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The behavior of oxygen and nitrogen impurities in silicon has been investigated using a novel dislocation locking technique. The
locking effect of oxygen in Czochralski silicof€Z-Si) was investigated in the 350-850°C temperature range and was found to
display five well-defined regimes as a function of annealing time. Results indicate that enhanced transport of oxygen to disloca-
tions takes place for temperatures belevw00°C. Numerical simulations of the enhanced oxygen transport indicate that the
effective diffusivity becomes dependent on oxygen concentration with an activation energy of approximately 1.5 eV. The same
technique has been used to investigate nitrogen transport in nitrogen-doped float-zone silicon in the 550-830°C temperature range
and shows nitrogen to have a comparable locking effect to oxygen in CZ-Si, despite being present in a concentration that is 2
orders of magnitude lower. The stress required to unlock dislocations at 550°C which have previously been immobilized by
nitrogen during an annealing step, initially increases approximately linearly with the duration of the anneal before saturating to a
steady-state value of approximately 50 MPa for all anneal temperatures investigated. An expression for the transport of nitrogen
to the dislocations was deduced, which has an activation energy of 1.45 eV.
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Oxygen is the major nonelectrically active impurity in Czochral- behavior of intrinsic point defects and the precipitation of
ski silicon (CZ-Si) and is normally present in concentrations of oxygen?'lOHowever, as there is little experimental data available on
10'7-10'8 cm™3. The presence of oxygen has both beneficial andthe nature of the nitrogen species in silicémonomer, dimer, or
detrimental influences on the production of integrated circuits usingcompley, its transport properties, and its interaction with disloca-
CZ-Si wafers. At the temperatures used for device processing, théions, its use as a beneficial addition to silicon is being pursued
oxygen is supersaturated and tends to form precipitates. These preaainly on an empirical basis at the present time.
cipitates and any associated dislocations and stacking faults are of- In this paper details concerning the transport of nitrogen and its
ten advantageous, because they act as gettering centers for unwantégeractions with dislocations in nitrogen doped float-zone silicon
metallic impurities. However, for gettering to work effectively the (NFZ-Si) are presented. This data was obtained using the dislocation
concentration and distribution of precipitates throughout the waferlocking technique which was also employed for the measurements
must be carefully controlled. This in turn requires that the nucleationconcerning oxygen. This technique uses accurate measurements of
and growth of the precipitates is also controlled and these processdbe stress required to move dislocations previously locked by deco-
depend upon the transport of the oxygen through the wafer. Morefation with oxygen or nitrogen during a high-temperature anneal.
over, because the nucleation processes often take place in the 45@he critical stress required to just cause movement of a decorated
650°C temperature range, it is important to have accurate data oflislocation is known as the unlocking stresg, Measurements of
oxygen diffusion at these temperatures, and until recently, this hag/nlocking stress are relevant to the strength of wafers during device
largely been lacking. processing and they are also important beqause the timg evolution of

The presence of oxygen is also beneficial in that any left inthe unlocking stress measured as a function of annealing tempera-
solution js found to strengthen wafers and reduce the incidence ofure provides values of the diffusivities of impurities in the range
warpage- However, oxygen also has negative effects, such as thel0'?to 107 en? s™. Such relatively slow diffusion is often diffi-
production of mobile dislocations which are sometimes induced bycult to measure using other techniques but includes a range of values
large oxide precipitates. These mobile dislocations can weaken wawhich is relevant to many of the important impurity-related pro-
fers and lead to warpage. Their immobilization or retardation can becesses which occur during processing of silicon.
achieved by the diffusion of oxygen atoms to the dislocation core,

effectively resulting in the locking of dislocatioig. Once again, Experimental
this process depends on the transport of oxygen through the crystal ) ] )
and also on subsequent oxygen-dislocation interactions. In order that the dislocation unlocking stress could be measured,

In this paper we present a review of our work concerning oxygenrectangular specimens with dimensions 0:%63 X 25 mm were
transport in silicon and its interactions with dislocations together cleaved from(100) orientation CZ-Si wafers with oxygen concen-
with numerical modeling of the decoration and locking of disloca- trations of 2.6x 10 cm™ (low), 6.3 X 10! cm™ (medium), and
tions for heat-treatments representative of actual device processing0.4 X 10 cm (high) as measured by Fourier transform infrared
conditions. spectroscopy(FTIR, DIN 50438/). The cleaved edges were pol-

In the case of float-zone silicofFZ-Si), the oxygen content is  ished mechanically and chemomechanically. Unpolished wafers of
usually below the detection limit and no appreciable locking of dis- (111 orientation NFZ-Si with a nitrogen concentration of 2.2
locations can be measured in pure FZ-Si crystals for any temperax 10'° cm3 (measured by FTIRwere cut into bars with dimen-
ture and time of annealin?gHowever, the mechanical strength of sions 2X 1 X 30 mm. Isotropic etching was used to mirror polish
wafers can be improved by doping the crystals with nitrog&h,  these bars on three sides. For control purposes, specimens from a
which is then thought to decorate and lock the dislocations in anitrogen-free FZ-Si wafer were produced in a similar way. In addi-
manner similar to oxygen when it is present. In addition to nitrogention, specimens were made from wafers with a high vacancy content
doping of FZ-Si, there is increasing interest in nitrogen doping CZ- (~ 10 cm™3) in order to investigate the effect of point defects on
Si, because it has beneficial effects which include modifying theoxygen transport and locking of dislocations.

The bars were indented at 2p0n intervals using a Vickers dia-
mond tip with 10 g load and a 5 s dwell time. The specimens were
* Electrochemical Society Active Member. then subjected to four-point bending conditions under argon atmo-
2 E-mail: a.giannattasio@exeter.ac.uk sphere at temperatures between 550 and 650°C to produce disloca-
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tion half-loops up to 20um diam extending from the indented core due to the diffusion process. The steady-state regigéene 2
regions. This was followed by the removal of the surface damage tds due to the establishment of a local equilibrium between the oxy-
produce a mirror-finished surface. gen at the core and the background oxygen concentration. In this

The specimens were then annealed in an argon atmosphere &tgime the value of the unlocking stress is dependent on the anneal-
temperatures between 350 and 850°C for times between 10 s anidg temperature and the oxygen concentration. In the next stage,
10,000 h. After annealing, the surface layer was removed to elimi-locking increases as a function of annealing time due to the onset of
nate the effect of oxygen or nitrogen out-diffusion. For CZ-Si a oxygen precipitation at the dislocation cofeegime 3. With in-

50 wm layer was removed by mechanical and chemomechanicafreasing annealing time the unlocking stress saturates aggime
polishing. For NFZ-Si a 3@um layer was removed by chemical 4). Finally, the unlocking stress decreases rapidly with increasing
etching. annealing timgregime 5.

The bars were then subjected to a three-point bend at 550°C in No locking was found in samples of NFZ-Si. The dislocations in
an argon atmosphere under a carefully chosen load. The stress dithese specimens were mobile irrespective of the annealing tempera-
tribution in a three-point bend increases linearly from the external toture and the stress applied. Samples from CZ-Si wafers with a high
the internal knife-edge, so each set of dislocation half-loops arising’acancy concentration provided similar values for the unlocking
from a single indent experiences a different stress. At this stageStress to those without, suggesting that native point defects have no
dislocation loops exposed to a stress less than the unlocking stres¥ negligible influence on oxygen transport at these temperatures.
remain immobile, while those exposed to a stress greater than thElowever, the effect of vacancies on the unlocking stress in NFZ-Si
unlocking stress move. The unlocking stress is found by noting thewas not investigated in this work.
position on the specimen dividing those dislocations which have In regime 1, oxygen diffuses to the dislocation core and its con-
moved from those which have not. Thus, these measurements préentration is limited by this process. The rate of increase in the
vide a value of the stress required, at 550°C, to unlock dislocations
decorated with impurity atoms. This stress is a function of the tem-
perature and duration of the previous anneal step during which im- A
purities diffuse to the dislocation. Although most experiments in-
volved measuring the unlocking stress at 550°C, in some cases it 4
was measured at different temperatures and these results are pre-
sented in a separate section. The unlocking stress measured at any 3
particular temperature is proportional to the concentration of impu-
rities segregated to the dislocation core, and thus the dependence of & 5
this stress on the anneal temperature and duration can be used to 2
infer information about the transport of the impurities to the dislo-
cations. Upon cooling, a preferential etch was used to reveal the
positions of the dislocation half-loops. T,

stress

Unlockin

Oxygen in CZ-SI
T,<T,
Results and discussior-Experimental results of unlocking

stress as a function of annealing time are shown for selected tem-
peratures in Fig. 1. Results for other temperatures are published Annealing time
elsewheré:* The unlocking stress as a function of annealing time is
found to have five well-defined regimes, as depicted schematicallyrigure 2. The locking effect due to oxygen in CZ-Si as a function of an-
in Fig. 2. In the first regime, oxygen is building up at the dislocation nealing temperature and time, depicted schematically.

v



G462 Journal of The Electrochemical Socigtys2 (6) G460-G467(2005

Temperature [°C) AS AH
900 800 700 600 500 400 Ty Colxpl = 7 - Jexp | - [1]

10— T T T T

whereC, is the oxygen concentration at the far field of diffusidig
is the entropy change, antH is the enthalpy change between an
oxygen atom in the bulk and at the dislocation core.

From an Arrhenius plot of the values of the saturation unlocking
stress in regime 2, the value of the oxygen-dislocation binding en-
thalpy, AH, can be determinedFig. 3). Two different values are
found, one for the high-temperature regime650-850°G and one
for the low-temperature regimeg50-550°Q. At high temperatures

1070 e

Saturation stress / C [MPa / cm""]

0.74ev the binding enthalpy is 0.74 + 0.01 eV. At low temperatures the
binding energy was found to be 0.26 + 0.04 eV.
Modeling and discussion—During regimes 1 and 2, oxygen
diffusion to the dislocation core can be described by
aC CoV(AG
10" — 7 T r T T T T T T T T T 70 =Dy V |:VC0 + %] (2]
8 k] 10 1 12 13 14 15 16
104 T K] whereDy, is the oxygen diffusivity. Equation 2 was solved numeri-

cally using a cylindrical domain with the dislocation core at its
Figure 3. The saturation stress due to a local equilibrium between the oxy-C€Nter. The outer calculation boundary was chosen to be sufficiently
gen at the dislocation core and the background oxygen concentration nof@rge that the zero flux boundary condition could be used.
malized by the oxygen concentration as a function of reciprocal temperature.  The boundary between the bulk material and the dislocation core
was modeled such that both capture and remission of atoms to/from
the core were considered. It was assumed that the capture is con-
trolled by the oxygen concentration next to the cdatg, the con-
centration of available sites at the co@, and the concentration of

unlocking stress was found to be approximately linear with annea"occupied sites at the cor€,. That is

ing time. At temperatures below 650°C, the activation energy for
transport of oxygen to the dislocation was found to be approxi- c C,-C.
mately 1.5 eV for all three oxygen concentrations investigated. capturex C,

In regime 2, the unlocking stress,, saturates and the oxygen L . .
atoms at the dislocation core establish a Maxwell-Boltzmann distri-Emission of oxygen atoms from the core is assumed to be a function

bution between those at the core and those in the bulk. This can bgf the 0Xygen concentration in the core and their escape probability

(3]

a

expressed in terms of the binding energy between an oxygen atom AG

and a dislocationAG.*? Assuming that the unlocking stress is pro- emissione C; ex;{— ﬁ) (4]
portional to the number of oxygen atoms at the dislocation cgre,

can be written as During simulationsD was treated as a fitting parameter.
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Figure 4 shows the results for the oxygen diffusivity as measured C,

in this work compared to results in the literatdfe? There is ex- Dert =~ D1 + ZaDZ [11]
cellent agreement for anneals at temperatures greatertfi@0°C, ) ) o ] )
giving an activation energy of 2.5 eV. However, below this tem- If oxygen gﬂmgrs are in equilibrium with the monomers, then their
perature the effective diffusivity is controlled by another activation concentration is described by
energy of approximately 1.5 eV and its magnitude was found to |AG,|
become dependent on the oxygen concentration. Different expres- C,= Cf exp(—) [12]
sions for the effective diffusivity were found for the three different kT
oxygen concentrations studied whereAG, represents the oxygen dimer binding energy &acind
C, represent the fraction of available sites in the lattice occupied by
D. =204% 107 eXp<— 151e o st (5] each oxygen species. Thus, from Eg. 11 and 12, the effective diffu-
low kT sivity can be written as

\AGz\)
152¢e Des = D1 + 2C.D exp( 13
Diegium= 7.33 X 1or7exp<— = ﬁ cm? st [6] of T o kT [13]

From our data, and for the oxygen concentrations studied, it appears
that the effective diffusivity is dominated by the first term of Eq. 13
Diign = 2.16 X 10°° exp(— 1.55 e\o o st [7] at high temperatures and the second term of the equation below
kKT ~650°C. This implies that the small proportion of oxygen which is
) o ) ) _ present as dimers at low temperatures diffuses sufficiently quickly
Comparison of the binding enthalpy data from Fig. 3 with the dif- that it dominates overall transport of oxygen. Moreover, when dimer
fusivity data suggests that below approximately 650°C the move+ransport dominategD, > D;) and if the dimer and monomer con-
ment of oxygen in CZ-Si is dominated by a species other than singlé.entrations are in equilibrium, Eq. 13 becomes

oxygen atoms.
|AGz|_‘Ez)

Furthermore, the results presented here indi@t3 orders of
magnitude enhancement in the oxygen transport at 350°C compared Derr =~ 2C1Doy exp< KT
to previous measurements using stress-induced dichrdism. o )
The stress-induced dichroism measurements follow the same relavhereE; andDg, are the activation energy and prefactor for dimer
tion, D = 0.13 exif—2.5 eVKT) cn? s7%, as found at temperatures diffusion, respectively, such that
above~700°C; however, the stress-induced dichroism technique is E,
sensitive only to the hopping of single atoms from one site in the D, = Dy, exp(— —> [15]
crystal to another and is not sensitive to longer range transport of kT
oxygen such as that required to lock dislocations. Thus, the valuesrom Eq. 14
measured in this work indicate that much faster transport of oxygen
is possible in the temperature range below850°C by an oxygen- D.. o« C eXp<|AH2| - Ez)
containing species which is not a single monomer. It is expected that eff 1 kT
it will be this fast transport of oxygen which is relevant to many of i ) .
the defect processes in silicon, such as the formation of thermayVhereAH; is the formation enthalpy of an oxygen dimer.
donord® and the early stages of precipitation, as well as the locking,  1hus, the effective diffusivity has an activation energy equal to
of dislocations by oxygen. The measurements made using differentHzl = Ez, and from our data we find this to have a value of ap-
oxygen concentration wafers show that the effective diffusivity of Proximately —1.5 eV. Equation 14 suggests that if oxygen transport
oxygen in this low-temperature range varies approximately linearly@t low temperatures is dominated by oxygen dimers, then the effec-
with the oxygen concentration, and this indicates that the likelytive diffusivity should scale with the atomic oxygen concentration
candidate for the fast diffusing species is the oxygen dimer as idOF monomer concentratio@;) as indeed observed in our experi-
shown in the following. ments(Fig. 4). Because it is difficult to make measurements at tem-

Assuming that Oxygen can be incorporated in silicon in the form peratures below about 4000(:, due to the small amount of transport

of monomers and dimers, the total flux of oxygen atoms can beoccurring, it is possible that at these very low temperatures other,
written as more complex, species such as oxygen trimers contribute signifi-

cantly to the overall transport of oxygen in silicon.

[14]

[16]

(8] Temperature dependence of the unlockinrgirhe  dislocation
d dx locking by oxygen during annealing and the unlocking of disloca-
o ] tions by applying stress are two separate processes. Previous results
whereD;, C; andD,, C; are the diffusivity and concentration of the presented in this work used a constant unlocking temperature of

monomer and_ dimer species, respectively. o 550°C with specimens annealed for a variety of different times at
An approximate expression for the total flux is given by different temperatures.
To investigate the temperature dependence of the unlocking, two
J=-D ac [9] sets of samples were annealed at 730°C, one set for 15 min and the
o dx other for 90 min. From previous wotkt is known that the speci-

mens annealed for 15 min would be in the first regime of oxygen

whereC is the total oxygen concentration abgy is the “effective”  |ocking and specimens annealed for 90 min would be in the second
oxygen diffusivity defined as regime. The unlocking procedure was then performed at tempera-

tures between 450 and 700°C. The unlocking stresses measured as a
function of unlocking temperature are shown in Fig. 5.
[10] . A .
C, + 2C, The unlocking stress was found to decrease with increasing un-
locking temperature in an approximately linear way between 450
For the case of the oxygen dim€l; is not known but is assumed to and 600°C, although the trend at temperatures above 600°C is less
be much smaller than the concentration of the dominant monomerglear. The unlocking stress,, is proportional to the number of
C,, and hence oxygen atoms at the dislocation coi¢,

CiD; + 2C,D,
Det = — -~
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not possible to estimate accurate values. However, at absolute zero
120 - temperature the equation predicts
100
NAG
Tt i W [20]
= 80 L]
% i A
£ 60k whereas extrapolation of the experimental data yields a valug of
2 | . i at absolute zero of-65 Pa cm per atom per cm. From this value
3 ol = . and usingb = 0.38 nm for the dislocations studied, we infer that
= 4 AG = 0.6 eV. This value for the interaction energy between an oxy-
2 & gen atom and dislocation deduced from the temperature dependence
20 ) of the unlocking stress is rather approximate given the errors in-
volved in extrapolating the experimental data to absolute zero, but
0 Y even so is in good agreement with the binding energy, 0.74 eV,
450 500 550 600 650 700 deduced for dislocations annealed at the same temperatures by con-
Unlocking temperature [°C] sidering the equilibrium concentration of oxygen atoms at the core
(Fig. 3.
Figure 5. Unlocking stress as a function of three-point bendlocking L . . .
temperature. Specimens of medium oxygen concentratiohi3 Application of the numerical model to device processigdhe
% 107 cr3) were annealed fofll) 15 and(A) 90 min at 730°C. stress necessary to unlock dislocations varies with duration of ther-

mal treatments and with temperature depending on the amount of
oxygen atoms segregated to the dislocation core. In practice, time-
temperature profiles during semiconductor device processing are of-
ten modified to minimize spatial temperature profiles and thus the
thermo-mechanical stresses in wafers being processed. If external
Tu(T) = 70(T) - N¢ [17] stresses are kept below the unlocking stress, then plastic deforma-
) ) . ) tion of wafers can be prevented.
where g is th(_a unIO(_:klng stress for unit concentration of ox gen The experimental results obtained from the dislocation locking
atoms at the dislocation core. Using the previously de(_juced re at'onexperiments have provided quantitative values for oxygen transport
that, at 550°C, the unlocking stress per atom per unit length alongyyer a wide range of temperatures and oxygen concentrations. These
the dislocation core is 7 Pa cm, the results in Fig. 6 give an empiri-together with the value for the oxygen binding energy to a disloca-
cal expression fot, as tion can be used in the numerical model used to solve the diffusion
equation to predict the concentration of oxygen atoms at the dislo-
7o(T) = = 0.07T + 64.61 Pa cm (18] cation core during any series of annealing treatm&hhis data,
. . o together with the temperature dependence of the dislocation unlock-
in the temperature range up to 600°C. The linear variation of thej,g sress, can then be used to predict the stress required to move
unlocking stress with increasing unlocking temperature is predictedyigiocations in a silicon wafer during device processing. Such pre-
by a simple theory of thermally activated release of disloca- gictions are only indicative because in a real wafer dislocations may
tions from 'mP“”t'eSl- " According to this theory, the expression e produced at precipitates or near the surface where the oxygen
for the unlocking stress for a pinned dislocation segment is concentration is not equal to that in the bulk. In addition, our data

for the unlocking stress above 600°C contains significant scatter and
1= E[AG - kTm(%)] [19] for the purposes of this analysis is assumed at these temperatures to
W= ; . AL
b r be constant. Nonetheless, this approach does give an indication of

how the strength of wafers will behave during device processing and

wherelL is the dislocation length\l is the number of impuritylock- the following example shows how a small heat-treatment modifica-
ing pointg along a unit length of dislocatiom\G is the maximum  tion can be used to increase the strength of a wafer during a particu-
interaction energy between an impurity and the dislocatiois, the lar processing step.

vibration frequency of the dislocatiot; is the release rate of the The graphs in Fig. 6 show a simple example of different heat-

locked dislocationk is the Boltzmann constant, is the absolute  treatments, although the model could easily be applied to the more
temperature, anth is the magnitude of the Burgers vector of the complicated treatments used in real device fabrication. Figure 6a
dislocation. There are several parameters in Eq. 18 for which it isshows an increasing temperature ra@®°C/min up to 950°C

a) b)
70 1200 70 1200
------ Temperature profile ——— Temperature profile
E 6oL Unlocking stresi J1000 E 6oL Unlocking stress J1000
= so| = Z 50 o . .
P 1800 § 2 1800 § Figure 6. Unlocking stress and tem-
£ 40 6003 £ 40f soog perature profiles as a function time
o 30l 1 = o 30l T §. during multistep annealing treatments
£ laco @ £ lago 8 in CZ-Si with an oxygen concentration
8 20} E 8 20f 'S of 6.3 10 cmr3.
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followed by a constant temperature st€pmin at 950°CG and a dislocation, but for temperatures below 600°C, when diffusion is

final cooling step20°C/min down to 25°€C During the increasing  relatively slow, the increase in unlocking stress is predominantly due
temperature ramp the value of the unlocking stress is initially neg-to the thermally activated temperature dependence of the unlocking
ligible because the oxygen atoms at low temperatures move vergtress as described by the empirical exprestion.

slowly and do not have time to reach the dislocation core in signifi-  In another sequence shown in Fig. 6b, a pause in the heating
cant numbers. The unlocking stress then increases sharply as thramp has been introduced at 750°C. In this case the calculation
wafer temperature is raised from 700 to 800°C and diffusion be-shows that the additional annealing treatment at 750°C for 10 min
comes much more rapid; it subsequently decreases with almost thallows the unlocking stress to reach a maximum value during the
same slope until the constant temperature step at 950°C takes placeeating that is approximately 11 MPa higher than the previous
The decrease is due to the enhancement at higher temperatures wdlue. This increase is significant given that thermal stresses en-
the emission of oxygen atoms from the dislocation core that domi-countered during device processing are generally not very high and
nates over the absorption process. In the final temperature step, dushows how a knowledge of oxygen transport and its interaction with

ing wafer cooling, the unlocking stress starts increasing again. Ini-dislocations may be exploited to improve the resistance to warpage
tially this is mainly due to increasing capture of oxygen atoms to theof a silicon wafer.
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Figure 8. An Arrhenius plot of the gradient of the initial rate of increase in Figure 9. The saturation unlocking stre¢eegime 2, measured at 550°C
unlocking stress due to nitrogen in NFZ-Si as a function of the reciprocal of |5tteq as a function of the annealing temperature for dislocations in CZ-Si
the annealing temperature. and NFZ-Si.

those of Itohet al. being due to fast diffusing monomeft® which
Nitrogen in FZ-SI out-diffusion measurements are sensitjvand that any monomer
) ) ] ) ) ) segregation to dislocation cores is too small to produce significant
Results and discussies-Dislocation unlocking experiments  |ocking. From this point of view, nitrogen and oxygen in silicon

were performed on NFZ-Si material containing 2210 cm™ ni-  pehave similarly in that dimer transport dominates at low tempera-
trogen atoms. A strong locking effect on dislocations was found andiyres, but monomers become important at higher temperatures.
as in CZ-Si, the unlocking stress was found to increase initially with
annealing time(regime 1 and the rate of increase was found to Comparison Between CZ-Si and NFZ-Si

depend on the annealing temperatUfeg. 7). However, unlike for From the point of view of device processing, a key issue is wafer
CZ-Si, the unlocking stress was _found' to saturate to the same Va'“ﬁ/arpage at high temperatures. As has already been shown, the seg-
(~50 MP4g for all temperatures investigatéegime 2. regation of oxygen to dislocations at high temperatures can leave
In regime 1, the unIo_cklng stress,, Increases at a raté con- them immobile until a stress exceeding the unlocking stress, is
trolled by transport of nitrogen to the dislocation core. Thus, angpplied. However, the binding energy of oxygen to dislocations is
Arrhenius plot of the rate of increase qf vs. 1/T gives the activa-  found to be rather small~0.74 eV for anneals at high tempera-
tion energy for this process. Such a plot is shown in Fig. 8 and fromtures) and thus, the maximum concentration at the core, reached
this an activation energy of 1.45 eV is inferred for nitrogen transportquring regime 2 of the locking behavior, decreases rapidly as the
to the dislocations in the temperature range 550-830°C. temperature is raised. The concentration of oxygen at the core due to

Modeling and discussior—The nitrogen locking data presented an anneal at a given temperature can be measured by unlocking the

in Fig. 7 can be modeled in a similar manner to that used for oxygerflisiocations at 550°C, as was shown by our previous measurements,
in CZ-Si. In the present work it is not possible to be sure which and such data is presented in Fig. 9 for a CZ-Si wafer annealed at

nitrogen species is responsible for transport to, and locking of, thd€Mperatures up to 850°C. Also shown on the same graph is data
dislocation. However, it is known that nitrogen is present in silicon OPtained from a NFZ-Si wafer. This indicates that for anneals at

at room temperature in the form of dimers and their binding energyigh tergl%erat_usres the effect of nitrogen present of concentrations of
is thought to be sufficiently high that this is true up to high tempera-2-2 X 10 cm™ (measured by unlocking at 5507ds actually
tures and possibly even up to the silicon melting pé?fﬁzlf this is greater than that Of.}ne Qxygen "? thebCZb'S' waferfmﬁasured atbt_h((aj
; . . ) ) . same temperature. This is thought to be because of the greater bind-
S0 then_lt Seems likely that_ the species resp0n3|ble_ for locking thei‘ng energ)Pof nitrogen to a dislogcation which enables thegcore to be
dislocations is indeed the dimers and then the experimental data c

be fitted with an expression for nitrogen dimer diffusion aiven b Aturated with nitrogen even up to the higher temperatures. These
P 9 9 Y results indicate that nitrogen could be a useful addition to silicon
1.45eV

with regard to reducing high-temperature wafer warpage.
o )szs_l (21] g g hig p pag

although the estimated error in the prefactor of Eq. 21 can be up to
an order of magnitude.
However, in the temperature range investigated, if dislocation
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