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INTRODUCTION

A noncontact microwave method of the measure�
ment of nonequilibrium carrier lifetime (NCLT) in
semiconductors is long�known [1, 2]. The theory and
physical grounds of the method were considered [3–9]
and engineering solutions providing the NCLT mea�
surement by the noncontact microwave method were
proposed [10–16].

With advances in multicrystalline and single�crystal
silicon technology, there appeared a need for a universal
noncontact NCLT measuring instrument that would
allow measurements within a broader NCLT range,
including the ranges for both single�crystal and multic�
rystalline silicon. In addition, it became necessary to
automize the noncontact microwave method and apply
a modern element base allowing a considerable reduc�
tion of the dimensions of the measuring equipment.
The aforesaid required solving a number of problems.

One of the problems to be solved is the automatic
matching of the frequency of the microwave oscillator
with the frequency of the microwave cavity, in an elec�
tric field antinode of which a measured semiconductor
is placed. Matching must be attained in a wide range of
semiconductor resistivities, including the values char�
acteristic of multicrystalline and single�crystal silicon.
To adjust multisilicon technology, it is often required
to measure the NCLT from 0.1 μs on specimens with a
resistivity spread from 0.1 to 10 Ω cm. At the same
time, in order to control the single�crystal silicon
NCLT, a measuring instrument should measure the
NCLT in the millisecond range on specimens with
resistivity over 1000 Ω cm.

In the first meters, the microwave oscillators were
based, as a rule, on Gunn diodes. The microwave cav�
ities were based on waveguide transmission lines. The
microwave cavity was connected with a measured
semiconductor specimen via either an aperture in a

waveguide wall [10–13] or an inductive post in the
evanescent waveguide [14–16]. The frequencies were
matched manually with an adjusting screw [10, 11,
14–16]. Such an engineering solution made further
automation of the NCLT measurements difficult.

Application of self�excited oscillator (SEO) circuits
for the noncontact microwave NCLT measurements
[17] allow automatic control of frequency and the min�
imum value of the microwave power reflected from a
semiconductor. However, they do not allow controlling
the shape of the resonance curve, which is required at
the NCLT measurements on low�resistance semicon�
ductor specimens. During the NCLT measurements on
such specimens, the Q factor of the microwave cavity
main mode on which the measurements are performed
substantially decreases, which causes instability of the
SEO operation. For this reason, for the noncontact
microwave NCLT measurements, a circuit with a con�
trolled SEO frequency scan with further visualization of
the resonance curve is preferable [18, 19]. Such a solu�
tion makes it possible to control the Q factor of the
semiconductor�loaded microwave cavity and eliminate
distortions in the resonance line to enhance the accu�
racy of the NCLT measurements.

Another problem arising during automation of the
noncontact microwave NCLT measurements on semi�
conductors is caused by a considerable difference both
in the levels of the microwave powers reflected from the
low� and high�resistance semiconductor specimens and
in the variation of these levels under the action of pulse
laser radiation on a semiconductor. One of the ways of
solving this problem is using the NCLT measurements
method of passing microwave power on high�resistance
specimens and the method of reflected microwave
power on low�resistance ones [20].

In this study, measurements in wide NCLT and
resistivity ranges of silicon by the reflected microwave
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power are proposed to be performed using a special
microwave cavity design, which is highly sensitive to
minor variations in the microwave power reflected
from a semiconductor [21].

The aim of this study is to develop a controlled micro�
wave module for an automatic meter of the NCLT in
multicrystalline and single�crystal silicon wafers by the
noncontact microwave method. The measurements
should be performed in a single reflectance mode.

PRINCIPLE OF THE MICROWAVE
MODULE’S OPERATION

Figure 1 shows a block diagram of the meter. The
dashed line indicates the composition of the micro�
wave module designed on the principle of digital phase
automatic control of the frequency of a voltage�con�
trolled oscillator (VCO).

The microwave module operates as follows. A con�
trol program command from PC 12 is translated to
control card 11 via a USB port. The card controller
coordinates the operation of a programmable logic
integrated circuit (PLIC) 9 and the laser�diode radia�
tion control circuit. The programmable logic inte�
grated circuit controls the operation of frequency syn�
thesizer circuit 6, digital attenuator 4, and operational
amplifier 10.

Voltage�controlled oscillator 1 forms a microwave sig�
nal (Fs) within the frequency range of 4800 to 5300 MHz.
The microwave signal from the VCO is supplied to
power divider 2, from which a part of the signal is sup�
plied to a two�stage microwave amplifier 3 and the rest
of the signal is supplied to digital frequency synthesizer
6. A signal with a frequency of 100 MHz from refer�
ence generator (Fref) 8 is supplied to the other input of
the synthesizer.

The comparison frequency Fs/N and Fref/n is
100 kHz. Frequency division is implemented by built�
in frequency dividers; N is the variable (controlled)
division coefficient and n is the constant one.

At the output of the phase frequency detector
(PFD) included in the frequency synthesizer, a con�
trol signal forms depending on the difference of the
phases of the compared signals Fs/N and Fref/n. Volt�
age from the PFD output is supplied to the VCO via a
dc amplifier and a low�pass filter and stabilizes the
specified frequency.

From the output of amplifier 3, the microwave
power is supplied to controlled attenuator 4 and, then,
via circulator 5 to microwave cavity 15 loaded by a
measured semiconductor specimen. To perform the
NCLT measurements in the wide silicon resistivity
range, the microwave’s power can be varied within
0.01–100 mW with the digital attenuator.

The microwave signal reflected from the semicon�
ductor is supplied to power sensor 7 via circulator 5.
Then, the detected signal is amplified by operational
amplifier 10 with a controlled gain. Using a serial code
from the PLIC, the gain can be varied from 1 to 20,
which provides amplification of the information signal
up to the level required for operation of 12�bit analog�
to�digital converter (ADC) 13. The maximum ADC
discretization frequency is 100 MHz and the memory
buffer volume is 1024 kwords. These parameters of the
ADC allow measuring the entire curve of the photo�
conductivity decay per laser radiation pulse even at
NCLT values of about 0.1 μs.

The microwave cavity providing connection of the
microwave oscillator with a measured semiconductor
specimen is implemented as a microstrip cavity
(MSC) operating in the reflectance mode. The topol�
ogy of the MSC conductor is presented in Fig. 2. The
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Fig. 1. Block diagram of the meter: (1) voltage�controlled oscillator (VCO), (2) power divider, (3) microwave amplifier, (4) con�
trolled attenuator, (5) circulator, (6) frequency synthesizer, (7) power sensor, (8) reference oscillator, (9) programmable logic
integrated circuit, (10) operational amplifier, (11) control card, (12) personal computer, (13) ADC, (14) laser diode, and (15)
microwave cavity.
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opposite ends of the strip conductor, on which
antiphase high�frequency electric field antinodes are
located, are reunited via a gap [21]. The sensitivity of
such a microwave cavity is much higher than that of
the cavity reported in [18], which enhances measure�
ment accuracy. This happens because in such a micro�
wave cavity, high�frequency electric field lines are
closed not only between the strip conductor and the
shield but also between the antiphase ends of the strip
conductor that are affected by the measured semicon�
ductor. Between the ends of the strip conductor, there
is an aperture via which radiation of the laser diode
fixed at the other side of the microwave cavity passes.
This region is shown in the figure by the dashed line.
The laser diode radiation wavelength is 1.06 μm and
the limiting power of continuous radiation is 500 mW.

The microwave cavity is designed in such a way that
the measured semiconductor does not affect the entire
microwave cavity but only its À region.

After the optimal connection between the micro�
wave cavity and the measured silicon specimen is
established, the laser radiation pulse of a specified
length and power passes via the aperture in the cavity
by a control program command and excites nonequi�
librium carriers in the semiconductor. Photoconduc�
tivity decay is detected by means of the time depen�
dence of the microwave cavity’s resonance line ampli�
tude. Then, the effective NCLT is determined by a
portion of photoconductivity decay and the volumet�
ric NCLT is calculated.

Figure 3 presents the frequency dependences of the
microwave power reflected from the microwave cavity
loaded by silicon specimens (curves a and b), where F is
the frequency of the signal from the microwave module.
The curves correspond to specimens 1 and 2, which are
wafers of single�crystal and multicrystalline n silicon with
thicknesses of 6 and 3 mm, respectively. The respective
resistivity values for specimens 1 and 2 are 2500 and
0.05 Ω cm. As is seen from the figure, the microwave
module with a specially designed microwave cavity allows
reliable detection of the reflected microwave power within
the silicon resistivity range of 0.05 to 2500 Ω cm. This
range is not limiting for the microwave module.

To observe the resonance line in more detail, the fre�
quency range of the microwave module can be arbitrarily
changed within 4800–5300 MHz. The frequency tuning
pitch is discrete; its minimum value is 0.1 MHz.

MEASUREMENT RESULTS

Figure 4 shows the measured time dependences of
the rise and decay in photoconductivity for specimens
1 (upper picture) and 2 (lower picture). The results for
specimen 1 were obtained at a microwave module
power of 2 mW, a single laser radiation pulse with a
power of 30 mW and a length of 1000 μs. The results
for specimen 2 were obtained at a microwave module
power of 80 mW, a laser radiation power of 450 mW,
and a pulse length of 50 μs, with data accumulated
from 30 measurements. It is seen that the microwave
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Fig. 2. MSC conductor topology.
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Fig. 3. Frequency dependence of the microwave power reflected from (a) single�crystal and (b) multicrystalline specimens.
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module with the application of a specially designed
microwave cavity allows reliable detection of the pho�
toconductivity’ rise and decay curves by the reflected
microwave power method.

The control program selects the photoconductivity
decay portion in the obtained time dependence of
photoconductivity, depending on the chosen standard
of experimental data processing. According to the
international SEMI MF 1535 standard [22], the effec�
tive NCLT is calculated from the lower portion of the
photoconductivity decay curve, from 45 to 5% from
the point at which the decay starts. According to the
SEMI MF 28b standard [23], the upper portion of the
photoconductivity decay curve is selected from the
point at which the decay starts to the point where the
photoconductivity value is smaller by a factor of e.
Then, the experimental points in the selected portion
of the curve are approximated by the exponential
dependence. The control program also allows manual
selection of an arbitrary portion of the photoconduc�
tivity decay curve for its further approximation.

The time dependence of the photoconductivity decay
at a laser radiation pulse length that is sufficient for
attaining a uniform concentration of nonequilibrium
carriers in a semiconductor can be approximated as [5]

 (1)

where τeff is the effective NCLT, t is the time coordi�
nate, U is the photoconductivity decay value, с is the
calibration coefficient, and const is the constant

const,efft
U ce

τ

= +

determined by the level of the reflected microwave
power in the absence of laser diode radiation. This
constant is dependent on the resistivity of a semicon�
ductor and independent of photoconductivity.

The volumetric NCLT is related to the effective one
as [5]

(2)

where  is the volumetric NCLT and τs is the surface
recombination time. The surface recombination con�
tribution can be divided into two components: diffu�
sion and its own surface recombination:

(3)

where d is the specimen thickness, π is the constant, S
is the rate of the NC surface’s recombination, and D is
the NC diffusion coefficient.

For our specimens with an unpolished surface, the
rate of surface recombination exceeds 10 000 cm/s. Since
the respective thicknesses of our single�crystal and multi�
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Fig. 4. Time dependences of photoconductivity for speci�
mens (a) 1 and (b) 2.
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Fig. 5. Results of the measurements of effective, and calcu�
lations of volumetric NCLTs for specimens (a) 1 and (b) 2.
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crystalline silicon specimens are 6 and 3 mm, respec�
tively, the contribution of the second term in formula (3)
is negligible. Therefore, during experimental data pro�
cessing, the NCLT was calculated by the formula

(4)

where the effective NCLT is determined from formula (1).

Figure 5 presents the measured effective NCLT and
the volumetric NCLT calculated by formula (4) for
specimens 1 and 2 approximated by the SEMI MF 28b
standard, where t is the photoconductivity decay time
and lnU is the photoconductivity’s amplitude loga�
rithm. The difference between the effective and volu�
metric NCLTs is minor due to large specimen thick�
nesses (6 mm for the single�crystal and 3 mm for the
multicrystalline silicon).

Figure 6 shows the measured time dependence of
photoconductivity (a) and the measured NCLTs for
the 7�mm�thick single�crystal p silicon with a resistiv�
ity of 1000 Ω cm. One can see that the microwave
module allows reliable detection of the NCLT in the
millisecond range.
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CONCLUSIONS

The microwave module is fabricated by microstrip
technology in a dust� and moisture�proof casing. Its
dimensions are 150 × 80 × 30 mm. The maximum fre�
quency tuning range of the microwave module is
4800–5300 MHz with a minimum pitch of 0.1 MHz.
The power tuning range is 0.01–100 mW.

The developed microwave module allows automatic
NCLT measurements on the single�crystal and multic�
rystalline silicon wafers in a wide range of resistivities.
The measurements are performed by the reflected
microwave power using the noncontact method.

The microwave module makes it possible to measure
the NCLT not only at the frequency of the reflected
microwave power, but also at an arbitrary frequency of
this frequency range. The measurements of the NCLT
at the slope of the resonance curve and by the change in
the resonance line width become feasible. In addition,
controlling the resonance line shape allows eliminating
the distortions of the resonance line during the NCLT
measurements, thus enhancing their accuracy.

On the basis of the microwave module and the
measurement table displacement controller used in
the automatic meter of the resistivity of silicon wafers
and ingots [24], a Taumetr 2M device was developed
for the measurements of the NCLT in silicon by the
noncontact microwave method.
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