Nonlinear luminescence and time-resolved diffusion profiles of photoexcited

carriers in semiconductors

A. Olsson,® D. J. Erskine, Z. Y. Xu,” A. Schremer, and C. L. Tang

Cornell University, Ithaca, New York 14853

(Received 6 May 1982; accepted for publication 28 July 1982)

We describe a new and general optical technique for studying carrier dynamics in semiconductors
which is based on the luminescence nonlinearity resulting from the bimolecular recombination of
the carriers. The technique has been used to obtain time-resolved diffusion profiles and the hole

mobility in photoexcited GaAs.
PACS numbers: 72.40. + w

In this letter, we report a new and general optical tech-
nique for the study of carrier dynamics in semiconductors.
We have used this technique to obtain time-resolved carrier
diffusion profiles in photoexcited GaAs, showing the tempo-
ral and spatial evolution of an initial carrier distribution
which approximates a delta function in time and space. The
technique is based upon a nonlinearity in the luminescence
from the sample resulting from a bimolecular recombination
of the carriers. The sample is excited by two short pulses
(pump and probe). The part of the detected luminescence
originating from the recombination of the carriers generated
by the probe pulse with those generated by the pump pluse is
isolated through an appropiate signal processing scheme.
With the additional facility of scanning the pump pulse spot
on the sample the spatial distribution of the carriers has been
measured with a resolution of better than 2 um.

The existence of a nonlinearity in the generation of the
luminescence from the sample is of crucial importance for
this type of measurement. Previously, Mahr and Sagan'
have used another type of nonlinearity (saturation) in the
luminescence from an organic dye sample to measure the
luminescence lifetime of the dye molecules. Picosecond cor-
relation effects in the hot luminescence of GaAs have been
studied by Von der Linde et a/., and the relaxation of minor-
ity carriers in the picosecond regime in p-type GaAs has been
measured by Rosen ef a/. using a population-mixing tech-
nique.”

The experimental setup is shown in Fig. 1. The light
source is a synchronously pumped DCM-dye laser operating
at 650 nm with a pulse width of 4 ps. To decrease the average
optical power on the sample and to increase the pulse separa-
tion, an acousto-optic modulator was used to select one out
of every 96 pulses from the dye laser. The 1-MHz optical
pulse train is split at a polarizing beam splitter (PBS) in two
orthogonal polarized beams of equal intensity. The two
beams are later recombined on a second PBS and focused
onto the sample with a 4-mm microscope objective (MO).
The pump beam is chopped at 200 Hz and passes through an
optical system consisting of two lenses (L1 and L2) and a
scanning mirror (SM) which allows for the pump spot to be
scanned across the sample. With proper adjustment of the
lenses L1 and L2 and of the scanning mirror, the input angle
of the pump beam to the MO can be continuously varied
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while the pump beam entering the MO remain collimated
and without translation over the microscope objective lens.
With the actual configuration used, the pump spot could be
scanned 50 um on each side of the probe pulse spot. The
resolution and linearity of the scanning system were checked
by replacing the sample with a reflection grating and record-
ing the backscattered light. The resolution was found to be
better than 2 um over the entire scan range. The lumines-
cence from the sample which is collected by the MO is re-
flected off a dichroic mirror and focused onto an avalanche
photodetector (APD) after passing through a color filter.
The signal processing scheme which is outlined in Fig. 1
consists of a sampling scope operating in a boxcar averager
mode (BCI) followed by two lockin amplifiers connected in
tandem. The effective gate width of the boxcar integrator is
0.5 ns, limited by the time response of the APD. The 0.5-ns
time resolution was sufficient for this experiment. However,
if higher time resolution is required, the boxcar can be re-
placed by a up-conversion light gate” giving a time resolution
limited by the duration of the optical pulse, which can be in
the subpicosecond regime.**

The arrangement of two lockin amplifiers in tandem
ensures that only luminescence generated by carriers from
the probe pulse which recombine with carriers generated by
the pump pulse is detected and displayed on the chart re-
corder (CR). The final signal at the output from the second
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FIG. 1. Experimental setup. ML = :node locker, AO = acousto-optic
modulator, PBS = polarizing beam splitter, SM = scanning mirror,
L1,L2,L3 = lenses, DCM = dichroic mirror, APD = avalance photo-
diode, BCI = boxcar integrator, LIA = lock-in amplifier.
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LIA will in fact be proportional to the amount of overlap
between the carrier distributions generated by the pump and
probe pulse. When the pump and probe beams have equal
intensity and strike the sample simultaneously, a spatial au-
tocorrelation of the charge distribution is obtained when the
pump spot is scanned across the probe spot. By varying the
delay between the sample excitation and the luminescence
sampling, the time evolution of the charge distribution is
obtained.

The sample studied is a
Ga, s Aly s As-GaAs-Gag 5 Al s As double heterostructure
grown by liquid phase epitaxy (LPE). The two GaAlAs cap
layers serve several purposes. First they effectively confine
the photogenerated carriers to the 1.3-um-thick GaAs layer
(the cap layers are transparent to the excitation light). Sec-
ond, the cap layers will reduce the surface recombination
velocity at the GaAlAs-GaAs interface to approximately
300 cm/s whereas a free-GaAs surface would have a recom-
bination velocity of 5 X 10° cm/s.® Third, since the diffusion
length L, is much longer than the GaAs layer thickness the
diffusion is two dimensional which simplified the analysis
and interpretation of the data.

For the excitation densities used in these experiments
(~7x 10" ¢cm™?) and the background doping density of this
sample (~2 X 10'® cm ~?) the carrier recombination will be
dominated by the bimolecular recombination. This is illus-
trated in Fig. 2 which shows the luminescence decay for a
fixed input pulse energy of 1.5 107 ' J but for different
spot sizes on the sample. The curves A-F in the insert of Fig.
2 show the recorded decays for spot sizes ranging from
7% 107 % to 3x 10~* cm?. As expected the decay rates are
strongly density dependent and the initial decay rate varies
over several orders of magnitude. The decays for the highest
excitation densities are nonexponential. However, in the low
excitation limit, the decays become exponential with a limit-
ing time constant of 350 ns, which probably originates from
the residual surface recombination at the GaAs-GaAlAs in-
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FIG. 2. (a) Recorded time evolution of the autocorrelation of the charge

distribution. (b} Luminescence decay curves for a fixed input pulse energy of
1.5 % 10~ ' T but for a spot size varying from A 7X 10 *to F3x 10" * cm’.
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FIG. 3. {a) Charge distribution (width r,,)* vs time calculated from the bimo-
lecular diffusion equation. The calculation was done for a nonradiative time
constant of 350 ns and a diffusion constant of 17 cm”/s . Curve A shows the
constant lifetime result with a slope of 4D, and curves B—E are the results for
initial densities of 1 10'%, 3x 10'¥, 1 10'°, and 3 X 10" cm ~*. (b) Mea-
sured charge distribution autocorrelation (FWHM)* vs time.

terface. We will in a separate publication further investigate
the luminescence decay from highly photoexcited double he-
terostructures to complement our previous work on electri-
cally pumped double heterostructure lasers.”

A series of recordings of the charge distribution width
was made at different delay times from the excitation of the
sample. The result is shown in Fig. 2(b), which shows the
time evolution of the initial carrier distribution. The initial
autocorrelation full width at half-maximum (FWHM) of the
charge distrubtion was 5.3 um and was limited both by the
finite spot size and by the carrier diffusion during the aper-
ture time of the boxcar integrator. In Fig. 3(b) we show the
measured (FWHM)? of the autocorrelation of the charge dis-
tribution versus time. The relationship is linear with a slope
of 430 cm?/s. In the following we will show that this is in
good agreement with theory and with known material pa-
rameters for GaAs.

The bimolecular nature of the carrier recombination in
the sample has several implications. One is a nonlinear de-
pendence of the luminescence power on the incident light
intensity. For a steady state photoexcited sample, the lumi-
nescence power can be obtained from the results given in
Ref. 7:

P

lum

=C[(4PinT,2"Br/Vh‘V+1)1/2_1]2, (1)

where B, is the recombination coefficient, P,, is the incident
power, T, is the nonradiative density-independent lifetime,
V'is the excitation volume, Av is the photon energy, and Cisa
proportionality constant. We have assumed in Eq. (1} that

the carrier density is much larger than the background dop-
ing density. From Egq. (1) it follows that the luminescence

will follow approximately a power law of the incident power.
The exponent varies from 2 at low input powers to 1 at high
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input powers. We have observed this behavior in all the sam-
ples studied. In the case of large background doping densi-
ties, Eq. (1) can be appropriately modified.”

The two-dimensional diffusion equation for the pho-
toexcited carriers neglecting bimolecular recombination is
D—-—r——ﬁza—N, (2)

r dr Or T at
where we have assumed circular symmetry. r is the radius
vector, NV is the carrier density, D is the diffusion constant,
and T is the carrier lifetime. Equation (2) can be solved ana-
lytically and the Green’s function is

oo Ny —1 —r
Nirt)= exp exp , 3)
4Dt + o} T 4Dt + 7}
where we have included the finite width o, of the distribu-
tion at ¢ = 0. Equation (3) shows that the carrier distribution
is gaussian and that the (width)? increases linearly in time
with a slope of 4D.

Equations (2} and (3) assume that the carriers have a
constant lifetime. To correspond to the experimental condi-
tions, the bimolecular recombination term, — B, N %, must
be added to the LHS of Eq. (2). With the bimolecular term,
Eq. (2) cannot be solved analytically simply. However, we
have solved it numerically and the results show that the den-
sity profiles remain very nearly gaussian and the distribution
(width)? increases nearly linearly in time. The slope, which in
the constant lifetime model is 4D, now depends on the initial
carrier density. In Fig. 3(a) we show the calculated result for
the spreading of the charge distribution. The calculation was
done for an initial distribution (width)? of 5 um? and initial
densities ranging from 1 10'® to 3 10'* cm ™. For the
bimolecular recombination constant we used
B, = 1xX10™ " cm’/s. As seen from Fig. 3(a) the slope is
only weakly dependent on the initial carrier density. For
carrier densities less than 1x 10'® cm ™, the slope ap-
proaches the value 4D corresponding to the constant lifetime
case, and at an initial density of 3 X 10'® cm ~ the slope is
approximately 5D. To calculate the relationship between the
width of the measured autocorrelation scan curves in Fig. 2
and the corresponding charge distribution widths, we will
proceed assuming a gaussian charge distribution which, ac-
cording to the numerical solution of the bimolecular diffu-
sion equation, is a valid approximation.

The signal record with the experimental setup shown in
Fig. 1 is proportional to the spatial overlap of the two carrier
distributions generated by the pump and probe beams. If
Nprobe and N, are the carrier densities generated by the

pump
probe and pump beam respectively, the signal .S is given by

s(t )~f N (60N 120) V. @)
For a N, and N, .. with a gaussian distribution, both

with a width of r, but separated a distance x,, Eq. (4) can be
evaluated and the result is
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S (roxo) ~exp( — x5/(2r5)). (5)

From the numerical solution of the bimolecular diffusion
equation, 7, can be put in the following form:

ro = a5 + ADt, (6)

where o3 is the initial width of the carrier distribution and 4
is a constant bétween 4 and 5. Hence the (FWHM)? of the
recorded scan curves is given by

(FWHM)? = 8 In 2(02 + ADt). {7)

Comparing Eq. (7) with the data from Fig. 3(b) gives a diffu-
sion constant of D = 17 cm?/s for the sample. We used a
value for 4 of 4.5 which corresponds to the initial density of
7% 10" cm . Since the sample is lightly doped and highly
excited, n = p and the ambipolar diffusion constant is given
by®

D=2D.,D,/(D, + D,). (8)

The electron Hall mobility measured on a sample from the
same growth run was 7000 cm”/Vs. Using the Einstein rela-
tion and the measured ambipolar diffusion constant of 17
cm?/s we obtain a hole drift mobility of 340 cm?/Vs, which
compares reasonably with accepted values in the literature.

In conclusion, we have described a new experimental
technique with wide applicability in the study of carrier dyn-
amics in semiconductors. The method is based upon the non-
linearity in the luminescence which results from the bimo-
lecular recombination of the carriers. In one application of
this method, we have obtained time-resolved carrier profiles
of a diffusing carrier distribution. This can be a useful non-
destructive technique for measuring on a microscopic scale
the uniformity of the transport parameters of materials prior
to device processing. Other immediate applications include
for example measurements of drift velocity and charge pack-
et broadening under external fields.®
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