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1) 

Presently it is considered that the thermal donors (TD), forned in Si: 0 
crystals a t  T 5 800 K, a r e  helium-like centers with the shallow levels 
El = Ec  - (0.05 to 0.07)eV and E2 = Ec - (0.12 to 0.16)eV /1, 2/. However, 
such a picture of the electronic structure of TD is not exactly accurate. It is 
shown in /3, 4/ that two types of donor centers formed a t  early stages of 
thermal treatment n-Si:O a t  T < 800 K a r e  configurationally bistable and can 

D i ,  DL, D T ,  where the indexes A and B denote dif- exist in four states: DA, 
ferent center configurations (Fig. 1). In the A configuration electrons are 
strongly bound with the center (the photoionization energy of the defects exceeds 
the energy gap). At the same time, the B configuration is characterized by a 
small binding energy of the electrons to the neutral (AEl* 0.07 ev) and singly 
ionized ( AE2M 0.15 ev) centers. 

system with U < 0. An important feature of these defects is the occupancy level 
E(o/++) /5/. Fo r  BTD-1 E(o/++) w Ec - 0.32 eV, forBTD-2 E(o/++) HEc - 
- 0.22 eV /4/. Under equilibrium conditions when the Fermi level EF is lower 
than E(o/++) the basic state of BTD is D T  , while at EF > E(o/++) it is DA. How- 
ever, in the latter case even relatively weak above-band-gap illumination a t  
T 2 100 K gives rise to a change of the BTD configuration: as a result of the 
trapping of a non-equilibrium hole the center transforms from the Do state to A 
the DL one and then, a s  a result of the thermal emission of the second electron, 
to D r  . The rate  of the reverse  process is small even at  T rs 300 K /3, 4/ which 
allows to "freeze" BTD in the B configuration and to realize the metastable 
states DB and DB. On the other hand, illumination of the crystal containing BTD 
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It  has been found /3, 4/ that bistable thermal donors (BTD) are an Anderson 
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Fig. 1. Configuration-coordinate diagram for the 
bistable TD. A E  band gap; AE(O/++) = 

= Ec - E( o/++); A EIB and A E2B binding energies 
of the electrons on the neutral and singly ionized 
centers in  configuration B 

g 

in the D: state a t  sufficiently low temperature 
does not lead to a change of the defect con- 
figuration due to the presence of a barr ier  for - 

~~~ 

za 

Af(o/++) 

0- 
hole trapping (see Fig. 1). 

The above mentioned properties of BTD allow, using different regimes of 
cooling, to investigate the optical characteristics of BTD a t  low temperatures 
both in the A and B configurations. It can be expected that in the B configuration 
these centers a r e  optically active in the range from 400 to 1200 cm as other 

TD types (see /6, 7/). In this connection, we attempted to identify BTD by the 
LR absorption technique and to compare the obtained results with electrical 
measurement data. 

[O] = 8x1Ol7 cm-3 and carbon [C] = 10l6 cm-3 were used. The samples were 
heat treated at  375 OC during 1 to 50 h. We measured the temperature depend- 
ences of the Hall constant (Tm = 77 to 400 K) and IR absorption in the range 
from 400 to 1200 cm-l  (Tm = 20 K).  

The results of the electrical measurements a r e  given in Fig. 2 in the form 
of Y = kTh(nht  - n. ) / A F  a s  a function of F, where F = Ec - E n and nht 

a r e  the concentrations of charge car r ie rs  before and after the heat treatment, 
respectively. The Y(F) value was determined by numerical differentiation of 
the experimental dependences of n(T) using the technique described in /8/. 

Y(F) has a maximum when the Fermi level crosses  the occupancy levels of 
defects /8, 9/. In curve 1 (Fig. 2), obtained from the equilibrium dependence 
n(T), four bands with maxima at  Fml ce 0. M, F m 2 M  0.15, Fm3W 0.22, 
Fm4* 0.32 eV were observed. The half-widths of the first  and second bands 
a r e  d F  853.5 kT (Tml = 101 K,  Tm2 = 195 K), which is characteristic of the 
usual defects /Q/. The amplitudes of these bands, proportional to the concen- 

tration of the levels (Ym = (1/4)N), a r e  equal to each other which is evidence 

-1 

Czochralski grown n-Si samples ( 8  * 2 1;1 cm) with concentrations of oxygen 

in F’ in 
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Fig. 2. kTA(nht - niJ/AFas afunction 
of the Fermi level position in n-Si sub- 
jected to heat treatment a t  375 OC for 
50 h; (1) measurements in darkness, 
(2) under weak illumination 

of the fact that these two statesbelongto 
the usual double TD defects. The half- 

widths of the third and fourth bandsare 
6 F  5J 1.8 kT (Tm3 e 275 K, Tm4 F+ 386 K). This is a characteristic feature 
of the defects with U < 0 /9/, i, e. the levels Ec - 0.22 and Ec - 0.32 eV are the 
occupancy levels E(o/++) BTD-2 and BTD-1, respectively. 

Curve 2 (Fig. 2) obtained from n(T) measurements under weak external 
illumination shows no deep levels. In this case the concentration of shallow 
levels (0.0'7 and 0.15 ev) increase by an order of magnitude equal to the sum 
of concentrations of deeper levels (for centers with U < 0 Ym = N) . Consequent- 
ly, the illumination of the sample leads to the total transformation of BTD-1 
and BTD-2 into the B configuration. 

The IR absorption spectra of the same sample a r e  shown in Fig. 3. In the 
spectrum of the crystal cooled under illumination a series of absorption bands 
(a, b, c, d, e), due to the transition from the ground state to the excited states 
of five neutral TD are observed /6, 7/. When the sample was cooled in dark- 
ness after previous exposure a t  300 K, the bands of the a-series disappeared 
(Fig. 3, curve 2). After a long-time exposure ( t 2 5  h) of the sample in dark- 
ness at 270 K a noticeable reduction by a factor of 3 of the b-series intensity 
is revealed. This allows to conclude that the a- and b-series belong to the bi- 

stable TD. 
The comparison of the concentration of the BTD-1 and BTD-2 centers 

(see Fig. Z) with the intensities of the corresponding bands indicates that the 
a-ser ies  is related to BTD-1, and the b-series to BTD-2. This identification 
accounts for the difference between the spectra 2 and 3 in Fig. 3. In the in- 
vestigated crystals a t  T = 300 K the Fermi level is a t  Ec - 0.25 eV, i. e. i t  is 
located above the occupancy level of BTD-1 but lower than that of BTD-2. In 
this case the equilibrium configuration of BTD-1 wil l  be the optically inactive 
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Fig. 3. Absorption spectra of the same ma- 
ter ia l  as shown in Fig. 2, measured a t  a 
sample temperature of 20 K; (1) cooling 
under?illumination, (2), (3) cooling in darkness 
after exposure at 300 and 270 K, respectively 

configuration A (a-ser ies  disappears) and 
BTD-2 - the configuration B, which remains 
when the sample is cooled to Tm = 20K. 
When the temperature of the exposure is 

T = 270 K, the F e r m i  level shifts to Ec - 0.2 eV 
and the main par t  of BTD-2 transforms to the 
Dostate  for t > 5 h, which gives r i s e  to an  es- A 
sential reduction of the intensity of the b-ser ies  
lines. 

Thus, from the resul ts  obtained in  this note i t  follows that two of nine types 
of double thermal donors found earlier /6, 7/ are bistable, The presence of 
two stable configurations of TD should be taken into account in investigating the 
kinetics of the formation of these centers as well as in developing a micro- 
scop; model. 
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