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In a recent paper we measured the lateral hole diffusion in a GaAs/AlGaAs single quantum well
(SQW) by a novel method. At helium temperature, we estimate a lateral hole diffusion length in.the
QW of 1.5 um. However, the assumption that diffusion takes place mainly in the SQW needs to be
checked, as the measured diffusion length is the result of two competing processes: (i) hole diffusion
in the SQW plane itself and (ii) hole diffusion in the barrier followed by recombination in the SQW.
We present here a comparison between the lateral hole distribution in the SQW and in the AlGaAs
barrier. First, we estimate the hole diffusion length in the barrier fitting experimental
cathodoluminescence linescans on simulated ones. Second, using the measured diffusion lengths in
the QW plane and in the bulk barrier and modeling the carrier transport, we deduce the lateral hole
distribution in both layers. It is found that even for very large barriers (1.2 wm), the hole diffusion
in the barrier contributes less than 0.1% of the total lateral hole diffusion. The lateral transport is

mainly carried by holes in the QW (2D diffusion) due to their confinement in the well.

1. INTRODUCTION

Investigations of transport properties of carriers parallel
to heterointerfaces have attracted considerable interest not
only due to the related physics but also due to their device
application. Mobilities can be obtained by Hall
measurements,' > and recombination lifetimes through time-
resolved cathodoluminescence measurements* and time-of-
flight (TOF) measurements.”™” To deduce the diffusion
length it is necessary to do two complementary experiments.
Thus, a direct determination of the diffusion length is very
attractive. In this connection, the cathodoluminescence (CL)
is very convenient as direct transport measurements taking
into account all the diffusion process (single carriers, exci-
tons, ambipolar) are possible. Direct CL carrier diffusion
length measurements were performed recently by two differ-
ent approaches.®’

In previous papers, we analyzed the electron-hole
(e-h) transitions around grown-in dislocations (GDs) of a
single quantum well (SQW) structure grown by metalorganic
chemical vapor deposition (MOCVD). The unintentionally
doped (Si:~10'® cm™) structure, shown in the inset of Fig.
1, consists of a GaAs/Al,Ga,_ As (x=0.5) SQW of nomi-
nal 20 A width. The thickness of the GaAs buffer layer and
of the AlGaAs barriers amounted to 0.5 and 1.2 um, respec-
tively. The structure contained GDs that originated at the
substrate. As shown in Fig. 1, additional peaks were ob-
served near the GDs from the AlGaAs barrier and from the
SQW. We analyzed the free-exciton recombination in the
SQW by photoluminescence (PL) and cathodoluminescence
(CL). Thickness variations of the SQW, due to the growth
peculiarities near the dislocations, were demonstrated using
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CL micrographs at a selected wavelength at 5 K.'° Impurities
and native defects were also found in these regions around
the dislocations in the QW and:in the barrier.!! This local
change of the optical properties of the material occurs in a

" region of about 1 um around the dislocation. Selecting the

CL detection wavelength at the excitonic and/or at impurity
related wavelength in the SQW, we determined a total lateral
hole diffusion length at helium temperature of 1.5 um.’ Such
diffusion determination is performed assuming carrier diffu-
sion mainly in the QW.

However, the assumption that the lateral dlffusmn is
mainly in the SQW needs to.be checked, as the directly
measured diffusion length is obviously the result of two
competing processes: (i) the hole diffusion in the SQW plane
itself and (ii) the hole diffusion in the barrier followed by a
recombination in the SQW. In this paper we compare the
contribution of the hole diffusion in the barrier to the hole
diffusion in the SQW during beam scan across the disloca-
tion region.

- Il EXPERIMENTAL RESULTS AND DISCUSSION

The geometry of the experiment is shown in Fig. 2. 2D
and 3D hole diffusion take place in the QW and the AlGaAs
barriers, respectively. Therefore, a different lateral hole con-
centration distribution is expected in the QW and the barrier,
because the holes are confined in the QW case. To compare
the QW with the barrier hole lateral distribution, we solve
the steady state equation for both cases in the Dirac-
generation approximation. The diffusion length was mea-
sured over a distance of 10 um for the QW (geometry of Fig.
2) and over a distance of =~1.2 um for the barrier (geometry
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FIG. 1. Cathodoluminescence (CL) spectra on the defects free region (regu-
lar region) and around the dislocations. (a) CL spectra corresponding to the
GaAs-QW emission, (b) CL spectra corresponding to the AlGaAs-barrier
emission.

of Fig. 4). Thus, the Dirac-generation approximation is ac-
ceptable in the QW measurement, but for the geometry of
Fig. 4 comments are necessary to explain the diffusion length
measurement.
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FIG. 2. Geoinetry of the experimerit. The different hole diffusion processes,
3D diffusion in the barrier and 2D diffusion in the SQW are shown.
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FIG. 3. Calculated and experimental CL profiles across a dislocation region.
The calculated curves are fitted for diffusion lengths of 1, 1.5, and 2" um.
The monochromatic experimental CL profile is taken at the native defect
energy Enp=1.658 ¢V and at 170 K. The beam energy and current are
E,,=20 keV and [,=0.5 nA. The inflexion point of both calculated and
experimental profiles are shown by the mark.

A. Hole diffusion in the QW

A simple model of carrier diffusion in a cylindrical sys-
tem should describe the observed CL-intensity profile. For
the low injection regime, we can write the steady-state equa-
tion for the hole concentration p in the n-doped SQW:
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FIG. 4. Schematic representation of the geometry used for the hole diffusion
length measurements in the Aly sGay sAs barrier.
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where the first term is the hole diffusion term in cylindrical
coordinates. The second term is the recombination rate, and
the third one is the generation rate. D and 7 are the diffusion
constant in (cm?/s) and the recombination lifetime in (s),
respectively.

To simplify Eq. (1), g(p) is considered as a Dirac func-
tion. Relating p with the diffusion length, L = yD 7, we intro-
duce a new variable r=p/L.

The exact solution of Eq. (1) is

p(r)=CKy(r), ' )

where Ky(r) is the modified Bessel function of the second
species of zero order (Kelvin function of zero order) and C a
constant. The asymptotic development of the solution is

1
p(r)~72—;;- e . (3)

To determine the constant C, we consider the carrier flux
F(p) at the origin must be finite. We find

lim,_,oF(p)= limpﬁo( —2apD —— @
Introducing the solution expressed in (2) and knowing that
dKy(p)/ dp=—K{p), we obtain

lim,_,oF(p)=lim,_o[27CpDK,(p)=27CD (5)
as

lim,_,o[pK(p)]=1. , (6)

This carrier flux has to be equal to the excitation rate, G
(s™Y), in the SQW: C=G/27D.

In Fig. 3, in addition to the CL profile at a temperature of
170 K at the native defect (ND) energy (1.658 V) across a
dislocation, the carrier density solution of Eq. (3) is fitted for
three different diffusion lengths. The theoretical profile for
L=1.5 pm is found to fit precisely with the experimental
CL profile and therefore confirm a diffusion length value of
1.5 pm in the regular material. The intlexion point (see the
mark) on the theoretical curves at p~0.2 um corresponds to
the inflexion point observed experimentally.

B. The hole diffusion in the Al,;Ga,sAs barrier

To estimate the lateral concentration of holes in the bar-
rier we first measured the hole diffusion length in the barrier.
The CL-intensity profile, on the cleaved surface of the struc-
ture and perpendicular to the SQW, permits to estimate the
hole diffusion length in the barrier, based on the exponential
decrease on both sides of the SQW. In this case the QW is
used as a detector to measure the relative carrier concentra-
tion in the AlGaAs versus the distance to the e-A excitation.

To have a sufficient lateral resolution, we performed this
measurement at £,=5 keV. But in this case, the maximum
excitation depth is 0.1 um and surface recombination at the
cleaved (110) surface perturbs drastically the CL decrease on
both sides of the SQW. This effect implies an ‘“‘apparent”
hole diffusion length shorter than the “real” one. To over-
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FIG. 5. Calculated CL-intensity profile from Eq. (10) for hole diffusion
length in the barrier Ly,q,, of 0.5 um (open circle) and 1 um (open squares).
The exponential regression [lines passing through the calculated points, see
Eq. (11)] gives apparent hole diffusion lengths of 0.44 and 0.82 um, respec-
tively. The distance in the x axis is the distance of the SQW to the injection
point.

come this problem we modeled the hole diffusion length for
this present CL experiment with the geometry showed in Fig.
4. In the case of the 3D-diffusion, the Eq. (1) becomes

"dp ,82p 2 dp 14
E-«O—D( 57)74‘;3; —; +g(p), (7)

where the first term is the hole diffusion term in spherical
coordinates. As for Eq. (1), g(p) is considered here as a
Dirac function, located in the case of a 5 keV e-beam at 0.1
um below the (110) surface.'>!®> We consider here the SQW
as a detector to measaure the carrier concentration that has
diffused from the e-h generation point in the AlGaAs bulk.

To estimate the effect of the surface recombination, we
solve Eq. (7) for a surface recombination velocity S=c0,
This implies p(p)=0 at the (110) surface. For this purpose
we used a “mirror charge” solution of Eq. (4):

Play.z) = e Pim e ®)

7 P P2 '

The coordinates p; and p, are expressed in cartesian co-
ordinates with the excitation depth of z5=0.1 um:

T )
Lban‘ier
V2 +y?+(z+zp)?

L barrier

P1

*

9

P2

To obtain the total CL intensity of the SQW versus the
position it is necessary to integrate the hole concentration on
the whole SQW plane:

. +o0 [+ 1 1
ICLaN(x)=J f ( — e Ple—e7P2|dy dz, (10)
0 J-wi 0 P2

where I is the CL intensity that is proportional to the num-
ber of holes, N(x), falling in the SQW. In Fig. 5 we display
N(x) as a function of the distance x, i.e., we display the
relative CL. profile in logarithmic scale. The open circle cor-
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FIG. 6. Measured CL-intensity profile across the SQW at a detection energy
of 1.807 eV, a beam energy of 5 keV and a beam current of 0.5 nA. The
vertical scale is logarithmic and the distance corresponds to the x axis of
Fig. 4. The decrease of the signal leads to an apparent hole diffusion length
of Lypparey=0.43 um. This value estimated fitting the experimental points
between marks A and B.

responds to an AlGaAs bulk diffusion length of 0.5 gm and
the open squares to an AlGaAs bulk diffusion length of 1
um. The exponential regression, shown by a line passing
through the point in Fig. 5, gives the *“‘apparent” diffusion
length L,,. This value corresponds to the one measured on
the experimental CL profile. These regressions are expressed
by Eq. (11). The behavior of the hole diffusion for the used
beam energy and geometry is

N(x)oce %L, (11)

For barrier diffusion length values of L, ,,=0.5 and 1.0
pm, we deduce from the fits of Fig. 5, apparent diffusion
lengths L, of 0.44 and 0.82 um, respectively. Therefore, for
a measured barrier diffusion length of 0.44 um, we must
conclude that the real material hole diffusion length is 0.5
um.

Previous measurements and calculations'* predict an ex-
ponential decrease of the CL profile at Jow beam energy in

spite of the effect of surface recombinations. The surface-

recombination effect was predicted to only decrease the ap-
parent diffusion length. In Fig. 5, we can observe that the
profile, strictly speaking, is no longer exponential. However,
the difference is small and we estimate the apparent diffusion
length by the fits of Eq. (11). The exponential CL profile is
displayed in logarithmical scale in Fig. 6. The observed ex-
ponential decrease is shortened at the free (001) surface by
surface recombinations and modified near the QW by the
generation volume. To estimate the diffusion length, it is then
necessary to measure in the middle part of the profile as
indicated by the marks A and B. It is impressive that, even
for such a thin AlGaAs barrier, a respectable exponential
decrease region is observed between the marks. The obtained
apparent diffusion length L,, is 0.43 um. From Fig. 5 and
Eq. (11), we conclude that the real hole diffusion length in
the AlGaAs barrier is 0.5 um.
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FIG. 7. -Lateral hole concentration in the barrier given by Eq. (12) for
L=0.5 ym and in the SQW given by Eq. (2) for L=1.5 um. The distance
correspond to the y axis in Fig. 4.

C. Comparison of the hole diffusion in the QW and in
the barrier '

We will now investigate lateral hole distribution in the
barrier compared to the one in the SQW. Equation (7) is still
valuable for this 3D diffusion. However, the geometry is dif-
ferent from that one shown in Fig. 4, as we exit from the
(001) surface (see Fig. 2).

We make the corresponding assumptions for the carrier
concentration estimation in the AlGaAs barrier: (i) as above
for the (110) surface but for the QW plane all the carriers that
reach the well fall in it, p(p)=0 at the QW plane, (ii) we
neglect the effect of the (001) as-grown surface. The second
assumption will make the estimation of the lateral carrier
concentration an upper value. In the case of a comparable
carrier distribution between the SQW and the barrier, it
would be necessary to introduce this term in the equations.
As above we also use a “mirror charge” solution:

p(x.y Z)=l epr— e (12)

T ps ps

The holes that diffuse the furthest are generated at the center
of the barrier because the carriers generated near the SQW
edge or near the (001) surface recombine fast in the SQW or
at the surface, respectively. Therefore, we will estimate the
lateral concentration of holes in the case of a Dirac genera-
tion in the center of the barrier at z,=0.6 um. In conse-
quence, the obtained lateral hole distribution is obviously an
upper estimation. In this geometry, the coordinates p; and p,
are expressed in Cartesian coordinates as:

_ \/x2+y2+ (z—zo)2

P3

Lbarrier ’
YT+ (z+29)2 (13) -
Pa= L . ?
barrier

where p, represents the “mirror” contribution.

In Fig. 7 we display the lateral hole concentration in the
barrier and in the SQW. In these fits the hole diffusion
lengths are assumed to be 0.5 um in barrier and 1.5 um in
the SQW as estimated above. The diffusion in the QW fol-
lows a law in /2 exp{—r} which leads to a larger exten-
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sion of holes than a law in ! exp{—r} as in the barrier
(where r=p/L). Thus, in spite of the little difference in the
hole diffusion length between the SQW and the barrier, and
in spite of the two drastic upper approximations for the lat-
eral carrier diffusion in the barrier, i.e., no (001) surface ef-
fects and point generation in the center of the barrier, we
have shown that the hole concentration extension is much
larger in the case of 2D diffusion. For a precise estimation of
the hole diffusion in the barrier, it would be necessary to
introduce the spatial dependence of the carrier generation
and the (001) surface recombination that would reduce even-
more the estimation of the lateral hole extension in the bar-
rier. However, it is found that the influence of the hole dif-
fusion in the barrier is negligible on the total lateral casrier
transport. The calculated hole concentration in the barrier is
found to be <0.1% of the one in the SQW at 5 um from the
dislocation.

1il. CONCLUSION

In summary, from an independent measurement analysis
we estimated a hole diffusion length in the barrier of
Lamier<0.5 um from CL linescan, on the cleaved (110) sur-
face, perpendicular to the SQW. A single model of 3D hole
diffusion permits to estimate the lateral hole concentration in
the basrier. The comparison with the experimental value of
the lateral hole concentration in the SQW showed that the
barrier hole diffusion does.not contribute significantly to the
total lateral hole diffusion. The contribution of this process is
found to be less than 0.1% part of the total lateral hole dif-

346 J. Appl. Phys., Vol. 76, No. 1, 1 July 1994

fusion in the SQW. Thus, we concluded that our direct trans~
port measurements in the SQW are not perturbed by hole
diffusion in the barrier. The QW is shown to be a very effi-
cient channel for carrier transport. :
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