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A New Method for the Determination of Carrier

Lifetime in Silicon Wafers from Conductivity

Modulation Measurements

Ussama A. Elani

Abstract—The measurement of dark o,, gamma-in-
duced o, conductivities and the expected conductivity
modulation Ac in silicon wafers/samples is studied
for developing a new technique for carrier lifetime
evaluation. In this paper a simple method is intro-
duced to find the carrier lifetime variations with the
measured conductivity and conductivity modulation
under dark and gamma irradiation conditions. It will
be concluded that this simple method enables us to
give an improved wafer evaluation, processing and
quality control in the field of photovoltaic materials
and other electronic devices.

Index Terms—Silicon wafers, photovoltaic devices, con-
ductivity modulation measurement, minority carrier
lifetime, semiconductor materials quality

I. INTRODUCTION

Electrical and electronic properties of semiconductor
materials are normally required to be measured as accu-
rate as possible. For example, bulk resistivity, sheet resi-
stance, contact resistivity, carrier diffusion length and
carrier lifetimes are needed for material modelling and
manufacturing processes. The measurement of carrier
lifetime in silicon wafers was studied in the past three
decades. This parameter is still required to be determined
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accurately for new composites and nano-materials.

The conductivity modulation could affect the distri-
bution of charge carriers available for conduction. Thus,
the excess conduction loss can occur as conductivity
modulation proceeds and the forward voltage will be
lowered to the steady-state value. It is wellknown that
the so-called “effective lifetime” t.; as a function of ex-
cess charge carrier concentration An (cm™) is considered
as a practical concept for optimum operation of all elec-
tronic devices and integrated circuits; and the carrier life-
time larger or smaller is fully dependent on the carrier
generation-recombination mechanisms [1-6].

The present work will concentrate on the evaluation of
carrier lifetmes based on an earliar work by {7]. It will be
shown that the conductivity modulation (conductivity
changes) measurement can lead to the determination of
carrier lifetime. This parameter is a very important and
for further fabrication processes as for many electronic
devices such as solar cells, sensors, nuclear detectors,
switches and other bipolar or opto-devices. For instance,
a silicon waveguide integrated with a lateral p-i-n optical
diode was recently developed to form a phase modulator
and tested with a simple technique related to lifetime
measurement [8]. The other benfit of the current research
work lies within the improvemnt of the computarized in-
line carrier lifetime systems, such as the microwave
relaxometers and wafer lifetime testers [9].

II. METHOD OF ANALYSIS

There are two well-known methods for determining
the carrier lifetime known as the “Transient Technique”
and the “Steady-State Method”. The first one is intended
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to measure t.; by injecting the silicon wafer/sample with
excess charge carriers from typical external excitation
sources such as electric field, optical pulses, gamma
radiation and others [10-16]. Such sources will generate
excess carriers and then the effective lifetime could be
determined easily from the ratio dn/dt, where n is the
minority carrier concentration cm™ and t is the time (ps).
The second way is known as the steady-state technique
which requires only a fixed value of carrier generation.
For simplicity, the carrier lifetime in the bulk region, p-
type, silicon wafers can be determined from [10]:

d(An) 1
T—G_U+EVJ 6))

where G is the generation rate cm>s”, U is the net
recombination rate in the bulk region (cm>.s™), q is the
electronic charge, V is a differential operator; and J is
the electron current density (mA/cm?). If surface effects
are neglected and a uniform photogeneration is assumed,
then Equation (1) is reduced to the determination of bulk
carrier lifetime:
An

W= @)

Now, assuming o, is the dark conductivity given by:

I
o "o 4V )

where, 1 is the injected current (A), V is voltage de-
veloped across the sample/wafer; and d is the inner
spacing between probes (cm), (e.g the conventional In-
Line Four Probes Technique, ILFP). If o, is the con-
ductivity due to gamma radiation, then the difference in
conductivity is defined (the conductivity modulation
Ac) as:

Ac=0,-0) 4

A similar expression to Equation (4) was developed
previously by [18]:

Ao, =0, —B.o, 3)

where, ¢, is the photo-conductivity due to photon

absorption, B is a constant related to temperature effects,

e.g. B=0.5T; and T is the absolute temperature. On the
other hand, the theoretical expression for Asy can also
be determined as follows [19]:

Ao, =q.An(p, +p )W (6)

where, W is the sample/wafer thickness (um) and p,, u,
are the carrier mobilities for electron and hole respect-
tively. Another analytical expression in photoconductive
mechanism related to surface recombination velocity is
given by :

v w2
Ao, =(u, +up).Jph.(—2 v, +12Dn) )

where, J, is the photo-generated current density
(mA/cm?), V; is the surface recombination velocity
(cmvs), D, is the diffusion coefficient for electrons (cm?s).
If V, equals to zero at the top surface of the sample and
Vs = infinite at the rear surface, then Aoy, will be

reduced to:

2

80y = by 1) T ) ®)

Based on the previous discussion in ref. [7], the effective

lifetime of minority carrier is then given by:

Ac

=W
Tu, +1,) ©)

Terr

The temperature effect is not included in the present
analysis. However, this effect on resistivity was men-
tioned earlier in Equation (5). The lifetime determination
is considered in this work only under dark and gamma
conditions. It is possible to distinguish the lifetime level
form its magnitude (pico-s, nano-s, us, ms..) according
to sample size and device/wafer application [20-29].

III. EXPERIMENTAL PROCEDURE AND RESULTS
1. Preparation of Samples

A number of monocrystalline silicon wafers is used
throughout the present experimental work. Several wafers
were taken from the same batch and are classified as
wafer no. (Si#1), wafer no. (Si#2) etc. supplied by the High
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Density Electronics Research Center (HiDEC) at Arkansas
University, USA.

The silicon samples are then numbered horizontally
and vertically across the surface of the wafers. For exam-
ple, the symbol L3S4 means sample no. 4 line 3 (i.e. line
zero starts from the diameter and up for each wafer and
so on). A special mask was used with opening windows
with an approximate area of 4 mm x 2 mm. A typical
layout on each wafer is given in Fig. 1, a.

2. Measurements and Results

A schematic representation of the present experiment-
tal set-up is illustrated in Fig. 1, b. A computarised probe
assembly was supplied by Jandel Engineering Ltd., UK,
[30]. The sample geometry was controlled by the probes
spacing. Current is passed through the outer two probee
(P1-P4), and the potential developed across the two inner
probes (P2-P3) is measured according to the in-line four-

L4832 1481
L3S4 L3S3 1382 L1381
1285 L1254 1283 1282 1281

LIS5 LI1S4 LIS3 L1s2 L1S1

Silicon Wafer

Fig. 1. a Typical geometrical distribution of planar test struc-
tures on silicon wafers, e.g. Si #1, Si #2, Si #3 etc. with a sam-
ple area of 4 mm x 2 mm.
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Fig. 1. b The experimental set-up for dark and gamma irradia-
tion conductivities measurements at room temperature for ca-

rrier lifetime determination.

point probe ILFP technique. Then the dark conducti-
vity o, is measured under dark conditions (no light or
external excitation).

The induced change of gamma-conductivity o, in
silicon samples could be realised when samples are
exposed to gamma rays. The used gamma source was a
gamma cell 220 Model no. 246, with a Cobalt-60 source
containing 24910 Curies (Nordion International Inc.,
Ontario, Canada). Only low intensity gamma radiation
was considered with exposure times of 1 to 2 hours
which is equivalent to nearly 6323 and 12647 Gy irra-
diation doses, respectively. The conductivity modulation
values are then defined as the difference between gamma
conductivity and dark conductivity according to Equa-
tions (3) & (4), and finally the effective lifetime was de-
termined from Equation(9).

3. Dark, Gamma Conductivity and Conductivity Mo-
dulation

As earliar reported by Elani et al. {7], it was found that
the dark conductivity o, increases at higher injected
current levels and the average change in o, lies
between 60 to 200 Q'cm ' acrorss the wafer no. Si#l,
but 6, was found to be less dependent on the injected
current levels in the wafer no. Si#2. The uniformity of
bulk resistivity could be an important factor for esta-
blishing the conductivity modulation mode. Exposing
silicon wafers (n-type or p-type) to gamma radiation
with different doses and time levels, showed an increase
in their conductivity, and this may be attributed to the
excess charge carriers produced by gamma irradiation;
and this will lead to an improvement in the conductivi-
ties of nearly 2 to 3 times of their initial values. This
result could be explained from the fact that the conduc-
tivity modulation causes a sharp increase in the gamma-
induced conductivity o,. Now the conductivity modula-
tion can be deduced from Equation (4) and the sudden
changes of Ac against the injected current makes maxi-
mum and minimum peaks through each run of conducti-
vity measurement. Fig. 2 illustrates an example of Ac
variation with the injected current. For instance, in
sample no. L1S1 (e.g. Si#1) the maximum peak occurs at
225 Q'cm ! when the injected current was nearly 25 mA,

whereas the minimum peak occurs at 160 Q'em~', when
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Fig. 2 Modulated conductivity variation with injected current
in a silicon wafer for samples no. L1S1, L2S5 and L3S3 in the
silicon wafer.

the current level was increased to 30 mA. This pheno-
mena did not occur in samples located near the third line
across the wafer, e.g. sample no. L2S5 (Si#1), and in this
case Ac increases almost linearly. Now, for the samples
located near the edges, Ac will be saturated at a current
level above the level of 50 mA, e.g. sample no. 1.3S3
(Si#1). The change of Ao is therefore a very critical for
selecting samples/wafers and must be considered for
future fabrication procedures. Similar results were ob-
tained in the other silicon wafers. Detailed information

on such work could be found in [7].

4. Carrier Lifetimes Determination

Based on conductivity modulation measurements, the
carrier lifetime was then determined using Equation (9)
and the results were plotted against the dark conductivity
as shown in Fig. 3 (e.g. sample no. L3S4). It is clear that
the lifetime is decreased as the dark conductivity in-
creased in this wafer Si#l (n-type), and this could be
explained from the fact that the wafers/samples must be
kept at a low injection level in order to maintain higher
lifetimes (i.e. in the case of photovoltaic devices). The
same experiment was repeated on p-type Si#2 wafer, but
in this case it is believed that p-type material will resist
the gamma radiation more than n-type Si materials and
thus the lifetime is expected at higher levels in these
materials. This case could be applied for Si concentrated
high-efficiency photovoltaic devices, space solar cells and
substrate resistance modeling in Si devices/integrated
circuits [31]. The effect of gamma radiation on carrier
lifetimes is shown clearly in Fig. 4 (e.g. sample no. L2S4),
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Fig. 3. Carrier lifetime variation with dark conductivity in
wafer no. Si#1 before gamma irradiation.
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Fig. 4. Carrier lifetime variation with injected current in wafer
no. Si#l.

where the carrier lifetime was improved in this sample
from (2.5 ps to 4.5 ps) to about (7.5 ps to 11 ps), and
this may reflect that the recombination rate was reduced
to its minimum. Again similar results were obtained in
other silicon wafers under consideration as shown in Figs.
5 & 6 respectively. Tables 1 & 2 show more additional
results in several samples taken from different silicon

wafers.
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Fig. 5. Carrier lifetime variation with injected current in silicon
wafer, sample L1S3.
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Fig. 6. Carrier lifetime variation with injected current in silicon
wafer, sample L154.

Table 2. Carriers lifetime measurement based on conductivity

modulation technique (dark and gamma irradiation lifetime mea-

surements) for different silicon samples, 1481 and L4S2, n-

type, (100), Si wafers.

Sample no. L4S1
Injected current

Dark lifetime Gamma irradiation

[, {mA) 5, (M8) lifetime
ty, (ms)

10 0.0531 0.0601
20 0.0273 0.0390
30 0.0235 0.0313
40 0.0202 0.0268
50 0.0134 0.0212

Sample no. L4852
Injected current

Dark lifetime Gamma irradiation

Table 1. Carriers lifetime measurement based on conductivity L mA) T (ms) lrlfex?:)
modulation technique (dark and gamma irradiation lifetime mea- 10 0.0477 (;.’()780
surements) for different silicon samples, L3S1, L1382, L3S3 20 0.0298 0.0606
and L1354, n-type, (100), Si wafers, 30 0.0288 0.0562
Sample no. L3S1 40 0.0280 0.0325

Injected current | Dark lifetime Gamma irradiation 50 0.0183 0.0262

I, (mA) Tp, (Ms) lifetime
Ty, (ms)

10 0.0415 0.0539

20 0.0259 0.0314

30 0.0219 0.0264

40 0.0191 0.0226

Sample no. L3S2
Injected current | Dark lifetime Gamma irradiation

I,(mA) 15, (ms) lifetime
Ty, (ms)

10 0.0477 0.0823

20 0.0298 0.0740

30 0.0300 0.0697

40 0.0290 0.0680

30 0.0227 0.0626

Sample no. L353
Injected current

Dark lifetime Gamma irradiation

I, (mA) Ty, (ms) lifetime
Ty, (ms)
10 0.0502 0.0764
20 0.0341 0.0659
30 0.0282 0.0616
40 0.0242 0.0557
50 0.0151 0.0477

Sample no. L3S4
Injected current

Dark lifetime Gamma irradiation

I, (mA) Ty, {ms) lifetime
Ty, (ms)
10 0.0455 0.0535
20 0.0265 0.0305
30 0.0228 0.0260
40 0.0199 0.0226
50 0.0147 0.0167

IV. CONCLUSIONS

The conductivity modulation technique was introdu-
ced as a new approach for evaluating the minority carrier
lifetime in silicon wafers/devices. The conductivity mo-
dulation mode was first measured after exposing the sili-
con samples to gamma irradiation. It was found that the
conductivity level varies with injected currents between
25-30 mA. This mode is realized clearly at the central
region of silicon wafers.

The carrier lifetime was determined from conductivity
modulation mode, and was almost doubled after expo-
sing the silicon wafers to low-level of gamma irradiation.
Lifetime improvements were recorded as from 2.5 us to
7.5 ps and from 4.5 us to 11 ps respectively. Higher life-
times in the n-type silicon substrates indicate that such
materials could be operated under low injection level
known for sensors, nuclear detectors and complex
circuits IC's, Finally it is advised to adopt this method
for evaluating other new semiconductors and nano-ma-
terials as well as for the development of a computerized
unit to meet laboratory and industrial needs.
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