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Injection Level Spectroscopy: A Novel Non-Contact Contamination
Analysis Technique in Silicon
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It{icrowave photoconductivity decay was measured in the function of the exci-
tation light intensity. Using a new approach to analyze recombination life-
time data an experimental method is presented which is capable of producing
qualitative lateral deistribution maps of different metal contaminants in
a silicon wafer.

The presence of transitional metal impu-
rities like Fe, Ni, Cu, Cr etc. are weLl
known to influence semiconductor device para-
meters like leakage current, gate oxide
breakdown voltage etc. The continuous
increase of integration density makes present
day integrated circuits even more sensitive
to metal contaminants as they are recognized
as a major yield limiting factor. As integ-
ration density increases the tolerable level
of metallic impurities is decreasing; most
recent reports suggest that the minimal bulk
contamination level should be below
1011 .*-3 l-) .
The control of such a low amount of contami-
nants require improved analytical techniques.
The lock-in averaging DLTS 2) is one of the
few established investigation tool which
sensitivity allows the study of transitional
metal impurities in such a low concentration
range3). To perform DLTS however a Schottky
barrier or a p-n junction has to be formed
and the measurement is rather time consuming.
In the recent paper a ner^/ improved version of
the micror/'rave photoconductivity decay
( ru-ecol 4) measurement is reported which
offers a fast, non-contact means to detect
qualitatively the lateral distribution map
of different metal contaminants in a silicon
wafer.

Injection 1evel Spectroscopy

To characterize electrically active
impurity levels in semiconductors one has to
apply external constrains which woul_d al1ow
the selective filling and emptying of impu-
rity levels. Such an obvious external
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constrain is given by the formation of a spa-
ce charge layer which makes possible the se-
lective filling of the deep levels within the
space charge layer by majority or minority
carriers and separates in time the carrier
capture and the carrier emission processes.
Selecting the sample temperature at will
carrier emission from any given deep level
can be monitored separately. These are the
obvious advantages,which made Space Charge
Layer Spectroscopys) (DLTS is one of them)
such an indispensable tool for defect charac-
teri-zation.

The price to be paid for selectivity is
the necessity to contact Lhe waver. process
control, however requires fast, non-contact
survey techniques. Minority carrier diffu-
sion lengths (e.g. SPV6) ) or recombination
life time4) measurements have been introduced
for this purpose. In both cases external
light source is used to generate non-equilib-
rium excess carrier and then recombination is
monitored by capacitively measuring the
change in surface photovoltage or by measu-
ring the change in the microwave reflectivity
as the sample conductivity decays back to
equilibrium value.

Photoexcitation means the simultaneous
injection of electrons and holes and recom-
bination takes place on each deep level
present in the sample, i.e. the process is
governed by the Schottky-Read-Hall statis-
tics// an inherently non-selective physical
process. Despite the obvious difficulty se-
veral attempts have been reported on GaAsS)
and later on g111gsn9r10) to derive energy
level specific informations from the measu-
red temperature dependence of the recombi-

222



nation lifetime. Unfortunately this approach
is based on an unvalid approximationll) which
leads to absurd activation energies.

This paper recommends on other path to
follow:

Until now it was common knowledge, ba-
sed upon ASTM recommendationsl2), that mino-
rity carrier recombination lifetime as a
parameter is defined at low excitation level
i" (for p type extrinsic material)

a =n(ono
-1where Zno = (N* drrv)

tion of the contaminants d. is the capture
cross section for electrons"and v is the
drift velocity).
As our detailed analysis has shownll) this
approximation is only valid for levels near
the midgap and for relatively high shallow
doping concentrations.
For levels, near the valence band in p type
material, the low excitation level life time
is better approximated as

.l
to = t,o t*P - | (Er-EF) J (2)

Lkr J

where E* is the activation energy of the
deep leiel, measured from the valence band,
Eo is the Fermi energy.
- At room temperature for the typical

Fe-B complex eqn (2) is approximately
t ez 100C i. e. even at low excitation Ie-ono
vel for leve1s which are nearer to the band
edge than the Fermi level it is not t ro what
is actually measured.

But one has to ask the question: Is that
the real purpose to measure trro? Our inten-
tion is rather to develope a measurement
technique which is fastr oo sarnple prepara-
tion is needed, sensitive, non-contact, can
be used for lateral mapping and the inden-
tity of the contaminants can be assessed. We

wish to introduce a new quantity which is
more characteristic to the impurities' pre-
sent in the crystal than minority carrier
life time. It is recommended to analyze the
information content of the response function
of the conductivity of the wafer to the in-
jected excess carriers in the function of the
injection level:
At high excitation limit

a*= i r,o * f,po (3)

Comparing eqn (1) and (3) it can be seen
that for a typical midgap level the life ti-
me is decreasing with decreasing injection
levelr orr the other hand from eqn (2) and (3)
it follows, that for a level which is nearer
to the band edge than the Fermi leve1 the
life time is increasing with decreasing in-
jection level. The exact numerically calcu-
lated data using the equations from11)

are illustrated on Fig.1- for the Fe-B complex
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Fig.1 Numerically calculated injection level
dependence of the minority carrier life time
using the complete form of the Shockley-Read
statistics.
This result is in agreement with data from
the literaturel3) where it was found, that
the high excitation level lifetime is decre-
asing with increasing Fe-B concentration.
For shallower levels the ratio

/\/\r = T e= lt + Oo l"*p l"r-"" I tal
( I 'f I i'o \ onl \k, I

can be tabulated for the typical transitional
metal impurities in the function of the do-
ping level. This is illustrated for Fe-B, Cr
and Au on Fig.2.

(1)

g 0.r
o
X

E
{u

r o.o1

10 2

10

d.r.!
€i. I
q)

lr

-o rn -te! ll,

lo -g

10 tt 10 tr lo t6

Aeceptor concentration

Fig.2 Calculated injection level ratios in
the function of shallow doping level.
At a givel temperature and doping level eqn
(4) determines a characteristic number for
each metallic impurity. And this is what the
present paper suggest: Instead of the mino-
rity carrier recombination lifetime measured
at low excitation level, the ratio of the
high and low excitation level lifetime has to
be measured. I is characteristic for a given
contaminant.
It has to be noted, that if several conta-
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minants are simultaneously present at compa-
rable concentration levelr dn average number
will be measured since injection level
spectroscopy is not selective in the sense of
space charge layer spectroscopy. Measuring,
however, the lateral distribution of I one
can most probably separate the different
contaminants (its highly unlikely that all of
them are present in uniform concentration and
distribution) .

This paper concludes with the experimen-
tal verification of this statement.
Using a high sensitivity Life fime Scanner
based on an improved microwave detection
principlel4) cz silicon wafer, gate oxidized
was measured. Fig.3 shows standard wafer hdp,
contaminated from the quartz boat during
oxidation.

Fig.3 High excitation leve1 lifetime map of a
quartz boat contaminated oxidized Silicon
wafer life time viaries from 0.1 zus (light
area) up to 45 ,us '(dark area).'
Fig.4, shows how the lifetime hystogram
changes from high to low level excitation
just as our theory predicted.. The injection
level ratio map is shown on Fig. 5. Beside
the point like iron contamination, the iron
contamination front is well characterized..
The slower diffusing Cr is dominating the
per;imeter of the wafer.
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