acceptors such as: their energy levels7, the direct observation of wavefunction overlap in

high concentration ensembles and the metal-insulator transition8, as well as Zeeman splitting

and stress effects on impurity states9. Studies of other Group-IV semiconductors, such as

N in SiC10 and As in Ge11,12 as well as B in diamond13 have shown similar ERS effects.

Interestingly, all these studies were performed with excitation energies less than the indirect

band-gap of the host semiconductor to maximise the penetration depth of the laser, noting

only one study of acceptors in Si where ERS has been observed with light above but still

close to the indirect band gap14. The other excitation range which has produced ERS from

donors in silicon is in the THz/far-IR where stimulated emission of THz light from the

impurity electronic transitions has been realised15,16.

In silicon, the 1s donor states are split due to valley-orbit coupling into a ground state

1s(A1) singlet and excited doublet 1s(E) and triplet 1s(T2) states. The binding energy of

the ground state and the relative energy differences of the split levels are greatly influenced

by the ionic core of the donor atom17 with the 1s(A1) state bound more tightly than the

other levels. The chemical species of the donor affects the energy levels of these states, called

the chemical shift, making the ERS technique suitable for dopant identification. The ERS

spectral feature for donors arises from a transition between the 1s(A1) and 1s(E) levels. For

phosphorus donors in silicon7, the energy of the ERS transition is 13.1 meV which gives rise

to an optical ERS transition at 105 cm−1.

ERS from acceptors in silicon involves a transition between the 1s like ground states,
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Γ+
8 (1Sp3/2) and its partner state Γ+

7 (1Sp1/2), associated with the spin-orbit split valence

band 18,19. The ERS transition for B in Si has been observed at 23.4 meV (184 cm−1), and

for deeper acceptors the observed ERS transition tends to smaller energies14. Higher level

even parity acceptor orbital states in Si:B have also been observed via ERS with the use

of an excitation source below the energy of the bound excitons, thus removing the bound

exciton lines from the spectrum20.

At donor concentrations where neighbouring donor ground state wavefunctions start to

overlap and interact, the donor ERS peak was observed to broaden and shift to lower ener-

gies8,12. This effective shift to lower energies was interpreted as resulting from donor electron

wavefunction overlap leading to electronic exchange coupling between nearest P neighbour-

ing atoms. When donor electrons are shared between two or more donors, less time is spent

close to their ionic cores, effectively decreasing the influence of the chemical shift. As a con-

sequence, the 1s(A1) ground state shifts in energy towards the excited donor states and the

ERS peak is observed at lower energies. The distribution of interacting donor separations

results in a broadened peak. The effect of increasing impurity concentration as studied by

ERS in Si has only been reported for P donors, where the formation of the impurity band at

the metal-insulator transition (MIT) was observed by the disappearance of a distinct ERS

peak into a broad continuum.

This work revisits ERS as a technique for studying donors and acceptors in silicon over

a wide range of doping densities. We comment on the observed overlap of ERS, phonon

Raman scattering, and photoluminescence (PL) features in the near infra-red (NIR) spectral

window. We observe the broadening and shift to lower energies of the donor ERS peaks as a

function of dopant concentration, and for the first time we report the broadening and shift

to higher energies of the boron ERS peak with increasing concentration. The magnitude of

the shifts in energy observed follow that expected from wavefunction overlap of neighbouring

impurity states. We also report on attempts to exploit the resonance in the ERS transition

cross section by using visible wavelength illumination.

II. EXPERIMENTAL

Measurements were performed on commercially sourced, single crystal silicon wafers of

thickness between 250 to 700 µm. Table I provides a list of the samples which include

4
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boron acceptors and phosphorus, antimony or arsenic donors over a wide concentration

range. Measurements were made on the polished top surface of the wafer without further

treatment, with the incoming and collected light parallel to the < 100 > direction.

Near infra-red (NIR) Raman experiments were performed using a Renishaw Invia Re-

flex confocal micro-Raman spectrometer equipped with a 0.25 m spectrograph and fitted

with a liquid nitrogen cooled, Princeton Instruments OMA V InGaAs array detector. Mea-

surements were performed in backscattering geometry. The instrument had an operational

spectral range of 0.8–1.7 µm and the excitation source was a line narrowed Nd:YAG laser

operating at 1064 nm. Microscope optics were all optimized for operation in the NIR and

the sample was illuminated through a 0.4 N.A., 20× long working distance microscope ob-

jective. The spectral resolution of the instrument was approximately 3 cm−1 when using an

830 g/mm grating as determined from the full width at half maximum of a neon emission

line. An edge blocking filter supplied by Renishaw permitted measurements from 55 cm−1,

suitable for the collection of the Stokes ERS signal from both donors and acceptors.

Visible excitation wavelength Raman measurements were performed using either: (i)

the same Renishaw Invia Reflex instrument reconfigured for visible wavelength operation

employing a frequency doubled Nd:YAG laser operating at 532 nm, a 2400 g/mm grating

and a TE cooled, back illuminated silicon CCD detector or (ii) a Jobin Yvon Dilor XY micro-

Raman spectrometer operating in triple additive mode with an argon ion laser operating

at either 488.0 or 514.5 nm, and with a liquid nitrogen cooled silicon CCD detector. In

both cases, measurements were performed in a backscattering geometry. The notch filters

on the Renishaw system allowed measurements to be performed above 120 cm−1 making it

suitable for observing B acceptor transitions while the Dilor system was well suited to P

donor measurements with a spectral range starting below 50 cm−1.

All samples were housed in a Janis ST-500 liquid helium flow cryostat designed for mi-

croscopy measurements and were attached to the stage using conductive silver paste to assist

with thermal transfer in vacuum.

All NIR measurements were obtained using 100 mW of the 1064 nm laser (measured

before the objective lens). Under these conditions, laser heating above the base temperature

of the cryostat (Tcryo = 4.2 K) was observed and quantified using changes to the photo-

luminescence (PL) emission lines arising from excitonic states, with sample temperatures

estimated to be around 15-20 K. Details of the temperature estimation can be found in

5
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Figure S1 (Supporting Information). In the case of visible-light excited ERS measurements,

much lower laser powers were employed (generally < 10 mW).

Raman features have been reported as wavenumber shifts (the enegy difference between

the laser energy and the observed line position) and PL contributions as absolute wavenum-

ber. The spectra are plotted with both these units on the figure. The measured positions of

the spectral features of interest are consistent with the previous literature8,21,22. See Table S1

(Supporting Information) for a list of spectral features.

III. RESULTS AND DISCUSSION

A. NIR Raman Spectra

Figure 1 shows the spectrum from a 1.3−1.9×1016 cm−3 phosphorus doped silicon sample

measured using NIR excitation. The spectrum is composed of phononic and electronic Ra-

man features, as well as photoluminescence transitions. The use of the 1064 nm (1.1654 eV,

9398.5 cm−1) excitation source brings all these transitions into a common spectral range; a

consequence of being near to the indirect band gap for Si (1.17 eV, 9436.7 cm−1). Bound

exciton luminescence is observed due to the fact that while the laser energy is less than the

indirect band gap of Si it is still above the no phonon free exciton edge energy (1.1545 eV25).

The main features of the spectrum include the electronic Raman scattering transition

between the phosphorus donor 1s(A1) → 1s(E) levels at 105 cm−1. The no phonon PNP,

transverse acoustic PTA, and transverse optic PTO phonon replica of the bound exciton lumi-

nescence transitions were also observed. The strong transition at 524 cm−1 is due to Raman

scattering from the zone centre transverse optical (TO) phonon of silicon. The shoulder on

the right hand side of this peak is a combination of the TO and LO (longitudinal optical)

replica of the silicon free exciton (FE) luminescence. Second order (phonon) Raman scat-

tering is also just evident above the background noise with the 2×TA (transverse acoustic)

phonon line at 305 cm−1 being the most prevalent feature.

A spectrum measured from B doped Si (9.5 × 1015 − 1.5 × 1016 cm−3) is also shown in

Figure 1, where the dominant transitions are labelled. The B ERS peak was clearly observed

at 184 cm−1. The photoluminescence lines BTA and BTO are evident, while the much weaker

BNP transition was not observed22. The free exciton and phonon Raman features from the

6
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FIG. 1: (a) Raman spectrum of Si samples using 1064 nm excitation, P NIR: Si doped with

∼ 1.6 × 1016 cm−3 P donors, and B NIR: Si sample doped with ∼ 1 × 1016 cm−3 B acceptors.

Spectra scaled for comparison and displaced vertically for clarity. (b) B Vis: Raman spectrum from

Si doped with ∼ 2.5 × 1017 cm−3 B acceptors using 532 nm excitation (6 mW, 100 s integration

time, Tcryo = 4.2 K). For peak labels see text and Table S1. ERS peaks are labelled in red, PL in

blue and phonon Raman in black. Note the NIR and visible spectra can be directly compared in

wavenumber units but not in absolute wavenumber.

host silicon were the same as those in the Si:P sample.
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B. Visible Raman Spectra

In contrast to the NIR measurements, data obtained using visible excitation (488 nm,

514.5 nm and 532 nm) did not display any ERS transitions. Figure 1 includes a typical

spectrum from a sample containing 2.2 − 2.7 × 1017 cm−3 B acceptors. Note that there is

no sign of the B ERS transition at 184 cm−1, and only the phonon scattering spectrum is

observed. ERS measurements in the visible were also performed on samples with P donors

over a large range of laser illumination intensities, photon integration times and the use of

both 488 nm and 514 nm excitation, however once again no ERS transitions were observed.

It is also important to note that the visible wavelength and NIR spectra can be directly

compared in units of wavenumber but not in absolute wavenumber.

1. Excitation wavelength dependence and resonance

Previous measurements used below band gap excitation to maximise scattering volume.

For silicon, excitations above the indirect band gap (visible and UV light) are strongly

absorbed26, reducing the scattering volume. This would provide an advantage for focusing

on small numbers of impurities. With the increase in instrumentation light collection since

the first ERS measurements were made 40 or so years ago, the smaller amount of scattered

light might still be detectable, especially in the visible and UV.

The contribution to the scattering cross section from the scattering volume (depth),

using optical absorption data from Ref26 is shown with the solid line in Figure 2. The large

reduction in the cross section above the indirect gap at 1.17 eV can clearly be seen. For the

NIR laser used (1.1654 eV) the absorption depth is 1 mm, for the visible (514 nm, 2.4121 eV)

this drops to 1 µm, and in the UV (3.4 eV) to 10 nm.

Exploiting a resonance in the ERS scattering cross section by using illumination energy

approaching the direct band gap of Si (3.4 eV)1, could also improve detection. The reso-

nant enhancement is part of the differential scattering cross section. For electronic Raman

scattering from a donor in silicon with an electron in an initial state S0 scattered to a final

state Sf , and ignoring the absorption of light by the crystal, the differential cross section

8
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follows8:

dσ(0→ f)

dΩR

=r20
ωR

ωL

R2
12(µ‖ − µ⊥)2

×

∣∣∣∣∣
6∑

j=1

α
(f)∗
j α

(0)
j (~ηL · η̂j)(~ηR · η̂j)

∣∣∣∣∣
2 (1)

where r0 = e2/mc2 is the classical radius of the electron, ωL and ωR the wavenumber of the

incoming and scattered light with ~ηL and ~ηR their polarization, η̂j the unit vector along the

direction of the j-th conduction band valley, and µ‖ is the parallel component of the effective

mass tensor and µ⊥ the perpendicular component, which arise due to the anisotropy of the

conduction band with µ = m∗−1. The αj’s are terms which indicate the symmetries of the

states27, and the products of these with the polarization and orientation set the selection

rules for the scattering. Note the resonant enhancement factor:

R12 =
E2

G

E2
G − (~ωL)2

(2)

where EG is the band gap of silicon, an approximation for the energy difference between the

donor states and the valence band at the conduction band minimum, and ~ωL is the energy

of the incoming light.

Figure 2 also includes the wavenumber dependent terms in Equation 1 (ωL, ωR and R12)

on top of the scattering volume. The resonant enhancement at the direct band gap (3.4 eV),

while a factor of 1000 gain1 is still not enough to compensate for the reduction in scattering

volume compared to the NIR.

Another process affecting the observation of ERS is the electron-hole pairs produced by

above free-exciton edge illumination. The small penetration depth in the visible and UV

would produce a high density hot electron-hole plasma. The impurities of interest could

be ionised or screened by this plasma, greatly reducing the number of scattering centres.

PL would still be observed from deeper in the sample where the carriers have diffused and

thermalised, but ERS could only occur within the penetration depth of the laser. The NIR

laser is not absorbed strongly enough to produce the plasma. So even if instrumentation has

improved enough to observe the scattered light from above gap excitation, the production

of this hot electron-hole plasma would still make it difficult to observe the ERS signal and

use it as a local probe of donor interactions.

The presence of the donor excitonic transitions leads to the possibility of a resonance

enhancement to the ERS when using an excitation source close to the energy of these real

9
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FIG. 2: Semi-log plot showing contribution to the electronic Raman scattering cross section due

to the absorption depth of the laser excitation26 (solid line) and also including the resonance

enhancement of the signal at energies close to the direct (3.4 eV) and indirect (1.17 eV) band gap

of Si (dotted line). See text for details.

excitonic transitions1, the strongest of which are the luminescence transitions in the near

infra red. While silicon has an indirect band gap and most excitons recombine with the aid of

a phonon, the presence of the dopant atom breaks the crystal symmetry allowing for a direct

transition between the valence band and the dopant bound exciton complex. We observe

this transition as PL, labelled the No Phonon (NP) transition in Fig 1 and Table S1. As

this state can also be formed in absorption, and has a very narrow linewidth when observed

in isotopically enriched Si-2828, there is the possibility of a strong ERS resonance close to

the energy of this transition. Though the competition between the production of bound

excitons and ERS would need to be considered.

C. Impurity Concentration Effects

Previously, Jain et al.8 studied systematically the concentration broadening of ERS in Si:P

due to donor-donor interactions. They observed a broadening, towards lower energies then

a shift in the same direction with increasing concentration. The effects of these interactions
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This article is protected by copyright. All rights reserved.



began at concentrations above 3 × 1017 cm−3. Here, using our measurements in the NIR,

we extend this to include Sb, As and B, but with the caveat that our samples don’t cover

the full range of concentrations for each impurity. With all the shallow impurities having

similar binding energies and wavefunction extent, we will make some generalisations about

their behaviour with concentration.

Figure 3 (a) shows the spectra from samples doped with donors (P, Sb, As) in order

of increasing doping density. Various phosphorus doped samples with doping levels up to

∼ 1 × 1017 cm−3 were measured. The general trend in this data is towards an increase in

the intensity of the ERS peak (at 105 cm−1) with an increase in doping density. The lowest

doping level from which ERS was observed was from the sample doped at 1.4× 1015 cm−3.

For the available phosphorus doped samples the highest concentrations measured do not

contain a significant proportion of donors with overlapping wavefunctions and the linewidth

had not noticeably broadened, in agreement with the previous literature8.

The two Sb doped samples had a higher doping density than our P doped samples. For

the sample Sb-A (4 × 1017 cm−3), the Sb ERS peak position at 98 cm−1 matches that for

isolated Sb donors and includes an “extended tail” towards lower energies as a consequence

of donor-donor interactions. A reminder that the random nature of the doping can include

both isolated and interacting donors. In addition to peak broadening, the centre of the

ERS transition for sample Sb-B (2 × 1018 cm−3) shifted to 94 cm−1, a comparable shift

to that observed previously in Si:P at a similar concentration. Both these sample had a

concentration below the metal-insulator transition (MIT) (∼ 3× 1018 cm−3).

The arsenic doped sample had a concentration an order of magnitude above the MIT,

at 2 × 1019 cm−3. The spectrum includes what could be a broad ERS peak centred at

123 cm−1. This is a significant shift from the ERS peak of isolated As donors at 180 cm−1,

the anticipated position of which is marked by an arrow in Figure 3 (a).

While we only measured one As doped sample making it is difficult to identify this peak

as ERS, the characteristics of the peak do fit in with the broadening and shifting to lower

energy trend expected for donors. At these concentrations above the MIT, ERS was observed

in Si:P8 as a continuum state at low energies with no clear peak. In Ge:As, there was a case

where a clear but broad ERS peak was observed12 above the MIT, though not as far past

it as our data. The peak is also unlikely to be a PL feature as those peaks were observed

to shift in the opposite direction with increasing concentration. It could be a new phonon
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FIG. 3: Near infra-red measurements taken from (a) donor doped, and (b) acceptor (boron) doped

silicon samples at various doping concentrations. Spectra have been displaced vertically for clarity,

labelled with the sample identification and the centre of the calculated doping concentration range

(in cm−3), per Table I. The arrow in (a) indicates the expected position of the As ERS line for

isolated donors.

band, though it was only observed at low temperatures. Further study of the formation of

the impurity band with concentration for the individual donor species is warranted.

The spectra from our various boron doped silicon samples are shown in Figure 3 (b),

stacked in order of lowest concentration at the bottom of the figure, to highest at the top.

The lowest B concentration from which an ERS transition could be observed was from a

sample with 1.5×1015 cm−3 B acceptors. This value closely matched the lowest concentration

ERS signal observed from P doped silicon, indicating the scattering cross section from the

two species is of the same order of magnitude. The intensity of the ERS peak increased

with doping density. Up to a concentration of 1 × 1017 cm−3 no broadening or peak shift

could be resolved. From 2.5 × 1017 cm−3 the peak started to broaden asymmetrically with

12
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a tail to higher energies, which is in the opposite direction to the donor case. Interactions

between acceptors started at a concentration similar to the case of the donors.

The highest concentration boron doped sample (∼ 5 × 1018 cm−3), just above the MIT,

shows a broad ERS peak shifted to higher energies, with the centre of the peak at 210 cm−1.

Again, this shift is in the opposite direction to that observed in donors. A broad but clear

peak above but close to the MIT is not unexpected given the random nature of the doping.

Small clusters of impurities can coexist with a continuum metallic state29,30, providing states

for the ERS transition. While this peak could also be a new phonon feature, it was only

observed at low temperatures. Measurements of more samples with concentrations around

the MIT would be required to confirm this trend.

The beginnings of another broad peak can be observed starting at 120 cm−1 towards

lower energies indicating scattering from a continuum of electronic states (i.e. where the

wavefunctions of many acceptors overlap), similar to previous observations in highly P doped

Si samples8. The continuum of electronic states present in highly doped samples can interact

with the discrete state of the Si TO phonon producing a Fano type resonance31,32, which is

evident as an asymmetry in the TO phonon peak. This feature is observed in Figure 3 (b)

for sample B-J, the highest B doping, as an anti-resonance at 515 cm−1 on the left hand

side of the TO peak, but does not show up in the highly doped donor samples.

1. Acceptor interactions

The ERS transition from acceptors occurs between the 1s like states of the acceptor

associated with the spin-orbit split valence band, Γ+
8 (1Sp3/2) to Γ+

7 (1Sp1/2). The valence

band splitting is 44 meV and this reduces to 23.4 meV for the associated boron acceptor

states due to band structure effects. Effective mass approximation calculations for acceptors

in Si have shown a decrease in the spin-orbit splitting with an increase of the acceptor binding

energy, matching experimental observations for various acceptor species13,14. In analogy with

the case of the donors, where the influence of the chemical shift of the donor ground state

is reduced for interacting donors, a case could be made that the presence of the acceptor

reduces the influence of the spin-orbit splitting. For interacting acceptors, as the hole is

shared between two or more acceptors and spends less time close to the impurity core, the

associated acceptor states move closer in energy separation to the spin-orbit splitting of the

13
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valence band. This would be observed as an increase in the energy separation of the acceptor

states.

2. ERS peak energy shift

The shift in energy of the ERS peak from the isolated impurity position plotted against

the mean nearest neighbour separation is shown in Figure 4. Due to the random nature of the

doping, the mean nearest neighbour separation is calculated from the impurity concentration

using24: r∗ = 0.554n−1/3. The data from Jain et al.8 is included, and matches well with our

data. The different direction of the shift between donor and acceptors is clear. To first order

the trend in energy shift with separation, including all shallow dopants in our study, can

be modelled using an exponential function similar to the hydrogenic nature of the impurity

wave function:

E(r) = −A exp

[
−2r

a∗

]
(3)

where r is the mean separation between two dopants, A is the binding energy and a∗ is

the Bohr radius of the donor or acceptor. E(r) represents the hydrogenic wavefunction of

the impurity state and the overlap with its neighbor. The reported binding energies of the

impurities studied here are, P: 45.6, Sb: 42.7, As: 53.8, and B: 45.7 meV17. Since each of

these dopants is considered energetically shallow and to allow for comparison, we have used

values of A = 45.6 meV and a∗ = 2.5 nm (i.e. for P17) for Figure 4. Note that no fitting

routine was used. To fully characterise the interaction the chemical shifts for each dopant

should also be taken into account as well as including interactions between more than two

impurities, which have not been done in this work.

The trend line plotted in Figure 4 defines a model of wavefunction overlap between

neighboring impurities which is based on the measured data with mean dopant separations

of less than 5 nm. We note however, that weaker exchange interactions can also occur when

mean separations are greater than 5 nm. For these larger dopant spacing, shifts arising

from wavefunction interactions are less likely to be experimentally observed as they require

greater spectral resolution and photon detection sensitivity than we had.
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FIG. 4: The shift in ERS peak centre energy from isolated impurity ERS peak energy plotted

against the mean nearest neighbor separation. The line E(r) represents Equation 3 and follows the

exponential form of the impurity wavefunction envelope. The error bars indicate the uncertainty

in the measured resistivity of the samples. The uncertainty in energy shift is smaller than the

size of the plotted symbols. The solid symbol indicates the inverse of the energy shift of the only

non-zero shift B acceptor ERS line position, to make it easier to compare with the donors. See

text for conversion between concentration and mean nearest neighbour separation. Jain Si:P data

from Reference8.

IV. CONCLUSION

In this work we report measurements of electronic Raman scattering spectroscopy from

a range of dopants in silicon. The dopant ensembles of varying concentrations all arose

from bulk doping processes and were successfully identified using the ERS technique, re-

establishing NIR ERS as a valuable tool for dopant spectroscopy in Si.

In contrast to the NIR measurements, no ERS was observed using visible wavelength

excitation. This was likely due to the smaller penetration depth of the light for excitation

energies above the indirect band gap of Si, leading to a smaller scattering volume and the

production of a hot electron-hole plasma. Observation with UV excitation would be difficult
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as the resonance enhancement in the UV may not increase the sensitivity enough. This

limits the ability to use ERS as a localised probe of shallow donors and acceptors in Si.

We propose the possibility of a resonant enhancement with the direct impurity excitonic

transition, which also occurs in the NIR.

We report the concentration dependence of the ERS peak from P, Sb, and As donors

in silicon which was shown to match the trend previously reported for P, a broadening

of the peak with a shift to lower energies. In the case of acceptors, the shift is in the

opposite direction to that of the donors, an increase in the energy of this transition, which

we propose is due to sharing of the bound hole state by two or more acceptors, which reduces

the influence of the acceptor core on the splitting of the orbital states. To first order, and

ignoring the impurity chemical shift, the magnitude of the shift of the ERS peak with

increasing dopant concentration follows the exponential form of the wavefunction overlap of

neighboring impurities.
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Name Dopant ρ n r∗

Ohm-cm cm−3 nm

P-C P 7.7 – 15 2.9× 1014 – 5.8× 1014 84 – 66

P-D P 2.5 – 4 1.1× 1015 – 1.8× 1015 54 – 46

P-E P 1 – 2 2.3× 1015 – 4.8× 1015 42 – 33

P-F P 0.5 – 0.9 5.4× 1015 – 1× 1016 32 – 26

P-G P 0.3– 0.4 1.3× 1016 – 1.9× 1016 24 – 21

P-I P 0.05 – 0.1 7.8× 1016 – 2.3× 1017 13 – 9

Sb-A Sb 0.02 – 0.05 2.3× 1017 – 1.2× 1018 9 – 5.2

Sb-B Sb 0.01 – 0.02 1.2× 1018 – 4.4× 1018 5.2 – 3.4

As-A As 0.001 – 0.005 1.2× 1019 – 7.4× 1019 2.4 – 1.3

B-C B 14 – 17 7.7× 1014 – 9.4× 1014 60 – 57

B-D B 8 – 12 1.1× 1015 – 1.7× 1015 54 – 46

B-E B 4 – 8 1.7× 1015 – 3.4× 1015 46 – 37

B-F B 1 – 1.5 9.5× 1015 – 1.5× 1016 26 – 22

B-G B 0.81 – 0.95 1.6× 1016 – 1.9× 1016 22 – 21

B-H B 0.1 – 0.2 9.6× 1016 – 2.4× 1017 12 – 9

B-I B 0.092 – 0.108 2.2× 1017 – 2.7× 1017 9.2 – 8.6

B-J B 0.01 – 0.02 2.7× 1018 – 8× 1018 4 – 2.8

TABLE I: List of the bulk doped silicon samples studied in this work. Resistivity (ρ) as quoted by

manufacturer, doping density (n) calculated via Reference23, and mean nearest-neighbour separa-

tion (r∗) calculated as per Reference24, where r∗ = 0.554n−1/3.
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Electronic Raman scattering (ERS) is investigated as a probe for interactions between impurities in 
silicon, studying P, Sb and As donors and B acceptors at various concentrations. The difficulties of 
using ERS as a localised probe with above band gap excitation are discussed. We demonstrate that 
the perturbation of the ERS transition energy resulting from wavefunction overlap of nearest 
neighbours is opposite for donors and acceptors. 
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