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Résumé. — Nous avons developpé un modele décrivant la variation de 'intensité de cathodolumines-
cence (CL) avecla tension d’accélération des €lectrons incidents. Nous avons étudi€ spécifiquement le
cas d’homostructures semblables & celles utilisées dans la fabrication des transistors a effet de champ.

La premiére couche, de type n, est évaporée sur une couche tampon ([NA] ~ 100 cm‘3) ; le sub-
strat est semi-isolant. Nous décrivons 'influence des divers parameétres sur les courbes d’intensité CL.
Les vitesses de recombinaison a la surface et aux interfaces, ainsi que la longueur de diffusion des por-

teurs minoritaires peuvent étre déterminés a ’échelle du micron>. Nous proposons comme illustration
de cette méthode, la caractérisation, dans un microscope €lectronique a balayage, d’homojonctions
d’arséniure de gallium préparées par la technique de jet moléculaire. La couche supérieure est dans un

cas dopée avec 4 x 107 / cm> atomes de silicium, et dans I’autre avec 2 x 1018 / cm>. Les expériences
sont réalisées & température ambiante. La longueur de diffusion diminue d’environ 1 pm a 0,5 pm
lorsque le niveau de dopage augmente, et les vitesses de recombinaison & la surface et aux interfaces

sont de P'ordre de 10° cm/s.

Abstract. — A model of the cathodoluminescence (CL) intensity originated from Gallium Arsenide
epitaxial layers is developed. The dependence of the CL intensity on the electron beam voltage is
investigated in the particular case of a structure which resembles field effect transistors:.an n type

uppermost layer grown on a acceptor doped ([N A] ~ 100 cm"3) layer, the substrate being semi-
insulating. The influence of the parameters on which the CL intensity depends is detailed. The surface
and interface recombination velocities and the minority carrier diffusion length can be determined in

regions of the order of one micron®. As an illustration of the proposed method of characterisation,
experiments were performed at room temperature, in a scanning electron microscope, on GaAs ho-

mojunctions grown by molecular epitaxy with an uppermost layer silicon doping level of 4 x 10'7 and

2% 108 cm~3. The minority carrier diffusion length is found to decrease from about 1 yum t0 0.5 pm
when increasing the doping level. The surface and interfaces recombination velocities are estimated

to be as high as 106 cm/s.

Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:0199200306048300
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1. Introduction.

The determination of the minority carrier diffusion length (L) in semiconductors has been al-
ready the subject of a great number of experimental as well as theoretical investigations. The
cathodoluminescence (CL) and particularly the electron beam induced current (EBIC) modes of
the scanning electron microscope (SEM) have been often preferred to other techniques as a re-
sult of their good spatial resolution: this is of great interest when inhomogeneities are present in
the material. Numerous reliable EBIC models are available for measuring the diffusion length in
bulk specimens, whatever is the junction position with respect to the surface bombarded by the
incident electron beam (see for instance [1]). The number of papers dealing with the determina-
tion of L in bulk specimens by CL experiments is more limited [2-4]; as a matter of fact, the recent
developement of CL comes from the increased interest in optoelectronics semiconductors such
as I1I-V and II-VI compounds. It has the advantage, over EBIC, not to require the preparation
of an electrical barrier.

At present, in laser and field effect transistor (FET) technologies, the bulk is only used as a
substrate on which are grown thin epilayers. Therefore, a CL model which could be applied to
this kind of configuration would allow a local characterisation of the parameters which influence
the properties of the devices such as the diffusion length, the absorption coefficient, the surface
and interfaces recombination velocities. Similar models have been already developed [5, 6], but
none of them applies to the structure we have studied. In fact, each structure has to be modelled
in a specific way, and one has to check carefully, before using the results provided by one model,
that it is well suited for the structure studied.

In this paper, we report on a CL model for the characterisation of epitaxial homolayers. The
calculation is applied to the case where two epilayers are grown on a substrate; this geometry is
representative of a FET. More details will be given in section 2.2. The electron beam is perpen-
dicular to the specimen surface and interfaces. The variation of the integral CL signal, modelled
as a function of the electron beam voltage, allows the determination of the minority carrier dif-
fusion length and of the surface and interfaces recombination velocities. The method have been
applied to the characterisation of GaAs Fets; the homojunctions have been grown by molecular

beam epitaxy.

2. Model.

2.1 CATHODOLUMINESCENCE INTENSITY OF THE GaAs FET STRUCTURE — Generally speaking,
the CL signal coming out of an homogeneous specimen bombarded by an electron beam is:

IcL = /V A(z)—A—[;_r(i) d’r (1)

where V is the volume of the specimen, 7; the minority carrier radiative lifetime and Ap(r) the
excess minority carrier density. A(z) is a function which takes into account optical losses [2]:

A(2) = /0 " exp (-5 ) sinvas )

9 is the critical refraction angle at the free surface and o the absorption coefficient. A(z) can be
analytically expressed in terms of the exponential integral of the second kind [2].
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The CL intensity of an homostructure is given by:

IcL = Z A (2 )Api(r)

i €;—-1

3)

e; refers to the depth coordinate of the * interface which lies at the boundary between the
layer and the (i + 1)* layer.

The geometry we have investigated is represented in figure 1. The electron beam is paral-
lel to the z axis; the origin is at the free surface. The minority carrier density in the ' layer
(e,-_l <z< e,-) is named Ap,-(r).
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Fig. 1. — Configuration of the homojunction. The electron beamis perpendicular to the surface. The buffer
layer, which is non intentionnally doped ( Np = 108 / cm3) , is between a n type layer (n > 107 / cm3) and
a semi-insulating substrate. Therefore, it can be considered as depleted of free carriers.

The sﬂlcon doping level of the GaAs uppermost layer of the structure ranges from 10" to
2 x 10" cm=3. The second layer, which is 1 um thick, is an non-intentionnally doped layer (the
residual acceptor concentration is close to 107 cm~3) grown on a 350 ym semi-insulating GaAs
substrate. The energy band diagram of this particular configuration is drawn in figure 1. The
second layer (e; < z < e2) is a depleted zone due to the differences in the conduction type and
doping level of layers 1 and 3, and also because its thickness is quite small. Thus, we can make the
assumption that the electrical field within the second layer prevents any radiative recombination,
and that the CL signal comes only from the first layer (0 < z < e;) since its doping level is very
high compared to that of the substrate (semi-insulating).

The radiative lifetime 7, is proportional to the inverse of the doping impurity density Ny, . This
gives for the CL intensity of the structure:

Iow N, /0 " A() Api(z) ds 4)
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Band bending due to the presence of the free surface separates electron-hole pairs which cumu-
late in this region. Pseudo Fermi levels are established at equilibrium, and this favours a flattening
of the bands if the excess minority carriers cannot be eliminated in a fast enough way. We make
in the following the assumption of flat bands conditions in the uppermost layer; this results from
the injection level of the CL experiments, from the absence of metal-semiconductor contact, and
from the finite thickness of this layer.

2.2 HOLE DENSITIES — In layer 7, the hole density Ap;(r) satisfies the steady-state continuity
equation:
.. Api(r
aiv i = g(x) - 22 ©

Ti
where j; is the hole current density, 7; the carrier lifetime, and g(r) the electron-hole pair gener-
ation function.

In the first layer, which is n type, the electron beam does not change, under low injection con-
ditions, the electron carrier density. Therefore, the processes of diffusion and recombination only
concern the excess holes. The current density j; at depth z is given by:

ilz) = -y 4200 ©)

z

In the case of an homogeneous layer, the hole density satisfies the one-dimensional equation:

d2Ap; (z) Apq (z)

D,
dz? s

—9(2) (7)

where g(2) is the so-called depth-dose function.
The general solution Ap;(z) has the form:

Api1(z) = Ay exp (z/L1) + Brexp (—z/L1)
° NI
+/0 x1(z, 2 )Tl— dz (8)

where x1(z, z') is the Green function of (7), given by:

e ) = o (-E25) ©

In the second — depleted — layer, the holes are drifted by the electrical field. Therefore we make
the assumption that no diffusion and no recombination occur in that region. Consequently, the
current density is only a function of the electrical field £(z) :

J2(2) = p E(2) Apa(2) (10)

and we can write equation (5) as:

/ /S j2dS = / / /V g(r) &r (11)

In the third semi-insulating layer, where the thermal carrier densities of both types are negli-
gible, the population of electrons and holes which result from the electron beam interaction are
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nearly equal. The substrate is therefore subjected to a coupled diffusion of both types of carriers.
In such an ambipolar regime, the electron density Ans(r) and the hole density Aps(r) satisfy a
diffusion-like equation similar to equation (7), but where the diffusion coefficient has to be taken
as the ambipolar diffusion coefficient D3 given by:

2Dy, Dy,
" Dy, + D,
Dp, and D,, are the hole and electron diffusion coefficients respectively. Since D,, is always larger

than Dy,, Ds is equal to 2D,,. Similarly to j;, the expression of the current density j3 at depth z
is:

Ds (12)

. dA
j3(z) = =Ds3 %(z) (13)
and Aps(z) has a form similar to that of Ap;(z) :
Ap3(z) = Az exp (2/L3) + Bz exp (—z/L3)
[o0] /
+ / x3(z, z’)Mdz’ (14)
ey D3
with x3(z, 2’) given by:
no Ls (_ |2 - z'l)

2.3 BOUNDARY CONDITIONS. — The constants A;, By, A3 and Bs entering the expression of
the hole densities Ap;(z) and Ap3(z) (Egs. (8) and (14)) are determined from the boundary con-
ditions which are established as follows.

free surface (z=0): The excess minority carriers in the uppermost layer can recombine at the free
surface, with a recombination rate Vy. The minority carrier current density is related to the mi-

nority carrier density by:
. d Apy(2)

D dz

= Vo Api(2) (16)
interface 1 (z = e1): ji(e1) and jz(e1) are the hole current densities in layers 1 and 2 respectively

at interface 1. They are related to the interface minority carrier density by:

Ji1(e1) = Vi2 Api (e1) = j2(e1) (17a)
j2(e1) — Va1 Apz (e1) = ji (e1) (17b)

By assuming that Vj; and V5 are equal, we obtain:

Ap1 (e1) = Apz (e1) (18)

interface 2 (z = ez): The boundary condition at interface 2 is similar to that at interface 1:

J2(e2) — V3 Aps (e2) = ja (e2) (19a)
Ja(e2) — Va2 Aps(e2) = j2 (e2) (19b)
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where j2 (e2) and j3 (e2) are the current densities in layer 2 and in layer 3, respectively. j; (e2) is a
pure drift current density, whereas j3 (e2) is a pure diffusive current density. Aps (e2) and Ap; (e2)
are the minority carrier densities at interface 2.

By assuming that V3 is equal to V33, similarly to relation (18) we obtain:

Aps (e2) = Apz(e2) (20)
Equation (19a) can therefore be written as:

d Aps(2) 21)

(LE — Va3) Aps (e2) = j3(e2) = —Ds P

e

The current density j (e2) at interface 2 is related to j2 (e1) at interface 1:
j2(e2) = j2(e1) + GE (22)

where GF is the total minority carrier generation, by unit time, in the second layer, by the electron
beam: e
GE = / 9(z)dz (23)
€1
Relation (22) can also be expressed as a function of the electrical field E in the second layer and

of the carrier mobility u:
Apz(e2)p E = Apa(e1) p E+ GE (24)

In order to simplify the boundary conditions, we have assumed, in relation (24), that the value of
the electrical field is constant in the second layer.

A new relation which takes into account the participation of the three layers is obtained from
relations (17) to (24):

j1 (1) = (Vi + Vis) Api (e1) + GE (1 - -L%) = ja(e2) (25)

with j; and j3 given by relations (6) and (13).
z infinite: The minority carrier density Aps(z) in the substrate is a nil when z is infinite. Therefore,

the constant Aj in expression (14) is equal to zero. The coefficients A;, B; and Bz (Egs. (8) and
(14) are calculated by solving equations (16), (21) and (25). Their values are:

L (1+(uE‘— vm)‘éi+1)
2 Dy (e
b= Lt Ve —uB) (%) 29)
with o ,
L= / exp (62;3 z ) g (<) dz’ 27)
A= (D1/L1 + Vo) + B(D1/L1 — (Viz + Vas)) exp (—e1/L1)
A
B =2 (D1/L1 = Vo) + B(D1/L1 + (Viz + Vaz)) exp (e1/L1)

A
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where
= (D1/L1 = Vo) .(D1/L1 = (Viz + Vas)) exp (—e1/ L)
— (D1/L1+ Vo) . (D1/L1 + (Viz + Va3)) exp (e1/L1) (28)
_ (LW 5L
o= (50 -1)3 ®)
_bh(Via+Vx I3 Vx
=3 (B2-1) -0 (- 3)
D
+ —L—:B3 exp (—Z—Z) (30)
and o ,
L= /0 exp(—1-)g(+)z (31a)
L= / i exp <—61;1z ) g (2')dz (31b)

We have used in our calculation the depth-dose function g(z) obtained from the three-dimensional
generation function g(r) derived by Akamatsu et al [7] from Monte-Carlo simulations:

z 22 22
=a|l147134 (cr (5 ( >+34T € (-——)
9(2) ( (_3,_)) 1 exp 1 1 €Xp 0,2
2
+ 96 72 exp( 25 ) (32)
3

a is a normalisation factor, and

A=2(3) d=2(3) A=)
r
712=2(§l) (27)

where r; is the penetration depth of the incident electrons. It is given by the Gruen range:

03=2
2 =2

457E}
100 p

rn =

where p is the density.

3. Numerical results.

IcL versus Ey curves have been calculated as a function of minority carrier diffusion length and
optical absorption coefficient of the first layer, of surface/interfaces recombination velocities and
of the minority carrier diffusion length of the substrate. The top and buffer layers are 2 um and
1 pm thick respectively. The influence of the thicknesses of these two layers have also been investi-
gated. Calculations have shown that, in most cases, the curves exhibit a maximum, the position of
which is called Eop, in the following. Eoy is located in the range 5 to 40 kV which is experimentally
accessible.
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Fig. 2. — Theoretical Icy, = f (Ep) curves. The first layer is such that e; = 2 um, Np, = 2 x 1018/cm3;
the second layer is 1 gm thick and of p type. Influence of the minority carrier diffusion length L in the first

layer. The simulations have been made for Vp = V; = V5 = 10° cm/s, a = 10* cm‘l, L3 = 1 pm. The
minority carrier mobility p is equal to 180 cm? /Vs. T =300 K. The CL intensity increases with L; and the
position of the maximum is shifted towards high beam voltages.

3.1 INFLUENCE OF THE DIFFUSION LENGTH OF THE UPPERMOSTLAYER — Figure 2 shows typical
CL intensity curves as a function of the accelerating beam voltage Ey. The curves, plotted for
surface and interfaces recombmatlon rates Vp, V; and V; of 10° cm/s, are displayed for an optical
absorption coefficient « of 10* cm~

First of all, it has to be noticed that the value taken by L; influences essentially the position of
the maximum, which occurs at a higher beam voltage when L; increases. Above a certain value
of L1, Eoy remains the same when all the other parameters are kept constant. In the structure
investigated, where the doping level of the uppermost layer is equal to 2 x 10" /cm3, this occurs
when the ratio e; / L; becomes smaller than 2.

The CL intensity increases with L1; the increase gets smaller when the diffusion length gets
larger, as it can be seen in figure 2 where the curves drawn for L; = 2 pm and for L; = 3 ym are
quite close to each other.

3.2 INFLUENCE OF SURFACE AND INTERFACES RECOMBINATION VELOCITIES. — The CL inten-
sity curves in figure 3 are plotted for an optical absorption coefficient & of 10* cm~!, and those of
figures 4 and 5 for o equal to 5 x 10° cm—1.

3.2.1 Surface recombination rate — The presence of the maximum of the CL intensity curve
depends on the value of the surface recombination rate as illustrated 1n figure 3. The curves
exhibit a maximum in the 5 to 35 kV range only when Vj is larger than 10% cm /s, whatever is the
diffusion length (Figs. 3a and 3d) and whatever are the interfaces recombination rates V1 and 1,
(Figs. 3a, 3b and 3c). The low beam voltage part of the curve is the most dependent on Vp. The
increase of the slope is quite strong when Vj increases from 10° to 10% cm/s.

An increase of Vp always leads to an increase of Eoy. The value of Eoy depends on V; and V,
(Figs. 3a, 3b and 3c) as well as on L; (Figs. 3a and 3d). For V; = V, = 10° cm/s, the maximum
of the CL intensity is not very much pronounced (Fig. 3b). Finally, let us notice that the curves
calculated for V3 = 10° cm/s and V, = 10% cm/s (Fig. 3c) are identical to those drawn for V; =
10° cm/sand V2 = 10° cm /s. Therefore, we have not drawn the curves corresponding to this last
set of parameters.
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Fig. 3. — Influence of the surface recombination rate V; on theoretical CL curves for the structure in fig-

ure 1. Np,, a, ey, e and are as in figure 2. When Vj is as low as 10 cm/s, the curve exhibits no maximum.
When V} increases, the maximum moves towards high beam voltages and the slope of the curve before the

maximum increases. a) L1 = 1.3um; V; = V, = 10° cm/s;b) Ly = 13pum; Vi = Vp = 10 cm/s;
)Ly =13um; V] = 10 cm/sandV, = 10° cm/s; the same curve is obtained for V; = 108 cm/s and
Vs = 10° cm/s; d) Ly = 0.5 pm; V; = V5 = 10% cm/s.

3.2.2 Firstinterface recombination rate — The influence of the first interface recombination rate
V; is shown in figure 4. An increase of V; leads to a shift of Eyy, towards low beam voltages and
to a decrease of the CL intensity which is more important after Eoy, only in the case where V5 is
as low as 10° cm/s (Fig. 4a). The slope of the curve calculated in the case where V; and V; are
equal to 10® cm/s is very small and the CL intensity seems to ‘saturate’ for beam voltages higher
than 29 kV (Fig. 4a). The influence of the first interface recombination rate decreases when V;
increases and becomes negligible when V5 is a high as 10% cm/s (Fig. 4b).

3.2.3 Second interface recombination rate — It can be seen in figure 5 that the influence of V;
on the CL curves is similar to that of V;: as a matter of fact, the curves in figure 4a and Sa are
identical, as the curves in figure 4b and figure 5b. This means that the recombination of carriers
at the first interface is equivalent to that at the second interface; this is consistent with the fact
that the two interfaces are separated by a depleted region (Fig. 1).
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Fig. 4. — Influence of the interface recombination rate V; on theoretical CL curves for the structure in
figure 1. Np, =4 x 1017/cm3, =5 x 10 cm‘l, Li=15pm, L3 =1pm, V5 =3 x 106cm/s; the values
of e1, e and p are as in figure 2. When V is as low as 10 cmy/s, the curve exhibits no maximum. When V;
increases, the maximum is shifted towards low beam voltages and the slope of the curve after the maximum
increases. a) V5 = 10> cm/s; b) V, = 10° cm/s.

140 ; — 140 ———T
120 1 120 -
3 ~ 1001 E ~ 100 3
n n
Z o a0 > o 80d V2=1.10 cm/s
" O n O
67, 60 g 60
| ]
z 3 z 3 1.10°
7 40 ~ 401 '
—J
o 3 o 6
207 V =1.10 com/s 201 V =1.10 cm/s
'S I ) 1
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Eo (kV) Eo (k)
a) b)

Fig. 5. — Influence of the interface recombination rate V> on theoretical CL curves for the structure in

figure 1. The values of Np,, o, Ly, L3, Vj, €1, e2 and p are as in figure 4. When V; is as low as 103 cm/s,
the curve exhibits no maximum. When V; increases, the maximum is shifted towards low beam voltages and

the slope of the curve after the maximum increases. a) V; = 10° cm/s; b) V; = 10° cm/s. The curves in
figures 5a and 5b are identical to those in figures 4a and 4b respectively. This means that the values of V;
and V; cannot be separetely determined.

3.3 INFLUENCE OF THE OPTICAL ABSORPTION COEFFICIENT — An increase of the optical ab-
sorption coefficient o leads to a decrease of the CL intensity (Fig. 6). The resulting shift of Eoy
towards low beam voltages is a little larger when L is smaller. For instance, Egy, is shifted from
22t020kV for L; = 1 pm (Fig. 6a) and from 22 to 19kV for L; = 0.5 um (Fig. 6b) when « varies

from 10? to 10* cm~1. The influence of o on the CL intensity is higher at beam voltages equal or
higher than Eop.
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Fig. 6. — Influence of the optical absorption coefficient on theoretical CL curves. Np,, L3, Vp, e1, e2and p

are the same as in figure 4. a) L; = 1 pm; b) L, = 0.5 pum. When « increases, the maximum moves towards
low beam voltages and the CL intensity decreases.

3.4 INFLUENCE OF THE THICKNESS OF THE EPILAYERS — The curves in figures 7 and 8 have
been calculated for L; = 1.5 ym, L3 =1 pm, Vp =3 x 10 cm/sand o =5 x 10° cm—1.

3.4.1 Thickness of the uppermost layer — The CL intensity increases with the thickness e; of the
uppermost layer, whatever are the interface recombination rates V; and V; (Fig. 7). The shape of
the CL curve is strongly dependent on the values taken by V3 and V»: for low values of e; such as
0.5 and 1 um for instance, the CL curve exhibits two maxima when V; = V5 = 10% cm/s (Fig. 7a)

and one maximum when either V; or V; is equal to 10% cm /s (Fig. 7b). The value of Eyy, increases
with e; whatever are V7 and V5.
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Fig. 7. — Influence of the thickness of the uppermost layer on theoretical CL curves. Np,, o, L1, L3, Vj, €2
and p are the same as in figure 4. a) V; = V, = 10° cm/s; b) Vi = 10%cmy/s, V, = 10° cm/s. When e
increases, the maximum moves towards high beam voltages and the CL intensity increases, whatever are the
values of V; and V. Notice, in figure a, the appearance of a second maximum when ey is equal to 0.5 pm.
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3.4.2 Thickness of the buffer lager — The CL curves displayed in figure 8 show the infuence of
the thickness e of the second layer. When the interfaces recombination rates V1 and V; are equal
to 10° cm/s, the CL intensity decreases when e; increases (Fig. 8a). Futhermore, the CL curves
exhibit one maximum for low values of e, and two maxima for larger values of e;.

The influence of e; is rather small when either V; or V; or both are equal to 10° cm/s (Figs. 8b,
8c, 8d). In that cases, the maximum of the CL intensity occurs at the same beam voltage, and the
value of the maximum of CL is a little smaller in case d).
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Fig. 8. — Influence of the thickness of the buffer layer on theoretical CL curves. Np,, @, Ly, L3, Vp and
p are the same as in figure 4. g = 1 pm.a) V; = V, = 10% cm/s; bV = 108 cm/s,Vp = 103cm/s; c)
v = 103 cm/s, Vo = 10 cm/s; v = 10° cm/s, V, = 108 cm/s. When e increases, the maximum moves
towards high beam voltages and the CL intensity decreases. Notice, in figure 8a, the appearance of a second
maximum when ej is equal to 1 pm.

3.5 INFLUENCE OF THE DIFFUSION LENGTH L3 OF THE SUBSTRATE — The value of the diffusion
length L3 influences the CL curves when the thicknesses of the uppermost and buffer are indeed
small enough to allow the electron beam to penetrate into the substrate. An increase of L3 leads
to an increase of the CL intensity at high beam voltage (Fig. 9). The increase is higher when
the interface recombination velocities V; and V; are smaller; in that case, the CL curve can even
exhibit a second maximum (Fig. 9a).
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Fig. 9. — Influence of the diffusion length of the substrate on theoretical CL curves. Np,, o, L1, Vp and
p are the same as in figure 4. e; = 1 pm; ey = 0.5 pm. a) V1=V, = 10 cm/s; b) V) = 106 cm/s, Vo =
103 cm/s; or V; = 10%cm/s, V, = 103 em/s; ¢) V; = 108 em/s, V5 = 10% cm/s. In case b), when L3

increases, a second maximum appears on the CL curve which moves towards high beam voltages and the CL
intensity increases.

3.6 DISCUSSION OF THE THEORETICAL CL INTENSITY CURVES — In table I are collected all the
effects of the various parameters on the CL intensity, on the presence and position of Eor, as well
as on the slopes of the curves.

The occurence of the maximum is mainly dependent on the surface recombination velocity Vp
(Fig. 3) and, for a ratio e1 / L1 smaller than 2, on the first and second interface recombination rates
(Figs. 4a and 5a). For low values of V; the CL intensity decreases when Fy increases, whereas for
low values of V; and / or V5 it increases with Ey. In real cases where Vj 1s in the range 10° (InP
for instance) to few 10° (GaAs) cm/s, and for thicknesses of the uppermost layer e; such that
e1/L1 < 2, the CL intensity curve exhibits a maximum if V; and V; are not as low as 10 cm/s.

The position of Eoy is strongly related to Ly (Fig. 2), Vo (Fig. 3), V1 (Fig. 4), V> (Fig. 5), a
(Fig. 6); in structures with thin uppermost and buffer layers, the diffusion length L3 in the substrate
does influence Egy, .

A small variation of the doping level will lead to a small change of the CL intensity (cf. Eq. (6))
and of the slope of the curve due to a variation in the minority carrier diffusion length (Fig. 2).

This method of characterisation of epitaxial layers, at a local scale, alloys one to assign different
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Table 1. — Influence of the different parameters on the CL intensity recorded as a function of electron
beam voltage.

parameters Ly Ls Vo Vi Vo o eq e1— ey
influence

presence of

a maximum no yes® yes yes yes no  yes®) yes™*
position of

the maximum strong no  strong strong strong strong yes**) yes(**)

(=) =) =) =) (=)

1st part of

the curve yes no strong weak  weak no strong no
2nd part of

the curve yes yes  weak strong strong no strong  yes

(*) a second maximum can occur in the case V1 = V, = 10° cm/s
(*)if Vi = Vo = 10° cm/s

sets of parameters (L1, Vo, V1, V2, a) to the first layer, if none of them is known before undertaking
the experiments. Ithas to be kept in mind that, as a result of the energy bands of the homostructure
(Fig. 1), V1 and V; cannot be identified separately (Figs. 4 and 5). In fact a lower limitof L1, Vo, V4
and V> values can be unambiguously determined, as well as an upper limit of the value of .. Thus,
as shown in the next section, information on the quality of the uppermost layer can be easily
obtained by this technique.

4. Limits of the technique: experimental characterisation of GaAs homojunctions.

To determine the limits of the method, we have studied GaAs homojunctions such as those de-
scribed previously, with two silicon doping levels of the uppermost layer: 4 x 10" /cm3 and 2 x
10" /cm3. (e; = 2 pum, e; — e = 1 um) . The specimens were grown by MBE at 580 °C. The poly-
chromatic CL intensity has been recorded for variation steps of 2 KV of the accelerating voltage.
Close to the maximum, the step was reduced to 1 kV. The experiments have been carried outina
Stereoscan 250 MK3 Cambridge scanning microscope, equipped with an Oxford CL attachment.
The center and the edges of the 2 inches wafers have been characterised. The luminescence inten-
sity has been found, in all specimens, quite homogeneous. The results presented in the following
have been averaged over about three or four measurements.

e Np=4x 1017/cm3

In figure 10 is shown the best fit obtained for the CL intensity curve recorded on the first speci-
men. It has been chosen among four other ones for which the position of Egy, is located at 22 kV:

a) L1 >1pm, L3 =1 pum, Vo = 3 x 10% cm/s,
Vi >10° cm/s, Vo = 10% cm/s, o = 10° cm=1.
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Fig. 10. — Fit of a polychromatic CL intensity curve recorded at 300 K on a Si doped GaAs (n = 4 x
1017 /cm; 2 um thick)/GaAs (N = 10'3/em3; 1 um thick)/Si GaAs homojunction. The maximum of the
curve occurs at 22 kV. The parameters of the structure are: Ly > 1 pum, L3 > 0.5 um, Vo=V = 108 cm/s,
Vs = 10° cm/s, a = 10° cm™1.

b) Ly > 1pum, L3 = 1 um, Vo = 3 x 10% cm/s,

Vi > 10°cm/s, V5 = 10° cm/s, o = 5 x 10> cm~1.
¢) Ly > 1.3 um, L3 = 1 um, Vo = 3 x 10° cm/s,

Vi >10° em/s, V5 = 10° cm/s, & = 5 x 10° cm~1,
d) L1 >0.5pum, Ly = 1pm, Vo > =1 x 10° cm/s,

Vi > 10%cm/s, V5 = 10 cm/s, o = 10° cm~1.

The range of suitable surface recombination velocities is not as large ( Vo > 10°cm /s) as thatof
suitable interface recombination velocities (V; > 103 cm/s) and diffusion lengths (L; >= 0.5 um) .

The difference between the experimental and the theoretical curves at low and high beam volt-
ages could result from the presence of small residual space charge regions close to the free surface
and to the first interface, which have not been taken into account in our model. Their presence
could result from the fact that the energy bands have not been completely flattened by the elec-
tron beam injection. The minority carrier diffusion length and the recombination surface velocity
values correspond to those generally found in GaAs of good quality where recombination is not
controlled by deep levels [8-10]. The value given for L3 is quite meaningless since it cannot be
determined accurately. This results from the large thickness of the uppermost and buffer layers

with respect to the penetration depth of the 35 kV incident electrons and from the high value of
the interfaces recombination velocities (cf. Fig. 9).

e Np =2 x 10¥/cm®

The maximum of the CL curve is located at 21 kV (Fig. 11), which corresponds to:
a) L1 >1pm, L3 =1pm, V=3 x 106cm/s,

Vi = 10% cm/s, V5 = 10° cm/s, o = 5 x 10° cm~1.
b) Ly > 1 pm, L3 = 1 um, Vo = 3 x 10° cm/s,

Vi > 10% cm/s, V5 >=10° cm/s, @ = 5 x 10° cm~1.
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¢) Ly >13pum, L3 = 1pum, Vp =3 x 10° cm/s,
Vi > 10°cm/s, Vo = 108 cm/s, @ >= 5 x 10° cm—1.

o
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Fig. 11. — Fit of a polychromatic CL intensity curve recorded at 300 K on the same structure as in figure 10,

but the silicon doping level of the uppermost layer is equal to 2 x 1013/ cm®. The maximum of the CL intensity
is in the range 20 — 22 kV. The parameters of the structure are: Ly = 0.5 pm, Lz > 0.5 um, Vj = 2 x

10° cm/s, V1 =V = 108 cm/s, o = 10* cm=1.

The theoretical curves a) b) and c) do not fit well the experimental curve as a whole. The
shape of the computed curve shown in figure 11 is the only one to be in good agreement with
that recorded experimentally. Its maximum is located at 19 KV and not at 21 kV as that of the
experimental curve. This result from the fact that the experimental maximum is not very much
marked and that the CL intensity is in fact more or less constant between 19 and 22 kV. This
illustrates that the determination of L, requires a fit of the whole curve and not to rely only on
the position of the maximum.

The minority carrier diffusion length decreases and the lower limit of the optical absorption
coefficient increases when the doping level goes up from 4 x 10'7/cm® (L; > 1pm;a = 5 x
10° cm~1) to 2 x 10" /cm® (L, = 0.5 um; o = 10* cm~1). The value of the absorption coefficient
is an averaged one since polychromatric CL has been recorded in a wavelength range where its
variation is very steep. In order to avoid light absorption by the specimen, experiments could be
performed in the infra-red.

5. Conclusions.

We have undertaken a CL characterisation of silicon doped GaAs epitaxial layers grown by MBE.
A model describing the variation of the CL intensity with the electron beam voltage has been
developed in order to determine parameters such as the minority carrier diffusion length in the
uppermost layer and the surface and interfaces recombination velocities. The band structure of
the specimen has been taken into account in order to write well adapted boundary conditions.
It has been shown that the optical absorption coefficient has also to be taken into account. The
minority carrier diffusion length, whose value gives information on the quality of the layer, cannot
be determined solely from the position of Eqy of the CL curve. A fit of the whole curve in the range
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5 to at least 35 kV is necessary. This has been applied to the characterisation of 2 microns thick

GaAs layers silicon doped at 4 x 10'7 and 2 x 10% /cm3. Despite the large number of parameters
involved in the CL signal formation, their determination was quite easy. A lower limit of the
diffusion length, which was found to decrease when the doping level increases, and an upper limit
of the optical absorption coefficient could be given.

When available, one has to take advantage of the CL technique since it gives valuable informa-
tion on the free surface and interfaces qualities without any specimen preparation. An accurate
determination of the minority carrier diffusion length L, when it is smaller than (1/«), requires
another technique such as EBIC for instance. When L is greater than (e;/2) , another homostruc-
ture with a thicker uppermost layer is necessary. On the opposite, thin uppermost layers can be
used to determined the interfaces recombination velocities.
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