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We have investigated recombination radiation (RR) arising from the radiative decay of 
excitons bound to P and A s  impurity atoms in silicon within the temperature interval 2 K to 30 
K. Particular attention is paid to excitons bound to pairs of impurity centers in samples 
subjected to uniaxial deformations along the [001] and [ 1 1 1 ] directions. We have determined 
conditions under which it is possible to observe these pair-bound excitons. It is shown that in 
the phonon-assisted region of the spectrum, pair-bound excitons radiate more effectively than 
excitons bound to individual centers. It is shown that more than one exciton can be bound at a 
donor pair. We have studied in detail the influence of uniaxially deforming the sample on the 
RR spectral distribution of excitons bound to impurity atoms of phosphorus and arsenic. It is 
established that deforming a sample in the [ 1 111 direction does not give rise to any significant 
change in the emission spectrum, while deformation in the [001] direction leads to a 
redistribution of intensities in the spectrum and the emergence of new emission bands. The 
change in the spectrum caused by deforming the sample is explained by a shift in the energy 
spectrum of the excitons bound to arsenic and phosphorous atoms, and the change in the 
energy distribution of excitons in an exciton-impurity band. We show that at low temperatures 
the energy distribution of excitons in this exciton-impurity band is determined by hopping of 
excitons from impurity atom to impurity atom, while at high temperatures it is also necessary 
to take into account the process of thermal emission of an exciton into the exciton band with 
its subsequent recapture by other impurities. 

At low temperatures (kT<&,,, where E,, is the exciton 
binding energy at an impurity center) free excitons in silicon 
can be bound to impurity atoms belonging to the I11 and V 
groups of the periodic table. In crytals with low impurity 
concentrations, i.e., when the average distance between im- 
purity atoms r,, = (3/4rND ) ' I 3  (ND is the impurity con- 
centration) is much larger than the exciton Bohr radius a,, 
the excitons are bound to individual atoms, forming bound 
excitons ED ' I '  (Ref. 1 ) and multiexciton impurity complex- 
es EkD (Refs. 2,3). As the impurity concentration in- 
creases, the average spacing between impurity atoms de- 
creases; as a consequence of this, the number of pairs, triads, 
etc., of impurity atoms in the crystal whose interatomic dis- 
tances are comparable to a ,  increases. Such groups of atoms 
are capable of trapping free excitons, creating the exciton- 
impurity complexes ED,, ED,, etc. We note that for r,, 
-a,, excitons bound to impurity atoms (as we will show 
below) cannot be considered strictly localized; they may mi- 
grate through the crystal. Furthermore, at concentrations 
for which r,, <aE it would appear to be necessary to speak 
of an exciton-impurity band (EIB) in which propagating 
exciton states are p re~en t .~  

An effective way to study these exciton systems is to 
investigate the recombination radiation (RR) arising from 
their decay, using magneto-piezospectroscopy methods. 
This is especially pertinent for E, D, whose RR spectrum 
consists of extremely narrow lines whose spectral positions 

are directly related to their energy structure.'."' A host of 
difficulties attends the use of this method to study the exci- 
ton-impurity complexes ED,. First of all, as opposed to 
Ek D, the emission spectra of ED, complexes consist of 
broad bands which intersect each other, due to the random 
mutual separations of their constituent impurity atoms. Sec- 
ondly, as we already have noted, for r,, -aE the excitons can 
migrate among the impurity atoms. This process leads to an 
exciton distribution in the EIB which depends on tempera- 
ture and photoexcitation density, and which makes itself felt 
through the presence of deviations in the RR spectral den- 
sity from the EIB density of states. In light of this statement, 
it is clear that the RR spectral distribution will be related to 
the energy spectrum of the ED, complexes in a complicated 
fashion. It would appear that this is the reason why so little is 
known about the energy structure of ED, and the EIB den- 
sity of states. The situation is further complicated by the fact 
that theoretical analyses ofED, are accompanied by consid- 
erable difficulties, and to date remain incomplete. 

The low-temperature photoluminescence of silicon and 
germanium containing shallow donors (group V )  in concen- 
trations such that r,, -aE was investigated experimentally 
in Refs. 6-13. It was shown there that the exciton RR bands 
associated with phosphorous atoms in silicon, and phos- 
phorus, arsenic and antimony atoms in germanium, are 
broadened nonuniformly and have long-wavelength "tails." 
The intensity and shape of the emission bands depend on the 
impurity concentration, temperature and photoexcitation 
density of the crystals ( W). Based on comparisons of the RR 
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spectral0 with semi-quantitative calculations, the authors of 
Ref. 11 observe that it is necessary to include processes of 
energy transfer of the excitonic excitation in order to explain 
the experimental results. In Ref. 13, it was observed that for 
silicon at low temperatures, when a critical concentration 
(NDcr z 1.5 x 1017 ~ m - ~ )  is reached, asudden change in the 
RR spectra occurs-a shift in the maximum of the emission 
band to the long-wavelength side. The authors of Ref. 13 
interpreted this phenomenon as an Anderson-type phase 
transition, i.e., the appearance of extended states in the EIB. 
We are constrained to point out that in many cases the re- 
sults of papers devoted to the investigation of the questions 
alluded to above are contradictory and incomplete. 

In the present paper we present the results of an investi- 
gation of RR in silicon doped with phosphorus and arsenic 
at concentrations for which the samples contain a significant 
number of both "isolated" donors and donor pairs capable of 
capturing free excitons. Special attention is given to an inves- 
tigation of the RR of the ED and ED, complexes in samples 
subjected to uniaxial deformations. 

2. EXPERIMENTAL PROCEDURE 

We investigated single crystals of silicon doped with 
phosphorous and arsenic, grown by either the Czochralsky 
method or by the crucible-less zone-refining technique. The 
samples used for investigating RR were cut out in the form of 
parallepipeds with dimensions 2 X 2 x 20 mm3 along the 
crystallographic [ 11 11, [001 1, and [ 1121 directions. The 
procedure used to prepare the samples, and to create a ho- 
mogeneous uniaxial compressive deformation, are described 
in Ref. 5. In order to investigate the RR spectra in the tem- 
perature interval 2 K to 4.2 K, the samples were immersed in 
liquid helium, and for the interval 6 K to 35 K in gaseous 
helium. The temperature was determined with the help of a 
calibrated resistor riveted to the lateral side of the sample. 
Samples were excited by radiation from a LG- 106M- 1 argon 
laser (0.5 W output power). The RR was analyzed with a 
CDL-1 transmission spectrometer. In cases where it was 
necessary to have higher resolution, we used an IT-28-30 
transmission interferometer. The standard mirrors of the 
IT-28-30 were replaced by mirrors with multilayer dielectric 
coatings having a reflectivity maximum for A = 1.08 pm, 
which we used to obtain a finesse of - 50. In this case, the 
RR was recorded with a cooled FEU-62 photcmultiplier, 
working in the photon-counting mode. 

3. ANALYSIS OF THE RR SPECTRUM OF UNSTRESSED 
SILICON DOPED WITH PHOSPHORUS AND ARSENIC 

We investigated samples of silicon doped with phos- 
phorus and arsenic at concentrations ND = 1016 to 8 x lOI7 
cmP3. For ND ( lOI7 cmW3 the mean distance between im- 
purities r,, > 140 A, which is significantly larger than 
a, =:50 ,&.I4 This allows us to assume that for ND z 1017 
cm-3 there will be a sizable concentration both of isolated 
impurities N,, and of isolated atomic pairs NED,. If we de- 
fine an impurity atom as isolated if there are no other impuri- 
ty atoms within a distance r = 4aE, and a pair of impurity 
atoms as isolated if the two atoms are separated by a distance 

FIG. 1 .  The dependence of the half-width AE of the a ,  - NP emission 
band (experiment), the concentration of pairs NED: and isolated centers 
NED (calculation), on the concentration N D  of phosphorous in silicon. 
The inset shows characteristic photoluminescence spectra of zone-re- 
fined silicon doped with phosphorous at T = 4.2 K (the spectral resolu- 
tion is 8 peV) for various values of ND in cm-': 1-5X lOI5,  2- 
1.1 X 10Ih, 3-3X 10Ih. 

R from 1 . 5 ~ ~  to 3a, from one another while out to a dis- 
tance r = 4aE around the segment "connecting" these 
atoms there are no other impurity atoms, then it is not diffi- 
cult to calculate the concentrations of such isolated atoms 
and atomic pairs. In Fig. 1 we show the dependences of N,, 
and NED? on ND. From the figure it is clear that NED and 
NED2 increase up to a concentration ND z 1017cm-3, and 
then decrease exponentially. 

The assumptions described above are consistent with 
the experimental results presented in Figs. 1 and 2. In Fig. 1 
we give the dependence of the width AE of the a, emission 
line (associated with the bound exciton) on phosphorous 
c~ncentration.~' As is clear from the inset of Fig. 1, for many 
of the samples we studied the a, line is split. This splitting we 
relate to the splitting of the valence band due to mechanical 
stresses which were present in our crystals. If this splitting is 
small (curve 2),  then the separate components of the doub- 
let are not broadened; we used their half-widths to construct 
the function A E  shown. For larger splittings (curve 3) the 
components of the doublet are broadened due to stress inho- 
mogeneities in the sample. 

From the dependence of AE on ND , it follows that up to 
a concentration of -,2 X 1016 cm-3 the ED complexes inter- 
act weakly with neighboring impurity atoms. In the concen- 
tration interval 3 x  10'6-10'7 cmP3, however, the a,  line, 
although remaining well-defined as previously (this is clear 
from Figs. 1, 2), is significantly broadened; this is indicative 
of the strong interaction of the "bound" excitons with neigh- 
boring impurities. From this we can conclude that up to 
ND - 1017 cmP3 the impurity atoms and atomic pairs pres- 
ent in the crystal are "isolated", and are capable of trapping 
excitons. Their number decreases rapidly at higher concen- 
trations. 

Let us now investigate in more detail the evolution of 
the RR spectrum in phosphorous-doped silicon shown in 
Fig. 2(a) as a function of phosphorous concentration. In the 
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low- concentration region (curve 1) only the emission lines 
E,D are present in the RR As ND increases 
(curve 2 ) a long-wavelength shoulder appears on the a , line, 
while the a,*, lines are washed out into a long-wavelength 
"tail." At higher concentrations a structure begins to appear 
in the long-wavelength part of the spectrum, which for 
ND - 1017 cm-3 develops into sharply-defined bands PI ,  P,, 
and P ; , which disappear as the concentration is further in- 
creased. Radiation bands analogous to PI and P, appear also 
in the RR spectrum (see Fig. 3 (a  ) ) of arsenic-doped silicon 
(but at somewhat higher values of ND ). 

We note that at low temperatures the emission bands 
PI ,  P,, and P ; dominate the RR spectrum, as shown in Figs. 
2 and 3. At high temperatures, the principal contribution to 
the spectrum (see curve 3 of Fig. 3 (b) ,  and Fig. 6(b) below) 
is emission arising from the decay of bound excitons (lines 
a , ,  S, and y ,  ) .3' The observed change in the RR spectral 

FIG. 3. Phononless emission bands of excitons bound to arsenic atoms 
( N ,  = 2.6X l o i 7  c m - 9  in zone-refined silicon ( a )  for various pho- 
toexcitation densities at T = 1 K: 1-Wz0.05 W/cmZ, 2 - 4 3  W/cm2, 
3-20 W/cm2, and (b)  at various temperatures for W-0.1 W/cm2: 1- 
T = 2 K, 2 - 4 . 2  K, 3-20 K.  

FIG. 2. Phononless emission bands of excitons bound to phos- 
phorous atoms in silicon for T = 2 K and a photoexcitation 
density of ( a )  W- 5 W/cm2 and (b)  Wz0.1 W/cm2, for var- 
iousvaluesofN, incm-': 1-10'5, 2-5X 10'" 3-75 5 loih,  
4-1.1 X lo", 5--4X lo i7 ,  6-8X lo i7 ,  7-1.1X 10". 

density is naturally explained by the temperature depen- 
dence of the population of the exciton levels in the EIB; we 
expect that at high temperatures the RR spectral distribu- 
tion will correspond qualitatively to the density of states in 
the EIB. Actually, at high temperatures the lifetime of an 
exciton in the EIB is already determined not by the recom- 
bination time T,, but by the ejection time T, of an exciton 
from the exciton band, which is still present for the impurity 
concentrations under study (see Fig. 6 below, the FE line). 
The ejection time can be roughly estimated from the relation 

zT-'=aN, exp ( -eo lkT) ,  

where N, is the exciton density of states in the exciton band 
and a is the capture coefficient for an exciton by an impurity 
atom. Substituting characteristic values for these param- 
eters, we obtain T, - 1 sec for T = 2 K, and T, = lo-" sec 
for T = 20 K, i.e., for T = 20 K T, is significantly smaller 
than the time T, = lov7 sec given in Ref. 17. An exciton can 
be ejected into the exciton band and subsequently retrapped 
by other impurity atoms; multiple repetitions of this process 
give rise to equilibration of the populations of the various 
levels in the EIB. This equilibration of populations can also 
be brought about by thermally-activated diffusion of exci- 
tons in the EIB. From this we can conclude that for 
ND ( IOl7 cmP3 the maximum density of states in the EIB 
occurs for excitons bound to "isolated" impurity atoms. 

We associate the emission bands P, and P,, which domi- 
nate the RR spectra at low temperatures, with the decay of 
exciton-donor complexes corresponding to ED, and E,D,. 
These bands are observed within a narrow concentration in- 
terval which coincides closely with the function NED2 (ND ) 
given in Fig. 1. The fact that the emission band P, corre- 
sponds to decay of the complex ED, is also suggested by its 
spectral position and form. The position of the maximum of 
the band PI ,  which is shifted relative to the a, line into the 
low-energy region by 1.5 meV, corresponds to the binding 
energy of an exciton on an isolated pair with R = 2aE .I1 The 
inhomogeneous broadening of the PI band into the low-ener- 
gy region is explained by the fact that the binding energy of 
an exciton on D, increases as R decreases, while in this case 
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NED> decreases. We note that the bands P, and P ; are easy to 
observe at small photoexcitation densities, for which the in- 
tense a, and P, bands (see Fig. 2(b) and curves 1,2 on Fig. 
3 (a)  ) disappear from the RR spectrum. In contrast to the 
bands PI and P ; (the P ; band will be considered below) the 
P2 band is well-resolved in the RR spectrum at high levels of 
photoexcitation. The nonlinear growth in its intensity as the 
photoexcitation density increases allows us to assume that it 
originates from decay of the E2D2 complex, the formation of 
which requires direct capture of two excitons by an impurity 
pair. 

We will now discuss two phenomena connected with 
the lack of thermal equilibrium in the EIB. The first of these 
is connected with the disappearance of the a, line from the 
T = 2 K RR spectrum as the photoexcitation density de- 
creases. At T = 2 K an exciton cannot escape the EIB, be- 
cause T, )T,. In addition, if we assume that in this case the 
time rH for an exciton to hop from D to D, 
(ED + D2- D + ED,) is smaller than r,, the most prob- 
able process is that of dissipative transfer of the exciton 
among the impurities. This assumption is a reasonable one 
because for ND - 5 x 1016 cmV3 the time T, -BE / f i  for the 
process ED + D ' - D + ED ' is 10-l2 sec (SE is the interac- 
tion energy of ED with D)  and we can be assured that TH is 
not too much larger for the process ED + D,-D + ED, 
+ fiw, (where w, is the frequency of phonon emission for 
this case). The process considered here is possible when 
nearest-neighbor centers are not occupied by excitons, i.e., 
in the case of low excitation density; as a result of this process 
free excitons, which are mostly captured by "isolated" im- 
purity atoms (since N,, is significantly larger than NED, ) 
will go off toward Dk groups of atoms, on which the exciton 
binding energies are larger (ED -* ED, - . . . -EDk ). In 
this way, at low photoexcitation levels the "isolated" impu- 
rity atoms play the role of antennae, collecting the energy of 
exciton excitations and transferring it to isolated impurity 
pairs, similar to what takes place in photosynthesis. The sec- 
ond phenomenon is related to broadening of the PI band as 
the temperature increases from T = 2 K to T = 4.2 K (see 
curves 1,2 in Fig. 3 (b)  ) . This broadening is explained by the 
increase in exciton mobility in the EIB as the temperature 
increases, in view of the fact that within one lifetime an exci- 
ton succeeds in reaching deeper states in the EIB. 

4. ANALYSIS OF THE RR SPECTRUM OF SILICON DOPED 
WITH PHOSPHOROUS AND ARSENIC AND SUBJECTED TO 
UNIAXIAL STRESS 

Let us first note that compressing samples along the 
[ 1 1 1 ] crystallographic directions does not cause any quali- 
tative change in the RR spectra if we ignore the fact that the 
recombination radiation is strongly polarized. For such de- 
formations, which split only the valence band, the donor- 
bound exciton binding energy E, is only slightly affected3 
(see below Fig. 5(b) ). From this it follows that the charac- 
teristic size of an ED, and hence the quantities which charac- 
terize the interaction of ED with neighboring impurity 
atoms, are only slightly changed. 

A qualitatively different picture emerges when samples 

hr, eV 

FIG. 4. Phononless emission bands ofexcitons bound to impurity atoms 
of phosphorous and arsenic in silicon stressed along the [001] axis at 
T = 2 K: (a)  silicon doped with phosphorous, N ,  = 1.1 X 1017 cm-', 
P= 2280 kg/cm2; (b) silicon doped with arsenic, N ,  = 2.6X IOl7 
cm-', P = 2250 kg/cm2, for various values of W; 1- W z 0 . 2  W/cmZ, 
2- W z  30 W/cm2. 

are compressed along the [001 ] and [ 1 121 directions. De- 
formation of silicon in these directions causes a splitting of 
the conduction band, and a variation in the wave function 
and binding energy E, of the bound exciton related to it.I6 As 
a consequence of this the energy scale in the EIB, the matrix 
transfer and overlap integrals, etc., are all changed, which 
eventually changes the processes of energy transfer in the 
EIB and the RR spectral distribution. 

In Figs. 4-6 we show typical RR spectra, along with the 
dependences of the spectral positions of selected emission 
bands on the applied pressure P; it is clear from these figures 
that the spectral positions and intensities of the emission 
bands P,, a , ,  P2, P ; , P ;', S,, y,, FE present in the RR spectra 
depend strongly on pressure, photoexcitation density and 
temperature. Thus, the intensity of the P2 band, which we 
associate with decay of E2D2 complexes, increases with in- 
creasing photoexcitation intensity, just as in the case of un- 
deformed samples; its spectral position relative to a, re- 
mains unchanged. 

Let us now discuss RR which originates from the decay 
of ED, complexes (the PI and P ;' bands). The dependence 
of the spectral position of the PI band on pressure shown in 
Fig. 5(a) was obtained for low photoexcitation density, 
when the PI band is most clearly evident in the RR spectra 
(see curves 1 in Fig. 4). In the low-pressure region this de- 
pendence is practically identical to the dependence of the 
position of the a, band on pressure, as is clear from Fig. 5. 
Such a dependence of the a, band position on pressure, as 
was shown in Refs. 5 and 6, is related to the presence of 
excited states of the ED, and to the fact that the inner elec- 
tron orbital of the ED is close to the orbital of an isolated 
donor. If we now take into account that for R - 242, (for 
R -2aE the basic contribution to the RR spectrum comes 
from ED,) the inner electronic orbitals in ED, interact 
weakly among themselves, and are close to donor-like, then 
we can assume that the properties of ED, will be in most 
ways analogous to those of ED. Therefore it is natural to 
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FIG. 5. Dependence of the spectral position of the NP 
emission band for silicon doped with phosphorous on 
applied pressure. To construct the dependences present- 
ed here, we used spectra obtained at various tempera- 
tures, impurity concentrations and photoexcitation 
densities. For convenience, the dependence of the posi- 
tion of the Mine on stress is shifted from the TO to the 
NPregion of the spectrum. (a)  Stress applied along the 
[OOl] direction: 0-N, = 1.1 X lo i7  cm-', T = 20 K; 
0-5 x 1016 ~ r n - ~ ,  20 K; A-1.1 x 10" ~ m - ~ ,  2 K; O- 
1.1 X lo t7  C I I - ~ ,  4.2 K; S 7 . 5 ~  10" cmp3, 4.2 K; 
X--calculation carried out using formulae from Ref. 
16. (b)  Stress applied along the [ 11 1 ] direction, N,- 
1.1 X lo i7  cmP3; 0 - T =  4.2 K; A-T = 2 K, W =  0.2 
W/cm2. 

suppose that ED, has an excited state whose interaction with 
the ground state also gives rise to the observed nonlinear 
dependence of the spectral position of the P, band on pres- 
sure. The dependence of the spectral position of the P ;'band 
on pressure also indicates that for R - 2a, the electronic 
states ofD,, and consequently the inner electronic orbitals of 
ED,, interact weakly among themselves (see Fig. 5(a)) .  
This emission band appears in the RR spectra of deformed 

FIG. 6. NP (dashed curves) and TO (continuous) emission bands for 
excitonsbound to phosphorousimpurity atoms (N,-7.5 X 10"cm-') 
in silicon stressed along the [OO 1 ] direction; P = 1850 kg/cm2. FE is the 
free-exciton emission band. For convenience in comparison, the maxima 
of the a,-NPand a,-TO lines are superimposed; Wz20 W/cm2, a- 
T =  l l  K,b--T=20K. 

crystals (see curve 1 in Fig. 4 (a )  ) and is related to the decay 
of ED,, as a result of which two donors are formed, one of 
which is in an excited state. 

As is clear from Fig. 5 (a ) ,  the experimental dependence 
of the position of the P ;' band on pressure agrees well with 
the calculated dependence (the crosses in Fig. 5 (a )  ) of the 
spectral position of the emission line which arises from decay 
of ED, as a result of which a donor in a Is-like state is created 
(the calculations were performed based on the formulae of 
Ref. 16). From the fact that these dependences are analo- 
gous, it follows that the donors in a D, are only slightly less 
separated than the isolated donors. The significant spatial 
extent of the ED, apparently is suggested also by the fact that 
the relative intensity of the ED, emission (see Fig. 6(a) ) in 
the TO component of the RR spectrum is noticeably larger 
than in the NP component. Thus, in the intervals of concen- 
tration and temperature investigated by us, the main contri- 
bution to the RR is from ED,, whose internal electron orbi- 
tals are close to donor-like. 

We should note that we were unable to observe those 
ED and ED, decays which result in conversion of a donor to 
a &-like state; apparently, this is because these states inter- 
act strongly with the impurity atoms, since the size of a 2s- 
like state is approximately four times that of the 1s-like state. 

The most difficult task is to explain the origin of the 
emission band Pi, which is present for even the weakest 
photoexcitation densities (curves 1,2 of Fig. 4) and whose 
relative intensity increases sharply both with an increase in 
impurity concentration and with an increase in pressure for 
samples compressed along the [OOl] and [ 1121 directions. 
This band is observed in the RR spectra of silicon doped both 
with phosphorous and arsenic. As the temperature rises 
from 10 K to 20 K its intensity decreases linearly. 
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FIG. 7. Phononless emission bands of excitons bound to phosphorous 
atoms ( N ,  = 4x lo i7  cm-') in silicon subjected to uniaxial strain in 
the [001] direction at T = 2 K ;  1-  W z  15 W/cm2, P = 0 kg/cm2; 2- 
W z 0 . 2  W/cm2, P  = 0 kg/cm2; 3-W=. 15 W/cm2, P =  2180 kg/cm2. 
The arrows indicate the position of the bound exciton at low phospho- 
rous concentrations. 

The P ; band can be explained by relating it to the decay 
of long-lived excited states of the ED, complexes, as a result 
of which a D2 complex is created one of whose donors is in an 
excited state. In particular, this is suggested by the agree- 
ment of the experimental dependence of the spectral position 
of this band on pressure given in Fig. 5(a) with the analo- 
gous dependence (the y-transition in ED) calculated by us- 
ing the formulae given in Ref. 16. However, in order to un- 
derstand why, e.g., the relative intensity of the P;  band 
grows with increasing stress, it is necessary also to assume 
that the excited states of ED, are populated due to excitons 
hopping from the ground state of ED complexes. Such an 
assumption allows us to explain qualitatively the results we 
have obtained in our experiments. 

Let us now discuss what from our point of view is the 
most natural explanation for the appearance of the P ; band. 
To do so, let us once more turn to Fig. 2. From a comparison 
of curves 5 and 4 of Fig. 2 it is clear that as the phosphorous 
concentration increases up to ND z 2  x 10" ~ m - ~ ,  the RR 
spectrum is restructured: the bands a , ,  PI and P2 disappear, 
and in place of the P ; band a broad emission band appears, 
the position of whose maximum corresponds approximately 
to the position of the maximum for emission from electron- 
hole droplets (EHD) in ~ i l icon . '~  From Fig. 7 it is clear that 
the form of this band depends weakly on the photoexcitation 
density. However, the degree of polarization depends in a 
significant way on the density of exciting radiation (see Fig. 
8).  For low levels of photoexcitation the degree of polariza- 
tion is saturated even in the low-pressure region, i.e., it be- 
haves like the polarization of bound excitons.19 For larger 
photoexcitation densities the dependence of the degree of 
polarization on pressure is analogous to that of EHD emis- 
~ i o n , ~ '  which suggests an insulator-to-metal transition of the 
excitons in the EIB. We thus conclude that at least for low 
photoexcitation densities the band we have investigated 
arises from recombination of excitons in the EIB. 

The restructuring of the spectrum as ND increases de- 

FIG. 8. Dependence of the degree of polarization of the NP emission 
band for excitons bound to phosphorous atoms ( N ,  = 4 X  lo i7  cm-') 
in silicon under stress applied along the [ 1 1  1 ] axis at T = 2 K ;  1- 
W z  20 W/cm2, 2- W z  0.15 W/cm2. 

scribed above is explained in Ref. 13 as an Anderson transi- 
tion in the bound-exciton system, which is characterized by 
the appearance of extended states along with weakly local- 
ized states in the EIB when ND > N >  According to Refs. 21, 
12, the extended states appear when the magnitude of the 
fluctuations of the potential Vof the impurity atoms become 
smaller than the width B of the exciton-impurity band, i.e., 
for V/B - 1 where B = 221, z = 2, I = 2~,exp ( - r,, /a ,  ). 
As a consequence of the appearance of extended states, the 
mobility of excitons in the EIB increases, leading to a de- 
crease in their energy and thus to a shift in the emission 
maximum. 

In an analogous way we can explain the changes in the 
RR spectrum we observed which occur when samples are 
uniaxially stressed along the [OOl] and [I121 axes. When 
the stress applied to the crystals exceeds lo3 kg(force)/cm2, 
it causes a decrease in E~ by roughly a factor of three, and 
thus a significant decrease in AE and in the spacing between 
levels in the EIB. For a given temperature this will lead to a 
noticeable increase in the exciton mobility in the EIB. The 
motion of excitons among the impurity atoms at low tem- 
peratures, accompanied by relaxation of their energy, gives 
rise to a change in their energy distribution within the EIB: 
the number of excitons with high energy decreases while the 
number with low energy increases. This change in the exci- 
ton distribution within the EIB explains the rise in intensity 
of the P ; band that we observed along with the simultaneous 
decrease in intensity of the P I  band in the RR spectrum of 
silicon doped with phosphorous or arsenic, which are shown 
respectively in Figs. 4(a)  and 4(b).  It is obvious that this 
process is most clearly marked at concentrations such that 
r,, -a,. The change in the spectral position of the P ; band 
observed as the pressure increases, which is evident from its 
proximity to the a, line, is explained by the decrease in the 
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width of the EIB. The drop in intensity of the P ; band as the 
temperature rises is explained by the fact that at high tem- 
peratures, as we showed above, the contribution of the var- 
ious D, atomic groups to the RR is approximately propor- 
tional to the corresponding density of states in the EIB, 
which for groups of atoms corresponding to the P ; band is 
small. We note that the appearance of the Pi band in the 
case of silicon samples doped with arsenic occurs for ND 
larger than in the case of phosphorous-doped samples. From 
these considerations we can explain the constriction of the 
emission bands of phosphorous-doped silicon for ND > NDcr 
which is shown in Fig. 7, which is observed when samples are 
stressed in the [001 ] direction. 

5. CONCLUSION 

A characteristic feature of a system of the sort under 
discussion, i.e., a system of excitons bound to impurity 
atoms, is the absence of a well-defined relation between the 
EIB density of states and the RR spectral distribution, 
which is caused by the absence (in the usual sense) of exci- 
ton localization in the EIB; it is this feature which makes its 
investigation difficult. We also note that a further source of 
complexity in the investigation of EIB is the absence of even 
a semiquantitative theory which can describe the excitonic 
energy transfer and distribution of the density of states in the 
EIB. For this reason, some of the conclusions reached in this 
paper are ambiguous and lacking in precision. In addition, 
concepts such as "isolated impurity atoms" and "isolated 
pair of impurity atoms", which are widely used to explain 
the experimental results, partially lose their meaning for 
concentrations where r,, -e , .  One of the basic results of 
this paper is the suggestion that the energy of excitonic exci- 
tations can be transferred from one group of atoms to an- 
other; the use of uniaxial strain allows us to make this pro- 
cess controllable. In this paper we have investigated the EIB 
which appears in crystals of phosphorous-and-arsenic- 
doped silicon. It would be of undoubted interest, in our view, 
to study the EIB in silicon crystals doped simultaneously 
with two kinds of impurities, e.g., phosphorous and arsenic 
or phosphorous and boron. In such an EIB it might be possi- 
ble to bring about energy transfer from impurity atoms of 
one type to impurity atoms of the other type. 

We are grateful to Ya. E. Pokrovskii for much valuable 
advice on interpreting the results obtained in this paper, and 
for assistance in achieving them, and also to A. B. Lopatin - 
for writing a series of programs to collect and process the 
experimental results on a computer. 
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