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Diffusion of Iron in Silicon Dioxide 
Deepak A. Ramappa*•z and Worth B. Henley 

Center for Microelectro11ics, University of South Florida, Tampa, Florida 33620, USA 

A quantiLat:ive analysis of diffusion of iroa.in silicon dioxide is presented. A source of iron deposited on the surface of thermally 
oxidized silicon wafers was diffused at temperatures ranging from 700-I I00°C in an inert (nitrogen) ambient. The iron concentra­
tion in SiO2 and Si was measured using total reflection X-ray fluorescence, deep level transient spe~troscopy: an~ s_urface photo­
voltage techniques.A two-boundary diffusion model was applied to the experimental daUl to determme the diffus1v1ty and segre­
gation coefficient of .iroa in Si 0 2. It is observed that iron diffusivity in SiO2 follows the Arrhcaius relationship and has a thermal 
activation energy of 1.51 eV. hon exhibits a strong tendency to segregate into silicon dioxide and has a value of k = I.I X 10-7 

at I000°C, where k = Ns/Noxidc· 
© 1999 The Electrochemical Society. S00 13-4651(99)01-056-3. All rights reserved. 
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Atomic level purity and physical uniformity are required in sili­
con dioxide (SiO2~ films to prevent ?xide :"eak spots and resul~ing 
cernnuue dielectnc breakdown. Um ntentmnal low-level cherrucal 

~ootnminants cause defects which redu~~ oxide qu~ity. 1. ~or~most 
among oxide defect generators are trans1t1on metal 1mpunt1es _mtro­
duced into silicon during wafer processing lhrough contarnmated 
chemicals or processing equipment 2 Metallic contamination is often 
introduced through the wafer surface or the dielectric layers grown 
thereon. Metallic surface contamination diffuses and becomes dis­
tributed throughout the wafer even after minimal thermal processing. 
Therefore the masking properties of silicon dioxide against surface 
metallic contamination diffusion is a matter of general cone.em to the 
silicon industry. 

lron is a common heavy metal contaminant in silicon integrated 
circuit (IC) processing. Iron diffusion through passivation and isola­
fon structures into the device region can be very deleterious to sili­
con devices. Iron exhibits very high diffusivity (10- 6 cm2/s at 
900°C) arid solubility (2 x 1013 cm- 3 at 900°C) in siticon.3 Iron also 
plays an important role in the decoration of defects in silicon. This 
can be detrimental to the device region of the wafer, as strain fields 
and process-induced defects can localize and super alurate the iron 
Impurities in this sensitive area. This supersaturation is responsible 
for localized precipitation which is known to cause premature 
dielectric breakdown.4 

Despite the significance of iron contamination on metal-SiOi-Si 
(metal-oxide-semiconductor, MOS devices, there is very little pub­
lish~d data on iron diffusion in SiO~. Diffusion in SiO2 of otber 
metallic contaminants like Na, Au, Cu~ Ni, Ag, Pd, and Ti have been 
"udied previously.S-9 Iron diffusion coefficients measured by radio 
active tracer diffusion in several other types of oxides 10- 12 like alu­
minum ox.ide (AJ2O3), chromium oxide (Cr2O3), magn ium oxide 
~\1gO), titanium oxide (TiO:i), silicate glass (30%Na:P·3.7%F~0:3· 
fi,3%AI2.03·60%SiO) synthetic silica glass, and ferrous and ferric 
O~ides have been reported; but none in -pure electronic grade SiO2. 
Further, though tile effects of iron decomting the Si/SiO2 interface 
have been extens.ively inve-stigated, segregation properties of iron 
h.ive been only srudied qualitatively. t3-15 

In this paper we present results on diffusion of iron in SiO2 films 
~ n on Si_. Pe concentration profiles in Si.02 and Si are mea ured 
~Sing total reflection X-ray :fluorescence (TXRF), deep level tran­
ile~t spectroscopy (DLTS), and surface photovoltage (SPY) cbarac-
1tn4.tioa techniques. A sqlution CJfFfok's one-dimensional diffusion 
~llation is used to derive the diffusivity of iron in SiO2 from the 
:~Urcd concentration profile of.iron. Further, a two-boundary dif­
U
ston model is applied to interpret the segregati.on properties of iron 

~ ~c SiO1-Si interface. The probable mechanism of iron diffusion 
St02 is discussed . 

: Elcctrochemicul Society Student Member. 
E-mail: ramappa@cng.usf.edu 

Experimental 
The experimentation was performed using 3 in. 1-2 n cm, float­

zone (FZ) grown Si<lO0> wafers. The samples were cleaned in the 
order HF--SC1--HF--SC2--HF. SCI was a 1:2:10 solution mixture 
of ammonium hydroxide, hydrogen peroxide, and water heated to a 
temperature 65°C. SC2 was a 1: l :5 solution mixture of hydrochloric 
acid, hydrogen peroxide, and water maintained at 65°C. Using the 
technique of surfac·e photovoltage, the background level of iron 
contamination from the starting wafers, cleaning procedure, and 
subsequent furnace pros;essing was established to be about 7 X 
1010 atoms/cm3 at1100°c. 

Selected wafers were oxidized at 850°C in an oxygen ambient to 
grow dry thermal oxides 120 nm thick. The oxide thicknesses were 
measured by ellipsometry. Wafer to wafer oxide variation was found 
to be less than 2 nm. Iron contamination was performed by spin dop­
ing the surface of the oxide with a 100 ppm ferric chloride (PeCl 3) 
solution. Iron at the surface of the SiO2 was then di-ffused by thermal 
annealing in a nitrogen ambient for a duration of 90 min at several 
temperatures over the range of 700-1100°C. 

Following the in-diffusion, the iron concentration profile within 
the SiO2 was measured by TXRF. Successively etching down the 
oxide to different oxide thicknesses (using dilute HF solution) fol­
lowed by quantitative assessment of iron using TXRF provided the 
iron concentration profile. Each measurement performed by the 
Rigaku 3750TXRF spectrometer was a five point wafer map for 500 
s using an X-ray power setting of 30 kV and 300 mA. The energy of 
the X-ray source beam was 9.67 .keV (W-L~) and the detection limit 
of system was nbou.t 109 atoms/cm2. The detector was calibrated prior 
to the measurement of each wafer to avoid saturation of the detector. 

Following TXRF measurements, the SiO2 on the samples was 
completely etched off with a dilute HF solution. Interstitial iron con­
centration (Fei) in the silicon bulk was measured using _the ~PY te~h­
nique. The SPY method provides measurement of mmonty earner 
diffusion length and is relevant to the bulk properties of the silicon. 
Interstitial iron concentration within the bulk was determined from 
the lifetime measurements using well-known Fe-B pairing relation-
hips. 16,17 Full wafer maps and 25 point Jine scan measurements 

were performed on each wafer using SPY. 
DLTS was used to measure iron concentrations in the surface sil­

icon layer at the Si/SiO2 interface. Aluminum Schottky diodes were 
fabricated on several samples followed by single shot capacitance 
transient measurements under reverse bias conditions. An optical 
activation procedure16 was used to dissociate the Fe-B pairs in the 
sample. The interstitial iron DLTS peak at 0.4 eV was identified and 
quantitative measurement of iron was extracted from the measured 
peak height of the capacitive transient. Measurements were per­
formed at a reverse bias of +5 V and sampled at a rate window of 
200 s- 1. Since the technique measw-es .iron concentrations in the 
depletion region of the diode, iron concentrations in the Si layers 
adjacent to the Si/SiO2 interface were determined. 
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Results and Discussion 

The spin-on iron deposition procedure using 100 ppm FeC13 

solution routinely yielded a oxide surface iron concentration of 
1015 atoms/cm2. This was confirmed by TXRF measurements on 
wafers prior to the diffusion process. TXRF mapping data indicated 
the iron concentration uniformity to be ± 10%. 

Diffused iron concentration profiles in SiO2 following in-diffu­
sion at temperature of 900, 1000, and l l00°C for 90 min are shown 
in Fig. l. The iron concentrations were measured by TXRF after suc­
cessive etching of oxide to thickness of approximately 60 and 10 nm 
as indicated in Fig. 1. Iron concentration uniformity for each meas­
urement was found to be ± 10%. The SiO2 surface iron concentra­
tion prior to diffusion is also showa in the figure. 

Considering the surface source of iron to be an infinite source of 
iron compared to the initial (precliffusion) oxide iron concentration, 
a one-dimensional solution to Fick's law of diffusion can be applied. 
Thus, if the sucface concentration of jron is N 0 atoms/cm2 and re­
mains relatively constant for the duration of diffusion, then the con­
centration profile follows the solution 

N(x, t) = No( 1 - erf 
2
.fiji) [1] 

where the N(x,t) is the iron concentration in the oxide at a distance 
of x after a diffusion time t. The diffusivity D of iron in SiO2 can 
thus be calculated at every diffusion temperature using the TXRF 
measured iron concentrations in the oxide at oxide thicknesses of 60 
and 10 nm. 

Diffusion constants for iron in SiO2 at various temperatures are 
plotted as a function of reciprocal of absolute temperature in Fig. 2. 
It is observed that the diffusivity of iron in SiO~ follow · the Arrhe-
nius relationship and can be represented as -

D = 4 X 10-8 exp(-1.SlfeV]) [cm2/s] [2] 
kT 

obtained by a least square fit of the data. An activation energy of 
1.51 e V is thus derived. Table I shows a review of previously pub­
lished activation energies of different metallic impurities in SiO2 and 
Fe in other glasses. 

Amorphous materials, being in a thermodynamically nonequilib­
rium state can hardly be expected to follow atomistic diffusion 
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Figure 1. Iron concentration profile in SiO2 following in-diffusion at tem­
peratures of 900, 1000, and 1100°C for 90 min. Iron concentrations were 
measured by TXRF. 
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Figure 2. Temperature dependence of Fe diffusivity in Si 0 2. 

mechanisms established for well ordered crystalline materials. Thus 
the interpretation of the chemical diffusion coefficient of Fe in Si01 
measured here depends on details of the solution of Fe in Si 0, and 
its electrical properties. According to Alkinson 12 iron ca.n be oniy be 
assumed to be associated with point defects in SiO2 and the diffusion 
of Fe will then depend on the density of these defects and their ther­
mal diffusivity. One such interact.ion would be the substitution of 
Si4+ by Fe3+ in tetrahedrally coordinated _positions. These negative­
ly charged defects would then be compensated by positively charged 
oxygen_ vacancies. 12.20 Thus, the introduction of iron in to Si01 

would result in the production of positively charged oxygen vaCllll· 
cies and. hence, the diffusion of these electro talically interacting 
defects (ambipolar ctiffusion)21 would detennine the diffusion coef· 
ficient of iron. 

lt is observed from Table 1 that the diffu ion of Fe .in oda-limec 
glass and ilicate glass is considerably hlgber than the value obtaioed 
for Fe diffusion .in pure SiO2 in this _paper. Since these glasses lll'll 

known 10 to contain a significantly higher amount of oxygen anU 
other cation vacancies the higher diffusivity of Fe can tbw b.: 
accounted for. In addition, other studies have .nored the increase In 

diffusivity of several dopant .impurities in SiO2 when the impurltl~ 
arc ion-implanted as opposed to thermally diffused.22 This again~ 
attributed to a higher concentration of oxygen vacancies in SiO2, . 

lt i also observed from Table l that the activation energy Ea 01 

other metal in SiO2, which is related to lhe potential barrier for dif· 
fusion in SiO2, decreases with decrease in atomic size of the difftW 
ing species. The value of Ea = 1.51 eV obtained in this rescarcli flt 
iron i Jes than that of copper. nickel, and gold 6ut higher than th3l 
of sodium. This suggests that the diffusion mechanism of the. e J1l8(4! 

ions in SiO2 is not only vacancy enhanced cliffusiou as discuss~d ~ 
lier but also .interstitial. Thus it is conjectured that U1e mechan1s!11 
iron diffusion in SiOi i$ by a combination of the vacancy and iJittr' 
stitial modes of diffusion. 

To evaluate the segregation properties of iroa at the interface th' 
Si bulk .iron concentrations arc determined. The Si bulk iron c~ 
ceotrations following iron in-diffusion through a SiO2 Jaye(_~ 
120 nm thickness at various temperatures for an annealing durall 
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fable I. Typical diffusivities and activation energies and of different metallic impurities in SiO2 and other glasses. 

J\lletallic 
D0 (cm2/s) j(Tipurity Oxide/glass 

Au Si02 1.52 X 10-7 

Cu Si02 
Ni Si02 7.2 X 10-JO 
Na Si02 6.9 
fo Si02·Fe20 3 6 X 10-3 

Fe (Na20· Al20 3 ·Si02) 

Fe (Na20 ·Ca0·Si02) 

Fe Al20 3 9.2 X 10-s 
Fe' Si02 4 X rn-8 

•This work. 

of90 min is shown in Fig. 3. Iron concentrations measured in the top 
I µm of the Si wafer and in the Si bulk were measured by the DLTS 
and SPV techniques, respectively. Figure 3 also hows iron solubili­
ty3 curve and iron concentrations measured on reference wafers for 
which iron indiffusion was performed with no initial oxide. 

From Fig. 3 it is observed that the iron concentrations measured on 
reference wafers follow closely the solubility curve for temperatures 
up to I 000°C. This validates the effectiveness of the contamination 
procedure. Comparing- the iron concentrations measured by DLTS 
and SPV it is observed that the Si surface iron concentration (DLTS 
is consistently of the same magnitude as the bulk iron concentration 
(SPY). This suggests that there is no significant segregation of iron 
from the Si wafer bulk to the silicon adjacent to the interface. 

The masking effect of the silicon dioxide film against iron impu­
rity incorporation into silicon is also evident from Fig. 3. The data 
indicates that if and when the SiO2 layer is present the amount of 
iron diffused into the silicon at lower temperatures (<900°C) is rela­
tively small. At temperatures above 900°C, there is a significant 
increase in the amount of iron that is transported to the Si bulk. This 
suggests that for a given SiO? thickness, there exists a diffusion tem­
perature beyond which the o;ide fails to mask the silicon bulk from 
iron impurity incorporation. 
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~go~e 3. The musking effect of an oxide layer against the diffusion of sur­
: iron conuuninalion into Si. The presence of SiO2 on the wafer reduces 

amount of iron 1rt1nsported foto silicon. 

D (@ T"C) 
E, (eV) (cm2/s) Ref. 

2.14 4.6 X 10- 16 (1000) 18 
1.82 1.2 X 10-JI (450) 8 
1.61 2.5 X 10-16 (1000) 6 
1.3 5.2 X 10-5 (1000) 18 
3.0 5 X 10- 15 (1000) 12 

3.5 X 10- 15 (450) 19 
1.3 X 10-6 (1200) 10 

1.17 11 
1.51 3.8 X 10- 14 (1000) 

Following thermal annealing iron diffuses through the silicon 
dioxide layer into the SiOz-Si interface before being transported into 
the underlying ·ilicon bulk. The SiOrSi interface is known to act as 
a sink for impurities .23 Normally, mi' impurity tends to segregate or 
remain at the interface if it reduces the interfacial free energy or 
stress. Metallic impurities including iron have been reported to have 
a tendency to accumulate in the oxide near the interface. 13•14 This 
"pileup" characteristic introduces a discontinuity in the concentra­
tion profile of iron from the oxide into silicon. 

To interpret the experimentally observed distribution of iron at 
the SiOrSi interface a two-boundary diffusion model is applied to 
the iron concentration profile at Lhc Si-SiO2 interface. This model 
developed by Sah et al.,24 estimates the ratio of rhe equilibrium 
impurity concentrations at the interface between two media as a 
function of the diffusivities of the impurity in the two media. It is 
described here briefly for the sake of completeness. The diffusion of 
an impurity into a semi-infinite region [Si] through a layer of finite 
width [SiO2] is given by 

Di -,p Ni = aN1 for -a < X < 0 
ax1 at 

[3] 

D? if N2 = 'i)N2 
- ,h:2 at 

for X > 0 

As illustrated in Figure 4, a is the oxide thickness, D1 and D2 are the 
diffusivities of iron in SiO2 and Si, and N1 and N2 denote the iron 
concentration in the corresponding media. Following the discontinu­
ity of iron concentration at the interface, the boundary conditions are 
given by 

N 1(-a , t) = N0 for t > 0 [4] 

N2(x, t)-> 0 as x-> oo, t>O [5] 

Di aN1 = D? aN2 at X = 0, t > Q [6] 
ax - ax 

N2 (0, t) = k for t > 0 [7] 
N1(0, t) 

Here, N0 denotes the constant concentration of iron at the surface of 
the oxide and k is the thermodynamic segregation coefficient of iron 
at the SiOrSi interface. k is defined as the ratio of the equilibrium 
concentration of iron in SiO2 adjacent to the interface to the concen­
tration of iron in the silicon near the interface. 

Equation 3 subject to the boundary conditions gives a solution in 
the fonn of swnmation for both N1 and N2, which has been derived 
in detail elsewhere.25,26 A good approximation would be the first 
term of the summation given by 

( 
a+x k - µ, a-x) N1(x,t) = N0 erfc-- - -- erfc--

Li k+µ, Li 
[8] 
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Figure 4. Diffusant concentration distribution in SiO, and in Si for the two-
boundary diffusion model. -

2kµ ( a x) N~(x t) = --N0 erfc - + -
- ' k+µ Li_ ½ 

[9] 

where 

µ= @Z f i5; 
[10] 

Using Eq. 8 and 9 with the experimental data, the iron impurity dif­
fusion profile in SiO2 and Si is calculated and plotted for diffusion 
temperatures of 900, 1000, and l l00°C in Fig. 5. 
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Figure 5. Iron impurity diffusion profile in SiO2 and Si at temperatures of 
900, 1000, and 1100°C. The solid lines represent the concentration profile as 
predicted by the two-boundary diffusion model. Iron concentrations in SiO2 
was measured by TXRF and in the Si bulk by DLTS ·and SPY. 

Diffusion Temperature (°C) 
1100 1000 900 800 700 soo 

10-8 

k = 3.76 exp [-1.96eV / kT] 

10-1 -C 
Q) 

·o 
IE 
Q) 
0 

10-8 (.) 
C 
0 

:..::. ca 
C> 
~ ' C> ' Q) 10-9 ' C/J ' ' 

k Fe= NSi / NSiO ' ' 2 

' ' 10-10 
7 8 9 10 11 

Figure 6. Temperature dependence of iron impurity segregation coefficients 
at the SiOrSi interface. 

The iron impurity segregation coefficients at the SiOrSi inter­
face at the various diffusion temperatures are estimated using the 
above model and are plotted in Fig. 6. To establish that the segrega­
tion of iron is indeed an equilibrium effect, the coefficients arc plot­
ted as a function of temperature. Experimentally measured segrega­
tion coefficients defined as the ratio of the Fe measured by DLTS 
and TXRF methods are also shown in Fig. 6. The segregation coef­
ficient k is observed to obey Arrhenius law and can be described by 
the equation 

[11] 

From the above result it is observed that in agreement with pre­
vious published literature13-15 iron has a strong tendency to prefer­
entially segregate to the SiO2 side of the SiOz-Si interface. This 
strong scgregat~on tendency seemingly impedes the diffusion of iron 
from SiO2 into the Silicon bul k. In the process the segregation could 
lead to supersaturation of iron impurity and eventually precipitation 
which in turn could prove detrimental to the gate oxide integrity. 

Conclusions 
The diffusion of iron in thermally grown silicon dioxide is exper­

imentally investigated. A two-boundary diffusion model has been 
applied to describe the diffusion profile of iron in SiO2 and Si. Iron 
diffusivity in SiO2 is :m _exponential function of diffusion tempcrtl· 
ture and has an activation energy of ISL eV with o. prefactor of -I 
rn- 8 cm2/s. Iron tends to -preferentially segregate in SiO2 :ll tb~ 
SiOz-Si interface. The segregation is observed to be an equilibriuJ]I 
process and has an activation energy of 1.96 eV. 
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