Direct determination of the ambipolar diffusion length in GaAs/AlGaAs
heterostruciures by cathodoluminescence
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A new technigue for determining carrier diffusion lengths by cathodoluminescence
measnrements is presented. The technique is extremely accurate and can be applied to a variety
of structures. Ambipolar diffusion lengths are determined for GaAs quantum well material,
bulk GaAs, Al ,; Ga, .. As, and Al ;; Ga, 4 As. A large increase in the diffusion length is
found for Al,;,Gayq; As and is atiributed to an order of magnitude increase in lifetime.

Transport properties of GaAs/AlGaAs heterostruc-
tures are of great interest due to the importance of these
structures for optoelectronic devices, high electron mobility
transistors (HEMTs), resonant tunneling diodes, etc. Car-
rier diffusion lengths (minority and ambipolar) are impor-
tant both as transport parameters and as quantities which
can be used to obtain information on carrier lifetime or mo-
bility. Many methods have been used to measure diffusion
lengths, most notably, the Haynes-Shockley experiment.’
More recently, techniques such as short-circuit photocur-
rent measurements,” electron beam induced currents,” tran-
sient grating techniques,* and time of flight studies® have
been applied. Here, we present a new technique for deter-
mining the carrier diffusion length using cathodolumines-
cence (CL). This method can be applied to direct gap semi-
conductors to determine either minority-carrier or
ambipolar diffusion depending on the sample doping and
excitation conditions. Due to the precision and ease with
which one can control the position of the electron beam in a
scanning electron microscope {SEM}, the method is very
straightforward and accurate. Furthermore, the ability to
examine the samaple under the high magnifications available
with a SEM allows this technique to be applied to submicron
devices and microstructures such as guantum wires. In this
letter we apply the technigue to ambipolar diffusion in GaAs
guantum well material, bulk GaAs, Al,, Ga,,, As, and
Al 1, Gs04; As. Transport in the X and L valleys is found to
significantty affect the diffusion length in Aly,,Gay., As
material.

The experiment is performed in a modified SEM with a
fiber optic CL collection system.® In the SEM, an energetic
beam is incident upon the sample, generating electron hole
pairs within the interaction region of the beam with the sam-
ple. One end of the fiber is placed approximately 0.5 mm
from the sample, collecting luminescence from a region
~ 100 um in radius while the other end is coupled into a
monochromator allowing spectraf resolution of the CL sig-
nal. A thin aluminum mask covers half of the sample and
prevents detection of the luminescence emanating from the
region under it. All detected luminescence is from radiative
recombination which occurred in the unmasked region. This
is shown schematically in Fig. 1. By generating the carriers
in the masked region of the sample and measuring the lomi-
nescence intensity as a function of the distance of the beam
from the mask edge I(x) we are able to determine the diffu-
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sion length L . To allow different material compositions to
be investigated on a single sample, carriers were confined to
narrow channels of the material being studied by high band-
gap barriers on either side. [t is important that the barriers be
thin compared to x so that only those carriers which were
generated in the channel contribute to its CL signal. Signals
from different channels were separated with the monochro-
mator.

The simplicity of the technigue results from the fact that
the luminescence signal depends exponentially onx/L,. Be-
cause of the large collection area of the optical fiber, the CL
signal is proportional to the net fiux of carriers into the un-
masked region. Equation (1) governs the concentration of
carriers outside of the generation region:

0=C/r+DVC, (1)

where C, r, and D are the carrier concentration, lifetime, and
diffusivity. In the one-dimensional problem, the solution to
Bg. (1) is simply C{x) = Cyexp{ —x/L,), where
L, = \[Dr. The corresponding flux is alsc proportional to
exp( — x/L, ). In addition, this solution would apply if we
generated a line of constant carrier density, parallel to the
mask edge. By breaking the line into infinitesimal elements,
and examining the flux due to an individual element, it can
be shown that the net Aux caused by a singie point source is
also proportional to exp{ — x/L,}.” This argument is easily
extended to an arbitrary generation region. The exponential
dependence on x is significant not only because of the ease
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FIG. 1. Schematic diagram of the experiment. An eleciron beam is incident
on the sample, generating electron-hole pairs. Luminescence is collected
with the optical fiber. The Al mask biocks detection of luminescence from
the region under it.
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with which it is handled numerically, but also because it
allows us to ignore the size and shape of the interaction re-
gion so long as it remains completely under the aluminum
mask.

The two samples used in the experiment were grown by
molecular beam epitaxy (MBE) in a Riber 2300 R & D
system. Sample 1 had a 750 A Al, 4, Gag g, As channel and 2
750 A GaAs channel both with 50 A AlAs barriers, while
sample 2 had a 750 A Aly,, Gag 1o As channel with 50 A
AlAs barriers and a 100 A GaAs quantum well channel with
300 A Al ,Ga,,As barriers. The determination of the Al
mole fraction of the channel layers was made from the CL
spectra presented in Fig. 2 and the data of Ref. 8. There was
no intentional doping in either sample. 750-A-thick and 100-
pm-wide stripes of aluminzm were evaporated onto the sur-
face. While thin enough to allow the electron beam to pene-
trate into the sample, this mask was found to be sufficiently
thick to prevent detection of a luminescence signal through
it. The sample was excited by a 10 kV electron beam with a
current of approximately 20 nA. This yields a carrier density
on the order of 18'® cm ™ in the generation volume. With a
10 kV beam, the generation volume has a radius of approxi-
mately 0.1 um in the channels.” For the GaAs, quantum
well, and Al,;,Gag ., As channels, the beam position was
varied from 3.33 to .91 um from the mask edge in steps of
485 A with a dwell time of 0.5 s. Due to the shorter diffusion
length in the Aly,, Ga,, As channel, the range of x was
shortened from 2.12 to 0.93 um in steps of 250 A. Figure 3
shows typical data runs for three different channels. All data
presented here were taken at rocom temperature. When the
sample was cooled to liquid-nitrogen temperatures, it was
observed that the exposure to the electron beam altered the
luminescence strength and diffusion length of the material.
Similar electron beam effects'® and laser excitation effccts'!
have been cbserved by others. Material in the region of the
mask was most severely affected, leading us to suspect that it
is strain related. A detailed account of these changes is given
elsewhere.’” This effect was chserved to a lesser degree at
room temperature, so care was taken to take data on pre-
viously unexposed regions of the sample. While taking data,
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FIG. 2. Cathodoluminescence spectra of the samples.
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FIG. 3. Log of the cathodoluminescence intensity as a function of beam
position for quantum well, Aly.,Gag,, As, and Al,,, Ga; 5 As channel.
The ambipolar diffusion length is given by the reciprocal of the slope.

the beam was scanned toward the mask edge to assure that
material between the beam and the mask edge had not been
altered by the beam. Once these precautions were taken, the
data were found to be quite reproducible and consistent
across the sample.

Table I summarizes the data for each channel. The dif-
fusion lengths given represent an average over four measure-
ments in different regions of the sample. The extremely smail
standard deviations demonstrate the precision of the tech-
nigue. For the quantum well material, L, is approximately
the same as in the GaAs channel. The reduction in the diffu-
sion length for the Al,,, Ga, ., As channel can be attributed
to a reduced mobility due to alloy scattering and increased
effective mass.'? A surprising result is the extremely large
diffusion length for the Al ,,Ga, ., As material (whick was
seen in more than one sample with aluminum mole fraction
near 0.4). Increased alloy scattering, intervalley scattering,
and effective mass cause further reductions in the mobility
leading us to conclude that it is an increased lifetime which is
responsible for the large L . The aluminum mole fraction of
.37 is close to the transition point where Al Ga, , As be-
comes an indirect gap semiconductor. At this point, both the
X and L valleys are approximately 24, T above the T valley
making them all thermally accessible to the carriers at room
temperature.®'® The lifetime in these indirect valleys can be
quite long and the density of states there is large. At a carrier
density of 6.2 X 10" ¢cm ™?, we calculate that the population
of the indirect valleys is 5.6 times that of the T valley. Since
intervalley scattering times are short compared to carrier

TABLEL Ambipolar diffusion length L, in the four materials studied. The
value of L, given is an average of four measurements taken in different
regions of the sample snd o is the standard deviation.

Material GaAs QW Alyo; GageAs Al ., Gay o As
L, (pgm) 0.69 0.68 0.48 1.85
o (um) 0.01 G.02 0.02 a1
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lifetirnes, we may assume that the carriers spend approxi-
mately 1/6.6 of their time in the I valley. Taking the lifetime
in the indirect valleys as comparatively infinite, this leads to
a 6.6-fold increase in the radiative lifetime and an increased
L 5. Using the electron mobility data of Ref. 13 and a heavy
hole mobility calculated from Ref. 15, our L ,, measurements
imply an 8.5 times increase in lifetime, in rough agreement
with the above argument. This is in the 25 ns range.

In conclusion, we have presented a new method for mea-
suring either minority-carrier or ambipolar diffusion lengths
by cathodoluminescence. The techuique is extremely accu-
rate due to the precision with which one can position an
electron beam in 2 SEM. A simple exponential dependence
of the CL intensity with beam position facilitates extraction
of L, from the data. With knowledge of the mobility, L,
was used to infer a lifetime. A large L, was measured for
Aly 47 Gag ey As and was explzined to result from intervalley
scattering. Further investigations of this effect are in prog-
ress.
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