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A new contactless technique for determination of excess carrier lifetime in semiconductors is
demonstrated. The technigue involves measuring the change in the transmitted intensity of a
continuous probe beam (Av < £, ) as a function of time through a semiconductor sample after
switching off the excitation from a pulsed pump beam (hv, > E, ). The technigue has been
applied to silicon samples having different doping densities. The measured lifetime values in
the range of 0.5-200 s on both n-type and p-type silicon samples by this new technique agree
well with the values obtained by the traditional photoconductive decay method.

The excess carrier lifetime is an important parameter as
it characterizes the guality of the semiconductor material
and affects the performance of the electron devices fabri-
cated from it. The standard photoconductive technigue for
lifetime measurement needs attachment of electrical con-
tacts to the sample. However, for many applications it is
necessary to know the lifetime of excess carriers in the start-
ing material prior to device processing and fabrication.
Hence, contactless techniques are desirable.

The contactless techniques for excess carrier lifetime
measurement reported in the literature so far include mea-
surement of the change in intensity”* or the defiection® of a
probe beam transmitted through a semiconductor sample
due to the steady-state distribution of photogenerated excess
carriers resulting from a pump beam with photon energy Aiv,,
greater than the semiconductor energy gap E,. The probe
beam photon energy Av is less than £, .

A new contactless technigue for determination of excess
carrier lifetime in semiconductors is reported here. The con-
tactless techniques'® mentioned above depend on the
steady-state distribution of excess carriers due to the pump
beam. The techrique reported here differs from the others in
that it measures the transient changes in the transmitted
probe beam (Av < £, ) intensity afier the pump beam pulse
{hv, > E,} is shui off. The transient measurements reflect
the excess carrier recombination process and hence is more
direct in interpretation of results.

For a semiconductor sample, if surface recombination is
negligible and if the product of the diffusion length and the
absorption coefficient at the pump beam wavelength is much
greater than unity, then the fractional change in the trans-
mission of the probe beam (A{ /) due to the steady-state
excess carrier distribution is given by®

Af/f= — (1 =R )v,00,T, v

where R is the reflectivity, v; is the quantum yield, ¢, is
the photon flux at the pump frequency, ¢ is the effective
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cross section for carrier absorption at the probe frequency,
and 7 is the excess carrier lifetime. From Eq. (1), 7 can be
obtained provided the values of R, v, , and o for the materi-
al are known. However, for many materials these parameters
frequently are not readily available.

If a pulsed pump beam irradiates the front surface
(x = 0) of a uniformly doped semiconducior wafer, the coun-
tinuity equation for the excess carrier density 8 after the
removal of the pulse is given by

e P .

P _pdt 2. (2)

3t axt T
where D is the ambipoiar diffusion coefficient and r is the
excess carrier lifetime. The solution of this equation for neg-
ligible surface recombination and for a high value for the
absorption coefficient at the pump frequency is given by®

(S' <
B(x,13 :—;:%T_—exp( — :D* - E) , &)

T -t
where 8, is the surface density of photogenerated carriers
injected by a single puise of the pump beam. In the presence
of the pump beam the total absorption coefficient & for the

probe beam will increase by A« given by
Aa = od(x,t). (4)

The fractional change in the transmitted probe beam intensi-
ty A J /¥ can be expressed as
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FIG. 1. Schematic of the experimentsl apparatus.
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TABLE 1. Resistivity and thickness of silicon samples used in the experiment.

Sample No. H 2 3 4 5
Type 7 " o # n
Resistivity (£ em) 0.02 0.15 1.3 4.0 54
Thickness (gem) 200 260 170 410 250

6 7 8 9 10 11 12 13

] p p 4 p P p P

1% .57 17 12.5 i3 69 230 4«0
200 250 240 196 230 1380 1400 6x10*

for the low pump-beam intensity condition
a’f S{x,t)dx <1,
4]

where d is the thickness of the sample. If the thickness of the
sample is much greater than the ambipolar diffusion length
L, the integral limit in Eq. (5) can be replaced from 0 to .
Combining Bgs. (3) and (5) gives

AI(t) = — IS0 exp( —t /7). (6)

Equation {6) shows that the transmission recovery curve
AZ{t} 1s an exponential function of time ¢. Hence, by this
technique the observation of A 7(¢) after a pump beam pulse
is shut off enables the lifetime to be determined directly.

The experimental setup is shown in Fig. 1. A Spectra
Physics 1208-2 He-Ne laser of 2 mW intensity at 3.4 um
wavelength was used as a probe beam. It illuminated the
sample over a 3-mm” arca defined by a hole. A Quantal YAG
laser with a 10-Hz repetition rate running on its second har-
monic at 532 nm wavelength with a full width at half-maxi-
mum (FWHM) value of 18 ns was slightly focused through
the same aperture onto the sample. The focus was positioned
2 cm behind the sample. The intensity of the YAG laser was
measuvred by a calibrated joulemeter. An Oriel InAs IR pho-
todiode with a peak response wavelength of 3.5 gm and &
time constant of 50 ns was located behind the sample to
measure the changes in ihe transmitted intensity of the He-
Ne laser due to the changes in the number of free carriers
caused by the YAG laser pulse. The signal from the photo-
diode was amplified and fed into a LeCroy 88288 200-MHz
transient digitizer and stored in a PDP 11/73 computer. The
circuit used allowed switching from the transmission io the
photoconductivity measurement without moving the sam-
ple or any other part of the alignment.

The resistivity and thickness values of the silicon sam-
ples used in this paper are listed in Table 1. The samples were
polished by using a Buehiler 67-1509 polisher and etched in
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FIG. 2. Typical photodiode cutput curve.
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CP4-a solution. Ohmic contacts were made on some of the
semples for photoconductivity measurement by depositing
Alor Ni for p- or n-type silicon, respectively. The resistivity
was measured with a Veeco FPP-100 four-point probe.

The lifetime values were taken from the time-resolved
transmission recovery curve without the use of any curve-
fitting program. Figure 2 shows a typical transmission re-
covery curve for a 1.7-{1 cm p-type silicon sample. The life-
time determined from this curve was 2 gs. Usually the
transmission recovery curve includes a fast rising term at the
very beginning, followed by a term with a longer time con-
stant. The lifetime values are obtained from the later part,
which starts at approximately 1--3 times the lifetime after the
Y AG laser pulse irradiation. The change between the values
of lifetime taken slightly earlier or later in time from this part
is within a range of 10%-20%.

The lifetime versus resistivity results are shown in Fig.
3. The lifetime values shown in this figure are the mean val-
ues taken under different YAG laser intensities. The error
bar shows the maximum deviation from the mean. In this
figure the reference data about lifetime in silicon” are shown
by broken lines for comparison purposes.

The pump pulse energy of 0.001-0.05 mJ used in this
work corresponds to 9x 10~ 4.5 10" photons/cm?® at
the sample surface. The value of ¢ at 3.4 um probe beam
wavelength is about 1-5 1077 cm? (Ref. 7). Hence, the
low pump intensity condition 5,0 < 1 is satisfied for our ex-
periments. We believe that the nonexponential term in the
fransmission recovery curve is caused by the higher order
modes in the excess carrier decay.® At a sufficiently later
stage of the decay the higher order modes will be negligible
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FiG. 3. Experimental results of lifetime vs resistivity for n- and p-type sifi-
con. The broken lines are after Ref. 7.
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TABLE II. Comparison between the measured lifetime values in silicon by the transient infrared absorption (TIRA) and the photoconductivity decay

technigues.

Sample

Noa. i 2 4 5 7 3 9 11
Lifetime
{pes)
TIRA method 0.60 + 0.02 0.67 +-0.05 13402 2.54-02 24+ 02 2.5+05 1.7+ 0.2 30 4-4
Photoconductive
decay method 0.54 -+ 0.02 (.74 4- 0.04 1.5+03 + 0.1 2.64-0.3 2.6+ 0.5 1.6 -+ 0.4 3846

and the curve becomes exponential from which the effective
lifetime 7 can be obtained.

For some samples ohmic contacts were made for photo-
conductivity decay measurement as well. The results are list-
ed in Table 11. As seen from this tabie, the agreement for the
measured lifetimes between the two methods is guite goed
for all these samples.

In summary, we have described a new nondestructive
contactless technigue for measurement of photogenerated
carrier lifetimes in semiconductors that utilizes {ransient
measurements, The resulis for silicon are in a good agree-
ment with the resulis from photoconductivity decay mea-
surement. Compared with other steady-state nondestructive
measurement technigues, this new method can measure the
tifetime directly from the transmission recovery curve with-
out the knowledge of other material parameters. In princi-
ple, the new technique can be used for other semiconductors
provided appropriate pump beam, probe beam, and related
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detector are available. We are currently extending this tech-
nigue to surfaces with a nonzero surface recombination ve-
locity.
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