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Abstract

Electron beam testing of integrated circuits
(IC) is currently based on the electron beam induced
conductivity in insulators to short the passiva-
tion layer and to enable a voltage measurement at
covered conductor tracks. However, applying this
technique to passivated MOS devices causes severe
radiation damage, which was at first explained by
primary electrons penetrating into the deep-lying
gate oxide. Nondestructive electron beam testing
was expected by using Tow electron energies that
do not allow the primary electrons to reach into
the gate oxide.

Therefore here the influence of nonpenetrat-
ing electron irradiation on the characteristics of
passivated NMOS transistors has been studied. The
experiments demonstrate that significant damage
is caused even when primary electrons do not reach
into the gate oxide. This can be explained by sec-
ondary X-rays, generated by the primary electrons
in the upper layers, that then penetrate into the
gate oxide. Radiation damage increases with irra-
diation dose, primary energy and with decreasing
gate size. Thoughusing the Towest primary electron
energy possible to build up the necessary conduc-
tive channel, even Tow irradiation doses alter the
devices drastically. Only by blanking off the high
energy electron beam at gate oxide areas during
the scan, i.e. by application of the window scan
mode, is a nearly nondestructive testing of passi-
vated MOS devices via the electron beam induced
conductivity made possible. Another possibility
to decrease radiation damage is the reduction of
primary electron energy to about 1 keV. Thenelec-
tron beam testing is no Tonger based on the phys-
ics of electron beam induced conductivity, but on
the capacitive coupling voltage contrast .

KEY WORDS: Electron beam testing, radiation dam-
age, voltage contrast, passivated metal oxide
semiconductor circuits, capacitive coupling volt-
age contrast, electron beam induced conductivity,
window scan mode.
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Introduction

Electron beam testing is mainly applied to
nonpassivated devices to shorten the period of
development of new very large scale integrated
VLSI-circuits [14, 22]. For production inspection
at the manufacturer or inspection of goods re-
ceived at the user, as well as for an IC-internal
testing of failures after an application of the
device, electron beam testing of the passivated
IC is necessary.

The application of existing electron beam
test techniques [14] to passivated devices can be
realized by using a high energy electron beam.
Primary electrons, penetrating the passivation
layer, generate electron-hole pairs in the energy
dissipation range and thus a region of electron
beam induced conductivity is formed in the insu-
lator [18]. If the penetration depth of the pri-
mary electrons is at least as large as the passi-
vation thickness, a conducting channel is formed
to the covered conductor tracks through the passi-
vation and a voltage measurement is thereby made
possible [19]. The necessary energy for the pri-
mary electron beam was examined for different
passivations [1, 19, 20] and voltage contrast
measurements, using the electron beam induced
conductivity in insulators, have been successful-
ly realized [4, 20, 22].

When applying this technique to passivated
bipolar devices, the necessary electron irradia-
tion did not influence the performance of the
bipolar device [4]. However, applying this tech-
nique to passivated MOS devices, drastic changes
in device parameters were found [10]. The initial
explanation for this irradiation damage was that
the high energy primary electrons used for testing
passivated devices also penetrate the gate oxide
layer, where they generate electron-hole pairs.
The subsequent trapping of positive holes then
causes a change in the space charge. Furthermore,
interface states at the gate oxide boundary may be
affected. Both effects are responsible for the ex-
perimentally found altering of the device param-
eters [3]. According to this explanation, electron
beam testing had been expected to be nondestruc-
tive only when primary electron did not penetrate
the gate oxide layer [10].

In contrast to these ideas, electron irradia-
tion experiments using low energies (to exclude a
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penetration of primary electrons into the gate ox-
ide), were found to cause also radiation damage
(7, 15, 161, which, however, is some orders of
magnitude less severe than that caused by penetrat-
ing electrons [9, 17]. These irradiation effects
by nonpenetrating electrons that are useable for
electron beam testing of passivated circuits will
be investigated in this paper.

Three different ways for electron beam test-
ing excluding a penetration of primary electrons
into the gate oxide are taken into consideration:
1. by proper choice of the primary electron energy,
which should be adjusted just high enough for the
primary electrons to form the necessary conducting
channel through the passivation layer to the con-
ductor tracks (10keV for 1.1am Si0, [2, 20],

2. by application of the "window scan mode" [6], a
technique that excludes the high energy electron
irradiation of gate oxide regions by automatically
switching off of the scanned electron beam with

an electron beam blanking s/stem [13], thus creat-
ing scan windows that include the gate oxide re-
gions, and 3. by aid of the "capacitive coupling
voltage contrast" [5, 8, 1., 21] that is seen at
passivated devices when using low energy primary
electrons of about lkeV. Irradiation effects
caused to MOS-devices by application of each of
these three techniques have been experimentally
studied in order to find out how severe radiation
damages are, to decide whether at least an approx-
imately nondestructive electron beam testing is
possible and to determine necessary restictions of
electron irradiation for the different techniques.

Experimental

The experiments for evaluating electron beam
induced damage on passivated MOS-devices were per-
formed at integrated passivated NMOS transistors.
The test structures used consist of several dif-
ferent transistors, the characteristics of which
can be measured separately. This enables a simul-

Table 1

The integrated passivated NMOS-transistors used
in the electron irradiation experiments (T:symbo]
consists of type -Enhancement, Depletion, Not
doped - gate width / gate length) N

5 gate gate typical values

No. symbol width [length [ of threshold

voltage
W/ Jum Le pm Ve /0

0 E 50/10 50 10 1.19
] E 50/5 50 5 1.00
2 E 10/5 10 5 1.30
3 E 10/50 10 50 1.52
4 D 5/50 5 50 - 5.23
5 E 50/50 50 50 1.37
6 D 50/50 50 50 - 5.98
7 N 50/50 50 50 0.40
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taneous determination of irradiation effects at
all transistors using identical irradidation pa-
rameters.

A survey of the transistors used in the irra-
diation experiments gives table 1. They have dif-
ferent dimensions of the polysilicon gate, length
and width varying from 5,um to 50/um. For the
same gate dimensions there are different tran-
sistor types, (depending on the doping), exhibit-
ing different values of the threshold voltage.

Fig. 1 shows an SEM micrograph of an enhance-
ment transistor E 50/10 with a polysilicon gate
SOéum wide and 10/um Tong (No. O in Table 1). The
schematic cross section of this transistor is giv-
en in fig. 2. The gate oxide was thermally grown
on the p-silicon substrate and is 90 * 5 nm thick.
The height of the polysilicon gate is 0.5,um
* 0.05um and the insulating reflow glass is
0.7 * .1pum thick. The aluminium conductor tracks
are 1.0 ¥ 0.15,um thick. A1l the devices are cov-
ered with a Siég—passivation layer of 1.1/um
T 0.1mum thickness.

uring the electron irradiation, source,
drain, gate and substrate of the transistor
were held at ground potential. The
electron beam was scanned over the part of the de-
vice including the gate oxides of the investigated
transistors.

Three different primary electron energies
were chosen : 10keV, 5keV and lkeV. The first
energy Epg = 1OkeV is already too low to enable
a penetration of primary electrons into the gate
oxide layer 2.3,um deep. But it is just high e-
nough to short the 1.1um thick passivation layer
for realizing a voltage measurement at the alu-
minium conductor tracks via the electron beam in-
duced conductivity in insulators. Using the last
energy Epp = lkeV the Si0p passivation does not
charge up negatively; an electron beam testing
via the capacitive coupling voltage contrast is
possible.

Further irradiation experiments were per-
formed by applying the window scan mode to the
test structures. Using this technique the electron
beam is switched off during the scan, creating
scan windows, which include the gate oxide of the
NMOS transistors. Thus, irradiation of gate oxide
areas is excluded.

The application of the window scan mode is
demonstrated in fig. 3. The gate of the lower
transistor is within the scan window (black area),
and therefore this gate, in contrast to the one of
the upper transistor, is not irradiated during
the experiment.

Varying the electron beam current, which was
measured via a Faraday cup, the time of irradia-
tion and the size of the scan area the 91ectron
irradiation doses Eanged from 1.1 - 107/As/cm=2
to 2.7 - 109As/cm™¢. After each irradiation the
characteristics of the transistor were measured:
the drain source current Ipg as a function of the
drain source voltage Upg w1%h the gate source
voltage Ugs as parameter; and as a function of the
gate source voltage Ugg with the drain source
voltage Ups as parameter. Because of the multitude
of measurements for different transistors and after
different electron irradiations, determination
of the characteristics was automated. With the
voltage given by D/A-converters and the current
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Fig. 1: SEM micrograph of an enhancement NMOS
transistor, gate width: SO/um gate Tength: 10/um
(No. 0 in table 1).

Fig. 3: SEM micrograph of two NMOS transistors;
the 50 O/um x 50 um gate of the lower one is not
irradiated by applying the window scan mode.

measured via an electrometer connected to a com-
puter all characteristics could be measured and
stored. Changes in the characteristics due to
electron irradiation were examined afterwards.For
example, as the drain source current Ipg is pro-
portional to (Ugg- Vip)é, the threshold voltage
Vth was determined by linear regression of the
(Ips=f(Ugs))-characteristics. The measurements
of the characteristics were performed with the
test structure remaining in the specimen chamber
of the electron beam test system [12], thus a-
voiding unintentional changes of the irradiation.
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- Passivation d=11 um

/ Aluminium d=10um

d=0,7um

/ Reflow Glass

{ Poly-Silicon-Gate d=0,5um¢
J i Gate Oxide d=90nm
“—Diffusion Zone d=1,0-1,5um

Fig. 2: Schematic cross section of the NMOS tran-
sistor of fig. 1.
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Fig. 7: Negative shift of (\/Ips-Ugs)-character- to the curve indices 0 to 3. The electron irra-
istics of an NMOS transistor (E 50/5) due to dif- diation leads to a negative shift of the threshold
ferent 1rrad1at1on doses D of 1lkeV e]ectrons, voltage Vip
D=0 C/Cm , D1=0.54 C/cm?, D2=1.5 C/cm2, D3=2.7 SimiTar results were found for irradiation
C/cm? (Ups=4V). with electrons of lower primary energies. This is
demonstrated for lkeV primary electrons at the
Results same transistor E 50/5 in fig. 6 and fig. 7. Fig.6
. o . shows the same changes in the (Ip UDS) curve for
The irradiation effects of 10keV primary lkeV as found for 10keV shown in Tig. 4; fig. 7
electrons on an enhancement transistor E 50/5 are shows the same negative shift in the vrbs -Ugs)-
ShOW” in fig. 4 and fig. 5. The changes in the curve for lkeV as found for 10keV shown in fig.
BS Upg)-curve for a gate source voltage Ugg=6V However, the electron irradiation doses causing
and"the negative shifts of the (\/Ips-Ugs)-curve these effects are 0, 0.54, 1.5 and 2.7 C/cmé re-
for a drain source voltage Ups=4V are shown for ferring to the curve 0 to 3, respectively,
four electron irradiation doses, respectively. which means that the doses for lkeV electrons are
With the curve index 0 to 3 referring to ir- four orders of magnitude higher than for 10keV
radiation doses D=0, 0.67-10"4C/cm?, 3.7-10-4c/cm@  electrons. ,
and 12-10-4C/cm2, it is found that the drain source ) The negative shifts of the threshold voltage
current increases drastically due to the electron increase with the irradiation dose and the primary
irradiation (fig.4).The saturation current has en- electron energy. There also is a dependence on the
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transistor irradiated: the threshold shift depends
on the gate dimensions, but not on the type of
transistor. The latter is demonstrated by fig. 8
for the irradiation with 5keV primary electrons.
Using a logarithmic axis for the shift of thres-
hold voltage - AVtp, and the electron dose D all
measured points are found on the same straight
line for all of the three different types of tran-
sistors with a square gate 50/um x 50 um. Depend-
ing on the doping level, the threshold voltages

of the unirradiated transistors are V¢, (E 50/50)=
1.37V, Vg (D 50/50)= -5.98V and Vth(ﬁ 50/50)=
0.40V (see table 1). For all three types of NMOS
transistors the same shift in the threshold volt-
age is found.

The relationship between the irradiation ef-
fects and the gate dimension is shown in fig. 9.
For three enhancement transistors of different
gate dimensions (E 10/5, E 50/10 and E 50/50) the
negative shifts of threshold voltage are plotted
as a function of the irradiation dose with 5keV
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= |
s - |
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= o |
= | Electron Dose D
11— 1
& \\\\\\\\2:1F10°Ckmz
5 ¥
B 05 |-
2 o
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S e E10/ 5
b 0 ES0/ S
£ 02r o ES0/ 10|
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|
01 L L :
2 5 10 20 50 100
Gate Length L [pm]

Fig. 10: Effect of the gate dimensions on the
shifts of the threshold voltage for different ir-
radiation doses with lkeV electrons.
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Fig. 11: Effect of gate dimensions on the shifts

of the threshold voltage for different primary
electron energies.
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primary electrons. A1l measured points are found
on straight lines parallel to each other. The
smaller the gate dimensions are, the higher the
effect due to irradiation.

The effect of gate size on the sensitivity
of NMOS transistors to electron irradiation is de-
monstrated in fig. 10 and fig. 11. The first one
shows the shift of the threshold voltage as a
function of the gate length for two electrons
doses using a primary energy of lkeV. The five
transistors exhibit the same dependence for both
doses. With decreasing gate length the shifts of
threshold voltage increase. There is also a tend-
ency on the gate width. However, an opposite re-
lationship is found, as the width is increased
from 10 um to 50,um for a gate length of Séum
(E 10/5% E 50/5) and for a gate length of O{um
(E 10/50; E 50/50), respectively. For an explana-
tion further experiments are necessary.

The same dependence on the gate dimensions,
as shown in fig. 10 for lkeV primary electrons at
different doses, is also found for other primary
energies. As an example, in fig. 11 the shift in
the threshold voltage as function of the gate
length is shown for the primary energies of 10keV
and 5keV, after irradiation with doses of 1.9.10-4
C/cm® and 8.8-10-4 C/cm?, respectively. In spite
of the lower dose the effect of 10keV electrons
is higher, but the dependence of the shift in the
threshold voltage on the gate dimensions is the
same for both primary energies.

The shift in threshold voltage of the E 50/5
transistor after electron irradiation is shown in
fig. 12 for three primary electron energies. As
already seen by comparison of Figs. 4 and 5 with 6
and 7, low primary electron energies cause less
radiation damage. The same shift of the threshold
voltage, caused by irradiation using 10keV elec-
trons, is found at about 20 times higher doses
of 5keV electrons and about 10000 times higher
doses of lkeV electrons. Since the experimentally
determined straight lines are only shifted along
the dose axis the dependence of the shift of the
threshold voltage on the electron dose remains the
same. By reducing the primary electron energy ir-
radiation damage lessens over-proportionally.

10 Sl T — ]
Primary Electron Energy Epg =| 10 keV 5 keV 1keV
= [ I
z Gate Dimension: W/L
3 o E50/5 /
)
] /
g n° ,/V =l
S
he) / /
o
=4
g o
£ 5 va
(=T —
Lo 7 ;
& o //)///{ ///)
025 o-s -4 ) -2 -1 0 1
10 10 10 10 10 10 10 10
Electron Dose D [C/cm?]

Fig.12: Shifts of threshold voltage of an NMOS
transistor (E 50/5) as a function of electron
irradiation dose for different primary electron
energies.
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Another possibility to minimize radiation damage,
beside reduction of the primary electron energy,
is the application of the window scan mode. This
technique has already been demonstrated in fig. 3,
where the gate of an N 50/50 transistor was within
the scan window, and therefore not irradiated,
whereas an E 50/50 transistor was totally exposed.

The results of suchan irradiation experiment
are shown in fig. 13 and fig. 14. Shifts in the
(VIps-Ugs)-curve are found in the normal mode
(fig. 1 % as well as in the window scan mode, but

here only at doses about two orders of ma?giﬁude
IneUpc)
DS -GS

higher. However, beside the shift of the
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Fig. 15: Reduction of electron irradiation dam-
age by application of the window scan mode.

-curve, an increase of leakage current is found
(see Ipg for negative Ugg values). Furthermore, ra-
diation damage depends on the size of the used
scan window, as demonstrated in fig. 15. Here the
shift of threshold voltage is shown as a function
of irradiation dose. Using a scan window equal to
the gate size, radiation damage is diminished by a
factor of about 130, and using a scan window twice
the size the factor increases to 600. These experi-
ments show that the application of the window scan
mode offers a possibility for both reducing radi-
ation damage and using the electron beam induced
conductivity for measurements at covered conductor
tracks.

Discussion

Electron irradiation causes significant radi-
ation damage to passivated MOS devices, even when
the primary electrons do not reach the gate oxide
layer. The determined radiation damage, measured
as negative shifts in the threshold voltage of
NMOS transistors, depends on parameters of both the
electron irradiation used and the MOS devices tes-
ted.

The shifts in threshold voltage increase with
irradiation dose and primary energy, and they are
more severe for smaller gate dimensions but inde-
pendent of the transistor type, determined by the
doping level. As the dependences of radiation dam-
age on dose and on gate size are the same for dif-
ferent primary energies -(i.e., in fig. 12 and
fig. 11 a change in the primary energy just results
in a parallel shift of the graph along the voltage
or dose axis, respectively)- it is believed that
the same physical mechanism is responsible for the
measured irradiation effects, even for those caused
in the window scan mode (see fig. 15). Several
mechanisms may be supposed:

- The commonly used electron dissipation range after
Everhart and Hoff [2] does not take into account a
very small but not vanishing amount of electrons
beyond the nominal electron range, that may reach
into the gate oxide layer and cause the irradiation
effects as discussed in the initial model.

- On their way through the upper layers of the MOS
device the primary electrons generate secondary ra-
diation, for example secondary electrons, ions or
X-rays. X-rays especially, having a long enough
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range, can penetrate the gate oxide and thereby
change the space charge and interface states (171
- The electron irradiation can charge up the upper
isolation layers and by this mechanism the charge
balance of the MOS transistor may be affected.

However, as the experiments show the same de-
pendences for the normal mode and for the window
scan mode as well as for charging (Epg=5 keV) and
noncharging energies (Epg=1 keV, 10 keV), the first
and the last mechanism have to be excluded, respec-
tively. The only mechanism, being able to explain
what has been experimentally found, is the second
mechanism of X-ray generation, which can be expec-
ted for all primary energies used. Furthermore
X-rays can even penetrate from outside the gate
area into the gate oxide layer, as necessary for
comprehending the results in the window scan mode,
with the gate area blanked out.

The irradiation experiments using 10 keV pri-
mary electron energy, the lowest energy possible
to short the passivation layer for electron beam
testing via the electron beam induced conducting
channel, showed that electron doses above 10-4C/cm
give rise to severe radiation damage, i.e., as
high voltage resolution calls for high electron
beam currents of some 108 A, drastic changes of
MOS transistor characteristics are caused even at
lTow magnifications of about 100 ina few seconds of
irradiation. The application of the window scan
mode reduces radiation damage drastically by some
orders of magnitude, depending on the size of the
scan window, thus enabling a nearly nondestructive
electron beam testing. Radiation effects are found
for all primary energies used, even for such low
energies as 1 keV. However, if the primary energy
is just decreased from 10 keV to 1 keV, 10% times
higher doses are acceptable, which means that e-
lectron beam testing of passivated MOS devices
via the capacitive coupling voltage contrast using
such low energies is approximately nondestructive.

Conclusions

Electron irradiation experiments of NMOS tran-
sistors demonstrated that electron beam induced
damage is caused even when the energies are too
low to enable the primary electrons to penetrate
into the gate oxide layer, and even when the area
of the gate oxide itself is not irradiated. These
results can only be explained by secondary X-rays
which are generated in a first interaction of the
primary electrons in the upper layer and then pen-
etrate into the gate oxide layer, where in a sec-
ond interaction they affect the space charge and
the interface states, resulting in the experimen-
tally found changes of the MOS devices. The ini-
tial model, explaining radiation damage by ioni-
sations in the gate oxide by penetrating primary
electrons, therefore has to be enlarged for non-
penetrating primary electrons by an additional in-
teraction.

The experiments have shown that successful
electron beam testing of passivated MOS devices
via the conductive channel solely by proper choice
of the primary electron energy, (even if a pene-
tration of primary electrons into the gate oxide
isavoided), has to be excluded because of severe
radiation damage. A reduction of radiation damage
is possible either by application of the window

scan mode or by use of the capacitive coupling
voltage contrast. The first technique requires so-
phisticated automated equipment to exclude irradi-
ation of gate oxides by switching off the high en-
ergy electron beam during the scan [6]. The second
technique simply uses a low energy electron beam
of about 1 keV to reduce irradiation effects, but
then only alternating IC-internal signals can be
investigated [5, 8, 11, 211 Both of the tech-
niques offer the possibility of an approximately
nondestructive electron beam testing of passivated
MOS devices.
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Discussion with Reviewers

M. Miyoshi: Irradiation effects of MOS structures
strongTy depend on the property of gate oxide and
the interface state density. What kind of gate
oxide (method or characteristics) did you use in
this experiments?

Authors: The gate oxide is thermally grown on the
p-Si-substrate in a standard polisilicon gate
NMOS process.

S.P. Shea: Is it possible to quantify, at least in
a relative sense, your theory that X-ray genera-
tion by the primary electron beam is responsible
for the damage to the devices which you have stu-
died? Specifically, could you calculate the rela-
tive number of ionization events in the gate oxide
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due to X-rays, as a function of the energy and
position of the electron beam?

Authors: Yes, it is possible to calculate the X-
threshold voltage shifts, found in experiment, as a
function of electron irradiation dose and primary
electron energy. However, for nonpenetrating pri-
mary electrons and the mechanism via secondary
X-rays these calculations are rather complex, as
the generation of the X-rays by primary electrons
of different energies, the penetration of differ-
ent X-rays through the Tayers of the NMOS-tran-
sistor, the absorption of these X-rays in the gate
oxide layer and the resulting threshold voltage
shift due to the changed space charge have to be
considered. Therefore, in this paper, we did no
calculation, but discussed several mechanism pos-
sible, and by excluding the others, the mechanism
via secondary X-rays is the only one that explains,
what has been found in experiment. A rough esti-
mation of this mechanism via secondary X-rayswas
already given by Nakamae et al (see ref.17).

H. Fujioka: What is the difference between your
results on electron beam irradiation effects and
the results obtained by Nakamae et al. (1981) and
Miyoshi et al. (1982)?

M. Miyoshi: What is the difference between re-
sults of ref. 16 and ref. 17 and your results?
Authors: Nakamae et al. (ref. 17) described irra-
diation effects on a passivated NMOS transistor
using primary electrons of 5keV - 18keV. They
showed that there is radiation damage even when
the Everhart and Hoff range of the electrons
used is smaller than the distance between the
gate oxide layer and the surface. They explained
that this irradiation damage may be due to the
effect of range straggling or secondary X-ray
radiation. However, consequences for the differ-
ent electron beam testing techniques at passi-
vated MOS devices were not discussed.

In ref. 16 Miyoshi et al. discribed irradia-
tion experiments using low primary energies of
1-3keV, but at nonpassivated NMOS and PMOS tran-
sistors. They also concluded that secondary X-
rays may be responsible for this kind of radia-
tion damage. Furthermore they found that radia-
tion damage increases for smaller channel length.

In this paper irradiation effects are espe-
cially examined with regard to electron beam
testing of passivated MOS devices. Therefore pas-
sivated NMOS transistors were irrediated under
different conditions, which are typical for dif-
ferent ways of electron beam testing of passi-
vated devices, i.e. for applying the electron
beam induced conductivity, the window scan mode
and the capacitive coupling voltage contrast.
Thereby on the one hand the results of ref. 16
and 17 are confirmed and on the other hand the
results are extended to lower energies for passi-
vated devices and for the application of the win-
dow scan mode. Furthermore, the necessary re-
strictions of electron irradiation for different
electron beam testing techniques are discussed.
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S.P. Shea: Please, explain the kind of test dis-
cussed in the text and discribe how a voltage
measurement is made.
Authors: Electron beam testing is based on the
voltage contrast in the SEM. Those parts of the
IC having a positive voltage appear dark in the
secondary electron picture, those having a nega-
tive voltage appear bright. By application of a
secondary electron spectrometer and a linearisa-
tion feed back this effect can be used for IC-
internal quantitative voltage measurement. This is
described in detail in ref. 14 and 23 (see below).
The application of this technique is demonstrated
i ref. 4 205 22

However, when applying this technique not to
nonpassivated but to passivated devices, the prob-
lem of charging of the passivation arises. In
principle two ways are possible then : using a
high primary electron energy to short the passiva-
tion (see ref. 1, 19, 20) or a low primary elec-
tron energy with an electron yield o >1 of the
passivation, establishing the capacitive coupling
voltage contrast (see ref. 5, 8, 11, 21).

Additional Reference

23. Menzel E, Kubalek E. (1981). Electron beam
test techniques for integrated circuits. Scanning
Electron Microsc. 1981; I : 305-322.
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