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Spectroscopy and piezospectroscopy of the Lyman transitions
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A spectroscopic investigation has been made ofpthgand p,, transitions and the bound hole associated
Fano resonances of indium in silicon. Accurate values have been obtained for the transition energies of many
lines. The parameters characterizing the Fano resonances have been determined and the behavior of the Fano
resonances under uniaxial stress has been studied. The Fano resonances show a stress splitting similar to that
of their p3, counterparts. Detailed piezospectroscopic data for the lines 1, 2, 3,42@t, and 3’ under
(111), (110), and(100 compression permit a more accurate determination of deformation potential constants
than previously obtainedwith some significant differencgsand the determination of some previously un-
known deformation potential constanf$0163-182@06)04027-1

I. INTRODUCTION served in this investigation. Fano resonances have also been
observ%dllin the photoconductivity spectrum of indium in
Substitutional group IIl acceptors in silicon, such as in-silicon.™"" The shapes of the features in photoconductivity
dium, bind one hole and produce a solid-state analog of th@re rather different from those seen in absorption due to dif-

hydrogen atom. For indium impurity, three main series offerences in the mechanisms governing the resonant process

; A2
excitations can be observed in the mid-infrared spectral rez—ind Its det?‘?t'o']‘- . . .
Calculations of the energies of shallow acceptors in semi-

gion 140-220 meV. Theg, series originates in ransitions ¢, ,¢ors have been carried out within the framework of
from the hole ground state to bound states associated Willhe effective-mass approximation. Baldereschi and Lipari
thej=3/2 valence band. The,, series comprises transitions separated the Hamiltonian into a spherical téramd a cubic
from the hole ground state to bound states associated witfarm'* to assist in the calculation and the interpretation of the
the j =1/2 valence band; these transitions are in resonancesults. Further work by Baldereschi and co-workers has re-
with the p, photoionization continuum. The ionization lim- fined and extended this approdch'® Similar variational

its of these two Lyman series differ by the spin-orbit split-off calculations gave been undertaken by BucZlkemd Buczko
band spacing of- 44 meV. The Fano series arises from com-and Bassarfi” Polupanov and others have developed a non-
pound states involving a bound hole to bound hlg tran- varlatlonal_ method of solving the Hamiltonidh:?” The
sition and a phonon. This series is separated in energy froffoSt detalled results from each of these approaches have

. . . _yielded oscillator strengths, as well as energies, for group Il
the p3j, series by the energy of the silicon zone-center Opt'caghallow impurities in 8%8‘3%0 calculations specifically for

phononfwey of ~64 mev. o indium impurity have been reported to our knowledge.
Early experimental investigations of th®y, excitation  Group theoretical techniques have been used to determine
spectra of group Il impurities in silicdrf demonstrated the  the effect of deformations on cubic crystals in genétalnd
correspondence of excited-state energy levels and the chengin impurities thereif:>2~34The relative intensities of transi-
cal shift in the ground states between different species — th#tons between states of the relevant symmetries have been
larger the acceptor atom, the higher the ionization energydetermined. Numerical calculations of the deformation po-
Both thep,, series, first observed for boron in silicdmnd  tential constants of some acceptor states in silicon and ger-
the py, Series have now been studied at high resolutiormanium have been carried out by BucZRo.
yielding very rich spectr&-® Piezospectroscopic investiga-  In this investigation, the use of some samples with low
tions of theps, andp,, spectra of indiun{and other accep- concentrations of indium and h|gher-resolu7t|on measure-
tors) in silicon have been carried out by Onton, Fisher, andments than those employed in previous stuitfigwave per-
Ramda& and Chandrasekhaet al’ Their systematic work mitted more _detalled piezospectra to be_ obfcalned. This has
has contributed largely to the present understanding of thallowed clarification of some of the ambiguities and a more

energies, symmetries, and stress behaviors of the ground afcuraté determination of the deformation potenu%I:ﬁ,con-
lower excited states of indium in silicon. stants. Using an analytical method described previotrsly,

The interference of a discrete energy level with a con—the parametefsy, T', andf have been determined for some

tinuum of levels results in an asymmetric spectroscopic feg0f the Fano resonances. Piezospectroscopic observations on

ture known as a Fano resonarideano resonances have beenthe Fano resonances have been_ m"’?de in Fh_is impurity system.
observed for both donors and acceptors in both silicon an&aOOd correlation with thepg, series is exhibited.

germanium. In the absor_ption spectrum of in_dium in silicon, Il. EXPERIMENTAL PROCEDURES

Fano resonances were first reported by Bhakiaf the spec-

trum shown in that work has not been reproduced in later The indium-doped silicon samples used in this investiga-
similar measuremerifs and differs from the features ob- tion had room-temperature carrier concentrations in the
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FIG. 1. Unperturbed spectrum of(8i), showingps,, p1., and FIG. 2. Details of the high-energy portion of the unperturbed

Fano series. The coolant used was liquid helium. Room-temperature,, series of Fig. 1.
carrier concentration was 6x 10*° cm™3,

with transitions from the ground state to the final states

range~5x 10" to ~2x 10® cm 3. Two samples were pre- 175, 2y, and 5 ,* respectively.

pared from a float zone silicon crystahgot 41-611N and The triplet structure of line 4 is evident in Fig. 2. Lines
another two from a crucible grown bou(ggot 2789 (see

- ; . 4A and 8B are unresolved due to their intrinsic width. This
Sec. V). Liquid hell|um was used as the coolant. Abs.orpt'onasymmetric doublet has been resolved by curve fitting by

) "SCovington, Harris, and Sptyand Tardella and PajétBoth
form infrared spectrometer. All spectra were measured usingy ,dies found the separation of the doublet to be 0.9 &m

a mirror travel of 2.5 cm, giving an unapodized resolution of .0 - ve  fittin .
- ; T g to the present spectrum vyields 0.99
0.15 cm ! (~19 peV). The widths of the absorption lines +0.10 cm ! (0.12+0.01 me\. Similarly, the energy sepa-

are such that the use of th_e h?ghest res_olution of the SPegainn of the closely spaced lines 6 and @vas determined
trometer -2 ueV) was not justified. It might be noted that here by curve fitting to be 0.670.20 cni ! (0.08+0.02

the py, lines of group 1l acceptors in s.ilicon. _are_signifi- meV). The main uncertainty in the present values comes
cantly broader than are those for these impurities in germag., ' the slightly asymmetric line shapes

nium; the reason for this is not known. Uniaxial compression o closely spaced structure of line 4 is similar to, al-

was applied to the samples by employing ca_hbr_ated lea hough not precisely of the same origin as, the structure of
weights. Details of the low-temperature quantitative SreS§ne C of acceptors in germaniufa?? In silicon, the pres-

cryostat and the mounting technique have been describgdhce of the triplet is rather atypical because of the strong
elsewhere band warpingf® The final states of the transitions contribut-
ing to this triplet structure in silicon are predicted by theory
Ill. ZERO STRESS SPECTRA to be Ty, 1I';, and 45 .22 The 45 state is com-

The optical absorption spectrum of indium in silicon in Monly calculated as having the smallest binding energy of
the region 140—220 meV is shown in Fig. 1. In the spectrunih® three and is assigned to the final state of tBetéansi-
can be seen, in order of increasing energy, an oxygen vibrdlon- Howgver, there is a dlffe[ence in the prec_ilcted order of
tional band (141 me\}, the ps, series (-142—-156 mey,  the energies of thells and T'; states depending upon the
the py, series (-194—198 meY, and the Fano resonances calculation. Binggeli and Baldereséhicalculated the bind-
(~203-220 meV. Figure 2 displays an enlarged portion of ing energy of the Iy state to be almost equal to but slightly
the p, spectrum. In Figs. 1 and 2 thmy, excitation lines larger than that of the I1; state; the opposite ordering is
are labeled in order of increasing energy following the nota-given by Buczko and Bassaffiand by Beinikhest al*
tion of Onton, Fisher, and Ramdawhile the p,;, spectral The difference, as calculated by various workers, in the
lines are labeled using the notation of zWerdliagal? The predicted intensities of the optical transitions from the
Fano series is separated in energy from the assocjaged ground state to these final states is large. The ratios of the
series by 64.35 meV, the energy of the zone-center opticdine intensities of the three components 4,4and 48 have
phonon in silicort® as indicated in Fig. 1. been given as 100:92:3Ref. 28 and as 11:22:8° From

The ps, and py, Spectra are essentially similar to those curve fitting to the spectrum of Fig. 2, the ratios 100:89:49
reported previously:® the spectrum of Pajat al®is slightly ~ have been obtained, which are closer to those of Binggeli
superior to the present one. The measured energies for tiaad BalderescH No firm experimental conclusion can be
various states are given in Table I. drawn from the unperturbed spectrum for the symmetry as-

Also given in Table | are the assigned symmetry labelssignment of these states. This ambiguity will be resolved
which will be discussed later in greater detail with referencdater in considering the behavior of the transitions under an
to the stress behavior of the transitions; some of these labepplied stress.
are given in Fig. 2. The first three lines, which are given the Line 5 is unambiguously associated with thEg5final
experimental labels 1, 2, and 3, are unambiguously identifiedtate. Theory predicts two closely spaced states next, viz.,
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TABLE |. Experimental and theoretical energigs meV) of indium in silicon. The data are correlated
with the final stategcolumn 4, which are given in the order of their energy as calculated in Ref. 29.

Transitions Final states
Energies Energies
This Theory This Theory This
Label worké Ref. 6 Label Ref. 29 work Ref. 30 work
1 142.023 142.04 1y —15.63 —15.60 —15.79 —14.95
2 145.791 145.81 2y —11.54 —-11.59 —11.48 —11.18
3 149.787 149.81 3l -7.35 —-7.34 —-7.24 -7.19
4 150.809 150.83 - —6.08 -6.25 -6.23 -6.17
4A 151.083 151.11 1y —5.98 —-5.96 —6.18 —5.89
4B 151.21 151.18 ary -5.86 —-5.83 —-5.95 —-5.76
5 152.785 152.81 5I'g —4.17 —-4.15 —4.24 —-4.19
153.32 2y —-3.70 -3.81
6 153.29 6l'g —3.63 —3.62 —-3.84 —3.69
6A 153.38 153.40 ar; —3.50 —-3.52 —3.62 —3.60
7 153.645 153.67 Mg —-3.24 —3.24 —-3.33 —-3.33
8 153.99 154.01 g —2.88 —2.87 -2.97 —2.98
3r; —2.86 —3.07
154.208 8l'y —2.66 —2.64 —2.85 —-2.77
154.23 ag —2.43 —-2.70
154.23 are —-2.43 —-2.77
154.47 154.01 ar; -2.35 -2.36 —2.88 -251
154.46 100y —-2.29 —-2.61
154.72 11Ty -2.12 -2.10 —2.44 -2.26
5I'g -1.96 —-2.41
12y -1.91 -2.36
154.94 154,51 5I'; —-1.87 —1.86 —2.50 —2.04
154.74 13rg —-1.85 —-2.17
154.89 6l'g —-1.76 —-2.07
154.96 6l'; —-2.04
155.04 14ry —-1.95
155.13 me -1.93
155.13 m —-1.92
150 —1.88
155.21 ar- —1.68
155.35 16l'g —-1.61
155.46 a, —-155
1My —-1.53
155.51 155.51 18Iy -1.26 —1.44 —1.47
155.71 190 -1.35
2p’ 194.08
3p’ 197.12
4p’ 198.20

8 rror is estimated to be: 0.006 meV for energies given to 3 decimal places ar@01 for those given to
two decimal places.

bCalculated using Eq(1).

Calculated using the method of Ref. 6, namely, fixing the energy of line 7 te 183 meV.

2I'; and @5 . Pajotet al® associate line 6 with thelZ state, namely;- 3.70 meV. Taking into account also that the
final state. The present transition energy for line 6, 153.2d@scillator strength of the former state is greater than that of
method for obtaining energies of states from transition eneranother recent calculatidh indicates the opposite the

gies will be described belowwhich lies closer to that of the Present data suggest line 6 should be associated with the 6
6l'g state, namely;-3.63 meV, than it does to that ofl I'g final state, although this conclusion is not definite.
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TABLE ll. lonization energiegin meV) of group Il acceptors

G. PIAO, R. A. LEWIS, AND P. FISHER

. L 8 T
in silicon.
Si(In)
B Al Ga In 41-611N-B
Ref. 54 45,71 70.18 74.05 156.90 6 B
Ref. 17 45.83 70.42 74.16 156.94 -
Ref. 5 44.39 69.03 72.73 155.58 'g
Ref. 6 45.73 70.44 74.12 156.98 F
This worlé 45.59 70.66 74.27 156.69 £
D 4 —
<
3 2
&The experimental transition energies used in this work are from g
Ref. 46 for S{B) and from Ref. 5 for Al) and S{Ga). §' 4
2 4A
=
<
The recent experimenfaand theoreticaf~3° work con- o oo i
curs with the present identification of the lines labeléd &, 2 4B
and 8 with transitions to final state§'2, 7', and 3¢, 1
respectively. The final states corresponding to the next four 3
lines, of transition energies 154.21, 154.47, 154.72, and | | |

154.94 meV, are not certain, but are tentatively assigned here w0 145 150 155
to be 83, 4I';, 11I'g, and 9°;, respectively. The iden-
tification of the second and fourth of these lines is estab-
lished on the basis of oscillator strength as well as energy g 3. Theps;, and Fano series of the spectrum of Fig. 1. The
and must be regarded as being more certain than the identiyper trace, showing the Fano resonances, has been shifted down in
fication of the first and third of these lines. In contrast, Pajotenergy by the optical phonon energy, 64.35 meV, and the ordinate
et al® associate these four transitions with the statEg 9  scaled up by a factor of 20.

10I'g, 13y, and @', respectively. The final line ob-

served in the present experiments, having an energy Gfherehy and e are the experimental transition energy and
155.51 meV, has a binding energy beyond those calculateghe theoretical energy of the corresponding final state, re-
by Buczko and Bassaff,Pajotet al® identify this transition  gpectively, measured in meV. The values of the experimental
with the final state 1Bg . energies of the final states given in the sixth column of Table

Three transitions of thpy, series, namely, @', 3p’, and | were determined using E@1) and the observed transition
4p’, can be seen in Fig. 1. Because of their interaction withenergies.
the ps;, continuum, these transitions appear as broad and |t might be noted that the absorption spectrum of the
asymmetric features, and so they should be properly classp,,, series for a sample with a 50% greater indium concen-
fied as Fano resonancéut, of course, are distinct from tration than that of the sample of Fig. 1 cut from the crucible-
those associated with thy, series. Comparing the present grown ingot(2789 shows two oxygen vibronic bands. One
data with those of other group Il acceptors, e.g., galfim is at 149.50 meV(to the low-energy side of line)3 the
and boroA in silicon, it can be seen that the spectral line so-called “8u" band;*’ the other(on the low-energy side of
shapes of thepy, transitions are less symmetric for the line 1) is the strong “Q” band.*’~*° Two other lines, both
deeper acceptor. very weak, have been found in tipg,, spectrum: at 150.40

In this investigation, 16 transitions of tpg,, series and 3 meV (to the low-energy side of line)4and at 151.72 meV
resonant transitions of thp,, series have been observed (to the high-energy side of lineB), and are here designated
(see Table )l The correlation between the observed transi-as X, and X,, respectively. The genuineness of these weak
tion energies and the calculated energies of the final states @fatures is confirmed by the fact that both split into two
the transitions is obtained in a manner similar to that giverbomponents undeQ‘lOO) Compression’ Showing a behavior
previously for zn  in germaniur® and for boron in  characteristic of electronic states. No transitions between
silicon® If a p|0t is made of the theoretical energies Ca|CU-StateS of the same parity have been observed in the absorp-
lated by Buczko and Bass&hifor boron and aluminum in  tion spectrum of group Il acceptors in silicon before. Some
silicon against the present experimental transition energies @ff the even parity excited states of bor¥ngallium>° and
indium in silicon using only the well-resolved low-energy indium'’ in silicon have been determined from two-hole
transitions havind'g final states, viz., lines 1, 2, 3, 5, and 7, transitions in bound exciton photoluminescence spectra. The
very good linear fits with gradients close to unity result, asenergy differences between the ground state and some even
was the case for Zn in germaniunf®*°Extrapolating these parity states, Pg , 3Ty, 4Ty, and '3 , have been given
fits to zero theoretical energy gives the ionization energyss 137.72- 0.5, 148.82-0.3, 152.46-0.3, and 154.350.3
€. The values so obtained are listed in Table II. Also listedmeV, respectively, for indium-doped silicdh.Comparing
for comparison, are the values ef as obtained from other these values with the energiesXf andX,, it is conjectured
work using different methods. The result of the linear fit for that these weak features relate to the transitions having final
the indium data gave the relation states B4 and 4'4 , respectively, but this identification is
not final.

Figure 3 presents the correlation between phg series

Photon energy (meV)

e=—(166.61+0.55 + (1.0633-0.0033hv, (1)
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TABLE Ill. Parameters for T and Z of Si(In). Units are meV, except fag, which is dimensionless.

Feature hvg hvg—fwep hyv? f q r
1F 206.16-0.01 141.80.1 142.02%0.006 —0.2=0.1 —0.85+0.02 1.16-0.03
2F 210.14+0.03 145.8:0.1 145.7910.006 0.6:0.1 —-0.86+0.04 1.1*0.06

#Experimental transition energy; see second column of Table I.

and the Fano series. The upper trace, showing the Fano restetailed stress behavior of transitions is given for lines
nances, has been shifted down by the zone-center opticap’, 3p’, and 4’ of the py, series, lines 1, 3, and 4 of the
phonon energy of 64.35 melRef. 39 and scaled up in the pg, series, and the Fano resonances. The first quantitative
ordinate by a factor of 20. The Fano resonance featufes 1measurements for the splitting of linep2 of In under

and 2 are well resolved and clearly related to lines 1 and 2(111), (110, and (100 compression have been made, as
of the p5, series. The Fano resonance associated with line &ell as the first quantitative observation of components 1.1,
is complicated by a smaller resonance on its high-energy.2, 2.4 and of lines 3, 4,4, and 8 under(111) and/or
side, which may relate tX; . It may be noted that the reso- (100 compression. In determining the deformation potential
nant strengths of land 2 are very similar, even though the constants, the elastic compliance coefficients given by*Hall
intensity of line 1 is much smaller than that of line 2; simi- have been used. The piezospectra for the transitions of line 5
larly, the intensities of lines 4 andMare much stronger than and higher lines in thes, series have also been obtained,
that of line 1 in theps, series, but the Fano resonances ofbut these are composed of very many relatively weak fea-
lines 4 and A are very weak compared td 1 These obser- tures. The details of these will not be presented or discussed
vations confirm that the resonance strength does not follovinere.

the oscillator strength of the parent transition and suggest

that the lower the energy of the excited state, i.e., the more A. Piezospectroscopy of the,, series

localized the wave function, the stronger the Fano resonance. ) L

This is in keeping with the optical phonon involved being _ 1N€ Stress behavior of th, series is simpler than that

produced locally in an environment where there is no centeP! the Pz series and so will be discussed first. Each line
of inversion, viz., the locale of the impurity, it being well splits into two under the application of stress and yields the

known that optical phonons cannot be excited singly in ground-state spli_tting direc;tly. Thg order of the sublev_els'of
crystal with a center of inversion such as silicon. This is alsg!€ ground state is determ|7ned uniquely from the polarization
the case regarding" and D in the spectra of zn in  features of thep,,; doublets. _
germaniunf® The “straight line” method developed In Fig. 4 are shown the piezospectra of thg, series
previously®® viz., determining the resonance position by theUnder(111), (110, and(100 compressive stresses of simi-
intercept of the resonant feature and the straight line joining®" Put slightly different magnitudes. The,,, spectra for

the maximum and minimum of the feature, has been em¢111 and for(110 compression show clearly the effect of
ployed to determine the parameters of the well-defined Fand{réss on the @', 3p’, and 4’ lines. The sample used for
resonances 1 and Z. In determininghvay, hvmy,, and (1000 compression was Ie:?‘; pure and gave a spectrum that
hve, and thus the values of T, andf, average values were Showed only the @ transition clearly. ForF|(111), the
taken from four spectra from four independent measurementdigh-energy components of thep2, 3p’, and 4 lines ap-

of two samples with different indium concentrations. ThePear for both polarizations, while the low-energy compo-
results are given in Table Ill. The shapes df and  are ~ nents are observed only fé, ; the intensity of each low-
very similar and so are their respective Fano parameters €Nnergy component decreases with stress, indicating that the
I', andf. In contrast, the first two Fano transitions of Zm

germanium,GF and DF, have quite dissimilar parameters 192 196

(see Table | of Ref. 35 even though the two bound hole e L e S B S Ea
transitions involved in the two materials correspond in that Ficiils Fic110> FI<1005
they are to the first two excited states, Vviz., Stress = Stress = Stress =

i _ 28.88 MPa 26.93 MPa 31.69 MPa
1I'g and 4 . It might be pointed out that in the case of 14— ; —
Zn~ in germanium the hole-phonon compound state interacts '
only with the pg,, continuum, while for indium in silicon, it
interacts with thep,, continuum as well.

An attempt was made to detect Fano resonances associ-
ated with thep,,, series, which are expected to occur at

~260 meV; no resonances were observed.

Absorption coefficient (cm'l)

Si(In) |

IV. EFFECT OF UNIAXIAL STRESS R I T IS S
192 196 192 196

Piezospectroscopic observations have been made with an Photon energy (meV)
applied forceF along either a111), (110, or (100 axis
and the electric vectoE of the radiation polarized either FIG. 4. Effect of(111), (110, and(100 compression on the
parallel( E|) or perpendiculaf E ) to F. In this section, the lines 2p’, 3p’, and 4'.
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TABLE IV. Comparison of deformation potential constants ob-
tained by theory and experiments for(I8). Units are eV.

@
0.8 Si(In) Fil<110>
gradient: 0.01491

06 Si(Iln) Si(In)
Theory? Previous worR This work

o b -1.39 —0.98+0.03 —0.46+0.03

0-29 ~0.58+0.09°
Z 0 i by -0.03 ~0 —0.70+0.19°
E o, b, 1.09 1.76- 0.10 1.09-0.03
2 Si(In) Fli<111> L0.8
= gradient: 0.01593 1.18+0.17¢
& H0.6 |bs] 0 0.91+0.10°
g,, oa do -4.17 —2.68+0.15 —2.21+0.04
g d, —1.84 —3.22+0.25 —1.84+0.11
:: 0.2 d, 2.04 3.54-0.25 1.82-0.03
I 0 ds -1.70 —1.53+0.05
=

©)

0.8 Si(In) Fil<100> ZReference 19.
06 gradient: 0.00892 Reference .7. .
“Values derived using Ed2).
0.4
021 compared with the above value bf deduced directly from
the splitting of the ' line under(100) compression. Both
R values ofby are approximately half the magnitude of the

value given by Chandrasekhar al,” which was determined
indirectly under the assumption of “stress isotropy” for the
o ground-state splitting. The different gradients of the stress

FIG. 5. Stress dependence of the splltt_lng qf thE 2ompo- splittings of the D’ components shown in Fig. 5 suggest
nents forF(|(111), (110, and(100). The straight lines shown rep- ¢ “stress isotropy” does not hold for indium in silicon.
resent least-squares fits. Under (110 compression, a similar pattern for the'2
final states of these transitions are eithﬂsapr al'; state. It \?vr;i ?bSZ?\l,Iggg?htg |t :v?/fe?nbet?gl;r;egolrjr?&é::rﬁscsp ap)rzgs;?n
can be seen from the observed polanzatlor) pattern that t.hI%r parallel polarization made their appearance only when
order of the subIeveIs_ of the ground state is that shf)wn Riresses above 50 MPa were applied. Their intensities, how-
Fig. 1(@ of+Ref. 34, viz., thf energy of sublevBk (1I's)  eyer, were still very low. These components are expected to
+ I's (Il'g) = I'si6 (1'g) is greater than that of'y  pe ohserved since the selection rules permit all transitions for
(1g). F|(110.

In Fig. 5, the ground-state splittings as obtained from the
splittings of the 2’ line are presented as a function of stress
for the three directions of applied force. The energy of the
low-energy component fdE | under(100) compression was 1. Applied force along &111) axis
determined by least-squares fitting a Lorentzian curve to the
spectra and used, together with the value of Eyecompo-

Stress (MPa)

B. Piezospectroscopy of the@s, series and Fano resonances

a. pap spectrum.The effect of uniaxial compressive
o e stress forF||(111) on some of the lines of thps, series is
nfgé’eg; (iasvil;ifng]bel géﬁ:g?’;;fg ;ﬂ'g':grm(ggt@égﬁ shown in Fig. 6 and the lower part of Fig. 7. The stress
P A b d%/ Ve that of the hi hgy & p dependence of the resolved components of the transitions is
ponent can be used to give that of the high-enexgycom- .aiven in Fig. 8. In this figure, the lines drawn through the

ponent. The straight lines passing through the data points i ata points are the results of least-squares fits. For line 1,

Fig. 5 represent least-squares fits; these fits give the stre%ur stress components, one fan and three forE, , are
dependence of the energy splittingd,;,;, Ajqy, and ' ” .

. observed. The analysis of these components confirms unam-
A110, @5 0.01593 0.00027, 0.008920.00009, and 0.01491 ' piq0usly the order of the energy sublevels, viz., the sublev-

=0.00010 meV/MPa, respectively. From these values thes of the T
deformation potential constants for the ground state hav
been deduced to bé, = —2.21+0.04 eV andb, =
—0.46+0.03 eV(see Table V. The relation of the splittings
of the same state und¢i11), (100), and(110) compres-
sions i€

g excited state are in the same order as those of

the 'y ground state, with thé&, sublevels being lower in

energy than thé&'s, ¢ sublevels. The order of the sublevels of

the ground state is the same as that obtained from the polar-

ization features of the,, lines. The component 1.1, of low-

est energy, is not resolved at higher stresses because of its

_1 2 2\1/2 low intensity due to depopulation of the upper stress-induced

A110=7 (A100 +38111) % @ ground state and also because of overlap with the oxygen

By using this relation with the data from the well-resolved lines. The intensity of component 1.3 is either zero or very

ground-state splittings und¢t11) and(110 compressions, weak forE; this implies thatu,~1.3% The energy differ-

a value ofby = —0.58+0.09 eV is obtained, which may be ences of the components 1.2 and 1.4, and of the components
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FIG. 6. Thepg, spectrum forF|(111) and a stress of 28.88 2 23
MPa. = 22
. 1454 2.1
1.1 and 1.3, are essentially the same as those of the stress-
induced components of @ and 3’, that is, the ground-
state splitting. The separation of components 1.3 anddt.4
1.1 and 1.2 gives the splitting of the I1; state. This split-
ting is used to obtain the deformation potential constant 143+ 14
d,. This value is given in Table IV and is believed to be
more reliable than the previous resUlyhich is included in e 1.3
Table 1V for comparison. The present result is identical to Ll 12
the theoretical valu&’ al

Line 2 splits into two

components fdg; and three for 0 10 20 30
E, , with the highest-energy component, 2.4, common to

both polarizationgsee Figs. 7 and)8The stress behavior of

this line has been studied comprehensively previoti$ly,

40

50

Stress (MPa)

60

70

80

FIG. 8. Stress dependence of the components opperansi-

leaving no ambiguity in the stress-induced polarization pattjons for F|(111). The lines shown represent least-squares fits.

20

Si(In)

2789(13.2)
Fll<111>
Stress =49.70 MPa _,~~,

Absorption coefficient (cm'l)

i
I
LA . “

LT TAAL

140

FIG. 7. The spectra of thpy, and Fano series fd#|(111) and
a stress of 49.70 MPa. The axis at the left applies toptheseries.

145 150

Photon energy (meV)

155

tern and in the ordering of the energy sublevels. The well-
resolved data for components 2.1 and 2.4, and the values of
the ground-state splitting obtained from the spacing of 2.1
and 2.3 and from the @ splitting, have been used to calcu-
late the deformation potential constaiyt of the A" state.
This value is given in Table IV along with the value obtained
previously. The polarization pattern of line 3, which has not
been analyzed before, is the same as that of line 1. It follows
that the order of the sublevels of thE 3 state is the same as
that of the I'g state. The value ofi; obtained is listed in
Table IV. Since component 3.3 is not observedEqrit can
be concluded thaus;~1, as was the case fau;. The
calculated® values ofu; andu; are 1 and 0.97, respectively,
in excellent agreement with the experiment.

The effect of stress further complicates the appearance of
the closely spaced lines 4A4 and 8B. For F||(111), four
E, and threeE; components of this group were distin-
guished. Both line 4 and line A split into doublets with
separations equal to the ground-state splitting. Only Bpe
component was seen for each of these lines. The energy of
these components is the same as that of the respective high-
energy E;, components. This is the typical polarization
pattern of transitions from &g ground state to &' or I';

The Fano spectréupper two spectjahave been shifted down in €xcited state under @iy Com_pressioﬁf however, both a
energy by 64.35 meV and their ordinates scaled up by a factor of ¢ and al'; final state theoretically exhibit the same polar-

20.

ization pattern, which precludes unambiguously identifying
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FIG. 9. The Fano spectrum fd#|(111) and a stress of 28.88
MPa.
the final states for these two lines from this observation. The
intensities of components 4.1 and4 decrease with stress

as a consequence of the depopulation of the stress-induced 0 O e
upper sublevel of the ground state. The energies of the com-
ponents of lines 4, A, and 8B as a function of stress are

shown in Fig. 7; data obtained from two samples are in- FIG. 10. Stress dependence of the components of the T, 2, 1
cluded ' and Z transitions forF|(111). The Fano series has been shifted

down in energy by 64.35 meV. The lines shown represent least-

b. Fano resonanceg-igure 7 also presents the correla- .
squares fits.

tion between thep;, series and the Fano series for

F”§111>' The _spectra of the Fano resonances have beel’?elaxation of the selection rules resulting from the involve-
shifted down in energy by the zone-center optical phono

energy, and the absorption coefficient has been scaled up ?)T)}ent of the phonoff

a factor of 20. Figure 9 shows the Fano resonances under
(111) compression with a stress of 28.88 MPa. Figure 7 was
obtained from the less pure samjiegot 2789, and shows a. psyp spectrumIn Fig. 11 and the lower part of Fig.

an unidentified absorption peak at 216.81 meV. The splittingl2 is presented the effect of a compressive force, parallel to
of the I's phonon for this direction and magnitude of com- the[110] axis, on part of thes, series. Herey[|[111], where
pression is too small to be determined from the Fano comg is the wave vector of the radiation. As f¢t11) compres-
ponents without very high-resolution measurements. At theion, only spectra for lines 1 toB}of the pg, series are
maximum stress employed, viz., 49.7 MPa, the phonon splitshown. The stress dependence of the energies of the resolved
ting is ~0.006 meV. Figure 10 combines the stress depeneomponents of these lines is given in Fig. 13.

dence of the energies of lines 1 and 2 of g series with All the transitions from the stress-induced ground-state
that of lines T and 2 of the Fano series. For ease of com- sublevels to the excited-state sublevels are permitted by the
parison, the energies of the components of the Fano series
have been shifted down by 64.35 meV. The fits to the data
are shown as full lines for the,,, components and as dashed T '

lines for the Fano components. The energies of the minima 3191111313 " 4B4

FI[110], qll[T11] f':
- Stress =52.78 MPa " B3| |

2. Applied force along &110) axis

were used to follow the stress dependence of the Fano reso-
nances, a method validated earftéP? The two E compo-

w

nents of ¥ may be identified as 17and 1.4, since their - EIF
stress dependencies are similar to those of components 1.1 L o i
and 1.4 of theps, series. The main uncertainty in these $i,0 ih2a

measurements arises from the overlapping of the closely
spaced, broad resonance features. Eor, the Fano reso-
nances of the stress components of line 1 are not well re-
solved. The width of the feature observed suggests that there
are at least two Fano stress components involved. The ob-
served components off2are identified as 22+ 2.3 and
2.4F, since they follow the stress behavior of the correspond- Photon energy (meV)

ing ps lines. In thepy, series, the 1.1, 1.4, 2.2, and 2.3

components foE are forbidden by symmetry. The presence FIG. 11. The py, spectrum of Sin) for F|[110] and
of 1.17F, 1.47, and 2.7 +2.3 for E| is permitted by the |[111] and a stress of 52.78 MPa.

Absorption coefficient (cm'l)
[ >3
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Transition energy (meV)
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FIG. 12. The Fano spectrum fd#|[110] and g|[[111] and a

stress of 65.75 MPa.

selection rule¥ for F|(110). The relative intensities of the
transitions depend on the direction of light propagatipn
since the crystal becomes orthorhombic undgrl0)
compressiori*>>The number of stress components observed
for lines 1, 2, and 3 is consistent with the fact that all these
lines arise from transitions td'g final states. The energy

F
spacings between components 1.2 and 1.4 and between com-F!C- 14. Stress dependence of the components of the T,.2, 1
and Z transitions forF||[110] and gl|[111]. The Fano series has

been shifted down in energy by 64.35 meV. The lines shown rep-

Stress (MPa)

153 - ; ; ; : : s resent least-squares fits.
4B.4
4B.3 ponents 1.1 and 1.3 are found to be the same and agree with
A2 the value ofA},,, the ground-state splitting, as determined
4B.2| from the stress splitting of thef? transition. The splitting of
j’j'l the I'g state then can be deduced from the separation of
4 components 1.3 and 1(ér components 1.1 and }.2Three
a1 spectral lines were observed for line 2 for each polarization
33 and for both polarizations the position of the strongest line,
Si(In) 41-611N-B 32 7 labeled 2.2-2.3, is almost unchanged with stresee Figs.
) 31 11 and 12. This suggests that the stress components 2.2 and
FICLIOL: qiti1] 2.3 are almost coincident in energy and that the splittings of
®---E the ground state and thd'g excited state are almost equal,

which is confirmed by the fact that the energy spacings of
components 2.4 an@.2+2.3) and of component&.2+2.3)

and 2.1 are essentially the same as the ground-state splitting.
For line 3, the separation of components 3.2 and 3.4 and of
components 3.1 and 3.3 is that of the ground-state splitting.
The splitting,A{3), of the I'; state, the final state of line 3,
has been obtained from the difference in energy of compo-
nents 3.3 and 3.4. Using this and the result£§}) in Eq. (2)

the magnitude of the deformation potential constantas

1431 14t been evaluated; this is found to be 0:90.10 eV, a value
significantly different from that calculatetsee Table 1V.

The stress components of lines 4 andl dre well defined

147

Transition energy (meV)

145

1.3 . . . "
12 and show behavior compatible with transitions from the
1.1 ground state to final states, which are eithgror I';.
141 T T ; T T T T .
0 16 20 30 40 50 60 70 80 b. Fano resonancedn Fig. 12 are presented the effects
Stress (MPa) of F||[110] and q||[111] on the Fano resonances. For com-

parison, the stress dependence of the energies of lines 1 and
FIG. 13. Stress dependence of the components optparan- 2 of the ps, series and of the linesfand 2 of the Fano
sitions for F|[110] and gl|[111]. The lines shown represent least- series are shown in Fig. 14. The energies of the components
squares fits. of the Fano series have been shifted down by 64.35 meV in
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FIG. 15. Theps, spectrum forF||(100 and a stress of 24.42 Photon energy (meV)

MPa.

L FIG. 16. The spectra of they, and Fano series fd#|(100 and
thlszp f'g“rS F%r J:':f thrge IStrelss.d cor?pgne?]tg, 1.1 a stress of 46.98 MPa. The axis at the left applies toptfpeseries.
(1.2"+1.3%), and 1.4 can be clearly identified. Their stress The Fano spectréupper two spectpahave been shifted down in

dependence is similar to that of th@ig;, counterparts. HOW-  gnergy by 64.35 meV and their ordinates scaled up by a factor of
ever, their relative strengths are different; the stronggst g

component in th@,,, series, 1.2, does not appear in the Fano
series at all. The 1 components are comparable in intensity .
to the & components, while in the,, series, the stress Tansition from the upper sublevel and that Becomponent

components of line 2 are much stronger than those of line 1S @ transition from the lower sublevel of the ground state.
Due to their relatively close spacing, large width and low The splitting of the I'; excited state has been estimated
intensity, no quantitative analysis has been made of thesereviously as being very small. In the present work, the

stress-split Fano resonances. splittings of this state f0F||<110> and(ll]) are found from
the stress dependence of the energy difference between com-
3. Applied force along &100) axis ponents 1.4 and 1.3 to be 0.01338.00156 meV/MPa and

a spectrumThe effect of &100) compression on 0.01322-0.00079 meV/MPa, respectively, for these two ori-
thep F;SIZGCII’Fl)Jm is presented in Fia. 15 and thF()a lower part ofNations. These values permit an estimation of the splitting
P3i2 SP b g b f the 'y state forF|(100) using Eq.(2); this leads to a

Fig. 16. The energies of the resolved stress-induced compc?— e
nents of lines 1 to B are shown in Fig. 17 as a function of S€SS dependence dfig, of 0.01365-0.00380 meV/MPa.

stress. The lines drawn through the data points are the resulld® magnitude of the deformation potential constant, of
of least-squares fits. the 'y state is then calculated to be 0:70.19 eV, a value

For line 1, two components fdE , and one component significantly Iargler than that predictégee Table IV. It may
for E| were observedsee Figs. 16 and }7rather than the be noted thaﬂ(lo)o>Aipo; Taking into account the magni-
permitted fourE, components and twd component®  tude of the stress splittings and the depopulation effects it
leading to some uncertainty in labeling the observed composan be concluded that the sublevels of tHe; 1state and
nents. The energies of the low-ener§y components, 1.2, those of the ground state are in the same order. The labeling
shown in Fig. 17 are those obtained by curve fitting the abof the two components of line 1 as 1.2 and 1.4 is based on
sorption lines and only for stresses greater than 30 MPghe above information and is different from that given
Linear fitting to the data of 1.4both E, andE) gives a previously>’ where only one absorption lingurrently la-
gradient of 0.00276 0.00028 meV/MPa and fitting the data beled 1.4 was observed and identified as B4, which led
to the low-energy component gives 0.00608:0.00005 to A(l%))owo, a value close to that calculated.
meV/MPa. The zero stress energy of line 1 is not included in The polarization pattern of line 2 is the same as that ob-
these fits. The difference in gradient of these two fits,served previously.’ Two strong components for each polar-
0.00884+0.00033 meV/MPa, gives the splitting of the two ization are seen. The appearance of the small shoulder la-
components, which is essentially the same as the stress deeled 2.4 in Fig. 16 supports the conclusions previously
pendence of the ground-state splitting as determined fromeached about the sublevels of thEg2state, i.e., the sub-
the 2p’ doublet, 0.00892 0.00009 meV/MPa. The intensity levels of this state are in the opposite order to those of the
of the low-energyE , component decreases and that of theground state, and the excited-state splitting is larger than the
E component increases with stress, a depopulation effect. ground-state splitting. This is supported by the observation
may be concluded that the low-energy component is a that the intensity of component 2.2 decreases relative to that
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complex 4, 4\, and 8B of indium in silicon. In this investi-
153 ' ' ' ' ' ' gation, however, the lines 4,A4 and 4B for F||(100) were
not as well resolved as those obtained und#tl) and
(110 compressions. Even so, sufficient information is avail-
able to determine which of the strong lines 4 andl i the
transition to the I state and which is the transition to the
1I'; state. Given that the lower-energy sublevel of the
ground state id";, the other beind’g, transitions to a final

! 3 I's state will be characterized by twle, components and
149 | ! one E | component, thée; component coinciding in energy

Si(ln) 2789(13.1a) with the higher-energ¥ ; component and having four times

Fll<100> its intensity; the lower-energlf |, component has three times

. ...k the intensity of the higher-energy offeln contrast, transi-
L tions to al’; final state will have a common low-energy

component ande, component and afc, component of
- higher energy, the respective intensities being in the ratios
2 ' 4:1:3. The strong features observed in the line 4 complex
w under stresgsee Figs. 15 and }@re, in order of increasing
# energy, arE component4.1), anE,; component4.2), and
anotherE component (4.2). Both E| components coin-
cide with weake | components. The strong cental com-
ponent in this set is interpreted to be the superposition of the
two stronger components of this polarization, which arise
from the adjacenl’; andI'g states (A.1 + 4.2). Taking
. thermal depopulation effects into account, the polarization

Transition energy (meV)
=
- -~

,_.

N

<
)

143

.rm-\-i_.t 4 features thus establish that line 4 arises from a transition to a
12 I'; state and line A arises from a transition to Bg state.
141 . . . , . . This identification of line 4 with the 1, state and line A
0 0200 30 40 0 e 70 with the T'g state is used in Table I. LineB}(4l'g) has a
Stress (MPa) relatively low intensity at low stress, which ensures that it

does not confuse the above analysis. The ground-state split-

FIG. 17. Stress dependence of the components opipdran-  ting can be deduced from the stress dependence of line 4 or
sitions forF||{100). The lines shown represent least-squares fits. 4A. Only the energy difference of the stress components
4.2(E,) and 4.1 E)) is used to evaluat&;,. (Most values
of the energies for the low-energy component &, 4.e.,
4A.1, could only be obtained by curve fitting, which is
thought to be less reliablelf a linear fit is made to this
energy differencel;,,, as a function of stress, the result is
C T T2) a g , 9.00894-0.00034 meV/MPa, which is in excellent agree-
for (100 compression, "e,Aloo = "22 = 23" + A100,  ment with the value of 0.008920.00009 meV/MPa ob-
the ground-state splittingd 19, being that deduced earlier (5ined from the p’ stress splitting. Only one stress-induced
from 2p’. This yieldsb, = 1.09+0.03 eV. A second value component of line 8 was observed. The unperturbed energy
was obtained from Eq2), giving a magnitude ob, = 1.18  of jine 4B shown in Fig. 17 was obtained from a purer
iQ.33 eV. It can be seen that these two values agree. T@ample(see Fig. 2 and is not included for the fit shown
ratios of by/bg from the two values of, are —2.4 and  (gashed ling No detailed analysis can be made of this tran-
— 2.6, respectively, in good agreement with the estimation gjtion.
that the 2’y state splitting is about 2.5 times the ground- b, Fano resonancegigure 16 shows the spectrum of the
state splitting. Fano resonances undgio0) compression and its correlation

No detailed analysis could be made of the stress compayith the py/, series. The stress dependence of the energies of
nents of line 3 for(100) due to the proximity of the weak the minima of the components of -and 2 is shown in Fig.
oxygen line in the only sample available. The stress behaviotg, with the stress dependence of the components of lines 1
of one component of line 3 is shown in Fig. 17. Since onlyand 2 of theps, series included for comparison. As in the
one component is observed, it is not possible to determingnperturbed spectrum, the Fano components associated with
either the magnitude or the sign bk, hence there is no |ines 1 and 2 of they, series are the strongest; the weaker
comparison possible with the result deduced ugify and  features identified as Fano resonances associated with lines 3
AR and 4, and an unidentified feature at higher energy, have not

It has been noted previously that compression along &een analyzed. For line 1, for each polarization, only one
(100 axis reveals the most detail about the closely spaced Eano stress component was observed. These are labeled
lines of Zn~ in germaniu®? and of gallium in 1.2F for E, and 1.4 for E|. As can be seen in Fig. 18, the
germaniunf? A similar situation may be expected for the correlation with theps, components 1.2 and 1.4 is only fair.

of 2.3 with increasing stressee Figs. 15 and 16The la-

beling of the components of line 2 given by Onton, Fisher,
and Ramddsis adopted here. The deformation potential con-
stant for the ' state has been evaluated in two ways for
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P s : final states of lines 1 and 3 is the same as the ordering of
those of the ground state and opposite to those of line 2. The
analysis of the polarization pattern and stress behavior im-

1471 o ,F | plies that forF(|(100) the sublevels of the final state of line 1
AT /"B~ have similar order to the ground-state sublevels but opposite
b= to those of line 2. The splitting of the final state of line 2 is
‘‘‘‘ = 22 about 2.5 times that of the ground state, as suggested
_ ”W 23" previously” More accurate values of the deformation poten-
E 23 tial constantsp andd, for the I'y and 2'g states than
S 1451 Sin), 2789(13.1a) i previously and their first determination for thd'3 state
g Fll<100> have been given. The stress behavior of lines 4 aAd#
= clearly observed under bot111) and{110) compressions,
:é Fano:A---E;O --- E while that forF||(100) permits the final states of Iings 4 and
E 4A to be unambiguously determined to be andI'g, re-
Py, A---E;® --- E) spectively. Although not discussed in the text, the stress be-

11 havior of line 5 forF|{111) indicates that this is identical to

that of lines 1 and 3; in particular, experimentally, it is de-
duced that these transitions all have a value~df for the
intensity parameten, in good agreement with the calculated
values of 1, 0.97, and 0.97, respectivély.
141 : : : , : The pq, transitions, ', 3p’, and 4’, appear as
0 o2 Stresg‘zMPa) 4 30 60 slightly asymmetric peaks. Their stress splittings directly
give the ground-state splitting for the different orientations
FIG. 18. Stress dependence of the components of the T2, 1 of F and can be used to aid in the interpretation of the be-

and Z transitions forF|(100). The Fano series has been shifted havior of thepy, lines under stress. The ground-state split-

down in energy by 64.35 meV. The lines shown represent Ieastgngs m?asured,IOF”ulD’ (110, and(_lOO}_ ind_ipate that
squares fits. stress isotropy’ does not hold for indium in silicon.

The Fano resonances, arising from the interference be-
tween continuum states and those compounded from bound

The energy separation between these two Fano resonancde transitions qnd Iocallized. zone-center optical ph_onon
increases with stress but differs from that between the 1.3tat€s, Sho‘é’ various typical line shapes. The energies at
and 1.4 components of they, series. There are two stress Which the 1" and Z resonances occur in the unperturbed
components of 2 for each polarization with a separation, absf]fp(;;‘g” ﬁpictrum.are de%uce? zyka S|r|n|?jle anfd ﬁlccugate
however, larger than that of they,, counterparts with which method, bW II<C req(;nres nﬁ. het?:e nowledge of the ab-
they have been correlated. The deviation between these twrPrPtion background on which the resonances are superim-
associated series, Fano apg,, for lines 1 and 2, is be- posed. The other paramete_rs chara_lcterlstlc of the Fano fea-
lieved to be due to the uncertainty in analyzing the Over_tulres,q,.dl‘, gn?]fc, arhe obtained. It§|s fg?d that these are
lapped asymmetric Fano features. It may be noted that th® most identical for the resonances and 2. .
parameterf, which is the measure of the strength of the Piezospectroscopic observations of Fano resonances of in-
coupling and represents a shift of the resonance position witﬂ'ur_n’ In S'I'C_Or_] have been made._The Fano resonances ex-
respect to the energy of the compound state, is, in principleoer!ence sphttmg; under strgss similar to most of t_ho_se of
energy dependent, as is the paramgt&iVariations in these their counterparts in thps, series; there are some deviations

parameters with stress may alter the energy of the observefﬁom this pattern that are not understood. The phonon split-
resonances. tings due to stress are too small to be determined from the

behavior of the Fano stress components in the experiments
reported here. As expected, the intensity of the Fano series
V. CONCLUSION increases with sample concentration, while the relative inten-

sities do not strictly follow those of th@s, series, as is

A detailed study has been made of thg, and p,), Ly- . :
man series and the Fano resonances of indium in silicon. Th%wdenced by the relative strengths df and 2 compared

experimental transition energies obtained here are in excel? the!r_ P32 counterparts. It is interesting to note that the
lent agreement with previous measurements and the molfjtensities of the lower-energy Fano resonances are stronger
recent calculations relative to the other members of the series than are their
More detailed piezospectra have been obtained than iRar2 counterparts. Fano resonances in |mp_ur|ty-doped silicon,
previous studies. This has allowed a reevaluation of thégenerally speaking, provide qqd|t|onal_ |nformat|pn _abogt
energy-level scheme and the stress behavior of various lin me weak an_d/or even trans@mn—forbldden excitations in
of the p5, series. The results for line 2 are similar to those!N€ P32 absorption spectra, leading to a fuller understanding
given in earlier worke” For line 1 undef100) compression, ©f the optical processes involved.
the present analysis leads to the conclusion that the energy
splitting of the final state is larger than that of the ground
state, rather than about zero as estimated previduBty. The authors are indebted to Professor A. K. Ramdas and
F|[(112), the ordering of the stress-induced sublevels of theProfessor B. Pajot for provision of the indium-doped silicon
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