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Comparison of the results of measuring the carrier recombination lifetime in silicon single crystals by
contactless HF and microwave p-PCD methods was carried out. It has been shown that HF method gives a
large error compared with a p-PCD method.
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1. INTRODUCTION

The carrier recombination lifetime (zy) is the inverse
value of recombination probability of a nonequilibrium
electron (electron hole) in a unit of time. Shockley-
Read-Hall recombination through deep centers domi-
nates in the indirect-gap semiconductors such as silicon
and germanium. Such metallic contaminations as iron or
copper are typical deep recombination centers in Si and
Ge. In silicon with resistivity (o) in the range from 1 to
1000 Ohm-cm 7 is inversely proportional to the concen-
tration of the recombination centers [1-7] and it can there-
fore be considered as the most important parameter of the
quality of this semiconductor material. Recombination
centers may significantly influence properties of the semi-
conductor devices, especially in the structures of submi-
crometer and nanometer sizes. So, with change of concen-
tration of iron from 102 cm~—3 to 10° cm~2 in the most
pure silicon 7, varies from a few microseconds to millisec-
onds, and it is easily detected, while there are no other
available methods for the determination of such concen-
trations in industrial applications.

One of the main methods of determining 7, is the
measurement of the photoconductivity decay (PCD) [5-
10]. More accurate method of determining 7, is the con-
tact PCD method [2, 3, 10], but it had not been used for
industrial applications because of high labor consump-
tion. More practically applicable variant of PCD meth-
od is the p-PCD method owing to its nondestructive
nature and high speed of measurement [8, 10, 11]. The
decay curve in the u-PCD method is strongly influenced
by hardware factors and condition of the surface of a
sample on which both volume and additional recombi-
nation take place. As a result the effective recombina-
tion time (zeff) which is measured depends on the ratio
of three characteristic lengths — diffusion length (Lp),
thickness of sample (d) (the size along the direction of
the surface illumination), reciprocal light absorption
factor and the surface recombination velocity (S) [2-8].

The equipment for the p-PCD method demands cal-
ibration on referring samples (RS) with known effective
time. The only p-PCD method-capable RS manufac-
tured in Russia was described in [12]. Samples were
made of a high-resistance material with identical carri-
er recombination time. The certified value of 7. for RS

PACS number: 81.05.Dz

was received by the HF measurement — a method in
which the sample was placed between facings of a ca-
pacitor and signal attenuation in an RC circuit on kHz
frequencies was measured. This method was chosen
because there was a possibility of certifying the meas-
uring system on measurement of a decay curve of
standard capacities. In [12] it is noted that results of
measuring RS by the p-PCD equipment differ consider-
ably from the certified data of a set. The purpose of this
work is the analysis of the measurements of a RS
package using HF and the p-PCD methods and an as-
sessment of application possibilities of HF as a method
for RS certification.

2. SAMPLES AND EQUIPMENT FOR
MEASUREMENT

The measurements have been carried out on the
GIREDMET 48-0572-260(1-9)-2009 RS set. Samples of
n-type silicon single-crystal were cut from a homogene-
ous ingot with the resistivity around 1.5 kOhm-cm.
Various effective lifetimes have been obtained by using
slices with different thicknesses. The non-passivated
surface has been uniformly processed (polishing) which
makes it possible to consider S within the range of 5000
to 15000 cm/s.

The calculations of zef by the HF method were car-
ried out by comparing the experimental curve and ex-
ponential decay curve with a known parameter on an
oscilloscope screen. The standard error of the meas-
urements is 10 %.

The measurements of Ter using the u-PCD method
were carried out on the automated u-PCD detector APK-
TAUMETR [13]. 7 were calculated using the portion of
the decay signal in the range from 45-5 % of the peak sig-
nal according to recommendations [14-15]. Results of the
measurements are presented in the Table 1. The statisti-
cal error of measurements does not exceed 8 %.

3. INTERPRETATION

For the analysis of the received results we used the
equation for maximum e in the so-called infinite S
approximation [2, 8, 11]:
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Table 1 — RS data
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Sample number 1 ‘ 2 3 4 5 6 7 8
d, pm 9970 ‘ 3140 | 2500 2000 1530 1070 760 315
Certified 7ef measured by the HF |1590 470 300 170 106 73 45 17
method, pus
Tett measured by the u-PCD method, us | 1020 ‘ 494 350 257 177 93,7 52,9 10,7

7000

6000

f(x) = 216,49x + 161,54
5000
4000 —i— HF
—¢ 3000 *—u-PCD
fix) = 121,48x + 849,2
2000
1000 -
0
0 5 10 20 25 30
% em?

Fig. 1 — Correlation between 7. and thickness for samples 1-4
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Fig. 2 — Correlation between the diffusion coefficient and the resistivity in single-crystal n-type silicon
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where D — diffusion coefficient, m2-s 1.

As it was shown in [11], equation (1) provides plau-
sible values for thick samples with thickness exceeding
diffusion length.

As we can see from data of Table 1, 7, will exceed
1000 ps. This value corresponds to Lp of 1100 um for an
n-type Si. The Lp depends on the square root of 7, so a
further increase of 7, will lead to an insignificant Lp
change. Therefore it is possible to assume that d for
samples 1-4 exceeds the Lp value, and therefore (1) is

applicable to samples 1-4. Fig. 1 illustrates a correla-
tion between 1/ 7eff and 1 / d? which, in accordance with
(1), allows to determine 7, and Dp. A high linearity and,
as a result, a smaller error is observed for the pu-PCD
method results. For the HF method 7, = 3600 £ 2000 ps
and Dp=19+3cm?s, for the pPCD method
Ty = 1200 £ 100 ps and Dp = 12 + 1 ecm?/s. Such 7v values
correspond to Lp of 2000 and 1190 um respectively.
Fig. 2 illustrates a correlation between Dp and resistiv-
ity from standard data [16]. In the samples with resis-
tivity in the range 1-2 kOm-cm Dp changes from 11,5 to
12,5 cm?%/s, thus Dp values calculated according to the
u-PCD measurements correspond rather closely to the
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Table 2 — Comparison of 7., obtained using equation (2) and measured using the un-PCD and HF method
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Sample number 1 2 3 4 5 6 7 8
Teft Obtained from equation (2), us 1020 494 372 270 178 96 53 10,8
Deviation from the u-PCD measurements, % 0,0 0,0 6,3 4,9 0,7 2,5 0,1 1,1
Deviation from the HF measurements, % - 35 5,1 24 58 68 32 17 - 36

standard data for Si single-crystal. This supports the
reliability of the values obtained by p-PCD method. At
the same time the calculations using the HF measure-
ments differ considerably from known published data.
Equation (1) is not applicable for thin samples 5-8 [11],
therefore calculations of 7, should be performed on a
more correct equation which takes into accountthe sur-
face recombination velocity:

1 1 1 1 d d

B =—+ 2
T, Ty T r, 2S 7z°D

v S s

@)

Usually (2) is not applied for calculations because S
is unknown, and its measurement is a labor consuming
task. For the results of this paper it is possible to de-
termine S due to a large database including thin sam-
ples 5-8. Analysis of data obtained by the p-PCD meth-
od showed that S is equal to 6700 cm/s + 17 %.

S value for the HF method is not possible to deter-
mine using (2) because at the values of 7 more than
1000 ps zs asymptotically tends to the zef which would
be less than the d2/ 722D value for samples 5-7.

We used S and 7v values obtained to calculate the
Teff using equation (2) for all samples. Results of calcu-
lations and their comparison with the pu-PCD meas-
urements data are given in Table 2.

The calculations in Table 2 shows that the p-PCD
measurement results is more correct than the results of
Teff measurements by HF method. The samples for this
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