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1. Scope from majority as well as minority carriers. In the absence of carrier

.. trapping, both the SPV and PCD methods should yield the same values of
1.1 These test methods cover the measurement of mmomi etime (1)* providing that the correct values of absorption coefficient are

carrier lifetime appropriate to carrier recombination processe§seq for the SPV measurements and that the contributions from surface
in bulk specimens of extrinsic single-crystal germanium Ofrecombination are properly accounted for in the PCD measurement.

silicon. .
1.5 This standard does not purport to address all of the
1.2 These test methods are based on the measurement of ety concerns, if any, associated with its use. It is the

decay of the specimen conductivity after generation of carrier§esponsibility of the user of this standard to establish appro-

with a light pulse. The following two test methods are priate safety and health practices and determine the applica-

described: " e ) .
. . . bility of regulatory limitations prior to useSpecific hazard
1.2.1 Test Method A-Pulsed Light Method, that is suitable statements are given in Section 9.

for both silicon and germinatiof.
1.2.2 Test Method B-Chopped Light Method, that is spe- 2. Referenced Documents
cific to silicon specimens with resistivitg1 Q-cm3 21 ASTM Standards:

1.3 Both test methods are nondestructive in the sense that D 5127 Guide for Ultra Pure Water Used in the Electronics
the specimens can be used repeatedly to carry out the mea- and Semiconductor Industsry
surement, but these methods require special bar-shaped test 45 Test Method for Conductivity Type of Extrinsic
specimens of size (see Table 1) and surface condition (lapped) Semiconducting Materids

that would be generally unsuitable for other applications. F 43 Test Method for Resistivity of Semiconductor Materi-
1.4 The shortest measurable lifetime values are determined als

lby the turln-off cha(;acterigticz Of. the_lligtr:t shourge W?“ﬁ the F 391 Test Methods for Minority Carrier Diffusion Length
ongest values are determined primarily by the size of the test ., pyyinsic Semiconductors by Measurement of Steady-

specimen (see Table 2). State Surface Photovoltaye

Note 1—Minority carrier lifetime may also be deduced from the 2.2 Other Standards:
diffusion length as measured by the surface photovoltage (SPV) method DIN 50440/1 Measurement of Carrier Lifetime in Silicon
made in accordance with Test Methods F 391. The minority carrier Single Crystals by Means of Photoconductive Decay:
lifetime is the square of the diffusion length divided by the minority carrier Measurement on Bar-Shaped Test Specir?lens

diffusion constant which can be calculated from the drift mobility. SPV IEEE Standard 225 Measurement of Minority-Carrier Life-

measurements are sensitive primarily to the minority carriers; the contri- B . . .
bution from majority carriers is minimized by the use of a surface M€ in Germanium and Silicon by the Method of Photo-

depletion region. As a result lifetimes measured by the SPV method are ~ conductive Decay
often shorter than lifetimes measured by the photoconductivity decay .
(PCD) method because the photoconductivity can contain contributiong- T€rminology

3.1 Definitions:
3.1.1 minority carrier lifetime— of a homogeneous semi-

* These test methods are under the jurisdiction of ASTM Committee FO1 onCOﬂdUCt(Jr the average time interval between the generation

Electronicsand are the direct responsibility of Subcommittee F01.06 on Silicon'a-nd recomt_)i_nation of minority cgrriers. .
Materials and Process Contral. 3.2 Definitions of Terms Specific to This Standard:

Current edition approved Dec. 10, 2002. Published February 2003. Originally 3 2.1 filament lifetime—the time constantyg, (il’l US) of the

approved in 1963 as F 28-63T. Last previous edition approved in 1991 a: f : .
F 28— 91 (1997). tecay of the photoconductivity voltage, as defined by:

2 This test method is based in part on IEEE Standard 225, Proceedings IRE, Vol
49, 1961, pp. 1292-1299.
*DIN 50440/1 is an equivalent test method. It is the responsibility of DIN  “The boldface numbers in parenthesis refer to a list of references at the end of
Committee NMP 221, with which Committee F-1 maintains close liaison. DIN these test methods.
50440/1, is available from Beuth Verlag GmbH, Burggrafenstrasse 4-10, D-1000 ° Annual Book of ASTM Standards, Vol 11.01.
Berlin 30, FRG. % Annual Book of ASTM Standards, Vol 10.05.
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TABLE 1 Dimensions of Three Recommended Bar-Shaped and circuit performance. In other cases, the recombination
Specimens characteristics must be carefully controlled to obtain the
Type Length, mm Width, mm Thickness, mm desired device performance_
A 15.0 2.5 2.5 5.1.1 If the free carrier density is not too high, minority
B 25.0 5.0 5.0

carrier lifetime is controlled by such recombination centers;

C 25.0 10.0 10.0 . . .. .
however, since it does not distinguish the type of center
present, a measurement of minority carrier lifetime provides

TABLE 2 Maximum Measurable Values of Bulk Minority Carrier iny a non—s.pecmc, qualitative test for metallic contamination

Lifetime, 75, s in the material.

Material Type A Type B Type C 5.1.2 When present in sufficient quantity, free carriers con-
-type germanium 22 125 260 tro_l the lifetime; thus, th_ese_ test methods do not prowde_a
n-type germanium 64 250 950 reliable means for establishing the presence of recombination
p-type silicon 90 350 1300 centers due to unwanted metallic or other non-dopant impuri-
n-type silicon 240 1000 3800 . . . . . L

ties when applied to silicon specimens with resistivity below 1
Q-cm.

5.2 Because special test specimens are required, it is not

AV =AV,exp(—t/ ; i i i
oexp(=tre) possible to perform this test directly on the material to be

where: employed for subsequent device or circuit fabrication. Further-
AV = the photoconductivity voltage/j, more, the density of recombination centers in a crystal is not
AV, = the peak or saturation value of the photoconductiv- likely to be homogeneously distributed. Therefore, it is neces-
ity voltage (V), and sary to select samples carefully in order to ensure that the test
t = time (us). specimens are representative of the properties of the material

being evaluated.

4. Summary of Test Methods _ 5.3 These test methods are suitable for use in research,
4.1 Test Method A-By means of ohmic contacts at each development, and process control applications; they are not

end, direct current is passed through a bar-shaped homogeuitable for acceptance testing of polished wafers since they

neous monocrystalline semiconductor specimen with lappegannot be performed on specimens with polished surfaces.
surfaces. The voltage drop across the specimen is observed on

an oscilloscope. Excess carriers are created in the specimen for Interferences
a very brief time by a short pulse of light with energy near the 6.1 Carrier trapping may be significant in silicon at room
energy of the forbidden gap. An oscilloscope trace is triggeretemperature and in germanium at lower temperatures. If
by the light pulse and the time constant of the voltage decayrapping of either electrons or holes occurs in the specimen, the
following cessation of the light pulse is measured from theexcess concentration of the other type of carrier remains high
oscilloscope trace. If the conductivity modulation of the for a relatively long period of time following cessation of the
specimen is very small, the observed voltage decay is equivdight pulse, contributing a long tail to the photoconductivity
lent to the decay of the photoinjected carriers. Thus the timelecay curve. Measurements made on this portion of the decay
constant of the voltage decay is equal to the time constant afurve result in erroneously long time constants.
excess carrier decay. The minority carrier lifetime is deter- 6.1.1 Trapping can be identified by increases in the time
mined from this time constant; trapping effects are eliminatedonstant as the measurement is made further and further along
and corrections are made for surface recombination and exce¥ decay curve.
conductivity modulation, as required. 6.1.2 Trapping in silicon may be eliminated by heating the
4.2 Test Method B-This test method, that is specific to specimen to a temperature between 50 and 70°C or by flooding
silicon, is similar to Test Method A except that the excessthe specimen with steady background light.
carriers are generated by a chopped rather than a pulsed light6.1.3 The minority carrier lifetime should not be determined
source. The wavelength of the light is specified to be betweefrom a specimen in which trapping contributes more than 5 %
1.0 and 1.1 pm. In addition, it is required that low-injection- to the total amplitude of the decay curve (Test Method A) or in
level conditions are employed so that excess conductivityvhich the decay curve is non-exponential (Test Method B).
modulation effects are avoided, special contacting procedures 6.2 The measurement is affected by surface recombination
are given to ensure the formation of ohmic contacts, and signaffects, especially if small specimens are used. The specified
conditioning may be employed before the oscilloscope. Corspecimen preparation results in an infinite surface recombina-
rection for surface recombination is required. Test specimengon velocity. Corrections for surface recombination for speci-
that yield non-exponential signals under the conditions of thanens with infinite surface recombination velocity and specific

test are deemed to be unsuitable for the measurement. recommended sizes are given in Table 3. A general formula for
o establishing the correction is also provided in the calculations
5. Significance and Use section; use of this correction is especially important when the

5.1 Minority carrier lifetime is one of the essential charac-ratio of the surface area to volume of the specimen is large.
teristics of semiconductor materials. Many metallic impurities 6.2.1 If the correction for surface recombination is too large,
form recombination centers in germanium and silicon; in manythe accuracy of the minority carrier lifetime determination is
cases, these recombination centers are deleterious to deviseverely degraded. It is recommended that the corrections
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TABLE 3 Surface Recombination Rate, R, us ~* 7. Apparatus (see Fig. 1)

Material Type A Type B Type C 7.1 Light Source—Pulsed (Test Method A) or chopped (Test
p-type germanium 8-8?;32 8-88%2 8-88?32 Method B) light source. The turn-off time of the light source
n-type germanium . . . . . . 0 .
pype silicon 0.01120 0.00282 0.00075 must be such that the light intensity decreases to 10 % of its
n-type silicon 0.00420 0.00105 0.00028 maximum value or less in a tim&or less of the filament

lifetime of the specimens to be measured. The maximum of the
ectral distribution of the light source shall lie in the wave-

ngth range 1.0 to 1.1 um for measurement of silicon

ecimens.

applied to the observed decay time not exceed one-half of thS
reciprocal of the observed value of decay time. Maximum bulkg
lifetimes that can be determined on the standard bar-shape
specimens are listed in Table 2. Note 2—Turn-off times less than 1 ps may be measured by performing
6.3 The conductivity modulation in the specimen must beeit_her procgdure of these t_est methods on a filament of §i|icon 0.1 mm
very small if the observed decay, that is actually the decay o'k 21d with length and width:10 mm and=4 mm, respectively, or by

. - . performing the procedure of Test Method A on a filament of germanium
the potential across the specimen, is to be equal to the decay 9bs_ 1 thick and with length and widtk: 10 mm and= 4 mm

the photoinjected carriers. _ respectively. If all surfaces of the filament are lapped, either filament has
6.3.1 Test Method A allows the use of a correction when the filament lifetime of less than 1 ps regardless of the bulk minority carrier

maximum modulation of the measured direct current voltagdifetime of the specimen.

across the specimen, V/V, exceeds 0.01. ~ 7.1.1 Test Method A- Xenon Flash Tube or Spark Gap
6.3.2 Test Method B does not permit the use of thiswith g capacitor and high voltage power supply with a pulse
correction. In this test method, the condition for low-level repetition rate of 2 to 60 s&. With a 0.01 uF capacitor charged
photoinjection is that the ratio of the density of injectedty several thousand volts, a bright discharge is obtained:;
minority carriers in the specimen that exists in the steady statg,gximum intensity is reached within 0.3 ps and the intensity
under constant illumination to the equilibrium majority carrier gecreases to less than 5 % of its maximum value in less than
density be less than 0.001 (see 12.10). If the photoinjectiop 5 ys. To measure filament lifetimes less than 5 ps, it is
cannot be reduced to a low-level value, the specimen is NQfreferable to use a smaller capacitor for a shorter pulse
suitable for measurement by this test method. duration, even though the resulting total available light flux is
6.4 Inhomogeneities in the specimen may result in photogmgjler.
voltages that distort the photoconductivity decay signal. Tests 7.1 2 Test Method B- Light Source With Pulse Generator
for the presence of photovoltages are provided in both tesi), for the creation of a periodic rectangular light pulse. The
methods (see 11.5 and 12.6). Specimens that exhibit photovoliy|se amplitude, pulse height and pulse interval must be
ages in the absence of current are not suitable for minoritgeparately adjustable. The adjustment range of the pulse length
carrier lifetime measurement by these test methods. ~  and interval shall be at least 5 ps to 20 ms. The maximum
6.5 Higher mode decay of photoinjected carriers can influragdiative power from the source shall be sufficiently large that
ence the shape of the decay curve, particularly in its earlyhe measured signal is at least 1 mV. The time constants of both
phaseg2). This phenomenon is more significant when a pulsedhe rising and falling edges of the light pulse shall be less than
light source is used because the initial density of injected/of the shortest filament lifetime to be measured. The pulse

carriers is less uniform than when a chopped light source igenerator must supply a trigger signal for the subsequent signal
used. Consequently, Test Method A requires the use of a filtefonditioner and oscilloscope.

(to increase the uniformity of the injected carrier density) and

measurement of the decay curve after the higher modes have[NOTE 3—The preferred light source with these characteristics is a
: : - P silicon-doped gallium arsenide light emitting diode (LED). The turn-off
died away _tO e_Stab“Sh the filament lifetime. time of this type of diode is about 0.1 ps; this turn-off time cannot be
6.6 If minority carriers are swept out of an end of the yeaqred by the procedure given in Note 2. A6-V, 8-A tungsten ribbon
specimen by the electric field generated by the current, they d@ament lamp chopped mechanically at 15, 45, or 77 Hz has also been
not contribute to the decay curve. Both test methods require th@und to be suitable for measurement of filament lifetirees us (4).

use of a mask to shield the ends of the specimen from 75 Requlated, Well-Filtered Current Suppfr providing a
illumination and have tests to ensure that sweep-out effects agfrect current through the specimen sufficient to develop a
not significant.

6.7 The recombination characteristics of impurities in semi-
conductors are strongly temperature dependent. Consequently,
it is essential to control the temperature of the measurement. If mer
comparisons between measurements are to be made, bothFLTe?
measurements should be made at the same temperature. \
6.8 Different impurity centers have different recombination
characteristics. Therefore, if more than one type of recombi—zf\
t

POLARITY REVERSING VOLT
SWITCH METER

PREAMPLIFIER/_ OSCILLOSCOPE

nation center is present in the specimen, the decay may consi$t gy ,ca. sysrem L T N eres rramron
of two or more exponentials with different time constants. Thel Lent source /T

resulting decay curve is not exponential; a single minority VOLTAGE SUPPLY

carrier lifetime value cannot be deduced from photoconductiv-  FG. 1 schematic Circuit Arrangement for Minority Carrier
ity decay measurements on such a specimen. Lifetime Measurement
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direct current voltage of up to 5 V across the specimen. This ¢
supply may take the form of a constant current source or,
alternatively, a constant voltage source in combination with a
nonreactive series resistance, Bhat is at least 20 times as
large as the sum of the specimen resistance, R, and the contact
resistances, R There shall be provision for reversing the 4
polarity of the current through the specimen and also provision

for disconnecting the current supply from the specimen. TR

7.3 Thermally Insulated Specimen Holder and Thermostat> N
that permit the specimen to be held at a constant temperature of \ y = 6exp(-x/2.5)
27 £ 1°C. The specimen holder must be made so that ohmic 2 i
(nonrectifying) contacts can be made over the entire end \ !
surfaces of the specimen and that at least one of the four side ,:__ i !
surfaces of the specimen can be illuminated by the light source ™ l i
by means of a light pipe or other optical system. Means for | \I\T‘_“
determining the temperature of the specimen holder must be °, i 2 3 p) s s 7 8
provided. X

Note 4—Thermostatic temperature control is recommended but not FIG. 2 Exponential Curve to be Fitted on the Oscilloscope Face
required for Test Method A. for Test Method A

Note 5—Many methods may be used for making ohmic contacts to the
ends of the test specimen. It is recommended that pressure contacts of

metal braid or wool be used. Thick sheets of lead or indium have also been 7 5 3 2 For Test Method B, the screen contains an additional
found to be suitable. horizontal line at 0.37 of the maximumavalue.

7.4 Filter, polished on both sides, 1 mm thick of the same ) _
material as the test specimen. Required for Test Method A onl rég'oigﬁnz_ir:ffeft'ﬁg’t&%('g or X-trecorder may also be used for signal
placed immediately above the rectangular aperture (see 7.5). '

7.5 Rectangular Apertureplaced as closely as possible to  7.6.4 The requirements for the electronic circuit, taken as a
the illuminated specimen surface. The opening of the aperturehole, are as follows:
is such that the light illuminates only a part of the length of the 7.6.4.1 Calibrated vertical deflection sensitivity of 0.1
specimen. The illuminated portion of the specimen is of lengthmV/cm or better.

l, =12 and widthw, =w/2 for Test Method A and length ~ 7.6.4.2 Vertical gain and deflection linear to within 3 %.
l;=3.0= 0.1 mm and widthw, =w for Test Method B. For 7 g 4 3 Response time such that if the input signal changes
both test methods, the illuminated portion is centered on the, a step-wise fashion, the rise- or fall-time of the output signal

midpoint of the specimen. . shall be less thavsof the smallest filament lifetime to be
7.6 Electronic Signal Measuring Circuit measured.

7.6.1 Preamplifier with adjustable high and low bandpass
limits. The low cutoff frequency should be adjustable from 0.3
to 30 Hz.

7.6.4.4 No visible pulse deterioration such as overshoot or
damping effects.

7.6.2 Signal Conditioner—A boxcar averager or waveform 7.7 Lapping Fgcilities to provide flat, parallel, abraded
educator for improvement of the signal-to-noise ratio of smalSurfaces on all sides of the test specimen. _
signals. Required only for Test Method B and then only if itis _ 7-8 Facilities for Cleaning and Drying the Test Specirren
necessary to reduce the illumination level to ensure that th&'€aning may require ultrasonic agitation in water; drying
low-injection-level condition is met. should be done with dry nitrogen.

7.6.3 Oscilloscope with suitable time sweep and signal 7.9 Micrometer or Vernier Calipgrto determine the dimen-
sensitivity. The oscilloscope shall have a continuously cali-sions of the test specimen t00.1 mm or better.
brated time base with accuracy and linearity better than 3 %
and be capable of being triggered by the signal being studied &. Reagents and Materials

by an external signal. It shall be fitted with a transparent screen g ¢ Purity of Water—Reference to water shall be understood

to aid in analyzing the decay curve, as follows: , to mean Type E-3 or better water as described in Guide
7.6.3.1 For Test Method A, the screen is ruled in centimetrgy 5127

squares in such a manner as to minimize parallax. The screen
also contains a curve, the height of which above the base IingI
decays exponentially with distance along the abscissa in
accordance with the following equation:

8.2 Lapping Abrasive-Aluminum oxide powder commer-
ally specified as having a size in the range from 5 to 12 um.
8.3 Materials for Forming Ohmic ContactsNickel,
rhodium, or gold plating baths, uncontaminated by copper, may

y=6expg—x2.9 be required for forming ohmic contacts on the ends of the

specimens. For silicon specimens a droplet of gallium on an

where: emery cloth may be required. If gallium is used, a hot plate for
x and y are in scale divisions (see Fig. 2). heating the specimen to 35°C is also required.
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