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The luminescence spectra of multiparticle impurity complexes were investigated at low temperatures in 
silicon doped with phosphorus and compressed along the [I001 direction. It is shown that all the main 
features of the spectra-the character of line splitting, the line shifts, and the appearance of new l i i  
upon deformation-can be explained on the basis of the shell model of multiparticle complexes. 

PACS numbers: 61.70.Rj. 71.55.Dp, 71.70. - d, 78.55.H~ 

Many recent papers a r e  devoted to the physical nature 
of the s e r i e s  of narrow luminescence linesc1] produced a t  
low temperatures in silicon doped with elements of 
groups I11 and V and located in the energy region direct- 
ly behind the emission line of the bound exciton. Ac- 
cording to the interpretation proposed by us  earlierL1] 
these lines a r e  produced when electrons and holes re -  
combine in the multiparticle complexes B, that a r e  pro- 
duced a s  a result  of successive binding of m excitons 
with the impurity atoms. Investigations of the kinetics 
of the formation and decay of the c ~ m ~ l e x e s ~ - ~ ~  have 
confirmed this interpretation. However, in subsequent 
s t u d i e ~ ~ ~ - ~ ~  of the splitting of these l ines in magnetic 
fields and under uniaxial deformation, doubts were cas t  
on the existence of multiparticle complexes. In the 
present paper, using a s  an example silicon doped with 
phosphorus, we show that the complex emission spec- 
trum observed under uniaxial deformation agrees  well 
with the shell model of multiparticle impurity complex- 
es ,  which was proposed by ~ i r c z e n o w . ~ ~ ]  

I t  should be noted that the investigation of the influ- 
ence of uniaxial compression on the emission spectra of 
the complexes encounters a t  least  two difficulties. The 
f i r s t  i s  connected with the need for  producing a uniform 
strain that does not cause additional splitting o r  broad- 
ening of the emission lines. In the present  study, uni- 
formity of the strain was attained by using long silicon 
samples measuring -20 X2 X 2  mm and having hemi- 
spherical ends. The  pressure  P on these ends were  ap- 
plied through lines of a 5 6  Pb + 5 6  Sn alloy that 
solidifies a t  low The uniformity of the 
strain in our was attested by the absence of substantial 
broadening of the lines up to P ~ 2 0 0 0  kgf/cm2 when a 
large a r e a  of the crystal  with dimension 0.2 x 7 mm was 
excited with an argon laser .  

The second difficulty a r i s e s  in the line identification. 

F o r  reliable identification we used the method of con- 
stant additional illumination.r10J T o  this  end we focused 
on the sample surface,  besides the modulated exciting 
radiation, the beam of a second argon laser .  This  un- 
modulated radiation produced a certain stationary con- 
centration of the B, complexes. As  shown in Refs. 1-4, 
the concentration of complexes with different m depends 
in nonlinear fashion and in various ways on the excita- 
tion levels. Therefore application of constant additional 
illumination altered the rat io of the amplitudes of the 
l ines of the modulated par t  of the radiation registered. 
by our apparatus. [lo] The  fact that the amplitudes of the 
groups of lines changed in identical fashion was evidence 
that these lines a r e  connected with one and the s ame  
complex B,. 

F igure  1 shows the no-phonon (NP) component and the 
TA component of the emission of silicon doped with 
phosphorus and different p re s su re s  in the [loo] direc- 
tion. The emission spectra of the TA and TO compon- 
ents  a r e  similar ,  and the TO spectrum i s  therefore not 
shown in Fig. 1. The line designations correspond to the 
type of radiative transitions assumed in the shell model 
(Ref. 8). " A number of lines were  identified by using 
constant additional illumination. Thus the onset of the 
pl  line in the decay of the complex B2 i s  indicated by the 
increase of the intensity of this line when the additional 
illumination i s  turned on; this  increase i s  identical with 
that of the a" line (Fig. 2). The  intensity of the line 
alr3 decreases  following the additional illumination in 
the same way a s  the intensity of the line (Fig. 3), 
thus indicating that i t  i s  produced in the decay of the 
bound exciton B,. The  spectral  positions of the different 
emission lines of the complexes a s  functions of the ap- 
plied p re s su re  P a r e  shown in Fig. 4. 

We examine now in grea ter  detail the change of the 
energy spectrum of multiparticle complexes bound to 
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FIG. 1. NP and TA component of emission spectrum of mul- 
tiparticle impurity complexes of silicon doped with phosphor- 
ous at  a concentration 7 xloi4 cm' s, at 4.2 K and at various 
pressures P in the h0Ol direction. The line crl(B) is  due to a 
residue of boron impurity. 

phosphorus atoms, under uniaxial compression. The  
final s tate in the decay of the bound exciton B, a r e  a 
neutral donor in the ground o r  excited states. In the ab- 
sence of deformation, the ground state of the phosphorus 
atom is split into three states: I', (singlet), r5 (triplet), 
and r, (doublet). The  energy spacing between the levels 
r, and r, is 4 = 11.6 meV, and between r, and r3 we 
have A: = 13.0 meV (see e.g., Ref. 11). When silicon i s  
compressed in the [loo] directionru) the s ta te  r, is split 
into a doublet r , (2)  that shifts like A: - j A,, and a sing- 
let r 5 ( l )  that shifts like A; +$A,. The  s ta te  r , ( l )  which 
corresponds to the singlet s tate r, of the underformed 
crys ta l  shifts like $A, + $A: - $[A: ++(:12 + $A,A:]'/~. 
The  singlet s tates r3(2)  and r 3 ( l ) ,  which correspond to 
the doublet s tate r, in the absence of deformation, a r e  
shifted like A: - f A, and *A, + 4 + $ [A: + ( 4 )  
+$~,4,0]l /~.  The  wave functions of the states rl(l) and 
r,(l) a r e  then l inear combinations of the symmetry wave 
functions of r, and r, (Ref. 12). He re  A, is the conduc- 
tion-band splitting and is negative in the ca se  of a com- 
pression strain. The value of A, is approximately equal 
to the shift of the emission line of the f r ee  exciton FE 
(Ref. 13) and can be directly determined from Fig. 4. 
The  expressions presented make i t  possible to calculate 
the energies of the excited states of the donor under 

FIG. 2. TO component of 
emission spectrum of 
phosphorus-doped silicon 
at 4.2 K and at a pressure 
P-1130 kgf/cm2: 1- 
recorded without constant 
additional illumination, 
2-with constant illumina- 

1.090 1.080 
hv, eV 

FIG. 3. NP emission line 
airs and TA component of 
the emission of a free ex- 
citon (FE) of silicon doped 
with phosphorus ([PI = 7 
~ 1 0 "  ~ r n ' ~ ) ,  at  4.2 K and 
apressureP= 830 kgf/cm2: 
1-without constant illu- 
mination, 2-with constant 
illumination. 

1. N5 1.730 
hv, eV 

strain. 

One can expect the emission spectrum of the bound 
exciton B, t o  reveal lines corresponding to donor pro- 
duction not only in a ground state but also in excited 
states. These  lines should be shifted relative to the line 
a: corresponding to production of a donor in the ground 
state r , ( l )  by an amount equal to the donor excitation 
energy. F o r  the line cylr5, which corresponds to donor 
production in the state r,(l), this shift should be equal to 

and for  the line alr3 corresponding to production of a 
donor in the state r3(l), i t  i s  equal to 

The quantities A:@) and G ( P ~  calculated in this manner 
a r e  marked in Fig. 4 by dark circles.  I t  is seen from 
the figure that the line cylrs i s  actually observed in the 
spectrum and i t s  position agrees  well with the calcula- 
tion. This  line is excited only under deformation. 

According to the shell model,["l the electronic s ta tes  
in multiparticle impurity complexes a r e  analogous to 
donor states. T h e  electrons fill  in succession the shells  

FIG. 4. Dependence of the spectral position of the NP and TA 
emission lines of silicon doped with phosphorus ([PI 7 x1014 
~ m - ~ )  on the pressure P in the [I001 direction. Light circles- 
experiment, dark--calculation (see the text). 
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with the symmetry of the wave functions r, and r , ,  r, 
(the states r, and I?, in the absence of deformation a r e  
assumed to be very little separated and a r e  designated 
a s  the state I?,,). The  holes occupy primari ly the four- 
fold degenerate shell r, with the symmetry of the wave 
functions of the top of the valence band of silicon. Lines 
of the type a, appear upon recombination of an electron 
from shell r, of the complex B, with one of the holes of 
the shell r, to produce a complex B,-, in the excited 
state: 

(for m 2 2). Because of the strong interaction between 
the cel l  I?, and the  cent ra l  cell, these  transi t ions a r e  
observed not only in the phonon spectral  components, 
but also in the NP ones. Lines of the type p, appear 
when the complexes B, decay to produce complexes 
B,-, in the ground state 

- 

{2r1, (m - I )  +:fa) -+ {2r1, (m - 2) rm; (m - I)  r8). 

These lines a r e  observed only in phonon components. 

I t  i s  seen from the presented scheme that within the 
shell-model approximation the electron and hole config- 
urations of the complex B, a r e  preserved upon decay for  
the c a r r i e r s  that remain in the complex B,-,. The  
emission lines corresponding to  transitions with change 
of symmetry of the c a r r i e r  wave functions a r e  not ob- 
served in experiment, because of the low probability of 
such  transition^.^^.'^^ One should expect that under uni- 
axial deformation, just a s  in the ca se  of a donor, the 
states r,(l) and r , ( l )  of the complexes will correspond 
to mixed wave functions of symmetry r, and r,. Th i s  
can lead to the appearance of new emission lines of the 
complexes in the deformed silicon. Actually, in the 
absence of deformation, a decay of the type 

is possible only with change of the symmetry of the wave 
function of the remaining electron and has therefore low 
probability. In the ca se  of deformation, the states r,(l) 
and I?,(l) correspond to combinations of wave functions 
of the type r, and r , ,  the indicated transition ceases  t o  
be forbidden, and this  gives r i s e  to excitation of the line 
cylr3. The  donor s ta te  r , ( l )  corresponds to the wave func- 
tion of symmetry r , ,  so  that the process 

{2ba8) -+ {rs (1)) 

remains of low probability also in deformed silicon. We 
assume that this i s  why we were unable to observe the 
alr5 emission l ine corresponding to this transition. 

In the absence of deformation the emission line +, 
practically coincides with the more  intense line a, (Ref. 
14), but under sufficiently strong compression the line 
8: is well resolved both in the TA components (Figs. 1 
and 4) and in the TO components (Fig. 2) of the spec- 
trum. The  reason is that the shifts of the lines a; and 
8; have different dependences on the pressure  P in the 
region of small P. The  sublinear dependence of the shift 
on the pressure  in the [loo] direction i s  observed for  
all the lines of the a ser ies ,  thus indicating that the 

shift of the levels  I?,(l) is nonlinear in the pressure  for  
al l  the complexes B,. The  distance a: between the lines 
p; and a; corresponds to the difference between the en- 
e rg ies  of the ground and excited states of the complex 
B,. This  i s  precisely the distance also between the lines 
6; and a;, in both the TA (Fig. 4)  and TO components of 
the spectrum. I t  follows therefore that the line 6[ ap- 
pea r s  when the complex B, decays from an excited 
s ta te  to produce a donor in the ground state: 

Fl ( I ) ?  . -+ {rl (I)}. 

The  population of the level r , ( l )  should not be  nonequi- 
librium in this ca se  and should result ,  for  example, 
from the decay of the complexes B, in transitions of 
type %. 

One can expect the spectrum to contain, besides the 
6: line, also the y p  line which is produced when B, de- 
cays  from an  excited state to produce a donor in an ex- 
cited state: 

The  distance between lines y p  and cylrs should also be 
equal to A:. This  line i s  indeed well observed in the 
-VP component of the spectrum (Figs. 1 and 4). The 
correc tness  of this interpretation is confirmed by the 
fact that the line y: is not suppressed by the constant 
additional illumination and is excited when the tempera- 
t u r e  is increased. The  l a s t  circumstance is due to the 
additional thermal population of the r , ( l )  level of the 
complex B,. At an approximate temperature 15 K the 
dominant lines in the emission spectrum of deformed 
silicon a r e  at and y; (Fig. 5). 

We have s o  f a r  taken into account only the splitting of 
the electronic levels  of the complexes. Unaxialdeform- 
ation leads to a splitting of the fourfold degenerate hole 
level r, into two doubly degenerate levels r, and r,, in 
each of which i t  i s  possible to place two holes. F o r  this 
reason, each of the emission lines of the complexes 
should, generally speaking, split into two. Since the  
complexes B, and B, contain respectively one and two 
holes, these holes can be placed on the upper level r,, 
and the population of the lower hole level r, is possible 
only on account of thermal excitation.c101 In fact the in- 
tensity of the emission lines a; and a;' decreases  rapidly 
with increasing p re s su re  o r  with decreasing tempera- 

FIG. 5. NP component of 
emission of silicon doped 
with phosphorus at pres- 
sure P = 1200 kgf/cmz and 

, 
at temperatures TB1 K (1) 
and B 15 K (2). 

525 Sov. Phys. JETP 48(3), Sept. 1978 A. S. ~arninskirand Ya. E. ~ o k r w s k i i  525 



ture. Since the emission line p, is resolved a t  relative- 
ly high pressures ,  we succeeded in observing only i t s  
pl component, corresponding to recombination of a hole 
on the r, level. 

The complexes B, and B4 contain respectively 3 and 4 
holes, of which only two can be located on the r7 level. 
The  ratio of the populations of the levels  r, and r, 
should be 2 : 1 and 1 : 1 and should depend l i t t le  on tem- 
perature. Actually, i t  i s  seen from Fig. 4 that in the 
region of low pressure  there a r e  observed in the NP 
components the doublets a:, a; and a[, a: with an inten- 
sity ratio close to those indicated above. J u s t  a s  under 
compression in the [ I l l ]  d i r e c t i ~ n , ~ ' ~ . ' ~ ~  the splitting of 
the a - se r i e s  lines i s  proportional to the pressure  and 
corresponds approximately to the splitting of the valence 
band of silicon. At high pressures  the intensity of the 
(Y, lines, and la te r  also of the a, lines, decreases  
strongly. The  reason i s  that if the hole level r, i s  sub- 
jected to strong splitting (4-5 meV) the existence of the 
complexes B4 and B, becomes energywise u n f a v ~ r e d . ~ ' ~ ~  
We note that the intensity of the a;' line also i s  de- 
creased by deformation, possibly a s  a result  of the 
opening of the aforementioned new channels of recom- 
bination of the complexes B,. 

We were unable to establish a pressure  dependence of 
the positions and splittings of the lines 3, and C3,. These  
lines a r e  well observed in phosphorus-doped silicon only 
in the absence of d e f ~ r m a t i o n . ~ ' ~ * ' ~ ]  Since the 8-ser ies  
lines appear only in the phonon components of the spec- 
trum, they have a l a rge r  natural width, and a t  low pres-  
su re s  the splitting of these lines cannot be resolved. At 
high pressures  the lines B, and 13, begin to overlap the 
strong lines & and 13,. 

We note in conclusion that the deduction that the ex- 
perimental data contradict the  result^^^.^] of the shell 
model of multiparticle impurity complexes i s  unfounded. 
F i r s t ,  the splitting of the emission lines of the com- 
plexes, both in the [ I l l ]  d i r e ~ t i o n [ l ~ . l ~ ~  and in the [loo] 
direction, obtained in Refs. 15 and 16 a s  well a s  in the 
present study, i s  much simpler  (doublets) than in Ref. 6 
(quartets). Therefore the resul t s  given in Ref. 6 a r e  
doubtful. Further,  a s  already noted, one can hardly 
establish reliably the character  of the splitting of the 
lines 3, and p4 against the background of the strong a- 
se r i e s  lines and, at  any rate,  observed a l l  the compon- 
ents that occur under deformation. F o r  the s ame  rea- 

son, a comparison of the kinetics of the relaxation of the 
emission of the lines of the a and p s e r i e s  is hardly ad- 
visable al l  the more  because the difference between the 
relaxation t imes  of the lines with m >, 2 is negligible 
1105-158 nsec (Ref. 711. Moreover, the relatively weak 
lines of the p s e r i e s  a r e  registered against the back- 
ground of the emission of the electron-hole drops,['l 
whose lifetimes a r e  of the same o rde r  (141 nsec accord- 
ing to Ref. 17). I t  i s  quite probable that th is  circum- 
stance determines to a considerable degree the experi- 
mentally measured relaxation time of the emission l ines 
of multiparticle complexes in phonon components of the 
spectrum. 

The subscript corresponds to the number of the decaying 
complex m ,  including also the case of the &series lines, 
whereas in Refs. 7 and 8 the p-series lines a re  labeled m - 1. 
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