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Abstract

Scanning electron acoustic microscopy (SEAM)
can be used as a tool to visualize integrated cir-
cuit failures caused by lithographic processes, me-
tallic overlayer adherence problems, major subsur-
face defects, and presence of alloyed compounds
formed between ohmic contacts and epitaxial layers.
Major defects and doping striations are also visu-
alized by SEAM. For highly doped epitaxial layers
a dependence has been found between the doping
level and the electron acoustic signal.
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Introduction

Scanning electron acoustic microscopy (SEAM)
has now become a technique that is easy to imple-
ment in a SEM. Commercial systems can be fitted on
most microscopes [(e.g, Therma Wave, Inc., Fremont,
CA, USA (although Therma Wave, Inc. no longer manu-
factures an electron acoustic accessory), and Cam-
bridge Technology Ltd., Cambridge, Englandl. A PZT
[composition Pb (Zr, Ti)03] transducer can be used
at operating frequency up to several MHz. SEAM
technique is based on local probing of the thermal
properties of metals [4, 5, 8] and of piezoelectric
coupling or generated excess carrier recombination
in piezoelectric and semiconductor materials [12].

Areas of application of SEAM in semiconductors
include: doped area imaging in silicon [14]1, major
surface defects [1], subsurface defects [167, dis-
location lattices [17], crystalline lattice pertur-
bation after ion or proton bombardment [10, 161,
and grain boundary imaging in solar cells [3, 13].
Si02/Si layers with different thicknesses have been
visualized because of the Targe difference between
Si0p and Si thermal conductivities [8]. Ohmic
contacts and Schottky barriers on GaAs substrates
have also been studied [11].

SEAM is a powerful tool for studying semi-
conductor device failures. Several unique possi-
bilities have been shown, for example, imaging of
features under an oxide layer [14]. The use of a
shift of the detection phase allows one to visual-
ize in depth [2, 15]. This information can be ob-
tained by no other method except in some cases by
scanning acoustic microscopy [9].

We present some examples of visualization in
epitaxial Tayers and devices with ohmic contacts.
We also show that introduction of dopant impurities
gives rise to important signal variations which can
be quantified.

Physical phenomena

SEAM 1is based on local excitation of the sam-
ple surface by a periodical pulse causing local pe-
riodic heating. The corresponding heat diffusion
can be modeled by the development of a thermal wave
[6] which does not propagate beyond one wavelength
due to excessive dampening. The solution of the
heat diffusion equation shows that this thermal
wave is attenuated by a factor e after propagation
of one thermal diffusion length, w (v = A/27),
where X1 is the thermal wave-Tength. Thermal




diffusion length can be expressed as:

w= (K'/nf)? (1)

where:
K' = K/pC,
K': thermal diffusivity (cm?/s)
K : thermal conductivity (cal/cm/sec/0C)
p : density (gm/cmd)
C : specific heat (cal/g/°C)
f : frequency

In spite of their high attenuation, the ther-
mal waves have the same characteristics as conven-
tional waves. In particular, they can be scattered
or deflected. That is why they can be used to im-
age features with different thermal properties. In
piezoelectric and semiconductor materials, it is
difficult to establish that the heating is the main
phenomenon.  Nevertheless the mathematical treat-
ment of the problem is similar and the Tlocal char-
acter of the emission is still valuable [12]. The
spatial resolution, d, attainable by this technique
depends on the electron beam spot size, ¢p, the
total electron penetration, R, and the thermal dif-
fusi?n length, (because the phenomena are indepen-
dent):

d = (®b2+R2+ u2)1/2 (2)

The electron penetration can be calculated using
Kanaya's formula [10]:

R(ym) = 2.76 10-2 p-1 A 7-8/9 Eo(keV)3/3 (3)

Thermal diffusion length at a frequency is calcu-
lated using Handbook's data on thermal conductivi-
ties [7].

Table 1 shows the values of spatial resolu-
tion. For a stress-free surface heated by a tem-
perature pulse with frequency f and a power density
Py (watt/cml), the elastic energy conversion is
given by [18] :

n = lelastic/labsorbed (4)
_ 8m, B2a2'3
S0 Tk X —;;;EE— x Py x f (5)

where:
B : bulk modulus (dynes/cm?)
a linear dilatation coefficient
J : mechanical equivalent of heat
v sound velocity (cm/s)
Table 1 also shows the calculated energy con-
version efficiencies for metals and semiconductors.
As a general remark, metals, which have better
electrical and thermal conductivities give higher
efficiencies than semiconductors and insulators.
Nevertheless efficiencies are very Tlow in semicon-
ductors.  The signal detection requires sophisti-
cated electronics and sufficient beam current in
order to increase the beam power density. As
stated by White's formula [18] the efficiency is
proportional to the thermal conductivity. Minor
changes such as doping variations in semiconductors
do not induce change 1in structural properties,
i.e., no change in dilatation coefficient, bulk

modulus, and sound velocity, but cause an increase
in the thermal conductivity, which is followed by
an increase in the electron acoustic efficiency.

J.F. BRESSE

Table 1: Attainable resolution [at 1 MHz frequency
(beam conditions: sport size (1 um), energy 20 and
40 keV)] and efficiency [beam conditions: energy 20
keV, current 10-/ A, spot size 1 um (P, = 2.54 x
105 W/cmp) 1.

Material | p(pm) d (ym) { d (pym) n
at IMHz 20 keV | 40 keV

Al 1.2 4.4 13.3 | 6.2 10-9
Si 5.4 1:2 15.9

SiO2 0.44 4.9 15,2 4+
T 1.6 3.4 9.0 (2.1 10-11
Ni 3.95 4.3 6.0 {1.1 10-8
In 4.8 5.2 7.6 {6.5 10-°
Cu 6.0 6.3 7.6 {2.0 102
GaAs 2.8 3.8 8.5 (3.2 10'114
InP 3.8 4.8 9.8 |3.8 10-1!
Ge 3.4 4.3 8.8

Ag 7:5 7.6 7.7 |1.4 10°8
Sn 3.5 4.5 9.0 2.6 10-9
Pt 2.8 3.0 3.6 |5.2 10-10
Au 6.4 6:5 7.0 |2.4 10-°

Experimental set-up

Experiments were performed using a Cambridge
Technology Limited system. A connector has been
adapted to the sample holder in order to allow the
use of an airlock system. The system can be oper-
ated between 10 kHZ and 2 MHz. The electrostatic
beam blanking (JEOL BBD-40) fitted to our micro-
scope (JEOL 840 LGS) can work with 1 nsec risetime
and deliver electron beam peak current as high as
10-5A at 40 keV. The experiments have been per-
formed at the resonance frequency of the PZT trans-
ducer. An autoramp movement is used for the selec-
tion of the operating frequency which has to be ad-
justed with good accuracy to follow the resonance
of the sample transducer assembly. An accuracy of
10 Hz in the range 100 kHz-500 kHZ is wusually
achieved. A Tow time constant (of 10-% sec) is
used on the lock-in amplifier to obtain direct im-
aging on the CRT without the use of a frame store.
The samples are directly glued on the transducer
using aquadag. Samples are usually not greater
than 5 x 5 x 1 mm2,

Epitaxial layers

Epitaxial layers of the same composition as
the substrate can be grown by Tiquid phase epitaxy,
organometallic epitaxy, or molecular beam epitaxy
(MBE). Dopant can be incorporated in the layers




SEAM Studies of III-V compounds

Figure 1. a) Secondary electron image, and b) electron acoustic image (frequency 242 KHz) of
sampTe A (N 1019 at.cm-3).
Figure 2. é\ Secondary electron image, and b) electron acoustic image (frequency 242 KHz) of
sampTe B (Np = 1020 at.cm-3).

during the growth to prepare buffer Tlayers which (scanned area 2 x 2 mm). For sample B(Np = 1020

are used in the processing of devices such as field at.cm-3) a great number of extended defects are ob-
effect transistors, laser diodes, heterojunction served (scanned area : 1 x 1mmé). Most of the de-
bipolar transistors etc.. fects propagate along the total depth of the epi-

GaAs: Be epitaxial layers have been _grown by layer and give a strong contrast. In addition,
MBE with doping Tevels up to 1020 at.cm-3 (growth striations are observed in sample B which are all

conditions: substrate temperature 600°C, V/III ra- in the same crystallographic direction. These dop-

tio during growth 15). The thickness of layers is ing striations may be related to the lattice mis-

5 um. When these layers are excited by the elec- match between the epilayer (Gag, g9Beg g1As alloy)

tron beam at 20 keV beam energy, 1 uA beam current, and the substrate.

the total spread and the thermal diffusion length

is around 6 um at 250 kHz operating frequency. So Devices

the generated thermal waves are almost localized in

the epitaxial layers. Figs. 1 and 2 show, for two Imaging of doped areas 1ithographic problems

samples A and B, the secondary electron image (SEI) UsuaTTy the deTineation of zones where diffu-

giving the surface topography; and the electron sion, ion implantation occurs is preliminarily

acoustic image (EAI) at 242 kHz. defined by a masking process and the transfer is
For the sample A(Np = 1019 at.cm-3) a few Tin-  made using a photoresist. Doped layers can be

ear defects are observed in the epitaxial Tlayer visualized by the electron acoustic image. Defects

815
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Fig. 4 a) secondary electron image, and b) electron acoustic image (frequency 214 KHz) of a bar of lasers.
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Fig. 3 (facing page, top) a) secondary electron im-
age, and b) electron acoustic image (frequency 243
KHz) of mesa structure with contacts Mo-Ge/GaAs.

in the Tithographic process can thus be revealed by
an irregular extension of the doped area. Figs. 3
a) and b) show an example for a mesa structure with
ohmic contacts on the top. These ohmic contacts
(structure Mo-Ge/GaAs) have shown very low resisti-
vities and a good adherence without the formation
of compounds at the interface contact/substrate.

The mesa shape has been delineated by a 1itho-
graphic process. As shown on the image the extent
of doped area is given by the Tithographic process.
We also can notice that the dopant 1is uniformly
distributed and this uniformity can be probed even
below the ohmic contact.

Ohmic contacts

Ohmic contact formation is one of the most
significant problems in III-V compound devices.
The metallurgical process involved in contact for-
mation can cause adherence problems, and interface
compound formation between the metal and the semi-
conductor giving rise to island conduction.

Adherence problems Lasers usually have a mul-
tilayer metallic contact structure to ensure good
heat dissipation when the metallic face is in con-
tact with the chip holder. For the bar of Taser
diodes, presented in Figure 4, laser diodes are
separated by 0.4 mm. The laser has a mesa shape
and an ohmic contact (alloy Au-Zn, 0.2 um thick)
has been formed on the top of the mesa and is 8 um
wide. An overlayer (Au 200 nm, Ti 40 nm) has been
deposited on the entire surface to ensure a good
heat conduction.

One bubble is observed on the SEI (upper-left
corner) which gives a strong contrast in EAI due to
the absence of contact between the metal and the
semiconductor. A1l the dark zones observed on the
EAI reveal adherence problems between the overlayer
and the semiconductor.

Interface compound formation Fig. 5 shows an
exampTe of interface compound imaging. The struc-
ture of ohmic contact is Au-Zn alloy (0.2 um)/GaAs.
At 20 keV, the electron beam energy is mainly dis-
sipated in the ohmic contact. An interface com-
pound situated below the metallic layer begins to
be imaged due to its different thermal conductivity
properties. At 40 keV the electron beam penetrates
more deeply in the metallic layer and the interface
compound is visualized with a resolution which is
mainly governed by the thermal diffusion length in
the GaAs substrate (see top left of Fig. 5C).

Relationship between electron-acoustic signal and
doping Tevel

As the doping Tevel is increased, the result-
ing changes in electrical and thermal conductivity
may affect the electron acoustic efficiency. In
order to find a relationship between the electron
acoustic signal and the doping level we have done
the following experiments. For the measurements
some precautions have to be taken. The sample is
cut in a small piece (less the 5 x 5 mm x 0.3 mm3)
and carefully glued on the PZT transducer. The
electron acoustic signal is measured at the output
of the preamplifier. Constant beam energy and beam

Fig. 5 a) secondary electron image, b) and c)
eTectron acoustic images (frequency 221 KHz) at
beam energies of 20 keV (Fig. 5b) and 40 keV (Fig.
5C) of ohmic contacts Au-Zn/GaAs..
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current are used during the experiments. The oper-
ation frequency is very precisely adjusted to ob-
tain the maximum signal response around the reso-
nance frequency of the transducer (250 kHz in our
case). The layers on which the measurements have
been made are several um thick; thus all the ther-
mal waves are mainly confined in the Tlayers. Elec-
tron acoustic response has been measured for sever-
al types of doped layers: 5 um thick GaAs : Be 1ay—
ers with doping levels varying form 6.5 x 1017 ‘to
at.cm” 1 um thick Gag, 28A]0 lglng 53As. : Si
Xers with d0p1ng levels from 8.0 x 10167to 6.5 x
at.cm=3; 1 um thick GaAs : Si layers with doe-

1ng levels varying from 1.0 x 1017 to 6.3 x 1018
at.cm-3. Fig. 6 shows the evolution of the elec-
tron acoustic signal as a function of the doping
level at following beam conditions: current (in all

cases) = 2 upA; and energy = 20 keV for GaAs : Si
and Gag_ 2gAlg.19Ing.53As : Si layers, and energy =
40 keV for GaAs : Be layers.
200~ T - 1
200mV [oGaAllnAs:Si 02
scaling [aGaAs:S
1000mV :
s scaling GaAs :Be 1
> >
E100 1500 E
<< <
L widl
O 1 1
107 108 10" 10200
N(@t.cm3)
Fig. 6 Electron acoustic signal as function of

doping level.

The beam energy has been chosen to allow good
penetration in the layers. From the curves in Fig.
6, we notice that the evolution of the electron
acoustic signal, as function of the doping level,
is the same for the three types of layers. The
doping level measured by the Hall effect represents
the electrically active concentration of dopant.
In the case of Gag g Alg.19Ing.53As : Si, a
cathodoluminescence study of these epitaxial Tayers
(Papadopoulo AC, Bresse JF, Preseuth JP, J. Appl.
Phys. in press) has shown that the dopant incorpo-
ration is donor-acceﬁtor type But for a doping
Tevel greater than 1018 at.cm3 a parallel increase
of deep Tevel concentration is observed which is
related to the presence of silicon complexes.
Above this doping level, a decrease of intensity of
the donor-acceptor transition is observed. From
this complementary study we can conclude that the
electron acoustic signal follows, for a low doping
level, the evolution of the donor-acceptors which
give the conductivity, and for a high doping Tevel,
an evolution which sums the conductivity given by
the donor-acceptor and deep level concentrations
including non-radiative phenomena. The evolution
of the electron acoustic signal appears to be in-
fluenced by the material, the nature of dopant, and
the growth conditions. These three factors should

define a calibration curve for a sample with un-
known doping level grown in the same experimental
In the present state the accuracy of

conditions.

J.F. BRESSE

the measurements only permits an estimation of the
doping Tevel.

Conclusions

We have shown the application of SEAM for im-
aging major subsurface defects, doped areas with or
without metallic layers, doping striations in epi-
taxial layers, and formation of compounds at ohmic
contact metal interface. These applications corre-
spond to a wide open field for device failure diag-
nostic. Furthermore we also point out a quantita-
tive relationship between the SEAM signal and the
free carrier concentration.
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Discussion with Reviewers

T. Kirkendall: Why were two acceleration voltages
1.e., eV and 40 keV) used to generate the
response of the electron acoustic signal as a
function of doping level in 3 compounds?
Author:  The electron beam energy is adjusted in
order to give an electron penetration through the
epitaxial Tlayer of each compound. So the SEAM
signal concerns the total Tayer thickness by the
combined effect of beam penetration and thermal
diffusion Tength.

H. Takenoshita: What was:

a) the time of one frame scan;

b) the number of raster Tlines;
c) absorbed currents in EAIS; and
d) resolution power in EAIS?
Author: The time for one scan is 100 sec, with 240

msec per line so the number of Tlines is 420. The
electron beam current is between 0.5 to 2 x 10-6 A
so the absorbed current is just a fraction of these
values. The resolution power is determined by the
beam spot size, the electron range, and the thermal
diffusion length. At an operation frequency of 250
kHz, a beam spot size of 1 um we expect a resolu-
tion about 6 wm at 20 keV in low doped GaAs and
around 3 um for heavily doped GaAs.

H. Takenoshita: Have you performed observations
with other SEM modes such as characteristics X-ray

images or EBIC dimages wunder different bias
conditions?
Author: Our apparatus is also designed for

cathodoluminescence at low temperature which can
give same information on electrical properties, as
EBIC, without the need of a metallic contact. We
are expecting to do both experiments on the same
samples in the future.

H. Takenoshita: To what extent will the thermal
properties of the specimen change, when the doping
Tevel is increased form 1017 to 1020 at.cm-3?
Author: The Tlattice contribution to the thermal
conductivity is given by the formula:

KL = (1/3) C v 1

where: C is the specific heat, v the sound velo-
city, 1 the mean free path between collisions. For
doping levels varying form 1017 to 1020 at.cm-3,
the mean free path decreases by a factor of 10,
giving a decrease in thermal conductivity by a
factor of 10. The electronic contribution to the

819

thermal conductivity is estimated, by calculations,
to give a very small increase.

S. Utterback: Since the coupling between the ther-
mal source and the acoustic wave calculated by
equation (4) shows better coupling for metals than
insulators, insulators tend to get much hotter thus
expanding more. Experimentally, how did the acous-
tic signal intensity vary going from conductors to
insulators (independent of detectors, non-thermal
acoustic generation effects, etc.).

Author: The electron acoustic signal is a function
of such parameters as: bulk modulus, linear expan-
sion coefficient, density, sound velocity, thermal
conductivity, and specific heat. The combination
of all these parameters explains the difference of
response between metals and insulators.

S. Utterback: Please provide a more detailed
explanation as to the acoustic signal contrast
mechanisms in the case of doped regions?

Author: Dopant and point defects, which cause a
disruption of the lattice structure of the mate-
rial, cause a change in local thermal conductivity.
This can explain the contrast mechanism which per-
mits us to visualize doped regions.

S. Utterback: How did the observed resolution com-
pare to the calculated resolution?

Author: The calculated resolution, at an operating
frequency of 250 kHz, is 5.6 um for undoped GaAs
and less than 2 um for heavily doped GaAs (about
1018 at. cm=3). The observed resolution, for exam-
ple, in_the case of doped layers (doping level 1018
at. cm-3, see Fig. 6b) is of the same order of mag-
nitude.
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