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We use the cathodoluminescence mode of a scanning electron microscope to investigate the depthy
and lateral dependencies of the electron-hole pairs generation by the electron beam in Al ,Gag ¢As!
semiconducting material. A multiquantum well structure acts as a detector to measure the relative

'

number of generated minority carriers by their radiative recombination, allowing a direct assessment
of the generation volume in the sample. In contrast to electron-beam induced current which was
used in former studies, the method avoids the effect of carrier diffusion for direct band gap
materials. This novel technique can be readily applied to other III-V and 1I-VI semiconductors. The
results may be used for the quantitative interpretation of cathodoluminescence and electron-beam
induced current measurements. © 1996 American Institute of Physics. [S0021-8979(96)03210-4]

I. INTRODUCTION

A very marked trend may be observed in the develop-
ment of semiconductor structures: they are becoming more
and more complex, while their size is reduced at the same
time. ‘‘Nanostructures’’ are now a lively field of research,
which calls for adapted characterization techniques. Among
these, the cathodoluminescence' (CL) and electron-beam in-
duced current® (EBIC) imaging and measurement modes in
the scanning electron microscopes (SEM) are now widely
used and have proven to be powerful tools for the microscale
and nanoscale study of semiconductors. However, very few
quantitative studies have been published up-to-now (see sec-
tion IT C), principally because the quantitative interpretation
of the CL and/or EBIC intensities is difficult to achieve. One
of the reasons is the lack of information about the spatial
dependence of the energy loss of the electron beam during its
interaction with the sample.

The volume defined by all the trajectories of the incident
electrons in the sample is generally called the *‘interaction’’
or ‘‘generation’’ volume, and it has been studied both ex-
perimentally and theoretically. Its shape and dimensions de-
pend on the energy and incidence angle of the beam as well
as on the atomic number of the sample. We will use in the
following the expression ‘‘generation volume’” only for the
volume where electron-hole pairs are generated by the beam.

We will briefly outline the results of former studies on
the subject in section II, and present the method and its ap-
plication to Aly,Gayg¢As in section I Sections IV and V
will be devoted to the presentation and discussion of our
results on the depth, respectively lateral, dependence of
electron-hole (e-h) pairs generation.
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Il. INTERACTION OF THE ELECTRON BEAM WITH
THE SAMPLE

A. Experimental studies

Griin® presented in 1957 the first experience on the en-
ergy loss of the beam by studying the luminescence excited
by the electrons in low pressure gases (a similar study was
performed by Cohn and Caledonia® in 1970). Other authors
used materials like fluorescent crystals and photoresist, or
studied the transmitted electrons through thin solid targets.

The few direct experimental studies of the depth and
lateral dependence in bulk dense solids were all done on
semiconducting samples. Everhart and Hoff published the
first study, where they used metal oxide semiconductor
(MOS) capacitors with different oxide thicknesses to sample
the depth depenclence.5 Oelgart and Scholz,$ Oelgart and
Werner,” and later Werner e al.® measured the dependence
of the EBIC signal in heavily doped (10¥—10" cm™3)
indirect-gap materials with short diffusion lengths (0.08
—0.18 pm). This method has several drawbacks: (a) the gen-
eration volume is only indirectly evaluated, since the mea-
sured distribution of carriers is a convolution of both
generation and diffusion of electron-hole pairs; (b) the in-
crease of the effective diffusion length of the carriers due to
processes of self-absorption and reemission of cathodolumi-
nescence makes the method unsuitable for direct-gap mate-
rials; and (c) the width of the detector for the created e-h
pairs (in this case a p-n junction) is quite large (typically,
more than 0.3 um), thus reducing the resolution of the mea-
surement. Konnikov ez al.’ prevented the diffusion of the
carriers by detecting the e-h pairs with a layer of wide-band
gap material where a p-n junction was located: the hetero-
junctions between the probed narrow-gap material and the
detector prevented carrier diffusion into the detector.
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3. Theoretical studies and analytical descriptions of
‘he generation volume

The theoretical results are all derived from Monte Carlo
simulations, and a semi-empirical function characterizing the
simulated interaction is often presented. These expressions,
siving the spatial dependence of the energy dissipation or of
he carrier generation rate (the two types of_results being in
irst approximation proportional'®), are usually represented
Jy a product of two functions normalized to unity: a function
representing the depth dependence and a function describing
the lateral dependence, with the space coordinates normal-
ized to a beam energy and material dependent penetration
range.!”

It is important to point out that the energy needed for the
generation of an e-h pair by a high-energy (compared to the
band gap energy, E,) electron is not well known. Studies
dating back to the 1960’s indicate that the mean energy
needed is roughly 3 to 4 E, and that this value is independent
of the electron ene’rgy.“’lé These results have to be consid-
ered with care: first, the ‘‘mean energy’’ is calculated as the
ratio of the energy loss of the electron to the number of
created e-h pairs (detected by the current induced at a wide
p-n junction in Ref. 12). It is, therefore, not the ionization
energy, but it corresponds to a mean energy loss per created
e-h pair that includes the energy loss induced by other inter-
action processes. Second, there was no thorough study of the
dependence of the mean energy loss with the energy of the
incident electrons: it can be expected to vary since the ion-
ization cross-sections depend also on the energy of the elec-
trons.

The first proposed functions describe the depth depen-
dence only: Everhart and Hoff presented a third-order poly-
nomial function,’ while Kyser and Wittry proposed a shifted
Gaussian (cited in Ref. 13). Later studies include also the
lateral dependence and propose functions composed of one
or several Gaussians, with widths that vary with the penetra-
tion range (and for some with beam diameter and depth in
the sample). Among the most common are the results of
Fitting et al.'* and Donolato'® (function with one Gaussian);
Werner et al.® and Konnikov et al. (function with two Gaus-
sians, the first one describing the effect of the beam penetrat-
ing the sample, and the second one taking into account the
contribution of the electrons after multiple scattering events);
and finally Akamatsu ef al.'> who suggested an expression
involving three Gaussians with widths dependent on the
beam energy only.

Figure 1 shows the depth (a) and the lateral (b) depen-
dence in Al ,GaggAs of the e-h pair generation, for a detec-
tor width of 50 nm and a beam diameter of 30 nm. Figure
1(a) compares the curves predicted by the expressions of
Everhart and Hoff,> Werner et al..} Konnikov et al.’ and
Akamatsu et al.'® This comparison reveals great variations in
the generation profiles: the expressions of Konnikov et al.
and Akamatsu ez al. give very similar results, except near the
surface. The maximum of generation at 20 keV is around
z=0.25 mm, while Werner et al. and Everhart and Hoff pre-
dict a far greater penetration in the material. Similar results
are obtained for other beam energies between 5 keV and 40
keV.
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FIG. 1. Depth (a) and lateral (b) dependence of the e-h pairs generation (a
20 keV) in Aly4Gag¢As normalized to the maximum of generation, as pre
dicted by the expressions of Akamatsu ef al. (dash-dotted line), Konniko
et al. (dashed line), Werner et al. (dotted line) as well as Everhart and Hof}
(plain line, depth dependence only) and Oelgart and Werner (plain line
lateral dependence only). The detector width is set to 50 nm, the beas
diameter to 30 nm.

The predictions for the lateral dependence also displaj)y
great variations, as presented in Fig. 1(b). The expressions ¢
Werner et al., Konnikov et al., and Akamatsu et al. are comt
pared along with the fit suggested by Oelgart and Werner’
their experimental data for GaAsg3sPg s (Which has a d
sity p=4.4 g cm™> comparable to Al ,GaycAs). All the p
files but Akamatsu’s display a sharp needle-like peak, whi
is nearly energy independent. This needle-like peak was al
observed in most experimental studies,>™ and is understood
as the contribution of the electron-hole pairs generated in
first scattering events of the electrons.

Some rare authors have used an analytical function 0
describe and simulate in more detail EBIC experiences, like
Wu and Wittry for Schottky barriers,”> Donolato for
dislocations'® and p-n junctions,'® and Luke et al.'7 for the
determination of diffusion lengths at p-n junctions. MO€
recent studies, still involving EBIC evaluations, have been
published by Luke'® for the determination of surface recom:
bination velocities at p-n junctions and by Donolato"? for
grain boundaries. There is to our knowledge only one incor:
poration of the extended generation for CL evaluationS
namely by Sieber® in the case of III-V homolayers (who
also considers the case of EBIC evaluations). ‘

These efforts towards a quantitative analysis of CL at
EBIC measurements are nevertheless of great importancé
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FIG. 2. Experimental setup for the measure of the depth dependence of e-h
pairs generation.

the future development of these techniques, and call for more
information on the exact shape of the generation volume in
the sample.

. EXPERIMENTAL DETAILS
A. Instrumentation and sample

The measurements are carried out on a Cambridge S-360
SEM, with a modified stage (Oxford Instruments) that allows
the observation of the CL in the temperature range between
liquid helium and room temperature. The CL is focused by a
semi-ellipsoidal mirror on a Si-avalanche photodetector
(EG&G SPCM-200), or on the entrance slit of an optical
fiber connected to a Jobin-Yvon HR250 monochromator
equipped with a Si-CCD camera for spectral acquisition.

In order to measure the spatial distribution of the e-h
pairs generated by the electron beam, we have to choose an
efficient detector for the created e-h pairs, and we have to
prevent the diffusion of the carriers into and out of the de-
tector. In this study, the e-h pairs are detected through their
radiative recombination in a multiquantum well, and a judi-
cious choice for the chemical composition of the barriers
prevents the diffusion of the generated carriers into and out
of the quantum well.

The structure consists of three GaAs quantum wells of 6
nm separated and enclosed by AlAs barriers of 10 nm. This
multiquantum well (MQW) structure is buried below a 5 um
layer of Aly,GageAs, and a 7 um thick buffer layer of the
same material is grown between the MQW and the GaAs
substrate. The whole structure is 10'® cm™ Be doped.

B. Experimental setup

The depth dependence is best measured on a sample

with an angle lap,® in a setup similar to Fig. 2. The surface of ™

the sample is etched in order to form a lap presenting a small
angle (inferior to 0.1°) with the growth surface (see next
section). A CL intensity profile proportional to the genera-
tion of e-h pairs is then obtained by changing the position.
X, of the beam on the surface, and detecting the CL emission
with the CCD detector. The probed material is the
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FIG. 3. Experimental setup for the measure of the lateral dependence of e-h

pairs generation.

@10;(};1(,‘6/\3 (atomic number Z=28.7, density p=4.68 g\

C cm . molar weight A=63.76 g mol '), where the elastic )
seTETESpreads the incident electom beanT—INoIE

measure reflects the depth distribution of the generation only
if we are in low injection conditions (i.e., if the CL. emission
is proportional to the beam current, see section III E) and if
the collection geometry remains identical through the whole
measurement. However, the points of measure are at least 50
wm apart on the sample surface, and the height of the point
of impact varies from point to point: this forces us to refocus
the beam and the collection mirror before each spectral ac-
quisition.

We presented the results on the lateral dependence in a
previous paper.”’ We will recall here the setup (see Fig. 3)
and the main results (in section V). The setup is simpler than
for the measure of the depth dependence, and no special
preparation of the sample is required. We obtain a CL inten-
sity profile proportional to the generation of e-h pairs by
scanning the beam perpendicular to the MQW on the cleaved
(110) surface and detecting the CL emission of the MQW
with a fixed collection geometry.

The measure of the depth and lateral generation profiles
is done at room temperature, for beam energies between 5
keV and 40 keV with a fixed beam current of 500 pA (which
corresponds to low injection conditions, as we will see in
section I E).

C. Fabrication of the angle lap: method

Angle laps are usually obtained by chemical etching™
[in our case with a 5% bromine (Br)-methanol solution] in a
Laub-Garoni “‘Célestine Proutard” apparatus, like the one
depicted in Fig. 4.

A rectangular 3X20 mm wafer of the sample is fixed on
a teflon sample holder, with the left half-side protected with
black wax in order to have an intact surface of reference for
subsequent depth measurements. The surface is first cleaned
with HCI; the sample holder is then placed in the left tube of
the apparatus and immersed in methanol. The right tube is
filled with the Br-methanol solution. When the valve at the

Bonard et al. 8695




FIG. 4. Schema of the Laub-Garoni "*Céléstine Proutard™” apparatus used
for angle lap fabrication. Nitrogen gas is injected in the left or right tube to
control the position of the sharp (Br-methanol)-methanol interface.

bottom of the connection joining the two tubes is opened, a
sharp methanol—(Br—methanol) interface forms without mix-
ing of the two liquids during the duration of the etching
process due to different densities. Nitrogen gas is injected at
the top of the right tube to raise the interface. as in Fig. 4:
and it is lowered by inverting the two valves situated at the
top of the tubes (and, consequently, injecting gas at the top
of the left tube). The sample is so progressively attacked.
with etching times varying from about 3 minutes at the base
of the sample to O at the turning point at the top of the
sample. When the interface is lowered. the methanol stops
the attack and rinses the sample. After the etching, the
sample is thoroughly cleaned in methanol.

EHT="200:KV - ND» 12" mm NARG= X 86.
500 yim e

FIG. 8. Scanning electron micrograph of the angle lap. at the location of the
intereept of the MQW with the surface of the lap. The AlAs barriers are
readily visible (dark contrast).
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FIG. 6. Depth of attack (in wm) versus position on the angle lap (in mm) for
a total attack time of 160 s. The measurement points are indicated with
circles, and the corresponding linear fit is marked by the plain line.

D. Fabrication of the angle lap: typical results

The rate of etching and the uniformity of the attack are
checked on each angle lap with a Tencor Alpha-Step 200.
The profiles show a nearly uniform depth of attack with un-
dulations of less than 20 nm in the centre of the lap, whereas
the sides are more attacked.

A SEM micrograph in secondary electrons (SE) mode
reveals accurately the result of the etch: Fig. 5 is taken at the
location of the intercept of the MQW with the surface of the
lap. We can easily see the four AlAs barriers, appearing dark
on the micrograph. The difference in depth between the out-
most barriers is about 60 nm: the central 500 mm zone of the
lap shows here a uniformity in depth of 20 nm, as indicated
by the corresponding alpha-step profiles. The border effect is
also visible: the etch is far deeper on the sides of the lap.

The angle of the lap is determined by plotting the depth
of attack versus the position, as is shown on Fig. 6, and
applying a linear regression to obtain the mean slope of the
data points, which amounts here to 419+ 8 nm/mm, corre-
sponding to an angle of 0.0240°.

E. Sample luminescence

Typical CL spectra of the sample at room temperature
(like on Fig. 7) show two peaks due to the MQW: the intrin-
sic luminescence at 1.531 eV and an extrinsic band probably

120 T T —
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FIG. 7. CL spectra taken at £, =20 ke V. in low injection (7,=500 pA, plain
curve) and high injection (/,=10 nA. dotted curve) conditions.
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FIG. 8. Normalized MQW-CL intensity versus probe current for different
beam energies (circles: 5 keV; squares: 10 keV; diamonds: 20 keV and
triangles: 40 keV), with the intensity at J,=100 pA fixed to 1. The inset
shows the linear region at 10 keV (squares) and the corresponding linear fit
(plain line).

related to the Be acceptors at 1.510 eV. Since an electron
beam is used to induce the luminescence, a weak CL emis-
sion formed of two peaks associated with the Aly4GaggAs is
detected: the band-to-band transition at 1.971 eV and a 30X
weaker peak at 1.727 eV due to deep levels. Note on Fig. 7
that the relative intensities of the CL of MQW and
Aly 4GaygAs vary greatly with the injected current. It is how-
ever crucial for the measurement to probe the sample in a
current range where the CL emission of the MQW is propor-
tional to the current. To choose our experimental conditions,
we acquired spectra on the angle lap (see section III B) at the
maximum of generation, for different beam currents and en-
ergies. The measurements are summarized on Fig. 8 for
beam energies of 5, 10, 20, and 40 keV (both axes are loga-
rithmic). The CL intensity on the y-axis is taken as the area
under the MQW peaks, normalized to the area at I, =100 pA
for each energy.

The current range where the CL intensity is proportional
to the current is situated for all energies between 100 pA
(and probably less) and 1 nA. At higher currents, the CL
intensity saturates and even diminishes with increasing cur-
rent. The little inset at the top left of Fig. 8 shows the linear
region for £, =10 keV, with a linear fit of the data points. All
subsequent acquisitions are done at ,=500 pA for all ener-
gies and the CL intensity is always taken as the area under
the MQW peaks.

IV. DEPTH DEPENDENCE
A. Depth dependence: experimental results

We present the obtained CL profiles for various beam
energies, normalized at the maximum of generation, in Fig.
9. The origin (z=0) is taken at the middle of the MQW on
the angle lap.

The profiles are reproducible with a precision of at least
100 nm, as verified by measurements taken on different
angle laps at 40 keV. The precision increases as the energy
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FIG. 9. Depth dependence of the MQW-CL intensity as a function of the
depth z of the MQW, for beam energies of 5, 10, 20, 30, and 40 keV. The
maximum intensity is fixed to 1. The coordinates are the same as in Fig. 2,
and the marker indicates the resolution at 40 keV (100 nm).

decreases, reaching 30 nm at 5 keV: this is quite comparable
to the precision obtained for the lateral dependence (50
nm?).

Note that the signal-over-noise ratio of the profiles is
quite low, but the shape is easily discernable. As expected,
the depth of maximum generation increases with increasing
beam energy. This increase is very slow at low beam ener-
gies (100 nm at 5 keV to 150 nm at 10 keV), the main
feature being the extension of the tail of the profile. The
increase of both depth of maximum generation and maxi-
mum penetration then rises rapidly with the beam energy. At
40 keV, the maximum of signal is reached at a depth of 1
pm and electron-hole pairs are created down to a depth of 5
um beneath the surface.

B. Comparison with previous studies

It is interesting to confront our measurements with the
results of previous studies. As seen in section II B and on
Fig. 1(a), the curves corresponding to the expressions of
Akamatsu et al. and of Konnikov et al. are quite close, while
Werner et al. and Everhart and Hoff predict a far greater
penetration into the sample. We restrict our choice for the
comparison to the expression of Akamatsu et al. We -also
include the results given by the Monte Carlo simulation pro-
gram MC-SET written by Napchan,® which uses a single
scattering Monte-Carlo model.

Figure 10 displays the measured profiles at 5, 10, 20, and
40 keV (circles joined by dotted line) together with the
curves corresponding to the expression of Akamatsu et al.
(plain line) and the output of the simulation program (dash-
dotted line). Akamatsu’s model fits our results\pretty well for
energies above 10 keV, especially around 20 keV. MC-SET
however seems to overestimate the penetration in the mate-
rial for energies superior to 10 keV. At 5 keV, no model or
simulation gives a satisfactory approximation to our profile.
Indeed the measured increase in penetration depth between 5
keV and 10 keV is far smaller than predicted by all the
models.

Another characteristic of the profiles in comparison to
the models and simulation is the small CL intensity detected
for near zero depths. All models give an intensity of at least

Bonard et al. 8697




T
E, = SkeV

0 0.1 0.2 0.3 0.4 0.5
Depth z [um]

0 0.5 1 1.5 2 2.5
Depth z [um]

E, = 10keV

i
0 0.2 0.4 0.6 0.8 1
Depth z fum]

0
0 1 2 3 4 5 6
Depth z [um]

FIG. 10. Depth dependence of the e-h pair generation for beam energies of 5, 10, 20, and 40 keV; as predicted by the expression of Akamatsu et al. (plain
line), by the simulation program MC-SET (dash-dotted line) and as measured in this work (circles joined by dotted line).

60% of the maximum intensity at z=0, while we detect zero
depth intensities between 5% and 25% of the maximum in-
tensity, increasing with the beam energy. This stark devia-
tion from the predictions could be provoked by surface re-
combination effects at the surface of the sample, where the
quantum well is apparent on the etched lap. This is however
unlikely: at 5 keV, the second measurement point on the
profile corresponds to a depth of 20 nm, which means that
the e-h pairs are created in the quantum well approximately
50 wm in horizontal distance from the surface of the lap.
Even with a large diffusion length in the well, only a very
small number of carriers may reach the surface before re-
combination. The outlined effect is therefore probably genu-
ine.

C. Analytical function

It is very useful, for further applications, to deduce an
analytical function which describes the measured profiles. As
ve stated in section II C, most analytical expressions in the
iterature involve Gaussian functions with widths related to
senetration ranges like the Bethe or the Grun range.

We tried to fit our profiles with Gaussian functions, but
ve could not get a satisfactory agreement. We then settled on
v simple function, an exponential multiplied by a parabola
nd characterized by two parameters A and z,:

3698 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996

; exp[(2A —z)/A]
(2)= 4A,

(z+20)2eXp( ~ i) (1)

The first factor ensures normalization, so that the maxi-
mum of the curve is equal to 1. When z,=0, equation (1)
describes a bell shaped curve with a root in z=0, the maxi-
mum at z=2X A and tending to 0 as z tends towards infin-
ity. A positive z, shifts the maximum to z=2XA —z, and
the root to zo= —z,, thus leading to a positive y-axis inter-
cept.

Figure 11 shows the value of the parameters A (circles)
and z, (squares) (both in wm) with the beam energy E,, (in
keV). The dependence of A and zo can be written as

A=0.03+0.0015E, %, (2a)
20=0.002exp(E,/12.6). (2b)

The curves described by equations (2) are drawn as plain
(for A) and dotted (for z4) lines in Fig. 11.

The experimental profiles for 5, 10, 20, and 40 keV are
displayed along with the curve corresponding to equations
(1) and (2) in Fig. 12, to demonstrate the validity of the
analytical function for our measurements. The coincidence
between analytical and experimental curves is very good,
apart from the intensity at z=0 which is overestimated and
for the 5 keV profile which appears closer to the surface than
in the experiment.
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FIG. 11. Dependence on the beam energy of the parameters A (circles with
error bars giving the error of the fit) and z, (squares) of the analytical
function of equation (1) describing the depth dependence measured in this
work, along with the curves (plain line for A and dotted line for z,) corre-
sponding to equations (2a) and (2b).

Equations (2) also allow one to estimate the depths of
maximum generation Zz,, and of maximum penetration
Zpen» defined arbitrarily where the intensity is down to 1% of
the maximal intensity. We, therefore, have

Zgen™ 2/\—ZO (3)
and

Zpen™= 10A = z¢. (4)

0 0.5 1 1.5 2 25 3
Depth z [um)

TABLE 1. Depths of maximum generation I, and maximum penetration
Zpen IN {unction of the beam energy E,, calculated {from equations (3) and (4).
compared to the Grun range R, .

E, [keV] Zgen (M) Zpen (p10) R (pm)

5 0.08 0.49 0.17
10 0.16 0.97 0.57
15 0.28 1.65 1.16
20 043 2.50 1.92
25 0.58 3.51 2.84
30 0.75 4.63 3.90
40 1.06 7.20 6.46

Table T lists the values of both depths along with the
Grun range, which is frequently used as an approximation
for the penetration depth of the beam in a material,"* for
various beam energies. The Grun range is comparable to the
depth of maximum penetration for energies greater than 20
keV, but again underrates greatly the penetration of the elec-
tron for small beam energies.

As a comment to this result, the main difference between
our measurements and former studies is that the generation
volume does not shrink to a point as the beam energy is
decreased: this is reflected by the fact that both parameters of
our analytical function do not tend towards zero with de-
creasing energy. The first reason for this comes from the
experimental conditions, since the width of the detector is

E, = 10keV

06} f .
0.4 i §

02 . . 7

0.8 1

0 0.2 0.4 0.6
Depth z [um]

E, = 40keV

0 1 1 1 1
0 1 2 3 4 5
Depth z [um}

FIG. 12. Depth dependence of the e-h pair generation for beam energies of 3, 10, 20, and 40 keV, as measured (circles joined by dotted line) and as predicted

by the analytical function of equations (1) and (2).
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‘IG. 13. Dependence on the beam energy of the CL intensity for a depth
of 100 nm and a detector width of 50 nm, as measured in this work (circles
oined by dotted line) and as predicted by Akamatsu et al. (plain line).

wpproximately 50 nm. The second reason is that even an
:lectron beam with a small energy will be able to penetrate
ind spread into the material with more efficiency than pre-
licted by the habitual penetration ranges: the theoretical pen-
stration of 10 nm at 1 keV (evaluated with the Grun range) is
10t realistic. This fact is supported by Fig. 13, which com-
oares the measured CL intensity for a depth z of 100 nm and
‘he theoretical intensity after Akamatsu ef al. for energies
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FIG. 14. Lateral dependence of the MQW-CL intensity as a function of the
distance x to the MQW, for beam energies of 5, 10, 20, 30, and 40 keV. The
intensity at x =0 is fixed to 1. The coordinates are the same as in Fig. 3, and
the marker indicates the resolution (50 nm). The inset shows a blow-up for
distances inferior to 0.5 pm.

between 1 and 10 keV. The measured intensity is orders of
magnitude higher than predicted for energies lower than 4
keV. So we may conclude that all expressions that describe
the interaction between the sample and the beam underesti-
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“IG. 15. Lateral dependence of the e-h pair generation for beam energies of 5, 10, 20, and 40 keV; as predicted by the expression of Akamatsu et al. (plain
ine), by the expression of Konnikov et al. (dashed line), by the simulation program MC-SET (dash-dotted line) and as measured in this work (circles joined

»y dotted line)
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V. LATERAL DEPENDENCE
A. Experimental results

The results on the lateral dependence are reported in a
previous article.?! We present here the main conclusions.

In Fig. 14, the obtained CL profiles are presented for
various beam energies, normalized at x=0 (x=0 is set at the
position of the MQW, with the same coordinates as in Fig.
3). As expected, the lateral extension of the generation vol-
ume increases with the beam energy. This is also true for
small distances (x=<<0.5 um) from the detector, as is shown
in the inset of Fig. 14. The latter feature is not a measure
artifact, and was not observed in previous studies.®’

B. Comparison with previous studies

As for the depth dependence, we compare our measure-
ments with the results of previous studies. Figure 1(b) shows
a greater lateral spreading of the beam for the Akamatsu
et al. curves than for the predictions of Konnikov et al.® and
Werner ef al.® The expression of Oelgart and Werner’ uses
an energy-independent function for the central part of the
lateral dependence and does not consider the variation of the
lateral spreading of the beam with the beam energy. In the
following the expressions of Konnikov ef al. and Akamatsu
et al."”® are selected for the comparison, along with the results
given by the Monte Carlo simulation program MC-SET.??

Figure 15 displays the measured profiles at 5, 10, 20, and
40 keV (circles joined by dotted line) together with the
curves corresponding to the expression of Akamatsu ef al.,
Konnikov et al., and MC-SET’s results.

None of the models fits well with the measured profiles
for all beam energies. The profiles derived from the expres-
sion of Konnikov ef al. (and MC-SET’s results) do not
match by far our measurements, since we do not observe a
nearly independent needle-like peak around x=0 like most
previous studies.”” The only approaching estimation is
given by Akamatsu’s model between 10 keV and 20 keV.

C. Analytical function

As for the depth dependence, an analytical approxima-
tion of the experimental shape of the profiles is possible. A
good approximation is obtained here with a sum of two
Gaussians:

2

x x?
I(x)=Aexp(—2—a%)+(l—A)exp(-—ZU%> (5)

with x (in um), o, o, the widths of the Gaussians (in
#m), and A the amplitude of the first Gaussian.

The amplitude A of the first Gaussian can be written as a
polynomial of third order:

A=1.07-0.093E,+3.55X 10 E2—4.01X 107 5E3.
(©6)

The widths are found to follow a law in
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FIG. 16. Dependence on the beam energy of the parameters A (a) ar
oy, 04 (b) of the analytical function of equation (5) describing the later.
dependence measured in this work, along with the curves (dotted line:
corresponding to equations (6) (a) and (7) (b).

U,:al+leE;’, i:I,Z (7

with £, , the beam energy, (in keV), and
alzo.l, b] :00035, c1= 125,
a,=0.32, b,=0.0004, c,=2.25.

Figure 16 shows the dependence of the amplitude (a
and of the widths (b) with the beam energy, together with the
curves corresponding to equations (6) and (7).

The experimental profiles for 5, 10, 20, and 40 ke\
along with the curve corresponding to equations (5) to (7
are displayed in Fig. 17, to indicate again the validity of thc
analytical function for our measurements. The overall coin
cidence between analytical and experimental curves is very
good, apart from the 40 keV curve where a slight deviation is
observed for medium distances.

The first Gaussian is seen as the contribution to the car-
rier generation of the primary electrons after no or only a few
scattering events, and the second Gaussian as the contribu-
tion of the primary electrons after multiple scattering events.
The width of the two Gaussians increases with energy, be-
cause the energy loss per distance decreases with energy: a
high energetic electron will penetrate deeper and further
away from the beam axis into the sample than a low ener-
getic one. The first Gaussian will be less sensitive than the
second one to this effect, since the electrons cannot travel too
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FIG. 17. Lateral dependence of the e-h pair generation for beam energies of 5, 10, 20, and 40 keV, as measured (circles joined by dotted line) and as predicted-

by the analytical function of equations (5)—(7).

far from the beam axis after only a few elastic scatterings
only: This 1s supported by our measurements since ¢,>>c, in
Eq. (7).

A feature similar with the results on the depth depen-
dence is that the width of the two Gaussians will not tend
towards zero with decreasing energy. For the first Gaussian,
this is due to the finite diameter of the beam as well as to the
size of the detector. For the second Gaussian, the beam will
spread into the sample even at low energies, but its contri-
bution will be very small. Equations (6) and (7) cannot be
expected to hold for energies below 1 keV, but the statement
we make at the end of section IV C on the inaccuracy of
existing functions at low energies holds also for the lateral
dependence.

VI. CONCLUSION

The spatial distribution of e-h pairs generated by the
electron beam of a SEM in Alj,Gay¢As is measured for
different beam energies. The use of a MQW structure for the
detection of the created minority carriers by their radiative
recombination makes possible a direct determination of their
distribution, without the contribution of carriers differing out
of and into the detector. The employed method can be ap-
plied to other III-V and II-VI semiconductors, provided that

8702 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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an internal detector can be grown in the material, and pro-
vided that the CL emission of the detector can be isolated
from a possible background.

Our results are compared with available analytical func-
tions: the model of Akamatsu et al. fits our measurements
quite well for energies superior to 10 keV. All analytical
functions however are inaccurate for lower beam energies.
We therefore provide two analytical functions describing our

measurements on the depth, respectively lateral, dependence

of the generation.

We believe that this method will yield further informa-
tion on the generation volume and will prove a help for the
quantitative interpretation of EBIC and CL measurements.
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