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Effects of Heat-Treatments on Electrical Properties of 
Boron-Doped Silicon Crystals 

Y. Kamiura, F. Hashimoto, and M. Yoneta 
Faculty of Engineering, Okayama University, Okayama 700, Japan 

ABSTRACT 

The effects of heat-treatments around 1000~ and subsequent  annealing on the electrical properties of boron-doped 
silicon have been studied by electrical conductivity, Hall effect, and deep-level transient spectroscopy measurements.  The 
high-temperature heat-treatments always induced net densities of donors. Four recovery stages, stages I-IV, of heat-treat- 
ment- induced donors were observed on isochronal annealing up to 400~ Conductivity changes in these stages can be ex- 
plained as described below by the reactions of interstitial iron (Fei), its pair (FeIB~) with substitutional boron (Bs), and two 
unknown  donors (D~, D2). That is, stage I (25~176 D1---> sink and Fei + Bs---> FeiBs, stage II (100~176 
FeiB~ ---> Fei + Bs, stage III (200~176 D2 --~ sink, stage IV (250~176 Fei -~ precipitation. Heat-treatments in an oxygen 
atmosphere greatly reduced the introduction of Fei and FeiBs in comparison with an argon atmosphere and mainly intro- 
duced D~ and D2 donors. The density of D2 was dependent  on the heat-treatment temperature, while that of D1 showed al- 
most no dependence. In  stage I, D, was annihilated by first-order kinetics with an activation energy of 0.8 eV. It was indi- 
cated that DI and D2 have no relations to iron, copper, oxygen, nor carbon. Though their origins are still unidentified, there 
may be some interstitial impurities. In  stage IV, Fe~ is suggested to precipitate at oxygen precipitates and dislocation loops 
formed by high-temperature heat-treatments. As to the application to iron gettering in the device fabrication process, it is 
proposed that anneal ing around 300~ is most suitable as the final heat-treatment step to remove iron and related defects 
from active regions of devices. 

Silicon wafers receive complex heat-treatments at vari- 
ous temperatures in the fabrication process of electronic 
devices. Such heat-treatments introduce various contami- 
nat ing impurities and point defects into the bulk of silicon 
crystals. In  most cases, these impurities and defects affect 
the electrical properties of the crystals, and therefore have 
a significant effect on the performance of electronic de- 
vices. Although there have been a large number  of experi- 
mental  investigations (1-13) to study the energy levels 
arising from these impurities and defects and their carrier 
trapping and emitting properties by means of capacitance 
transient techniques such as deep-level transient spectros- 
copy (DLTS) (14), relatively little work has been accom- 
plished so far on the effects of such electrically active cen- 
ters on the electrical properties of silicon crystals (15-21). 
However, the results of such work would indeed be very 
helpful to design the opt imum fabrication process of desir- 
able devices. 

It has been widely recognized that iron tends to contami- 
nate silicon crystals on heat-treatments at high tempera- 
tures, and the characteristic properties of iron in silicon 
have been intensively studied (1-9, 12, 13, 22-24). Iron occu- 
pies the tetrahedral interstitial site in the silicon lattice 
(22-24), acting as a deep donor. Its single donor level is lo- 
cated at Ev + 0.4 eV (1-7, 25). This level traps a free hole in 
p-type silicon. Iron has high diffusivities and moves even 
at room temperature to form a complex with a doping ac- 
ceptor such as boron (1-7). The iron-boron pair has a single 
donor level at Ev + 0.1 eV and acts also as a hole trap (1-7). 
Most of these characteristic features, however, have been 

studied mainly by DLTS (2-7), while the effects of the in- 
terstitial iron and the iron-boron pair on electrical proper- 
ties of heat-treated silicon crystals have not yet been suffi- 
ciently clarified and neither have the effects of other 
impurities and defects. 

The aim of this paper is to present the results of electri- 
cal resistivity changes induced by high-temperature heat- 
treatments and subsequent  annealing and to discuss these 
results in connection with roles of iron, iron-related de- 
fects, and also other defects. We have also investigated the 
effects of heat-treatment conditions such as temperature 
and atmosphere. A suggestion is made on the application 
of the present results to gettering of iron and iron-related 
defects. 

Materials and Heat-Treatments 
Two-kinds of boron-doped (111) silicon wafers were 

mainly used as the starting material. One is a Czochralski- 
grown (CZ) crystal with a room temperature resistivity of 
10 t lcm (CZ-B-10). The other one is a float-zoned (FZ) crys- 
tal of 30 l lcm (FZ-B-30). The concentrations of interstitial 
oxygen dissolved in the crystals were 1.2 • 10 TM atom/cm 3 
for CZ-B-10 and less than 1 • 10 TM atom/cm 3 for FZ-B-30 
using a conversion factor of 3.1 • 1017 atom/cm 2 (26). The 
concentrations of substitutional carbon of both crystals 
were less than 1 • 10 TM atom/cm -3. 

The crystals were cut into rod samples with typical di- 
mensions of 0.5 • 2 x 15 mm 3. Samples were etched in 
acid (HNO3:HF = 4:1) for a few minutes  and rinsed with 
deionized water before heat-treatments. Samples were 
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then heated in flowing argon or oxygen gas on a quartz 
plate in a horizontal furnace for 1-20h at temperatures 700 ~ 
ll00~ Normally, no intentional impurity diffusion was 
performed during the heat-treatment, but  some samples 
were first iron- or copper-coated by vacuum evaporation 
and then heated to let that impurity in-diffuse at high tem- 
peratures in an argon atmosphere. Quenching was done by 
pulling the quartz plate out of the furnace to let a sample 
fall into water. Quenched samples were annealed at tem- 
peratures 50~176 Annealing was performed in silicone 
oil below 230~ and in molten salt (KNO3:NaNQ = 1:1) 
above that temperature.  

Measurement Procedures 
Resistivity measurement.--Room-temperature resistiv- 

ity was measured at 25~ by the four-point probe method 
before and after the high-temperature heat-treatment. 
After that, ohmic contacts were formed on samples at 
room temperature by welding aluminum wires by electri- 
cal discharge. Such contacts can be formed without rais- 
ing the sample temperature  and are stable against anneal- 
ing up to 450~ This enabled us to accurately measure 
resistivity changes induced by annealing. Resistivities 
were measured in CC14 at room temperature (RT, 25~ and 
at liquid nitrogen temperature (LNT, 77 K). 

Hall measurement.--Ohmic contacts were applied to 
quenched samples as described above. The Hall coeffi- 
cient was measured as a function of temperature in the 
range 20-300 K in a magnetic field of 0.376T. 

The hole density was calculated from the measured Hall 
coefficient using the Hall-mobility/conductivity-mobility 
ratio of Morin and Malta (27) in the temperature range 
above 100 K. 

DLTS measurement.--Quenched samples of 1 • 2 • 
3 mm 3 were etched, and then ti tanium dots with a diame- 
ter of 1.5 mm were evaporated on them to form Schottky 
junctions. The sample temperature was kept well below 
0~ during the evaporation to avoid the annealing of any of 
the quenched-in defects. Ohmic contacts were formed by 
welding a luminum wires to the opposite sides of the 
samples. Capacitance DLTS measurements  were per- 
formed by scanning the temperature at a rate of 4 K/min 
from 40 to 300 K. The experimental  equipment  consists of 
Sanwa MI-401 (a capacitance meter  and a pulse generator), 
NCC Mark-1 (an A/D converter), X-Y plotter, and personal 
computers,  which control the pulse generator and the tem- 
perature scanning and also perform the data acquisition. 
Normally both the reverse bias and the pulse voltage were 
5V. The sensi t ivi ty 'of  our equipment  was 2 x 10 -4 as the 
concentration ratio of deep levels to shallow levels. 

We have obtained an activation energy, E, for the hole 
emission from a particular trap using the familiar expres- 
sion (28) 

e/T 2 = A-~g exp (-E/kT) [1] 

where e is the hole emission rate of the trap, -~ is the cross 
section for capturing holes, g is the degeneracy factor of 
the trap level, and A = 3.52 • 1021 cm -2 s -1 K -2. We have 
also estimated values of ~ from the intersection of Arrhen- 
ius plots ofe/T 2 using Eq. [1], assuming g = 1. The trap den- 
sity, N, was calculated using the relation (14) 

N = 2(AC/C) (NA -- ND) [2] 

where C is the capacitance of the diode under the quies- 
cent traverse bias, AC is the capacitance change from C just  
after removing the applied bias pulse, and N ,  - ND is the 
net density of shallow acceptors ionized at the tempera- 
ture concerned. NA - ND was determined from capacitance 
vs. voltage plots at a temperature near the pertinent DLTS 
peak position. 

Experimental Results 
Heat-treatments at high temperatures always induced 

electrical conductivit ies at RT and LNT to decrease, al- 
though the degree of  decrease depended on heat-treat- 
ment  conditions. This means that donor-type defects were 
mainly introduced by the heat-treatments and their den- 

sity depended on heat-treatment conditions. Since iron- 
related defects have been known to be introduced by heat- 
treatments (8-13), we compared annealing behavior of ther- 
mally induced donors in normally heated and inten- 
tionally iron-diffused samples. Figure 1 shows the results 
of isochronal annealing for such comparison. The ordinate 
represents fraction not annealed, f, defined as 

fro - -  ( Y A  
y = - -  [3] 

(3"0 -- O'Q 

where Go and ~Q are conduetivities before and after 
quenching from high temperatures,  and oTA is the conduc- 
tivity after annealing. Since heat-treatments always 
yielded a net density of donors, the decrease i n f  means the 
annihilation of donors with levels above the Fermi levels 
at the conductivity-measuring temperatures,  or the forma- 
tion of acceptors with levels below the Fermi levels. In 
Fig. 1, we can see four recovery stages, stages I-IV. In stage 
I (25 ~ 100~ f at RT, fRW, decreases, and f at LNT, fLNT, also 
decreases for a normally heated sample, but it remains 
constant for an iron-diffused one. This apparent difference 
will be discussed in the next  section. In stage II (100 ~ 
150~ fRW remains unchanged, while fLNT decreases. In 
stage III, both fRW and fLNT decrease, though their amounts 
are relatively small. Finally, they both decrease to a large 
extent  in stage IV, where thermally-induced donors com- 
pletely disappear by annealing up to 400~ In short, Fig. 1 
indicates that the four recovery stages always appear, re- 
gardless of whether  the iron diffusion was done or not, al- 
though the amount  of recovery in each stage is slightly dif- 
ferent for both cases. This may suggest that heat- 
treatments mainly introduced iron and related defects, 
which dominate the electrical properties of heat-treated 
samples. Since such defects have been studied intensively 
by the DLTS method (2-13), we have performed DLTS 
measurements  to study the properties of defects responsi- 
ble for the above recovery stages. Figure 2 shows DLTS 
spectra of heat-treated samples with and without iron dif- 
fusion. Two hole traps, H(0.10) and H(0.45),are seen in the 
spectra. Their energy levels and hole capture cross sec- 
tions are Ev + 0.45 eV and 8 • 10 16 cm 2 for H(0.45) trap, 
and Ev + 0.10 eV and 4 x 10 -15 cm 2 for H(0.10) trap. These 
properties are in good agreement  with those of interstitial 
iron, Fei, and its pair, FeiBs, with substitutional boron, Bs, 
respectively (2-7). Moreover, the results of our experiments  
on the Poole-Frenkel effect (29) for H(0.42) and H(0.10) 
traps indicated no peak shift occurring with increasing 
pulse voltage. If these traps have the acceptor character, 
the positions of their peaks should be shifted toward low 
temperatures by increasing pulse voltage, because of t h e  
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Fig. 1. Results of isochronal annealing of CZ-B-IO samples normally 
heated and iron-diffused at 1000~ Samples were annealed for 10 min 
at each temperature. The ordinate represents the unannealed fraction 
of heat-treatment-induced donors and is defined by Eq. [3] using con- 
ductivities measured at 25~ (RT) and 77 K (LNT). Four recovery 
stages are indicated. 
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Fig. 4. The effects of successive annealing on temperature depend- 
ence of hole density of CZ-B-IO samples iron-diffused at I000~ 

lowering of ionization energies for the emission of a posi- 
tive hole from a negatively charged acceptor (30). There- 
fore, the above results indicated that H(0.45) and H(0.10) 
peaks arise from the donor levels of Fe~ and FeiB~. For the 
iron-diffused sample, the sum of Fe~ and Fe~B~ densities is 
2 x 10 ~4 cm -3 and almost attains the solubility of Fei at 
1000~ in silicon (1). In the undiffused samples, the densi- 
ties of Fe~ and Fe~B~ are much smaller for oxygen atmos- 
phere than those for argon atmosphere. The reason will be 
discussed in the next  section. The annealing behavior of 
Fe~ and Fe~B~ is shown in Fig. 3, where their densities are 
plotted against the annealing temperature. Their behavior 
is completely consistent with the reported defect reactions 
of the Fe~-Fe~B~ system (2-7). Below 100~ Fe~ disappears 
replacing the same density of Fe~B~, indicating the forma- 
tion of Fe~B~. In the temperature range 100~176 the re- 
verse reaction, or the dissociation of Fe~B~, occurs. Above 
170~ both Fe~ and Fe~B~ disappear, suggesting that Fe~ 
arising from the dissociation of Fe~B~ is annihilated at 
sinks. Qualitatively the same results have been obtained 
for diffused not iron-samples. 

Figure 4 shows the effects of successive annealing on the 
temperature dependence of hole density for iron-diffused 
samples. In  the as-grown state (curve a), only the level of B~ 
is deionized below 100 K. The iron diffusion at 1000~ 
(curve b) induced a decrease in hole density in the whole 
temperature region but  produced no new levels. Anneal- 

I ' I I 

CZ-B-10 Fe-diffused (1000~ Ar) 

1014 

u 

v 

> 

I - . -  1 ~ N10' 

uJZ H(OIO) X a 

n 
< 
r r  

annealed for 10 rain O, 
~ ~ I , I , I 
I V  0 100 200 300 

ANNEALING TEMPERATURE (~ 

Fig. 3. Isochronal annealing behavior of H(0.10) and H(0.45) traps 
in a CZ-B-IO sample iron-diffused at 1000~ Samples were annealed 
for 10 min at each temperature. 

ing at 100~ for 30 min (curve c) induced a level at 
Ev + 0.1 eV and also caused the hole density around room 
temperature to increase. This level can be readily iden- 
tified as the donor level of Fe~Bs. If the reaction 
Fei + Bs ~ FeiBs only occurs below 100~ (in stage I), the 
hole density at room temperature would not change, be- 
cause the charge states of Fei, Bs, and Fe,Bs are positive, 
negative, and neutral, respectively. Therefore, the present 
result strongly suggests that an unknown  donor, to be 
named DI later, simultaneously disappears while the 
above defect reaction occurs. This is supported by the re- 
sults of Fig. 1 where fRT decreases in stage L Annealing at 
180~ (curve d) annihilated the Ev + 0.1 eV level leaving 
the room temperature hole density unchanged. This can 
be explained by the reaction Fe~Bs ---> Fe~ + Bs only. The 
final annealing at 375~ (curve a) resulted in an increase in 
hole density in the whole temperature region, returning 
the sample conductivities to the as-grown values. This is 
consistent with the annihilation of donors in stage IV. 

O u r  present results (Fig. 1 and 3) indicate that Fe~ precip- 
itates above 250~ (stage IV). Many previous investigations 
have pointed out this behavior of Fe~ (1-7). However, no de- 
tailed information concerning the sites and mechanisms of 
the iron precipitation has been available. We emphasize 
that studies of this point are very important  for developing 
effective iron gettering techniques. Figure 5 shows prelim- 
inary results of our experiments aimed at clarifying the 
sites of iron precipitation. In  the experiments, several CZ 
and FZ samples were heated for various durations at 
1000~ in an argon atmosphere and then were isochronally 
annealed up to 450~ In  CZ crystals, the temperature 
where stage IV occurred was shifted toward the low-tem- 
perature side as the preheating time at 1000~ was in- 
creased (Fig. 5a). In  FZ crystals, no such shift was ob- 
served (Fig. 5b). Other annealing stages than stage IV were 
not affected by changing the preheating time. Increases in 
fobserved  in CZ crystals above 400~ are due to the forma- 
tion of so-called thermal donors (31-35). It has been known 
that extended annealing of CZ silicon around 1000~ 
causes oxygen precipitation and the generation of dislo- 
cation loops from the precipitates (36-38). The results of 
Fig. 5 suggest that these oxygen precipitates and dislo- 
cation loops may provide the sites of iron precipitation in 
stage IV. 

Figure 2 strongly suggests that iron contamination can 
be reduced by heating samples in an oxygen atmosphere. 
Figure 6 shows the results of isochronal annealing for a 
sample heated in 02 at 1100~ The prominent  feature of 
this figure is that only stage I and III appear while stage II 
and IV do not. Since the latter two stages are concerned 
with the reactions of Fei and Fe~Bs, the results of Fig. 6 sup- 
port the idea that heating in the oxygen atmosphere sup- 
presses the introduction of Fe~ and related defects. An- 
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Fig. 5. The effects of heat-treatment time at 1000~ on isochronal 
annealing recovery of room temperature conductivity of (a) CZ-B-10, 
and (b) FZ-B-30 samples. 

other important  conclusion is that two unknown donors, 
D1 and D2, which were annihilated in stage I and stage III, 
respectively, are not iron-related defects. Accordingly, in 
stage I for samples heat-treated in the argon atmosphere 
(Fig. 1 and 4), the annihilat ion of D1 and the reaction 
Fei + Bs--> Fe~Bs occur simultaneously. When the heat- 
t reatment temperature was lowered to 700~ only stage I 
was observed. This means that the density of D~ is hardly 
dependent  on the heat-treatment temperature while that 
of D2 depends on it. A typical density of D1 was 
2 • 1014 cm -3 for the heat-treatment at 700~ This density 
is much higher than the solubility of Fe~ in Si at that tem- 
perature (1), clearly indicating that D1 is not an iron-related 
defect. 

We have studied the annealing behavior of D1 in more 
detail. Figure 7 shows the kinetics of the annihilation pro- 
cess of D1. The sample conductivity was in situ-monitored 

i i I 
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Fig. 7. Kinetics of the annihilation process of D I donor at 25~ 
(stage I). 

during the annealing at 25~ The ordinate represents f t ha t  
is normalized so that f reaches zero when stage T com- 
pletely finishes. The result of fitting shows first-order ki- 
netics. The activation energy of annihilation of D1 was de- 
termined by the method of changing slopes. Annealing 
was performed at 25 ~ and 45~ and conductivity measure- 
ments  were done at 5~ The results are shown in Fig. 8, 
which indicates that the activation energy is about 0.8 eV. 

Discussion 
Iron and related defects.--The present results clearly 

show that iron contaminates silicon crystals during heat- 
treatments around 1000~ and iron itself and iron-related 
defects greatly affect electrical properties of heat-treated 
silicon. We first discuss the effects of Fei and FeiBs levels 
and their reactions on conductivities at 25~ (RT) and 77 K 
(LNT). The levels of Fei, Bs, and FeiB~ are located in the 
bandgap as shown in Fig. 9, where the positions of the 
Fermi level, EF, at RT and LNT under  our experimental 
conditions are also indicated. This scheme gives the 
charge states of the above levels. Fei and Bs are always pos- 
itively and negatively ionized, respectively, at RT and 
LNT, while FeiBs is neutral  at RT and positively ionized at 
LNT. Considering the charge states of these defects, we 
can expect that the reaction Fe~ + B~ ---> FeiB~ leaves fRw un- 
changed and causes fLNT to increase in stage I. However, 
our results (Fig. 1) shows that fRw decreases, contrary to our 
expectation. Also, fL~r does not change for the iron-dif- 
fused sample and it decreases for the undiffused sample, 
as opposed to the above reaction. We attribute these dis- 
crepancies to the simultaneous annihilation of an un- 
known donor, D1, occurring together with the above reac- 
tion. We will discuss the behavior of D1 in the next  
subsection. In Fig. 1 it is barely noticeable that there is a 
small decrease in fLNT around 50~ for the iron-diffused 
sample, followed by a small increase around 75~ This 
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Fig. 6. The effects of an oxygen atmosphere of the heat-treatment at 
1100 ~ on the isochronal recovery of conductivities. 

D 
W 
.J 

,,<,I.0 
Z 
Z 
40.9  

O 
z o . 8  
Z 
O 
~-0.7 
tO 
< 

~ 0 . 6  

I I I I I I 

CZ-B-IO 

To=llO0~ 
~ ~ c ~  A (Ih,O2) 

TA = 45~ 
I I I I I I 

0 10 20 30 40 50 60 70 
ANNEALING TIME (min) 

Fig. 8. Determination of the activation energy for the annihilation 
process of the DI donor in stage I by the method of changing slopes. 



3646 J. Electrochem. Soc., Vot. 137, No. 11, November 1990 �9 The Electrochemical Society, Inc. 

F e  i 
( 0.4eV ) 

E F ( R T )  

Fe i B s ( 0 . 1 e V )  

E F (LNT) 

BS-~,05 eV ) 
E v / / / / / /  / / / / / / / / / /  

Fig. 9. Locations of the levels of Fe~, B,, and Fe~B, in the bandgap. All 
level energies are with respect to the top of the valence band, E~. Posi- 
tions of the Fermi level, Er, at room temperature (RT) and liquid nitro- 
gen temperature (LNT) are also shown. 

may indicate that the annihilation of DI occurs first and 
subsequently the formation of Fe~Bs follows it. Acciden- 
tally, this point was more clearly observed in a special 
sample which was heated for 20h in 02 at 1100~ The re- 
sults are shown in Fig. 10 where the annihilation of D1 oc- 
curs below 75~ followed by the formation of Fe~B~ in the 
region 75~176 In  stage II, the dissociation of Fe~Bs into 
Fei and Bs can well explain the observed changes in f, no 
change in fRT, and a decrease in fLNT (Fig. 1 and t0). In  the 
temperature region of stage II, the reaction between Fe~ 
and FeiBs was found to be reversible by our resistivity, 
Hall effect, and DLTS measurements.  This feature means 
that the dissociation and association reactions of Fe~B~ 
maintain the equil ibrium after sufficiently long annealing. 
We can therefore attribute stage II to the shift of the equi- 
l ibrium with increasing temperature so that the disso- 
ciation of Fe~B~ becomes more and more dominant. In 
stage IV, decreases in fRT and fLNT were observed. This is 
consistent with the precipitation of Fe~. 

Other defects than iron and related defects.--We have 
found that two kinds of unknown  donors, D1 and D2, are 
introduced by high-temperature heat-treatments and are 
annihilated below 100~ (stage I) and around 200~ (stage 
III), respectively. Figure 6 shows that in both stages fRT 
a n d  fLNT change similarly, suggesting that the donor levels 
of D~ and D~ are located above the Fermi level at RT, 
E~ + 0.2eV. Our DLTS measurements of CZ samples 
heated in O2 around 1000~ to reduce iron contamination 
showed no DLTS peaks corresponding to neither D1 nor 
D~ (Fig. 2). This suggests that the both levels may exist in 
the upper  half of the bandgap. 

Defects corresponding to D1 have often been observed 
by several investigators (19-21). Swanson (19) found that an 
unidentified donor with a level at E~ + 0.4 eV was pro- 
duced by quenching from 800~176 and was annihilated 
near 300 K by first-order kinetics with an activation energy 
of 0.8 eV. The annihilat ion of this donor caused recovery 
(increase) of conductivities at RT and LNT. The density of 
this donor was about 1 • 1015 cm -3, being almost inde- 
pendent  of the quenching temperature. In light of the pres- 
ent results, the donor of Swanson, in fact, may not have 
been associated with the E~ + 0.4 eV level, but  this level 
may be due to contaminating F% which may have been 
annihilated by the formation of Fe~B~ by prolonged anneal- 
ing at RT. Since this defect reaction does not affect the RT 
conductivity and causes the decrease of the LNT conduc- 
tivity, the donor found by Swanson is not due to Fe~ but  
may be the same defect as our D1. This is supported by 
good agreements in kinetics and activation energy be- 
tween both donors. It can therefore be concluded that in 
Swanson's  experiments,  too, an unknown  donor and Fe~ 
may have been annihilated together around room tem- 
perature. Leskoschek and Feichtinger et al. (20, 21) ob- 
served that a shallow donor annealed-out around room 
temperature with an activation energy of 0.6-0.9 eV. They 
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Fig. 10. Isochronal annealing recovery of conductivities of a FZ-B-30 
sample heated for 20h at 1100~ in 02. It can be clearly demonstrated 
that in stage I the annihilation process of D, donor occurs first and then 
the formation process of Fe~Bs follows it. 

estimated the position of the donor level to be nearer than 
0.07 eV to the bottom of the conduction band. This donor, 
therefore, affected RT and LNT conductivities of p-type 
material. These characteristics are in good agreement with 
those of our D1. They reported that the donor density 
hardly depends on the heat-treatment temperature below 
ll00~ and above this temperature it decreases with in- 
creasing temperature. This feature is also consistent with 
our D1. Thus, the donor corresponding to D1 has com- 
monly been observed so far. 

Little informatiori has been available about the origin of 
D1. Swanson discussed it and concluded that D1 has no 
connections to vacancies but  is produced possibly by 
quenching strains. Feichtinger et al. made no such discus- 
sion. Our results presented above indicate that D1 is not 
correlated with iron or oxygen. Moreover, our further ex- 
periments on copper diffusion during heat-treatments ex- 
cluded the possibility that D1 has any relations to this im- 
purity. We have also found no increase in D1 density in 
heat-treated, carbon-rich (9 • 10 TM carbon atom/cm 3) crys- 
tals, indicating no connections to carbon. The D1 density 
had almost no temperature dependence below 1100~ and 
decreased with temperature above ll00~ in the previous 
work (21), and was also independent  of the heat-treatment 
atmosphere in the present work. Moreover, no appreciable 
increase in D1 density was caused by prolonged annealing 
in 02 at 1100~ (Fig. 10). These results suggest that D1 does 
not arise from any contaminating impurities from the out- 
side of samples but  is due to some unknown impurity al- 
ready present in as-grown crystals. However, Feichtinger 
et al. (21) reported that the D1 density was reduced from 
10 TM to 1015 cm -~ by etching samples before their heat-treat- 
ments. Their results suggest the possibility that D1 can also 
indiffuse easily from the crystal surface. Quenching strain 
caused by nonetched surface might have assisted its indif- 
fusion. Anyway, D~ must  be a fast-diffusing identity, prob- 
ably an interstitial impurity. 

Defects corresponding to D2 have not been reported yet. 
The density of D2 is relatively low so that its anihilation 
process (stage III) may have been hidden by. the precipita- 
tion of iron (stage IV) in previous experiments. The pres- 
ent results indicate some similar features of D2 as D~; D2 
does not have any relations to iron, oxygen, carbon, and 
copper. Moreover, the heat-treatment time at high tem- 
peratures does not affect the D2 density as well. However, 
contrary to D1, the density of D2 depends upon the heat- 
treatment temperature. The origin of D2 is still unknown.  

Since D1 can be annihilated by prolonged annealing at 
room temperature, it may not be so harmful to device char- 
acteristics. On the other hand, D2 may be more harmful to 
the long-time reliability of electronic devices. This defect 
should be removed by proper annealing. 

Application to iron gettering.--Iron has been known as a 
hard impuri ty to remove by gettering (39). Our results 
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(Fig. 2 and 6) show that  iron contaminat ion can be reduced 
by  heating samples  in an oxygen atmosphere.  This effect 
may be expla ined by  two mechanisms.  First,  the SiO2 layer 
may act as a mask  to prevent  the indiffusion of iron atoms, 
if they hardly diffuse through the layer. Second, iron has 
been repor ted to accumulate  at the Si-SiO2 interface 
(40-42). This may also prevent  iron from indiffusing into 
the bulk  of silicon. However, these effects may not be fa- 
vored by  MOS devices because of possible degradat ion of 
characterist ics of the SiO2 layer and the interface. Figure 5 
suggests that  oxygen precipi tates  and dislocation loops 
provide precipi tat ion sites for Fei. I f  this is the case, we can 
propose an effective gettering method by  utilizing the so- 
called intrinsic gettering (IG) technique. This method con- 
sists of  the anneal ing of IG wafers a round 300~ by which 
we can remove iron a toms from active regions of  devices 
to precipi tate  them at oxygen precipi tates  formed inside 
the bulk of silicon by  IG technique. This temperature  is so 
low that  so-called thermal  donors are not  generated and 
nei ther  are device characterist ics destroyed. Therefore, the 
above heat- t reatment  may  be suitable as the final step in 
the device fabrication process. 

Summary 
The effects of heat- t reatments  around 1000~ and subse- 

quent  annealing on the electrical propert ies  of boron- 
doped silicon have been s tudied by electrical conductivity,  
Hall effect, and DLTS measurements .  The heat- treatments 
always induced  conductivi t ies  at 25~ and 77 K to de- 
crease, indicat ing the introduct ion of net  densit ies of do- 
nor-type defects. Four  recovery stages, stages I-IV, were 
observed on isochronal  annealing up to 400~ until  which 
conductivi t ies  re turned to their  as-grown values. Conduc- 
t ivi ty changes in these stages can be explained as de- 
scr ibed below by the reactions of intersti t ial  iron (Fel), its 
pair  (FeiBs) with subst i tut ional  boron (Bs), and two un- 
known donors (D1, D2). 

stage I (25~176 D1 -o sink, 

Fei + Bs ---> FeiBs 

stage II  (100~176 FeiBs ---> Fe~ + Bs 

stage III  (200~176 D2 -~ sink 

stage IV (250~176 Fei ---> precipi tat ion 

Heat- t reatments  in an oxygen a tmosphere  greatly reduced 
the int roduct ion of Fe~ and Fe~B~ in comparison with an 
argon atmosphere,  and mainly introduced D 1 and D2 do- 
nors. They may  have their  energy levels in the upper  half 
of the bandgap.  The densi ty  of D2 was dependent  on the 
heat- t reatment  temperature,  while that  of D1 showed al- 
most  no dependence.  In  stage I, D1 was annihilated by 
first-order kinetics with activation energy of 0.8 eV. The 
present  results indicate that  D~ and D2 have no relations to 
iron, copper,  oxygen, nor carbon. Although their  origins 
are still unidentified, they may be some intersti t ial  impuri-  
ties. In stage IV, Fei is suggested to precipi ta te  at oxygen 
precipi tates  and dislocat ion loops formed by  high-tem- 
perature  heat-treatments.  As to the  applicat ion to iron get- 
tering in the device fabrication process, it  is proposed that  
annealing around 300~ is most  suitable as the final heat- 
t reatment  step to remove iron and related defects from ac- 
tive regions of  devices. 
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