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Résumé. 2014 Nous avons modélisé la variation de l’efficacité de collecte du courant induit (EBIC),
~CC, avec la tension d’accélération des électrons incidents. La structure étudiée est identique à celle
caractérisée dans la première partie de cet article. L’utilisation du courant induit permet de mesurer la
longueur de diffusion des porteurs minoritaires ainsi que le dopage effectif de la première couche. La
valeur des vitesses de recombinaison aux interfaces peut également être estimée par cette technique.
A partir de l’étude expérimentale de deux échantillons fabriqués dans les mêmes conditions sur des
substrats semi-isolants de provenance différente, nous avons mis en évidence une influence du substrat
sur les valeurs de longueur de diffusion et de dopage effectif de la couche supérieure.

Abstract. 2014 The dependence of the electron beam induced current (EBIC) collection efficiency ~CC
on the electron beam voltage is modelled for the particular case of the GaAs homostructure studied
in part I of this paper. The minority carrier diffusion length L1 and the doping level ND1 of the
uppermost layer, as well as the value of the first and second interface recombination velocities V1 and
V2 can be determined by this technique. The experiments, performed on two homostructures, grown
in the same conditions, on semi-insulating substrates supplied by different manufacturers, indicate
the influence of the substrate on the value of L1 and ND1.
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1. Introduction.

The high quality of optoelectronic materials, required for the development of submicron devices,
can be assessed by means of various techniques. The use of an electron beam in a scanning electron
microscope (SEM) to induce luminescence (CL) and/or a minority carrier current (EBIC), allows
the characterisation of a semiconducting specimen in a volume of the order of few 03BCm3. The main
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parameter accessible by these techniques is the minority carier diffusion length [1-10], and a local
determination of the doping level is possible by EBIC [8-10]. In the case of multilayer structures,
interface recombination velocities can also be determined [1, 11]. Nevertheless, for this kind of
characterisation at a local scale, which rely on either luminescence intensity or EBIC collection
efficiency curves, a model has to be established in order to fit the experimental curves.

In the first part of this paper [12], a model has been developed for homostructures which re-
semble field effect transistors. This model has been applied to the CL charàcterisation of silicon
doped GaAs epitaxial layers grown by molecular beam epitaxy (MBE). A large number of pa-
rameters are involved in the formation of the CL signal, such as the minority carrier diffusion
length, the optical absorption coefficient, the surface and interfaces recombination velocities and
the thicknesses of both the uppermost and buffer layers.
A good way to decrease the number of parameters is to use the EBIC technique, instead of CL,

where only minority carrier transport is involved.
Therefore, in order to characterise GaAs homostructures grown by MBE at 580° C, we have

calculated, from the above mentioned model, the dependence of the EBIC collection efficiency
on the accelerating beam voltage, i.e. on the electron penetration depth R. The structure used in
our study consisted of a silicon doped (n = 4 x 1017/cm3; thickness el ) uppermost layer grown
on an acceptor doped GaAs ([Na] ~ 1 x 1015 cm-3; thickness e2) buffer layer, the substrate being
semi-insulating, chromium doped (001) oriented GaAs. The buffer layer can be considered as
depleted from free carriers (Fig. 1). The EBIC current has been collected by a Schottky diode
perpendicular to the electron beam. One specimen has been fabricated with a Wacker substrate,
a second one with a Sumitomo substrate.

Fig. 1. - Schematic diagram of the GaAs homostructure. The Schottky diode is parallel to the surface and
perpendicular to the electron beam. Zs = w + zm. See text for details.
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The results obtained on both specimens display the influence of the substrate on the value of
the diffusion length of the uppermost layer, and on the concentration of electrically active doping
species.

2. Theoretical background.

We will recall the model previously developed for the specimen geometry investigated in this work
(Fig. 1).

2.1 GENERAL. - The electron beam is perpendicular to the specimen surface and interfaces
and parallel to the z axis; the origin is at the bottom of the space-charge-region (SCR) of width
z.

The EBIC current collected by the diode is the sum of two currents: ISCR generated in the SCR
and Ibulk generated in the bulk region of the uppermost layer. Due to the cylindrical symmetry of
the geometry, the EBIC currents in homogeneous regions are given by relations (1) and (2):

ISCR is easy to calculate when the one-dimensional generation function of electron-hole pairs
g (z + zs) is known (zs = W + zm) . We used the Gaussian analytical expression derived by Aka-
matsu et al. [13] for GaAs. The term EC in (1) is the collection efficiency in the SCR which can
account for recombination in the SCR [10].

The calculation of the bulk EBIC current given by (2) requires the knowledge of the excess
minority carrier density Api (z) in the uppermost layer. OPl(z) obeys the one-dimensional steady-
state diffusion equation which, under low injection conditions, in absence of electric field is:

ri and Dl are the minority carrier lifetime and diffusion coefficient respectively. It was previously
established that Ap, (z) has the following form [12]:

At the bottom of the SCR (z = 0), the relation

expresses the collection of the minority carriers Api(z) by the electrical field of the SCR.
The minority carriers, of density Api(z), which reach, by diffusion, the first interface can be

drifted by the electric field of the second layer where it is assumed that neither diffusion nor
recombination occur [12].
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The density 0394p2(z) of minority carriers in the second layer is such that:
at the first interface (z = zl = el - W) :

jl and j2 being the minority carrier current densities in layers 1 and 2 respectively; we have made
in [12] the assumption that the recombination velocity of interface 1 is such that V21 = V12.
at the second interface (z = Z2 = el + e2 - W) :

j2 and j3 are the minority carrier current densities in layers 2 and 3 respectively; j3 is a diffusive
current, and the density Op3(z) has the same mathematical form as that of Api (z) [12]. The
recombination velocity of interface 2 is such that V23 = V32 = V2.
j2(z) and j3(z) are related by [12] :

GE being the contribution of minority carriers created by the electron beam in the second layer:

Equation (7) can therefore be written as [12]:

where 03BC is the minority carrier mobility and E the electric field in the second layer.
Equation (25) previously established in [12] for the cathodoluminescence intensity is still valid:

The last relation needed to determine the values of the coefficients A1, B1, A3 and B3 is:
z in fin ite :

The boundary conditions (5), (10), (11) and (12) lead to the following expressions of the coef-
ficients :
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where

where

with

and

The final EBIC bulk current expression is:

2.2 RESULTS. - The EBIC collection efficiency ~CC is the ratio of experimental gain to the
theoretical gain. In both the cases of bulk specimens and homostructures, ~CC passes through
a maximum at a value Eom of the beam accelerating voltage when Eo increases. The value of
E’om depends on all the parameters involved in the EBIC process which are, in general: the metal
thickness zm of the diode, the doping level ND determined from the SCR width W (Fig. 2), the
collection efficiency EC in the SCR (Fig. 3) and the minority carrier diffusion length (Fig. 4). In
the case of the homostructure investigated in this work, other parameters have also to be taken
into consideration:
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i) both the recombination velocities at the first and second interface, Vi and V2 respectively
(Figs. 5 and 6). The sensitivity of the technique in the determination of the minority carrier
diffusion length is dependent on Vt and V2 (Fig. 4): it is higher when Vi and V2 are smaller. As in
the CL investigation [12], the interfaces recombination velocities have identical influence on the
EBIC curves, and none of them cannot be really determined separately.

Fig. 2. - Influence of the doping level Ndl on the theoretical EBIC collection efficiency curves as a function
of the accelerating voltage Eo. The other parameters are: el - 1.5 /zm; e2 = 0.8 03BCm; zm = 30 nm; L1 =
1.0 03BCm; L3 = 1 03BCm; Vl &#x3E; 103 cm/s, V 2 = 106 cm/s; EC = 1. An increase in the doping level shifts the
maximum of the curve towards low beam voltage as a result of the decrease of the SCR width.

Fig. 3. - Influence of the SCR collection efficiency EC on the theoretical EBIC curves. The doping level
of the uppermost layer is 3 x 1017/cm3. The other parameters are the same as in figure 2. When the value
of EC decreases, Eom increases.
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Fig. 4. - Influence of the diffusion length in the uppermost layer on the theoretical EBIC curves for dif-
ferent values of the first and second interface recombination rates. The other parameters are the same as
in figure 2. a) VI = 103 cm/s; V2 = 103 cm/s; b) Vl - 106 cm/s; V2 - 103 cm/s; c) V &#x3E; 103 cm/s;
V2 = 106 cm/s. An increase of the diffusion length leads to shift of the maximum towards higher beam
voltages. This shift is a little larger when the recombination velocities of the interfaces are smaller.

ii) the thicknesses of the uppermost and second layers (Figs. 7 and 8)

iii) the value of the diffusion length L3; this requires of course that the penetration depth of
incident electrons is larger that el + e2 + L3. In any case it will influence the curve at high beam
voltages (Fig. 9).

From table 1 which shows the influence of ail the parameters on the EBIC curves, we can see
that the slope of the curve before the maximum is mainly dependent on Li (Fig. 4), Nd1 (Fig. 2),
EC (Fig. 3) and el (Fig. 7).

The slope of the curve after the maximum is mainly controlled by Li (Fig. 4) and, when Li is
such that the ratio el /L 1 is smaller that 2, also by Vi (Fig. 5a) and V2 (Fig. 6a). In some cases, the
thicknesses of the uppermost and buffer layer can also change drastically the slope of the curve
(Figs. 7a, 8a).
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Fig. 5. - Influence of the first interface recombination velocity on the theoretical EBIC curves for different
values of the diffusion length and second interface recombination rate. The other parameters are the same
as in figure 2. a) Li = 1 03BCm; V2 = 103 cm/s; b) LI = 2 03BCm; V2 = 103 cm/s; c) LI = 1 03BCm and 2 03BCm;

V2 = 106 cm/s. An increase of V1 leads to shift of the maximum towards lower beam voltages. This shift
increases with the diffusion length in the uppermost layer (Fig. 5a, 5b). Vl has no influence on the curves as
soon as V2 is as large as 106 cm/s, whatever is the diffusion length (Fig. 5c). The slope of the curve after the
maximum decreases when Vi increases.

3. Experiments

3.1 EXPERIMENTAL DETAILS. - The buffer layer of both samples was 0.8 03BCm thick. The upper-
most layer of the specimen with a Wacker substrate was 2 pm thick, and it was 1.5 pm thick for
the specimen with the Sumitomo substrate. Field effect transistors made on the uppermost layer
provided the Schottky and the ohmic contacts needed for the EBIC experiments. The ohmic con-
tacts were fabricated first by evaporation of the Au/Ge eutectic followed by sputtering of nickel
and annealing at 465° C for 90 seconds in a nitrogen - oxygen (90/10) atmosphere. Then, the Schot-
tky diodes were made by evaporating, in ultrahigh vacuum with an electron beam, titanium to a
thickness of 45nm, through a mask of 50 x 80 pm2 dimensions, and by heating the spécimen up to
280° C for 20 minutes in a nitrogen-oxygen (90/10) atmosphere. The effect of diode annealing was
investigated on the homostructure grown on the Sumitomo substrate. Such a large grid was used
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Fig. 6. - Influence of the first interface recombination velocity on the theoretical EBIC curves for diffèrent
values of the diffusion length and second interface recombination rate. The other parameters are the same
as in figure 2. a) L1 = 1 03BCm; V1 = 103 cm/s; b) LI = 2 03BCm; V1 = 103 cm/s; c) L1 = 1 03BCm and 2 03BCm;

Vl = 106 cm/s. The influence of V2 on EBIC curves is similar to that of VI : see figure 5 captions for details.

because the resolution of the EBIC technique is of the order of 1 03BCm. The FETs were mounted
in a Stereoscan 250 MK3 Cambridge scanning electron microscope. The EBIC currents were de-
tected by a home-made amplifier located on the chamber of the SEM. The electron beam current,
measured by a Faraday cup with a Keithley 616 ammeter, was ajusted for each accelerating voltage
in order to achieve a constant beam power of 1 x 10-7 W.

3.2 RESULTS. - An increase of the electron beam voltage Eo corresponds to an in-depth scan
of the material since it leads to an increase of the electron penetration rI via the relation [14] :

where p is the material density.
Before undertaking any quantitative measurements, EBIC pictures were taken as a function of

Eo with the aim of locating any inhomogeneity in the material.
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Fig. 7. - Influence of the thickness of the uppermost layer on the theoretical EBIC curves for LI = L3 =
1 03BCm and for different values of the first and second interface recombination rates. The other parameters
are the same as in figure 2. a) VI = V2 = 103 cm/s; b) VI = 106 cm/s; V2 = 103 cm/s; c) V = 103 cm/s;
V2 = 106 cm/s; d) Vl - V2 = 106 cm/s. When Vi and V2 are equal to 103 cm/s, a second maximum can
appear in the EBIC curve when el is as small as 0.5 03BCm; in that case only, the EBIC collection efficiency at
high beam voltages is higher than for thicker uppermost layers (Fig. 7a).

3.2.1 Wacker SI substrate - At low accelerating voltage, for instance 7 kV in figure 10 for
ri = 0.2 pm, the information displayed on the EBIC image of a specimen grown on the Wacker
substrate exhibits fine inhomogeneities ("orange peel"). Although the electron beam reaches
the diffusive region and that the majority of the electron-hole pairs are created within the SCR
(ND1 = 4. 1017 cm-3 : W = 0.05 03BCm; ND, = 2 x 1017 cm-3 : W = 0.07 03BCm), the inhomogeneities
were more probably related to technological problems, for instance a shrinkage of the metal dur-
ing diode annealing. This could be the consequence of a bad state of the free surface prior to
metal deposition. The dark spots visible in figure 10, whose size increases with Eo, have not been
identified yet. At Eo values higher than 12 kV, larger inhomogeneities are detected instead of
the "orange peel" (Fig. lOb). They can be classified in dark and bright areas which correspond
respectively to smaller and higher EBIC currents. Since the penetration depth of a 12 kV electron
beam is 0.67 03BCm, it can be stated with confidence that the observed modulations are representa-
tive of the structure (uppermost layer + interfaces) and not related to technological problems.
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Fig. 8. - Influence of the thickness of the buffer layer on the theoretical EBIC curves for L1 = L3 = 1 /zm
and for different values of the first and second interface recombination rates. The other parameters are the
same as in figure 2. a) VI = V2 - 103 cm/s; b) V1 = 106 cm/s and V2 = 103 cm/s or VI = 103 cm/s;
V2 = 106 cm/s or Vl - V2 = 106 cm/s. When Vi and V2 are equal to 103 cm/s, a second maximum can
appear in the EBIC curve when e2 is as small as 0.5 03BCm; in that case only , the EBIC collection efficiency at
is higher than for thicker buffer layers for few high beam voltage values (Fig. 8a). When one of the interface
recombination rates is equal to 106 cm/s, e2 has no influence on the EBIC curve (Fig. 8b).

Fig. 9. - Influence of the diffusion in the substrate L3 on the theoretical EBIC curves for LI = 1 03BCm and
for different values of the first and second interface recombination rates. The other parameters are the same
as in figure 2. a) V1 = 103 cm/s; V2 = 103 cm/s and 106 cm/s. b) Vi = 106 cm/s; V 2 = 103 and 106 cm/s.
In case a) a second maximum can occur in the EBIC curve at high beam voltages when V2 is as small as
103 cm/s. For other combinations of V1 and V2, the diffusion length L3 has no influence on the EBIC curves.

Tb identify exactly their origin, and in order not to get average values, the collection efficiency
EBIC curves presented hereafter have been made in areas larger than the generation volume of
electron-hole pairs (Fig. 10). The results of the fits (Fig. 11) reveal a slight difference in the dif-
fusion length LI between the dark and bright areas (1 03BCm and 1.1 03BCm, see Thb. I). The doping
level, which is estimated from the value of the SCR, is only half of that expected from the growth
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Fig. 10. - EBIC micrographs of the Wacker structure. a) At Eo = 7 kV is evidenced on "orange peel"
aspect of the metallization related to technological problems The two horizontal dark lmes have been pro-
duced by the electron beam of the microscope b) At Eo = 12 kV, the electron beam penetrates deeply
within the uppermost layer Inhomogenelties are evidenced m the form of dark and bright areas.

conditions (2 x 1017 cm-3 instead of 4 x 1017 cm-3) This is likely to mean that there is quite a
high concentration of deep levels in the uppermost layer to compensate half of the silicon atoms
introduced durmg growth. The very low SCR collection efficiency (about 15 %) supports this con-
clusion. The value of the first and second interface recombination velocities V1 and V2 were found
to be close to 1 x 103 cm/s
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(*) a second maximum can occur in the case V1 = V2 = 103 cm/s
(**) if V1 = V2 = 103 cm/s

Fig. 11. - Fits of the EBIC curves for the Wacker sample. The EBIC inhomogeneities seen in figure 10
are the result of variation of the diffusion length (see tab. II). el - 2 /zm; e2 = 0.8 /zm; zm - 30 nm;
V, = V2 = 103 cm/s. a) dark areas; b) bright areas.
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Fig. 12. - EBIC micrographs of the Sumitomo structure. a) Eo = 6 kV; b) Eo = 11 kV. The uppermost
GaAs layer is more homogeneous and the only visible defects are dust particles on the metal.

The very beginning of both experimental curves is not fitted with our theoretical curves. This
discrepancy could be related to generation centers at the metal-semiconductor interface of the
Schottky diode. Such centers could result from the preparation of the diode. Further experiments
have to be undertaken to ascertain this assumption and to identify the nature of the centers. Such
information could be given by EBIC measurements as a function of reverse applied biais in order
to increase the sensitivity of the SCR in-depth scan. The EBIC results could be correlated with
deep level transient spectroscopy experiments (DLTS) in order to derive the energy level of the
centers. The EBIC curves will have to be fitted by theoretical curves where the EBIC current in
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the SCR will take account of both kind of centers, within the SCR and at the metal-semiconductor
interface.

3.2.2 Sumitomo SI substrate - When imaged by EBIC at low and higher beam voltages the
sample grown on the Sumitomo substrate (Fig. 12) appeared much more homogeneous than that
grown on the Wacker substrate. Figure 13 shows the EBIC efficiency curves for the Sumitomo
sample. The diffusion length is about 50% larger than in the Wacker sample, and the SCR col-
lection efficiency is the double. Furthermore, the estimation of the doping level is closer to that
expected from the growth conditions than that found in the Wacker sample (Thb. II). These three
results are consistent, since the diffusion length is controlled by deeps levels at room temperature
[10]. They indicate a higher quality of the uppermost GaAs layer of the Sumitomo homostruc-
ture, compared with that of the wacker substrate. It probably results from a smaller density of
deep levels, or from their absence. More experiments, such as DLTS for instance, would provide
an identification of these levels. Nevertheless, from our EBIC results, it can be ascertained that
they arose from the substrate.

Fig. 13. - Fits of the EBIC curves for the Sumitomo sample. el = 1.5 /zm; e2 = 0.8 03BCm.

Table II.
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The first and second interface recombination velocities have been found as low as 103 cm/s in
both structures (Thb. II). This indicates that, no recombination levels being present at the inter-
faces, these homostructures are very suitable for making devices such as field effect transistors for
instance.

4. Conclusion

We performed an EBIC investigation of the electrical properties of silicon doped GaAs homo-
structures grown on semi-insulating chromium doped substrates provided by two manufacturers.
The MBE growth conditions were identical for both samples. We could evidence easily and rapidly
marked differences between both samples in the electrical characteristics of their uppermost layer;
the smaller values of the diffusion length, of the doping level and of the SCR collection efficiency in
one sample are likely to be a consequence of a higher concentration of deep levels. These levels
could originate from the substrate, or could be introduced, in one of the growth experiments,
in a greater quantity. The first and second interface recombination velocities Vi and V2 were
determined in both samples and were found as low as. 103 cm/s. More EBIC experiments and
more elaborate calculations are in progress to investigate more precisely the SCR and the metal-
semiconductor interface.
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