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Final Technical Report

STATEMENT OF THE PROBLEM STUDIED

The effect of germanium on the hot electron current of
metal-oxide-semiconductor devices has been studied by avalanche
electron injection from the silicon to silicon dioxide.
Different doses of germanium ranging from 10’ to 10'° atoms/cm’
are implanted into Si-SiO, interface. The "lucky" hot electron
population is suppressed by germanium implantation. We have used
the charge-voltage technique to measure the interface state
density. The interface state density increase caused by Ge
implantation is negligible if the dose is lower than 10 Ge/cm’.

We have also used different implantation energies to locate
the Ge peak at different locations in the Si. We found that when
the peak is at Si-SiO, interface, the hot electron population is

lowest.

SUMMARY OF THE MOST IMPORTANT RESULTS

The final effort in this project was extended to finish the
work started previously by graduate student Ta-Cheng Lin. This
effort had too much promise to be dropped at an incomplete stage.
Our judgement is justified by the importance of his findings (see
paper included)' and indeed should be further investigated in the
future.

We have been intrigued by the work of Ng, Pai, Mansfield and
Clarke’ suggesting that the implantation of germanium into the
Si-Si0, interface can significantly reduce the injection of hot
electrons from the silicon into the silicon dioxide. They
suggest that the Germanium reduces the hot electron population in
the vicinity of the Si-Si0, barrier height without having a
significant impact on the lower energy carriers that provide the
current in an operating device. Since hot electron injection has
become an increasingly important consideration for the ultra

small devices used in contemporary silicon technology and because




of the addition of the germanium implantation appears to be
easily implemented on a production line, we have continued our
effort to extend and verify this work.

As we described in the paper that is included, our results
on MOS devices using avalanche injection techniques clearly
support tﬁe results of Ng et al. A very large reduction in the
hot electron population is observed which appears even for
implanted germanium doses of 10'’/cm’. As the dose is increased,
additional reductions are observed with no observable increase in
the interface state density until the dose used is 10*'/cm’. It
is well known that the presence of germanium in the SiO, provides
electron traps with a relatively large trapping cross section.
For this dose of 10''/cm’, the volume concentration in the oxide
is becoming large enough to provide enough traps within the
tunneling distance of the interface to result in the interface
states involved. So it is reasonable to suggest that the
interface states are the result of electron tunneling into the
germanium electron traps. However, lower concentrations can
still provide a very useful result. This suggests a wide range
in the applied dose can be considered. The results of this work
are so encouraging that we are independently continuing it
further to enable us to learn more about the physical mechanisms

involved. This holds promise for future device technology.
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Effect of germanium implantation on metal-oxide-semiconductor

avalanche injection
Ta-Cheng Lin and Donald R. Young

Sherman Fairchild Center. Lehigh University, Bethlehem, Pennsylvania 18015
(Received 1 March 1993; accepted for publication 15 April 1993)

The effect of germanium on the hot electron current of a metal-oxide-semiconductor device has
been studied by avalanche electron injection from the silicon to the silicon dioxide. Different
doses of germanium ranging from 10'? to 10" atoms/cm? are implanted into the Si-SiO,
interface. The “lucky” hot electron population is suppressed by the germanium implantation.
We have used the charge-voltage technique to measure the interface state density. The interface
state density increase caused by the Ge implantation is negligible if the dose is lower than 10"
Ge/cm®. Our results show that the Ge implantation is a promising method to solve the hot
carnier problem that has become important in submicrometer devices.

One of the physical phenomena in silicon metal-oxide-
semiconductor field-effect-transistor (MOSFET) struc-
tures that is becoming increasingly important for ultra-
small devices is the emission of hot electrons from the
silicon substrate into the silicon dioxide insulating layer.
The trapping of the hot carriers in the silicon dioxide in-
duces device degradation and instability. Several ap-
proaches'™ have been proposed to circumvent this prob-
lem. One method recently presented by Ng eral® is to
introduce neutral atoms in the MOSFET channel region to
suppress or eliminate the hot carrier population. They ob-
served a decrease in the degradation rate of MOSFETs
resulting from the presence of Ge in the channel. They also
observed that the device operating characteristics are not
degraded and they claimed that the germanium introduces
an additional scattering mechanism for the lucky hot elec-
troms.

In this work, we investigate the effect of germanium on
the hot electron injection using MOS devices. Different
doses of germanium are implanted into the Si-Si0, inter-
face of MOS structures. We use the avalanche injection
technique® to generate hot electrons in the substrate. The
injection current and the corresponding peak avalanche
voltage are monitored for each sample. Our observations
indicate a reduction in the injected current resulting from
the presence of germanium. The experimental results and
discussion will be presented later. We also use the charge-
voltage (Q-V) technique’ to investigate the effect of Ge on
the interface state density for each sample.

p-type, 0.1-0.2 ©2 cm, (100) wafers are used as a sub-
strate. All wafers are RCA cleaned before oxidation. The
oxide is grown in a dry oxidation furnace at 1000 °C for 50
min. After oxidation, one half of each wafer is implanted
with germanium. The doses are 10'%, 10', 10", and 10"*
atoms/cm’ at an energy of 95 keV. The other nonim-
planted half is the control sample to be compared with the
implanted half. After implantation, samples are annealed
for 30 min in a N, ambient at 950 °C to eliminate implan-
tation damage. Aluminum gates are deposited on top of the
wafers using evaporator. The gate area of 0.01 cm? is de-
fined by photolithography. Finally, the devices receive a
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400 °C, 30 min post-metallized annealing in a forming gas
{20% H,, 80% N, mixture).

The densities of the interface traps for each sample
were analyzed by the Q-V technique.’ The effect of germa-
nium implantation on the interface state densities will be
given later.

Avalanche injection has been described respectively by
Young and Nicollian®? in their previous papers as a means
to induce a current flow in the oxide. Figure 1 shows the
band diagram of the MOS structure under avalanche con-
dition. The MOS capacitor is driven to deep depletion and
carriers in the silicon substrate are accelerated by the ap-
plied electric field. These hot carriers have sufficient energy
for impact ionization to occur. Thus, electron hole pairs
are created in the depletion layer. The lucky hot electrons
that have enough energy to surmount the interfacial bar-
rier enter the SiO; to produce an electron current. Thus, by
observing the injection current. we can study the hot elec-
tron effect in MOS devices. In this work, the injection
current and the corresponding applied voltage are carefully

;
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FIG. 1. The energy band diagram of a p-type MOS capacitor for semi-
conductor avalanche emission under large positive bias.
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FIG. 2. Avalanche injection voltage vs curreat for all samples. Electrons
were injected from silicon substrate. (a) Coatrol. (b) 10" Ge/cm®, (¢}
10" Ge/em’, (d) 10" Ge/cm®, and (e) 10”* Ge/cm’.

recorded for each sample. The result will be presented
later.

Figure 2 shows the voltage versus injection current
curves for each sample. We observed the voitage required
to produce a given current increases for the Ge implanted
samples. The 10" Ge/cm? sample has the highest voltage
increase and the voltage goes down as "ne Ge concentra-
tion is decreased. When the dose is 102 Ge/cm?, the ger-
manium has almost no effect on the voltage. The increase
in avalanche voltage required for a given current demon-
strates a decrease in the injection current for the same
voltage. Based on the above observation, we conclude that
this is a large reduction in the hot electron population in
the silicon substrate as a result of the germanium. The
reduction in hot electron population is due to additional
scattering mechanisms. The added scattering may be
caused by the larger atom size of Ge or by a disturbance of
the band structure.

The interface state densities at midgap of all samples
are shown in Fig. 3. It is evident that D;, does not increase
until the germanium dose is higher than 10'* Ge/cm?. The
increase in the interface state density was probably caused
by the implantation damage. This resuit suggest that we
keep the dose below 10'* Ge/cm? 10 avoid the D, increase.

In this work, we have observed a reduction in the hot
electron population in a Si substrate as a resuit of germa-
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FIG. 3. Ge implanted dose dependence of interface state density at
midgap. For each sample, ** + s are the measured D, , X" is the aver-
age D,.

nium implantation into the interfacial region. This reduc-
tion in hot electron population would lower the degrada-
tion rate of MOSFETs. Our results agree with Ng's
experiment. In the range of our study. the more Ge we
have in the interface the lower the hot electron population.
On the other hand, when the germanium dose is higher
than 10" Ge/cm’, the interface state will increase. So the
optimistic dose, which reduces the hot electron population
without increasing the interface state density, in this study
is 10'* Ge/cm’.
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