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Characterization of Electron Traps in

Aluminum-implanted SiO,

Abstract: Johnson, Johnson, and Lampert have studied the effect of Al implantation on the trapping behavior of SiO,. The large fluence
that they used (1 x 10'*Al/cm®) and the low annealing temperatures (up to 600°C) resulted in a trapping efficiency of 1 and made it
impossible to characterize the traps. In the present study a lower fluence and higher annealing temperatures to reduce the traPping
efficiency are used to permit characterization of the traps. The predominant trap cross sections are 1.26 x 10 "*and 1.40 x 10™'"cm®. Ina
companion paper by DiMaria, Young, Hunter, and Serrano the location of the trapped charge is discussed.

Introduction

The effect of Al implantation on the electron trapping be-
havior of SiO, has been studied by Johnson, Johnson, and
Lampert [1] in MOS structures. They used a fluence of
I % 10" Al ions/cm” at 20 keV and a SiO, thickness of
140 nm. Their work indicated that most of the traps were
due to displacement damage. The maximum annealing
temperature was 600°C. Most of the work, however, was
done with unannealed samples. In a recent paper by D. R.
Young, D. J. DiMaria, and W. R. Hunter [2] some data
were presented showing that annealing temperatures up
to 1050°C result in a substantial reduction in the trapping
rate. These data are given in Fig. 1. It was hoped that the
high temperature anneals would eliminate the dis-
placement damage and enable us to study the trapping
associated with the Al sites. We have also varied the SiO,
thickness between 49 and 140 nm and the implantation
energy from 15 to 40 keV. The location of the trapped
charge has been studied on the samples by DiMaria,
Young, Hunter, and Serrano [3], who used the photo
1-V technique.

Experiments

e Sample preparation

Silicon p-type wafers are used with a resistivity of 0.1 to
0.2 ohm-cm. The SiO, is grown at 1000°C in a dry oxygen
environment. The samples are ion implanted, cleaned,

and annealed at 1050°C for 30 min. As soon as possible
after the heat treatment, Al is applied by evaporation in
the form of dots 0.080 ¢cm in diameter, followed by post-
metallization annealing at 400°C for 30 min in N,.

Figure 1 Flat-band voltage shift as a function of time for vari-
ous annealing temperatures. The annealing time is 30 min.
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Figure 2 Aluminum concentration profiles calculated by using
LSS theory for various implantation energies. The fluence is 1 x
10" Al/cm?.

® Measurement technique

An electron current is induced in the SiO, by using ava-
lanche injection from the Si [4, 5]. A feedback circuit is
inserted between the output of the electrometer used to
measure the current and a 500-kHz square wave gener-
ator. This circuit controls the amplitude of the square
waves and maintains the current in the SiO, at a value
that can be preset as desired. As trapping occurs, the
square wave amplitude is automatically increased to com-
pensate for the effect of the trapped charge. The square
waves are interrupted periodically to measure automati-
cally the flat-band voltage as a means for monitoring the
trapped charge buildup in the SiO,. The circuits used are
described in an earlier paper [2]. In the course of a typical
run 400 to 600 measurements are made. These data are
fed into a computer and the results are analyzed to pro-
vide information concerning the trap cross sections and
the trap densities. The computer program can resolve two
different traps if their cross sections are separated by at
least a factor of two. The analysis of the results follows
the same procedure followed by DiMaria, Aitkin, and
Young [6]. The SiO, current used depends on the cross
sections of interest and in this particular experiment the
range was 9 X 107" to 9 x 107" A. The largest current is
used for the small cross section traps. The change in flat-
band voltage is given by

AV, = 0x/C, L, o)

where C_ is the SiO, capacity per unit area, L is the SiO,
thickness, Q is the trapped charge per unit area, and ¥ is
the distance of the centroid of the trapped charge from the
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Al-SiO, interface. Because the flat-band voltage measure-
ment does not enable us to determine Q and x indepen-
dently, we refer to an effective charge given by

Q, = Qx/L. @

Ning and Yu [7] have shown that these considerations do
not affect our measurements of the trap cross sections.

We obtain the cross sections and the effective trap den-
sities by fitting exponentials to our data. The cross sec-
tion is given by

8 = q/7l, (3)

where 7 is the time constant of the exponential, [ is the
current density, and ¢ is the charge on the electron. The
magnitude of the exponentials gives us the effective den-
sity of the traps. The charge centroid correction must be
used to obtain the actual density.

The implanted Al profiles have been calculated by us-
ing the Lindhard-Scharff-Schett (LSS) range statistics
calculated by Gibbons, Johnson, and Mylroie [8]. Their
data have been corrected for the lower density of our
SiO, as compared with single-crystal quartz. The factor
used is 0.84. These profile calculations are shown in Fig.
2. It can be seen that for our thinnest sample (D =
49 nm), penetration of the Si by Al ions should be appre-
ciable for an implantation energy of 20 keV. Results are
presented indicating that substantial penetration actually
occurs even for the 15-keV implantation.

If we substitute the expression for C_(C = g/L) into

0x (.4

Eq. (1), we obtain for the flat-band voltage shift
AV, = Ox/e, “4)

where ¢ is the dielectric constant of SiO,. This relation-
ship is independent of L, and thus we see that V; should
not depend on L if Q and x are independent of L. We
assume that this is the case if the implanted Al does not
reach the Si-SiO, interface.

e Experimental results
An accurate characterization of the traps requires that
AV, for the implanted sample be large compared to the
unimplanted sample for the same charging conditions.
The earlier work [2] has shown that this is the case if we
use a fluence of 1 X 10™ Al/lem® and for implantation
energies that result in the peak of the implanted profile
being located near the center of the SiO,. For larger im-
plantation energies we lose Al to the Si and for smaller
implantation energies AV, is smaller due to the charge
centroid effect. Although we present data for comparison
that do not satisfy this criterion, we use only the data tak-
en near the optimum condition to characterize the traps.
The experimental results are given in Figs. 3 (a)-(c) for
L = 140 nm, 73 nm, and 49 nm, respectively. In the case
of Fig. 3(a) (140 nm), we see a large increase in the trap-
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Figure 3 Flat-band voltage shift as a function of time for various implantation energies. (a) L = 140 nm; (b) L = 73 nm; (c) L = 49 nm.

ping (AV ;) as the implantation energy increases; a signif-
icant but smaller increase is noted in Fig. 3(b) (73 nm),
and in Fig. 3(c) (49 nm), it is seen that the trapping ac-
tually decreases for implantation energies above 20 keV.
The fluence in all cases is 1 x 10" Al/cm®. The change in
these results with L is due to the penetration of the Si by
the Al ions. This is shown by Fig. 4, where AV, is a
function of L, and not independent of L as predicted by
Eq. (4). These results indicate that penetration certainly
occurs for L = 73 nm and V, = 30 keV.

The large increase in trapping with the implantation en-
ergy (V) shown by Fig. 3(a) (L = 140 nm) is a surprising
result. The average shift (AV .}, ., taken from these data
is plotted as a function of implantation energy (V)) on a
log-log plot in- Fig. 5 and we see that the slope is two,
indicating that the trapping varies as Vlz. The increase in
the charge centroid distance & has been shown by Di-
Maria to be proportional to V. These results indicate a
linear dependence of the trap density on the implantation
energy.

A summary of the measured trap densities and cross
sections is given in Table 1. The total effective trap con-
centration observed is 3.5 x 10”. The charge centroid
measurements of DiMaria et al. [3] indicate that x/L =
0.59 for this case. Using this correction results in an ac-
tual trap density of 5.93 x 10" as compared with the im-
planted fluence of 1 x 10" Al/cm®. Since the trap density
depends on V, and is reduced if we have penetration of
the Si, we must regard this trap density as applying only
to this particular case.

Discussion of results

Our results for the thick SiO, (L = 140 nm), which does
not allow penetration of the Si by the Al ions through the
SiO,, show that the trapping varies as the square of the
implantation energy. The charge centroid position mea-
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Figure 4 Flat-band voltage shift as a function of time for vari-
ous Si0O, thicknesses.

Table 1 Trap cross sections (o) and effective densities (Ny) for
the traps resulting from a 30-keV Al implant with a fluence of 1 X
10** Al/cm? and L = 73 nm.

a(cm?) Nfem™)
1.60 x 10-15 4.60 x 10"
1.26 x 10° 1.14 x 102
1.40 X 107V 1.40 x 10t
1.26 x 10-18 5.00 x 101
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Figure 5 Log-log plot of (AVyg)a.., taken to 6500 s as a function
of implantation energy. The average flat-band voltage shift
(AVyg)ave is the sum of the shifts for all the measurements divided
by the number of measurements.

surements suggest a first power dependence. As a result,
we conclude that the number of traps is proportional to
the implantation energy. This leads to the conclusion that
the trapping we are observing is due to implantation dam-
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age in the SiO, even though we have annealed our sam-
ples at temperatures of 1050°C. The dependence of the
trap density on the implantation energy may be due to the
role of vacancies created during the implantation process,
making it possible for the Al to go into the structure sub-
stitutionally and thus act as trapping centers. The Al ions
remain in these sites after the annealing process. The
number of vacancies increases with increasing implanta-
tion energy and thus the number of substitutional Al
atoms also increases.

The trap cross sections associated with this damage
have been characterized and the predominant cross sec-
tions observed are 1.26 x 107" and 1.40 x 1077 ¢cm®.

Acknowledgments

This research was supported in part by the Defense Ad-
vanced Research Projects Agency, U.S. Department of
Defense, and was monitored by the Deputy for Elec-
tronics Technology (RADC) under Contract No.
F19628-76-C-0249.

References

1. N. M. Johnson, W. C. Johnson, and M. A. Lampert, J. Appl.
Phys. 46, 1216 (1975).

2. D. R. Young, D. J. DiMaria, and W. R. Hunter, J. Electron.
Mater. 6, 569 (1977).

3. D. J. DiMaria, D. R. Young, W. R. Hunter, and C. M. Ser-
rano, IBM J. Res. Develop. 22, 289 (1978, this issue).

4. E. H. Nicollian, A. Goetzberger, and C. N. Berglund, Appl.
Phys. Let1. 15, 174 (1969).

5. E. H. Nicollian and C. N. Berglund, J. Appl. Phys. 41, 3052
(1970).

6. D. J. DiMaria, J. M. Aitken, and D. R. Young, J. Appl. Phys.
47, 2740 (1976).

7. T. H. Ning and H. N. Yu, J. Appl Phys. 45, 5373 (1974).

8. J. F. Gibbons, W. S. Johnson, and S. W. Mylroie, Projected
Range Statistics of Semiconductors and Related Materials,
2nd ed., Halstead Press, John Wiley & Sons, Inc., New
York, 1975.

Received October 14, 1977; revised December 2, 1977

The authors are located at the IBM Thomas J. Watson
Research Center, Yorktown Heights, New York 10598.

IBM J. RES. DEVELOP. @ VOL. 22 ¢ NO. 3 ¢ MAY 1978




