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The excitation, spectra of phosphorus, arsenic, isolated interstitial lithium, and lithium oxygen
donors in silicon have been investigated under the high resolution of a Fourier-transform spec-
trometer. Usihg a ‘‘strain-free”” mounting technique, the linewidths are observed to be much
narrower than those reported earlier in the literature; the observed linewidths appear to be lim-
ited by the “‘lifetime’’ effects. The linewidths and shapes of the excitation lines of phosphorus
donors in silicon, introduced by the nuclear transmutation of 30Si into 3'P by the capture of a
slow neutron followed by a 8~ decay, are studied; the influence of the charged defects produced
by neutron irradiation is demonstrated and explained in terms of the electric fields due to

charged impurities and defects.

I. INTRODUCTION

There is continuing interest in the natural width
and shape of the line spectra exhibited by carriers
bound to impurities in semiconductors and in the fac-
tors which lead to the observed linewidths and
shapes. The various mechanisms observed and/or
proposed in this context are (1) interaction of bound
carriers and phonons,? (2) overlap of the wave
functions of bound carriers,* (3) random electric
fields produced by ionized and neutral impurities
causing Stark and quadrupole broadening,* and (4)
strains resulting from the presence of impurities,
both electrically active and inactive.® Unusual line
broadening can occur due to special circumstances,
e.g., in the excitation spectrum of bismuth donors
and of gallium acceptors in silicon remarkable
broadening of specific lines due to a resonant interac-
tion between the electronic excitation and an optical
phonon has been reported and theoretically
analyzed.®=® Linewidths and shapes of the various
lines of the excitation spectrum can be uséd as
probes to study these broadening phenomena. Asa
basis for such studies it is essential to study the ‘‘na-
tural’’ linewidths of the various lines. Having esta-
blished the natural linewidths, changes in the width
and shape can be correlated to the broadening
mechanism present.

In the present paper we report the results of our
measurements on the excitation spectra of phos-
phorus, arsenic, lithium, and lithium-oxygen donors
in silicon recorded under the high-resolution accessi-
ble with a Fourier-transform spectrometer. We have
studied such spectra with carefully characterized host
crystals in which the desired dopant has been intro-
duced under well-specified conditions and investigat-
ed the influence of charged defects on the linewidths
and line shapes.

II. EXPERIMENTAL PROCEDURE

The Lyman spectra of the Si(P), Si(As), Si(Li),
and Si(Li-O) occur in the infrared region between 30
and 60 um. The large spectral coverage and the high
resolution of a Fourier-transform spectromer are
ideal for the present investigation. We have em-
ployed a Beckman-RIIC FS-720 spectrometer'® in
which the fixed mirror was moved by 5 cm so as to
obtain one-sided interferograms with a maximum
path difference of 10 cm. A maximum resolution of
0.025 cm™! (0.003 meV) was attainable with the spec-
trometer. We have used a Golay pneumatic cell'!
and a germanium bolometer!? interchangeably as the
dectector. The backbone of the data acquisition and
processing system is a General Automation'?® SPC-
16/40 minicomputer. For experiments in which the
data points exceeded 4096, as in the case of high-
resolution work (~0.06 cm™'), the digitized output
was punched out on cards and analyzed on a CDC
6500 computer.'*

The optical cryostat used in the present studies has
been described by Fisher et al.'> The sample is at-
tached to a copper tailpiece which is in contact with
liquid helium. With the high resolution used for
studying the linewidths and line shapes it was found
that sample mounting demanded special considera-
tions, especially for samples thinner than ~1.5 mm.
To avoid the broadening of lines due to the stresses
produced in the sample mounting and cooling, a
copper tailpiece shown in inset A of Fig. 1 was used.
GE 7031 varnish'® was used at the bottom only. The
image of the entrance aperture on the sample was at
least 1 cm from the bottom of the sample. This tech-
nique produced ‘‘strain-free™ mounting for samples
down to 0.2 mm in thickness.

Group-V donors can be introduced into an other-
wise well-characterized host during the crystal growth
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FIG. 1. Excitation spectrum of phosphorus donors in neutron transmutation doped silicon. Liquid helium is used as a
coolant. Phosphorus donor concentration, n, ~1.2x 104 cm=3. The instrumental resolution with and without apodization is
0.09 and 0.06 cm™!, respectively. The 2p, line with an expanded horizontal scale is shown in the inset. The 2p 4 line has been
truncated because, with the thickness of the sample used, the transmission approaches zero at the peak.

in a deliberate and controlled manner, as dopants
added to the melt in the Czochralski method or in
the form of suitable gaseous components allowed to
enter the vacuum chamber in which the crystal is
grown by the floating zone technique!’; we refer to
such samples as ‘‘conventionally doped.” Impurities
like lithium can be incorpordted into an otherwise

TABLE I. Neutron transmutation of silicon isotopes.

Natural Cross section
abundance Isotope alny)
97.27% 28gj 0.08 +0.035
4.68% 25 0.28 £0.095
3.05% 30gj 0.11+0.015
100% 3ip 0.20 + 0.025

283i(n,y)?’si
3i(n, y)39si

262h .
SOSi(”.,y)JlSil — 31P+B_

4.
le("‘,y)np — 32S +B

pure host crystal by diffusion followed by quench-
ing.!® An ingenious technique!®> % of introducing
phosphorus in silicon is based on the nuclear
transmutation of 3°Si into 3!P by the capture of a slow
neutron followed by a 8~ decay; the isotope *°Si oc-
curs in natural silicon with an abundance of 3.1%. In
Table I the various isotopes of silicon and the cross
section for thermal neutron capture, in barns, are
listed together with the half-life of the end product of
the nuclear reaction. We refer to such samples as
neutron transmutation doped (NTD).

III. EXPERIMENTAL RESULTS AND DISCUSSION

In this section we present the results on the excita-
tion spectra of donors in samples free from charged
defects; the liquid-helium temperatures at which the
measurements were done result in linewidths free
from phonon broadening.

Figure 1 shows the excitation spectrum of phos-
phorus donors introduced by neutron transmutation?!
in a silicon sample. The silicon sample??> was exposed
to a thermal flux of 2.5 x 10'3 neutrons/cm?sec for
7—8 h, yielding a phosphorus concentration of
~1.2x10" cm™3. The sample was annealed at
800 °C to remove the damage by the neutron irradia-
tion. A series of sharp excitation lines is observed in
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FIG. 2. Photothermal ionization spectrum of phosphorus donors in silicon. Phosphorus donor concentration is estimated to
be ~2x 10! cm™3. Instrumental resolution ~0.06 cm™! without apodization.

the range 32 to 45 meV. The occurrence of the spec-
trum clearly demonstrates the existence of bound
states as predicted by the hydrogenic model. The
sharp lines are transitions from the 1s ground state to
the excited p states. An extraordinarily sensitive
method for the study of the excitation spectra of im-
purities in semiconductors is the photothermal ioniza-
tion technique.?? This is a two step process; the elec-
tron is first excited from the ground state to a higher
level and then thermally excited into the conduction
band. As a result of this process, a photoconductive

peak is recorded, the sample itself serving as the
detector. Figure 2 shows the photothermal ionization
spectrum. of phosphorus donors in silicon. A com-
parison of Figs. 1 and 2 clearly demonstrates how the
intensities of the peaks in the photothermal ioniza-
tion spectrum reflect the product of the transition
probability for the transition to the excited state and
the factor controlling the thermal ionization from the
excited state to the conduction band; many of the op-
tical transitions close to the conduction band thus ap-
pear prominently in Fig. 2. Figure 3 shows the exci-
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FIG. 3. Excitation spectrum of arsenic donors in silicon. Liquid helium is used as a coolant. Instrumental resolution 0.06

e¢m~! without apodization. Room-temperature resistivity of the sample ~6 Q cm (n ~ 7 x 10" cm
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tation spectrum of Si(As) where arsenic donors have
been introduced into floating zone silicon in a con-
ventional manner. The spacings of the lines in Figs.
1 and 3 are the same although the positions are clear-
ly shifted. This arises due to the 1s(4;) ground state
being depressed below the effective mass position by
different amounts in Si(P) and Si(As).?* The excited
p states are correctly described in the effective mass
approximation and the excitation lines in the Lyman
spectrum are the 1s (4,) — np transitions.

Following Kohn and Luttinger,? a detailed theoret-
ical study of the binding energies of the donor levels
for silicon was.carried out by Faulkner?® using the
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Ritz method. Table Il compares the theoretical calcu-
lations of Faulkner with those deduced from the ex-
perimentally observed transition energies; they are
computed assuming that the theory accurately gives
the binding energy of the 3p 4+ state as 3.12 meV. It
is clear that the theory is remarkably successful in ac-
counting for the spacings of the excitation lines; the p
states can thus be understood on the-basis of the ef-
fective mass theory.

Apart from the substitutional group-V impurities
another striking donor in silicon is lithium. It is well
known that lithium enters the silicon lattice intersti-
tially.2” This is not surprising in view of the small

TABLE II. Binding energies of the energy levels of donors in silicon (meV).

Level p? As? Sbb Bi Li® Li-0? Mg+d Mgd se Theoryf
1s(4,) 45.59 53.76 4274 7098 31244002 39.67 25647 10750  186.42 31.27
15 (E) 32.58b&h 312650 30.470h 31.27
1s(E+T,) 33.02 32.00 31.27

32.89 32.89i 30.92
15(T,) 33.89 32.67° 26.22 3127

3291 31.89 24.02
W0 11.48 11.50 11.51 1144 1151 1157 4784 1170 114 11.51
2s 9.11 8.79 8.83
Wa 6.40 6.40 6.38 637 640 640 2623 6.38 6.2 6.40
3p, 5.47 5.49 5.50k 548  5.49 551 22.60 5.55 5.5 5.48
3s 4.70 4.75
3d, e 3.8 3.80 3.75
4p, 3.31 3.31 3.33k 330 332 333 1347 3.33 3.33
£ 312 312 3.12 32 312 312 12.48 312 3.12 3.12
as 2.89 2.85
af, 2.33 2.36 2.33
4p 4. 500 2.19 2.19 2.20k 218 2.20 2.20 8.55 217 2.19,2.23
afy 1.90 1.90 1.94% 191 1.90 1.90 1.89
5/ 1.65 1.71% 167 164 1.66 1.62
o4 1.46 1.46 1.48% 146 147 1.47 1.45 1.44
5/t 1.26 L 1.25 1.29 1.27
60+ 1.09 1.07° 1.10 108 107 1.09 1.04

aPresent work. The binding energies given for Li-O are for the 4 series; the binding energy fo 1s (E + T,) for that series is

from Ref. 18.

bR. L. Aggarwal and A. K. Ramdas, Phys. Rev. A 140, 1246 (1965); R. L. Aggarwal and A. K. Ramdas (unpublished).

‘Reference 7.

9L. T. Ho and A. K. Ramdas, Phys. Rev. B §, 462 (1972); the binding energies for the excited states of Mgt have to be divided

by 4 in order to compare them with theory.

°W. E. Krag and H. J. Zeiger, Phys. Rev. Lett. 8, 485 (1962).

fReference 26.

£G. B. Wright and A. Mooradian, Phys. Rev. Lett. 18, 608 (1967).
K. L. Jain, S. Lai, and M. V. Klein, Phys. Rev. B 13, 5448 (1976).
iW. E. Krag, W. H. Kleiner, and H. J. Zeiger, ‘in.Proceedings of the Tenth International Conference on the Physics of Semiconductors,
Cambridge, Massachusetts, 1970, edited by S. P. Keller, J. C. Hensel, and F. Stern (U.S. AEC Division of Technical Information,

Washington, D.C., 1970), p. 271.

JB. Pajot, J. Kauppinen, and R. Anttila, Solid State Commun. 31, 759 (1979).
kW. H. Kleiner and W. E. Krag, Phys. Rev. Lett. 25, 1490 (1970).
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ionic radius and the very large diffusion coefficient of
the lithium donors in the host lattice; for example, at
800 °C the diffusion coefficient of phosphorus in sili-
con is about 10® times smaller than that of lithium.?
Another remarkable property which has attracted
considerable attention is the ability of lithium to com-
plex with other chemical impurities simultaneously
present in the host.?3% The presence of oxygen in
silicon leads to the formation of lithium-oxygen com-
plexes which behave electrically as donors.!8

Figure 4 shows the spectrum of lithium introduced
into a high-purity floating zone silicon sample.?!
Identifying the lowest line at 21.50 meV as the
1s — 2p, transition, all the other lines can be as-
signed according to the final state labels given in the
figure. Once again, the spacings agree in an excellent
manner with those of group-V donors as can be seen
in Table II. The relative intensities of the excitation
lines in Si(Li) bear a striking resemblance to those of
group-V donors in Si. The particularly close agree-
ment of the ionization energy of lithium (33.02 meV)
with the theoretical value of Faulkner (31.27 meV) is
remarkable. This strongly suggests that the lowest
ground state is effective-mass-like. Figure 5 shows
the excitation spectrum of lithium donors at a slightly
elevated temperature, estimated to be ~20 K. This
reveals the existence of a line 1.76 £ 0.04 meV below
the line labeled 2p+. Another line similarly displaced
from the transition labeled 3p + can also be seen.
These lines arise due to transitions from the upper
ground state. Polarization studies'® of the various
transitions using uniaxial stress as a perturbation
identify the lines seen in Fig. 4 as those arising from
the fivefold degenerate, 1s (E + T,), lower ground

state. The upper ground state can be identified as a
1s(4,) state. The interstitial nature of the lithium
impurity seems to be the underlying cause for this
“‘inverted’’ arrangement for the ground state in com-
parison to that observed for group-V donors. The
electron paramagnetic resonance experiments by Wat-
kins and Ham®? confirm that interstitial lithium
donors in silicon have a degenerate 1s(E + T,)
ground state.

Lithium diffused into high-resistivity crucible
grown silicon forms donor complexes with the oxy-
gen which enters the silicon from the quartz crucible
during crystal growth.? The excitation spectrum of
lithium introduced in crucible-grown (Czochralski)
silicon is shown in Fig. 6. The most prominent
series, series 4, has an ionization energy of 39.67
meV. Other series, labeled C, D, and F can also be
clearly identified in Fig. 6. It has been shown by Gil-
mer et al.*® that the relative intensities of the dif-
ferent series are a function of the annealing history
of the sample. Another interesting feature in Fig. 6
is the presence of the 2p + line of phosphorus which
is evidently present in the silicon into which lithium
was diffused.

In Fig. 4 the presence of the 2py and 2p + line of
the A4 series of Li-O complexes indicates that there is
some dispersed oxygen even in the float zone silicon
used. On doping with lithium a so-called high-purity
silicon sample®* both the isolated lithium and the
lithium-oxygen donor transitions were observed
simultaneously. In Figs. 7 and 8 different spectral re-
gions of the measurement are shown; the spectrum
was recorded at a resolution of 0.06 cm™!. From the
intensity of the 2py line it is estimated that the con-
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FIG. 4. Excitation spectrum of lithium donors introduced into a high-purity float zone silicon sample (Ref. 31). Lithium
donor concentration —~1.1 x 1015 cm™3. Liquid helium used as a coolant. Instrumental resolution ~0.28 cm™!.
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FIG. 5. Excitation spectrum of lithium donors in silicon at a temperature estimated to be ~20 K. The transitions labeled
1s(4))—2p +, 3p + correspond to transitions from the upper ground state.

centration of Li and Li-O donors is ~2 % 10'* and
~3x 10" cm™3, respectively. The simultaneous pres-
ence of both isolated lithium and lithium oxygen
complexes in the same sample can be visualized as
follows: the lithium enters the lattice, first seeks out
the dispersed oxygen to form lithium-oxygen com-
plexes and then the excess lithium occupies intersti-
tial positions. This technique of ‘‘decorating’’ the
dispersed oxygen with lithium and using the excita-
tion spectrum of the Li-O complexes is clearly very

sensitive in the estimation of very low oxygen con-
centrations in Si whereas the 9 um vibrational band of
oxygen®>3¢ requires concentrations of oxygen in ex-
cess of 10'® cm™3, provided measurements are made
at liquid-helium temperature.’’

Another interesting feature in Fig. 8 is the appear-
ance of the 2p+, 3p+ lines of phosphorus. From the
intensity of the 2p + line of phosphorus the concen-
tration of phosphorus donors is estimated to be about
10" cm™. The original sample, before doping it with

2p°(A)

3 ZpO(C)
2p°(F) 2p(D)

absorption coefficient (cm-!)

:.pt(A)
Si (Li-0)

26 30

34 38 42

photon energy (meV)

FIG. 6. Excitation spectrum of Li-O donor complexes in silicon. Concentration of donors is ~1 x 10!5 cm™3. Liquid helium
used as a coolant. The transitions are labeled following the nomenclature in Ref. 33. The line labeled 2p +(P) is due to residual

phosphorus in the sample.
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FIG. 7. Excitation spectra of isolated Li donors and Li-O donor complexes in silicon. The transitions corresponding to
15 (4 ). — np for Li-O complexes are labeled ‘‘Li-O”’ in parentheses. The concentration of Li and Li-O is estimated to be
~2x 10" and ~3 x 101 cm™3, respectively. Liquid helium used as a coolant. The instrumental resolution is 0.09 and 0.06
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cm™! with and without apodization, respectively.

lithium, is » type with a resistivity of ~6000  cm,

indicating a net donor concentration of ~10'2¢m

-3

The phosphorus concentration of ~10'* cm™ as es-
timated from Fig. 8 can be explained by assuming

that in the original sample, phosphorus is compensat-
ed by some acceptor impurities so that the net donor
concentration is. ~10'2 cm™. On introducing lithium

into silicon it will deionize and expose all the com-

FIG. 8. Excitation spectra of Li donors and Li-O donor complexes in the range 30—46 meV. The Li transitions are labeled
“Li> in parentheses. This figure is an extension of Fig. 7. Transitions due to the residual phosphorus in the sample have been
identified with *‘P” in parentheses; the concentration of P is estimated to be ~10'3 cm

absorption coefficient (cm-')
D

pensated phosphorus donors present since it is shal-

lower.

It is well known that the observed line shape is the

convolution of the true line shape with the instru-
mental function. In a Fourier-transform spectrome-

ter the instrumental function, with no apodization, is
given by 4 sincl27L (v —vg) ], where L is the optical
path difference and the line is centered at v =v,. Us-

2p, 3p, Si(Li)
I (4% ]
4t,
I l 51, |
3p, P,
- 4p (L) o -
(R |6
(4L ap, { ( )
" | SelLd) 2P m ]
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TABLE III. Half-widths, W/, (meV), of the 2p, 2p +, and 3p 4 lines of the excitation spectra
of donors in silicon. ‘‘Conventional’’ denotes doping during crystal growth by means of the dopant

added to the melt.
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Concentration Wi

Donor Method of doping (cm™3) 2p, 24 3+
Si(P) Conventional 2 x 1014 0.026 0.033
Conventional 4 x101 0.03 cee 0.05
NTD 1.2x 101 0.021 0.027 0.030

2 x1015 0.025 R 0.028

Si(As) Conventional 7 x 10 0.024 e 0.028
Si(Li) Diffusion 2 x101 0.018 0.025 0.023
Si(Li-0) Diffusion 3 x10M 0.025 e 0.023

ing such an instrumental function it can be shown
that for both Lorentzian and Gaussian profiles the in-
crease in the full width at half maxima, Wy, of the
true line function due to the instrumental function is
negligible when the observed W, is at least twice as
large as the instrumental half-width. In Table III the
W), of the spectral lines are tabulated for various
donors. The Wy of the 2p, and 3p + lines of the ex-
citation spectrum of phosphorus donors introduced in
silicon by neutron transmutation shown in Fig. 1 was
measured to be 0.021 and 0.030 meV, respectively.
The error estimated for these values is ~+0.002
meV. The W, of the 2p + was measured to be
~0.027 meV. The W, for the 2p, and 3p + lines

for arsenic donors were obtained from the spectrum
shown in Fig. 3; these values, 0.024 and 0.028 meV,
respectively, are in excellent agreement with the
linewidths of the phosphorus donor spectrum. The
corresponding values of the linewidths for the lithium
and lithium-oxygen donor complex (series 4) are
also in close agreement with the above values. Fig-
ure 9 shows the excitation spectrum of a sample in
which the dopant is introduced during crystal growth,
i.e., a conventionally doped sample, with a phos-
phorus concentration estimated as ~2 x 104 cm™.
The W, for the 2p, and 3p + lines was measured to
be 0.026 and 0.033 meV, respectively.

At this stage it is useful to review the contributions

2’ T T T T T T T T T T T
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FIG. 9. Excitation spectrum of phosphorus donors in silicon. The dopant is added to the melt during crystal growth. Donor
concentration is estimated to be ~2 x 101 cm™3. Liquid helium is used as a coolant. The instrumental resolution, without

apodization, is ~0.06 cm™!.
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to the half-width arising from various broadening
mechanisms.

(i) Interaction of bound carriers and phonons. The in-
teraction between the lattice vibration, phonons, and
the electronic excitation levels leads to broadening of
the spectral lines. Lax and Burstein! proposed that
the interaction of the donor electron and acoustic
phonons in the crystal produces a broadening of the
1s,2p,. .. levels, the broadening of the 1s ground
state accounting for about 90% of the broadening.

On the basis of their calculations they predicted that
the widths of the excitation lines at 0 K are about 3.6
meV. Using the simple Lorentz broadening approach
Sampson and Margenau®® calculated a low-
temperature width of ~1.6 meV. These values are
larger by about 2 orders of magnitude than the ob-
served linewidths of the donor lines, which are about
0.02 meV. It was pointed out by Kane? that the
linewidths reported in earlier studies may be entirely
instrumental. He suggested that due to the weakness
of the electron-phonon interaction in silicon the
broadening, free from instrumental effects, arises
from a ‘‘lifetime effect’” due to a transition to a lower
state with the emission of a phonon. At 7=0K he
estimated such linewidths to be ~0.05 meV. Later,
Barrie and Nishikawa®® confirmed that for a weak
electron-phonon interaction, -the observed linewidths
do arise from a “‘lifetime effect’” and that the process
discussed by Lax and Burstein,' where the emission
or absorption of phonons gives rise to line broaden-
ing, only contributes a broad, weak background on
which the peak is superimposed. Numerical esti-
mates®® of the zero-phonon “‘lifetime broadening”’
and the one-phonon process indicate that for the

1s — 2p, transition at 0 K the height of the peak for
the zero-phonon process is about 10° times larger
than that for the one-phonon process while the full
width at half maximum for the one-phonon process
is ~10? times larger than that for the zero-phonon
process. In the light of these considerations the mea-
sured half width at 0 K arises from the broadening
caused by the “lifetime effect.”” It would be interest-
ing to study the shape of the line close to the base as
a function of temperature with a signal-to-noise ratio
of better than 10°.

Taking into account the zero-phonon ‘‘lifetime’’
broadening the linewidths estimated*® for the 2p,,
2p+, and 3p + lines are less than 0.02, 0.01, and
about 0.01 meV, respectively. The characteristic
temperature above which the linewidth begins to in-
crease as a function of temperature is greater than 35
K for donors in Si. Thus, at the temperature at
which the measurements presented in this paper were
made, the effect of temperature can be neglected.
Hence the observed linewidths would then reflect the
“lifetime broadening.”’

Resonant interaction between phonons and impuri-
ty states has been reported to cause anomalous

broadening of certain excitation lines of gallium ac-
ceptors, Si(Ga),*? and bismuth donors, Si(Bi),*7 in
silicon. The chemical shift of the ground state place
the excitation spectra of these impurities in the ener-
gy range of the optical phonons of the host; the in-
teraction of line 2 of the gallium acceptor in silicon
with the zone center optical phonon (Fwy=64.8
meV) gives rise to two mixed states. On applying
uniaxial stress, the stress-induced components can be
tuned out of resonance, with a resultant decrease in
the resonant interaction and the consequent sharpen-
ing of the excitation lines. The 2p, line of bismuth
donors in silicon was observed to have a width eight
times larger than that of the other prominent lines.
This has also been interpreted®’ as due to an interac-
tion between the donor electron and the optical pho-
nons of the energy of the 2p, transition and with
wave vectors approximately in the (110) direction.
When uniaxial stress was used to ‘‘switch off”’ the
interaction, sharp lines corresponding to 1s(4,)
—2po(=) and 1s(4;) — 2po(+) were observed;
2po(—) and 2po(+) originate due to the regrouping
of the conduction band minima along (100).

(ii) Electric field broadening. Consider an electron
bound to a shallow impurity. The potential energy
due to the interaction of the charge carrier with all
ionized impurities in the crystal, V' (T), evaluated at
a point T near the neutral donor can be written as*

e.

vV =5

=28 7
oo ]
_ r
w3 2 |k l

xYI:t(gh ¢i) Ylm(O’ ¢) »
(D

where ¢; denotes the charge on the /th impurity ion,
R;, 6;, ¢; its position in spherical coordinates, and

r, 8, ¢ are the sperhical coordinates of T. For /=0
Eq. (1) reduces to 3, e;/xR; which is the potential
evaluated at the donor center T =0. This term shifts
all the levels of the neutral donor up or down by the
same amount and therefore leaves the transition en-
ergies unchanged.

The / =1 terms reduce to —E(0) - T where E(0) is
the electric field associated with the potentxal V(r)
also evaluated at the donor center, T =0. Physically
this term produces the Stark effect. For weak electric
fields the general formula for bound-state energy lev-
els with quantum numbers n, m, n,, and n, is*!

E§=-

e 3
3 +7n(n1—n2)eEa0
Zaon

13 ad[17n2=3(n,—ny)2=9m? +19]

4o, (2)
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where n is the principal quantum number and m is
the magnetic quantum number for the component of
the orbital angular momentum along the electric field
direction, ay is the effective Bohr radius, and »n, and
n, are integers greater than or equal to zero which
obey

n=n+n+|ml+1 . 3)

In Eq. (2) the second term, proportional to the elec-
tric field, is the linear Stark term; the term propor-
tional to E? leads to the quadratic Stark shift. These
perturbations introduce shifts in infinitely sharp tran-
sitions. In the case of donors and acceptors we are
always sampling large numbers of them and, in gen-
eral, the electric fields vary from donor to donor ac-
cording to a more or less random spatial distribution
of charged impurities producing these fields. The-
shift in the energy levels due to the Stark effect will
vary from one donor to another. Thus the net ab-
sorption spectrum, observed in the infrared, is a su-
perposition of a large number of sharp absorption
lines centered at different frequencies. This leads to
a broadening of the transition and the peak position
and shape of the absorption line will then reflect the
statistical distribution of the electric fields. To esti-
mate the magnitude of the broadening resulting from
the Stark effect we can define an average electric
field E created by an ion at the donor site to be

E=S =2\, “)
Kr K
where 7 is the mean distance between the ions and N,
is their concentration. Thus for a simple hydrogenic
system the ratio of the linear to the quadratic Stark
effect is =10~/ (N,;ad )¥? for the 3p orbit; even for
N; = 10'% cm™ this ratio is greater than one. Howev-
er, donors in silicon are not simple hydrogenic sys-
tems in that the levels with the same » quantum
number and different azimuthal quantum number, /,
are not degenerate. Hence we do not expect signifi-
cant linear Stark broadening of the 2p, 3p,. . . levels.
As can be seen from Eq. (2) the quadratic Stark ef-
fect, for a given electric field, shifts the line to the
lower energy side; with a random spatial distribution
of charges the line shape would be asymmetric pro-
ducing a tail towards the lower energy side.

The third term in the multipole expansion [Eq.
(1)1, the quadrupole term, can be shown to contain
terms that are linear in the electric field gradients.* 42
The broadening due to this effect has been estimat-
ed’ to be of the order of (e%ad/«)Nj;; this becomes
comparable to the broadening expected due to qua-
dratic Stark broadening,’ which is ~(e2ag /)N,
when the concentration of charged defects is about
101 cm™3.

(iii) Concentration broadening. On increasing the
concentration of impurities the resulting overlap of
the wave functions gives rise to a broadening of the

various energy levels. Baltensperger’s® calculations
of the 1s, 25, 2p bands for a lattice of hydrogenlike
impurities show that the broadening of the ‘‘hydro-
genic’’ lines becomes important when

ry=6na, , (5)

where # is the principal quantum number of the lev-
el, ay is the effective Bohr radius of the bound car-
rier in a crystal with dielectric constant «, and s is
defined by

Emrd=1/N, ©)

N; being the impurity concentration. As we shall
show below the half-width of the 2p, line does not
change when the donor concentration is increased
from 1.2 x 10" cm™ (Fig. 1) to 2 x 10" cm™ (Fig.
10) indicating that the broadening due to the overlap
of wave functions, concentration broadening, does
not contribute to the observed linewidth up to at least
2 x 1015 cm™ donor atoms. Experimental data of
Newman® on the line spectra of acceptors in silicon
demonstrated that the lines begin to broaden when
the acceptor concentration is ~10'® cm™. This is in
close agreement with the theoretical value obtained
from Eq. (5). However, this does not agree with the
data obtained by Colbow** which showed that con-
centration broadening starts below 1.2 x 105 cm™3 for
boron acceptors in silicon; this disagreement with
Baltensperger’s theory* was explained by considering
a random distribution of impurities as opposed to a
regular spacing of impurities in Baltensperger’s calcu-
lations. The discrepancy between the data of New-
man® and Colbow** was attributed by the latter to the
neglect of instrumental broadening by the former.

(iv) Other broadening mechanisms. Besides the
donors and acceptors that are present in a semicon-
ductor, some electrically inactive impurities (EII),
i.e., impurities which do not give rise to any level in
the energy gap can also be present. For example, in
floating zone silicon, oxygen and carbon, both of
which are electrically inactive impurities, typically oc-
cur’ with concentrations between 10'° and 5 x 10!6
cm™3. The presence of these impurities can cause
line broadening. The various mechanisms considered
in this context are>* (a) the random strain due to
the presence of the impurity resulting in a broadening
which is estimated to be ~e?a’?Ngy; where a’ is the
lattice parameter and Ny is the concentration of the
electrically inactive impurities, (b) the local potential
of the EII which perturbs the quantum state of the
electron or hole, and (c) Stark broadening due to the
multipole moments associated with the EII. In sili-
con, with Ng;=10'® cm™3, the broadening expected
from (a) and (b) is ~0.005 meV. The Stark
broadening (c) is an order of magnitude smaller.

The presence of dislocations in-a crystal can also
result in the broadening of the donor lines. These
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FIG. 10. Annealing of defects produced during the NTD process. The concentration of phosphorus generated is ~2 x 10!5
cm™3. (a) Before annealing. (b) After annealing for 2 h at 650°C. (c) After further annealing for 1 h at 800°C. The spectra
were recorded using liquid helium as a coolant. The 2p 4+ line has been truncated because, with the thickness of the sample
used, the. transmission approaches zero at the peak. The instrumental resolution is 0.06 cm™! without apodization.

dislocations are expected to give rise to internal
strains with magnitude given by* ~n'2 x 10~% where
n is the number of dislocation lines per cm?. The
shifts in the conduction band minima and hence the
broadening of the excited states which follow them
are ~n2x10"7 eV=n2x10"* meV. From the
half-widths reported we estimate that the samples
used in the present investigation have less than 10*
dislocation lines per cm?. This is consistent with the
fact that, with the present state of art of silicon crys-
tal growth, typical dislocation densities observed*’ for
float zone silicon are 10* to 10° cm™ and 103 to 10*
cm™? for crucible-grown silicon.

In order to study the influence of the various
broadening mechanisms discussed above it is essen-
tial to establish the minimum linewidth characteristic
of a pure crystal and low temperatures. Thus one
must clearly start with well-characterized samples. In
this context it is important to estimate the concentra-
tion of charged impurities present even in a ‘‘pure’’
sample as a result of unavoidable compensation. As
was estimated above, the concentration of charges
present in the so-called hyperpure silicon sample as a

result of compensation of phosphorus donors with
some acceptor impurities is ~10!> cm™3. The contri-
bution to the linewidths due to the electric field pro-
duced by these compensated impurities is estimated
to be less than 4 x 107* meV. Using the technique of
neutron transmutation doping, phosphorus donors
with a concentration of ~2x 10! cm™ were generat-
ed in such a silicon sample. From Table III it can be
seen that Wy, for 2p, and 3p + lines are 0.025 and
0.028 meV, respectively, two orders of magnitude
larger than the estimated W, due to the electric
fields produced by charged impurities with a concen-
tration of ~10' cm™. Thus contribution to the
linewidths reported in Table III arising from electric
field broadening due to ionized impurities can be
neglected. Also, in view of the low temperatures at
which the spectra were recorded, phonon broadening
is unimportant. Thus the observed Wy, can be attri-
buted to the ‘‘lifetime broadening’’ discussed earlier.
Indeed, the values in Table III are consistent with the
estimates of Barrie and Nishikawa®® quoted earlier.
The effect of charged defects on the linewidths and
line shapes of the excitation spectrum of donors in
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silicon can be conveniently studied using neutron
transmutation doped silicon. Prior to any annealing
there is considerable radiation damage produced by
the fast neutron component of the neutron flux and
the displacement of the phosphorus produced by the
neutron transmutation process. It is well known!% 48
that neutron irradiation of silicon produces defects
which are effective in trapping carriers and that such
defects exhibit a characteristic annealing behavior.
Figure 10(a) shows the spectrum of a sample®’
irradiated with a neutron flux of 1.1 x 10%
neutrons/cm?sec for 30.6 h. The phosphorus added
to the sample is estimated to be 2 x 10'* cm™. The
ratio of fast to slow neutrons being 1:10, we expect
~10%° cm™ defects to be produced by the fast neu-
trons.*® 4 1t is clear that the presence of these defects
has compensated all the phosphorus donors and con-
sequently the excitation spectrum is not seen. The
sample was then annealed in an atmosphere of flow-
ing helium for 2 h at 650°C. Figure 10(b) shows the
spectrum after this annealing. The 2p,, 2p +, 3P,
and 3p + lines are clearly observed in the spectrum
whereas the 4p + and 5p + lines cannot be separated
from the background. The 2p, line has a Wy, of
~0.025 meV whereas the 3p, and 3p + lines are
broad and asymmetric. An explanation for this
broadening is presented below. Figure 10(c) shows
the spectrum after the sample was further annealed
for 1 h at 800°C. The 3p, and 3p + lines became
narrower and the 4p + and Sp + lines could now be
clearly distinguished from the background. Within
experimental errors, the intensity and Wy, of the 2p,
line remained the same after the first anneal, indicat-
ing that the same number of donors are responsible
for the transitions in Figs. 10(b) and 10(c). Figure
11 compares the 3p + line after the two anneals.

The broadening of the 3p + line observed in Fig.
10(b) can be attributed to the effect of charged de-
fects on the energy levels. The quadratic Stark
broadening and the quadrupole broadening have been
estimated® to be of the order of (e2ad/x)N;*? and
(e?ad /k)N;, respectively. The quadratic Stark
broadening affects the line asymmetrically producing
a tail towards the lower energy side.** From Fig.
11(b) we obtain for the 3p+ line a Wy, of 0.1 meV,
Charged defects having a concentration of ~10!5
cm™> can account for this broadening and the line
shape. Due to the difference in the radii of 2p and
3p orbits, the effect of Stark and quadrupole broaden-
ing on the 2p, line is approximately five times small-
er than that on the 3p+ line. This is in qualitative
agreement with Fig. 10(b). Since the 4p and 5p or-
bits are larger than the 3p orbit, the Stark and quad-
rupole broadening are even larger and estimated to
be ~0.5 meV for the 4p+ and Sp+ lines. As can be
seen from Fig. 10(c) the absorption coefficient at the
peak of the 4p+ line is ~25 cm™! and the
W2~ 0.025 meV. Since the same number of

(b)
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FIG. 11. Comparison of the 3p + line during successive
annealings. (a) First annealing: annealed at 650 °C for 2 h.
(b) Second annealing: annealed at 650 °C for 2 h and 800°C
for 1 h. The spectra were recorded using liquid helium as
coolant.

donors contribute to the spectrum in Figs. 10(b) and
10(c), the 4p + lines would have been identical in
both cases had there been no broadening. If the
W\, of the 4p + line is increased from 0.025 to 0.2
meV, i.e., by a factor of 8, the absorption coefficient
at the peak should decrease by about the same factor.
This would then make it difficult to separate the 4p +
line from the background and hence its absence in
Fig. 10(b) can be understood.

An ingenious method of introducing controlled
quantities of charged impurities in silicon is the intro-
duction of phosphorus by neutron transmutation into
a p-type sample. If the amount of phosphorus intro-
duced is greater than the acceptors already present,
the excitation spectrum of phosphorus donors in the
presence of a known number of charged impurities
produced by compensation can be studied.” Figure
12(a) shows the excitation spectrum of one such
sample before annealing. Phosphorus was generated
by neutron transmutation doping in a silicon sample
in which ~1.5 x 10’5 cm™ boron acceptors were
present. The concentration of phosphorus introduced
is ~2.45x 10" cm™. Thus one expects ~1 x 10!
cm™ neutral phosphorus donors to be present in an
environment which has 3 x 10'® cm™3 charged im-
purities. Of course, before any annealing, the pres-
ence of defects due to radiation damage compensates
the phosphorus donors entirely and consequently the
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FIG. 12. Excitation spectra of 2.45 x 10!* cm™ phosphorus donors introduced by neutron transmutation doping in a silicon
sample with ~1.5 x 1013 cm™3 boron acceptors. (a) Before annealing. (b) After annealing for 2 h at 800°C. The inset shows
the 2p, line on an expanded horizontal scale. The spectra were recorded using liquid helium as coolant. The ‘‘channel spectra™

arises due to an insufficient wedge on the sample.

characteristic phosphorus spectrum is not seen. Fig-
ure 12(b) shows the spectrum of the sample after the
800 °C annealing for 2 h in an atmosphere of flowing
helium. Only the 2p, and 2p + lines can now be seen.
Further, they exhibit a pronounced asymmetric tail
towards the lower energy region; the inset in Fig.
12(b) clearly shows this asymmetry for the 2p, line.
On annealing further at 800 °C for 2 h the W, of

the lines do not change appreciably. The lines are
still asymmetric although they are more symmetric
than after the first annealing as can be seen in Fig.
13. A possible explanation for the decrease in the
asymmetry without an appreciable decrease in W, is
that the second annealing reduces the number of
charged impurities. Since the quadratic Stark
broadening is «N;*? whereas the quadrupole

(a)

o
T

2
—

(b)

(e}
T

absorption coefficient (cm-!')
0

Il

1 1 1 1
3375 340 3425

I 1 1 1 1
3875 390 3925

photon energy (meV)

FIG. 13. 2p, and 2p 4+ lines during successive annealings of the NTD sample used in Fig. 12. (a) 2p, after annealing for 2 h
at 800°C. (b) 2p after annealing at 800°C for 4 h. (c) 2p 4+ after annealing at 800 °C for 4 h.
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FIG. 14. Comparison of excitation spectra of phosphorus introduced in silicon during crystal growth (conventional doping)
and neutron transmutation doping. (a) Conventionally doped silicon with a donor concentration of ~4 x 105 cm™3. (b) Neu-
tron transmutation doped silicon with a donor concentration of ~2 x 105 cm™3,

broadening is «N; we expect the quadratic Stark produce observable quadratic Stark broadening of the
broadening to decrease faster than the quadrupole 2p lines and to wipe out the 3p and higher lying lines.
broadening with decreasing N;; the asymmetry of the In Fig. 14(a) the excitation spectrum of a conven-
line is associated with the quadratic Stark broadening. tionally doped sample having a phosphorus concen-
The W, for the 2p, and 2p + are ~0.06 and 0.15 tration ~4 X 10'* cm™ is shown. For comparison, we
meV, respectively, significantly larger than the values show in Fig. 14(b) the spectrum of a sample with
quoted in Table III. Thus we note that a concentra- 2 x 10'° phosphorus donors generated by neutron
tion of charged defects ~3 x 10'* cm™ is sufficient to transmutation doping. As can be seen in Fig. 14(a),
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FIG. 15. Excitation spectrum of arsenic donors in silicon with a donor concentration of 2 x 10'4 cm™3.

as a coolant.

Liquid helium is used
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FIG. 16. Excitation spectrum of boron acceptors in silicon. Concentration of acceptors is 8.5 x 10'* em™3. The Si(P) lincs are
labeled ‘P’ in parentheses. Lines 1, 2, 4 are truncated because, with the thickness of the sample used, the transmission ap-
proaches zero at the peak. Liquid helium used as coolant.

the Sp + line is rather broad with a W, estimated to during the crystal growth is shown in Fig. 15. This
be ~0.15 meV. Such a broadening can be produced figure shows the spectrum of arsenic donors, the
by the presence of ~4 x 10'* cm™ ionized impurities. donor concentration being 2 X 104 cm™3. The ab-
Also the 3p + line exhibits pronounced asymmetry sence of lines beyond 3p + is a striking feature in this
with a Wy, ~0.05 meV. An interesting illustration spectrum; also the lines are rather broad. The W,
of the broadening of lines due to defects introduced of the 2p, line is estimated to be ~0.1 meV, a factor
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FIG. 17. Lines 1, 2, 4, 44, of Si(B) shown on an expanded horizontal scale. The sample used is the same as that in Fig. 16
but with reduced thickness. Liquid helium used as coolant.
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of § larger than the values reported in Table III. The
defects responsible for these broad lines could be va-
cancies, interstitials, dislocations formed during the
growth, and other ionized or unionized impurities.
Annealing the sample at 800 °C for 2 h.in an atmo-
sphere of flowing helium did not, however, change
the linewidth.

The present study has demonstrated the effect on
the line shapes and widths caused by charged defects
even at dilute concentrations. It is of interest to ex-
tend such studies to the onset of concentration
broadening and establish impurity banding effects.> >
Also such linewidth and line shape studies on accep-
tors should yield interesting information. Our pre-
liminary investigation of the excitation spectrum of
boron acceptor in silicon indicates that the various
lines do not have the same W,;,. For example, Fig.
16 shows the excitation spectrum of 8.5 x 10'4 cm™3
boron acceptors in silicon. Besides the expected
boron lines we also see the 2p, and 2p + lines of
Si(P). These occur because in the spectrometer radi-
ation with energy larger than the band gap of silicon
falls on the sample and some of the residual phos-
phorus gets deionized as a result of charge exchange
between the acceptors and donors.’! When a black
polyethene filter was placed before the sample to
block the shorter wavelengths, these phosphorus
lines disappeared. From the measurements shown in
Figs. 16 and 17 we obtain W,;,’s of 0.059, 0.105,
0.063, 0.037, 0.061, 0.066, and 0.038 meV for lines
1,2, 3,4, 4B, 44, and 6, respectively.? The W, of
the 2p + line of Si(P) seen in the same spectrum is
0.03 meV. The variation in Wy, of the various lines
of Si(B) are clearly of further interest.

IV. CONCLUDING REMARKS

In the present investigation we established what ap-
pear to be the true linewidths of the excitation lines
in the Lyman spectra of the shallow donors in Si. In
view of the importance of this information a further
study with a significantly higher resolution is clearly
of interest. In the work reported in the present paper
the influence of charged defects on linewidths and
line shapes has been unambiguously demonstrated.
In this connection we wish to draw attention to the
report of Nisida et al.>> who have studied the effects
of electron irradiation on the donor spectra in ger-
manium; in this short note they showed the preferen-
tial disappearance of excitation lines corresponding to

transitions to higher orbits.

We have not observed the effect on linewidths due
to the electrically inactive oxygen impurities in
crucible-grown silicon, presumably due to its insuffi-
cient concentration. In this connection the work of
Artjemenko et al.* is of particular significance; these
authors observed splittings in the gallium excitation
lines in Ge in the presence of a large substitutional
barium in its immediate vicinity. Such investigations
in the donor spectra would be of great interest, e.g.,
the influence of the sizes of two donor species like Bi
and Li simultaneously present in Si could demon-
strate such effects.

There has always been a strong interest in the ef-
fects arising from overlap of wave functions as the
donor concentration is increased; starting with the
formation of molecular species which are analogs of
H; molecule, band formation is a phenomenon of
basic interest. The investigations of Newman?® on the
excitation spectra of acceptors in Si, of Imatake>* on
donors in Ge, and of Carter et al.** on donors in Si
and CdTe are of particular interest in this context.
The electronic Raman spectra of donor impurities in-
volving the ground-state multiplet in the concentra-
tion range where the metal-insulator transition occurs
have been reported for Si by Jain et al.%¢ and for Ge
by Doehler et al.’ Capizzi er al.’® havé recently re-
ported the spectra of Si(P) in the concentration range
of 2 x10' to 2 x 10'7 cm™ where they found evi-
dence for the formation of donor-pair bonds. It
would be worthwhile to extend our measurements
covering the concentration range from the very dilute
to the onset of the metal-insulator transition. Pho-
tothermal ionization technique should prove particu-
larly useful in this connection. Such studies would
be simplified when carried out under very high
uniaxial stress with compressive force along [001]
since only the conduction band valleys along [001]
and [00T] will be involved in the description of the
impurity states.
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