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An experimental study at room temperature of the rate of radiative recombination in a range of p-type
GaAs/Alj ;3Gag ¢;As quantum-well samples using both transient photoluminescence (PL) and photocon-
ductivity (PC) techniques is reported. The PL measurements provided the small-signal time constant
and the PC measurements probed the nonlinear excitation regime, providing quantitative evidence of ex-
citonic involvement at hole densities less than about 3X 10'' cm~2. The intensity dependence of the PC
gave the variation of effective mobility with excitation density. This mobility variation was used to suc-
cessfully relate the PL and PC time constants. These time constants, corrected for photon recycling, had
the same values as bulk material over a volume-hole-density range 8 X 10'® to 3 X 10'8 cm 3, described by
a recombination coefficient B =1.8X 107 ' cm®s™!. A comparison with a theoretical model, which in-
cluded excitonic effects, photon recycling, and reduced electron-hole overlap in the well, highlighted the
importance of the magnitude of the effective density-of-states mass in the valence subbands. Experimen-
tal evidence suggests that the latter is 0.32 m, which is over twice the value of the heavy-hole mass at the
band edge. For degenerate excited populations the time constant, corrected for photon recycling, was
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found to be 0.8 ns, which is in reasonable agreement with the theoretical prediction of 0.7 ns.

I. INTRODUCTION

The study of radiative recombination in quantum wells
has most frequently been carried out using photolumines-
cence (PL) techniques." ' There has been, however, lit-
tle attempt to compare the results with those found using
photoconductivity (PC) techniques in quantum wells nor
with the well-known behavior in bulk material. We ad-
dress both issues in this paper, basing our approach on a
theoretical model of the kinetics of radiative recombina-
tion that includes excitonic effects, photon recycling,
quantum confinement, and degeneracy.'>!® It has recent-
ly been shown that this model successfully describes the
form and temperature dependence of transient PC in
Ga,In, ,As/InP lattice-matched multiple quantum
wells (MQW’s),'*!> and is capable of resolving old
disputes concerning the role of excitons at room tempera-
ture. The model is also applicable to the nonlinear re-
gimes of excitation in which the photoexcited population
of carriers exceeds that in the dark. These are just the re-
gimes pertinent to the operation of quantum-well lasers.
They are also where differences between radiative recom-
bination via free carriers only, or via free carriers plus ex-
citons, reveal themselves. This has motivated our study
of the PC transients in electron-hole plasmas over a range
of optically excited densities.

Experimental details are summarized in Sec. II. PL
techniques were used to explore the small-signal regime,
and PC techniques covered both the nonlinear nondegen-
erate and the degenerate regimes. The importance of
measuring the intensity dependence of PC in order to ob-
tain the mobility variation is emphasized. Section III
contains the experimental results and their interpretation
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in terms of the theoretical model, and in Sec. IV compar-
isons are made with theoretical predictions of the magni-
tude of the recombination time and with experimental re-
sults in bulk material.

II. EXPERIMENTAL DETAILS

The study was made at room temperature with a series
of p-type MQW samples of GaAs/Al ;3Gag ¢;As grown
by MBE. All samples consisted of 60 periods of 5.5-nm
GaAs wells and 17.0-nm Al Ga,_, As barriers, between
cladding layers of 140-nm Al ,Ga,_,As. The structures
were grown on semi-insulating GaAs with a GaAs buffer
layer. Samples No. 1-5 were uniformly doped, and sam-
ples No. 6-9 were doped in the wells only. The doping
densities, which ranged over almost two orders of magni-
tude, were determined by CV profiling and by Hall mea-
surements. There are well-known uncertainties attached
to both techniques, and it was not surprising that only
modest agreement was obtained. Table I lists the details
where p,, the dark-hole concentration at room tempera-
ture, is accurate to only 30%.

The transient decay of PL was measured in the small-
signal regime using a dye laser to excite primarily in the
wells, plus deep-level centers in the barriers. Excellent
exponential decays were obtained over three orders of
magnitude of signal.

The transient decay of the PC was measured in the
large-signal regime using uniform illumination by a
mode-locked, Q-switched Nd:YAG laser giving 100-ps
pulses at 5 Hz of 1.17-eV photons or, if frequency dou-
bled, 2.34-eV photons. Most of the measurements were
performed with the higher-energy photons. When the

6686 ©1992 The American Physical Society



45 RADIATIVE RECOMBINATION IN GaAs/Al,Ga,_,As...

TABLE I. Sample characteristics.

Sample Do (em™2) 7 (ns) Doping
No. 1 1.2X10" 55 well and barrier
No. 2 1.2x 10" 17 well and barrier
No. 3 1.8x 10" 13 well and barrier
No. 4 5.0x 10" 4.9 well and barrier
No. 5 1.7 X 10"2 1.4 well and barrier
No. 6 4.4%10" 36 well only
No. 7 7.2X10% 27 well only
No. 8 3.7x 10" 9.5 well only
No. 9 6.1x 10" 7.3 well only
lower-energy photons were used, however, little

difference in the form of the PC decay was detected. The
latter could produce photoconductivity only by excita-
tion of deep-level centers, the most likely candidate being
DX centers in the Al Ga,_,As. Excitation would there-
fore be principally in the Al,Ga,_,As, as it is for the
higher-energy photon.

Hall bars, with Au-Zn:Ni contacts, in series with a 50-
Q resistor were used for the PC measurements with the
current flowing parallel to the layers. A constant low dc
voltage ¥V gave currents within the Ohmic regime. The
transient signals were recorded using a sampling oscillo-
scope. The rise time of the system was less than 100 ps.
Changing the bias changed the amplitude but not the
form of the PC decay.

It is always important to measure the dependence of
the PC signal on illumination intensity, doubly so in the
nonlinear regime. If it is observed that

VIS, (1)

where V is the PC signal at some fixed time, then
p<n® L% A mobility dependence of this sort affects the
form of the PC transient and must be allowed for when
deducing radiative-recombination time constants. In the
system analyzed here, the mobility was expected, in gen-
eral, to be some average associated with conduction in
both well and barrier. In practice, it will be predom-
inantly determined by the photoexcited electrons (as dis-
tinct from holes). Ionization of DX centers will be ex-
pected to play some part in determining the mobility
variation, as indeed will contact effects and the vertical
nonuniform population distribution in the wells, which
occurs as a result of the most intensive excitation being in
the uppermost cladding layer. All of these factors make
the situation in GaAs/Al,Ga,_,As samples more com-
plex than that in Ga,In,;_,As/InP. A more thorough
discussion of these matters has been given previously.'?

III. EXPERIMENTAL RESULTS

As mentioned above, the PL transient decays were all
exponential, corresponding to the response expected in
the small-signal regime in the absence of competing pro-
cesses such as trapping. Time constants derived from
these results, which are given in Table I, showed the ex-
pected trend of decreasing with increasing p-type doping.
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The relative contributions from excitons and free carriers
could not be obtained from these small-signal results.

An example of the PC decay in the nonlinear regime is
shown in Fig. 1, for one of the lighter-doped samples (No.
3). Similar results were obtained for all but the most
heavily doped sample (No. 5), irrespective of the location
of the doping. The decay consisted of a roughly exponen-
tial fall (visible only at the highest intensities) followed by
a nonexponential region whose form was independent of
intensity. It could be fitted extremely well by the expres-
sion

n(0)
[n(0)+p,

n(t) -
[n()+pe]' ™"

]l_rexp(—t/T) > (2)
where n(t) is the electron density at time ¢, p, is the
background hole density, r is the exciton factor, and 7 is
the small-signal radiative recombination time constant in
the nondegenerate regime. The exciton factor ranges be-
tween 0 and 2 and is given to a good approximation by!>

4¢xp 0

= o (3)
ch +2¢xp0

where N, is the reduced effective density of states. The
exciton trapping factor ¢, is given by

¢, =exp(E, /ky T){erf[(E, /kpT)'/?]
—2E, /mkyT)*exp(—E, /kpT)} ,
@)

where E, is the exciton binding energy, assumed to be
time independent over the applicable range (nondegen-
eracy) of Eq. (2). When E, <<kT, then ¢, =0 and r =0,
and the decay is predominantly via free-carrier recom-
bination. Conversely, when E, >k, T, then ¢, — o and
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FIG. 1. An example of the transient photoconductivity in
sample No. 3 (T'=292 K, A=0.53 um, Vz=5V).
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r—2, and the decay is via exciton annihilation. At room
temperature, the former condition is very nearly applic-
able and r <<2, implying the dominance of free-carrier
recombination. Nevertheless, we have found that
neglecting excitonic effects entirely [putting » =0 in Eq.
(2)] did not provide acceptable fits to the decay curve.
Theoretical curves identical to the observed transients
were generated only if the value of r estimated from Egs.
(3) and (4) was used. This indicated that excitonic recom-
bination, though a small component at room tempera-
ture, affected the shape of the nonlinear transients.

Theoretical fits to the observed nonlinear transients
were initially made assuming a constant mobility, giving
values for the PC time constants. The most heavily
doped sample (No. 5) gave an exponential decay, as
shown in Fig. 2, indicating that in this case we were in
the degenerate regime over the entire decay.

A comparison of the PL and PC time constants showed
a marked discrepancy, except for the most highly doped
sample, as shown in Fig. 3. With this exception the PC
time constants were almost a factor of 2 larger than the
PL time constants.

Figure 4 shows the peak value of the PC versus intensi-
ty for sample No. 3. In the presaturation regime, Eq. (1)
was obeyed with s =0.55. The same exponent was ob-
tained in sample No. 3 if, instead of the peak value, the
PC amplitudes at times 10 and 20 ns were taken. The PC
decays were lengthened compared with the PL decays by
the factor s !, (As the carrier density falls with time, the
mobility rises, and this tends to keep the PC high.) The
intensity dependence was obtained for all samples. The
PC time constants, when corrected for the mobility varia-
tion, were in good agreement with the PL time constants.
In the case of the most highly doped sample there was a
substantial region where s~1, as shown in Fig. 5, and
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FIG. 2. An example of the transient photoconductivity in
sample No. 5 (T =291 K, A=0.53 um, V;=4.8 V).
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FIG. 3. The experimentally determined time constants as a
function of background carrier density. Closed circles, photo-
conductivity; open squares, photoluminescence. (Closed square:
points coincide).

hence no correction was required. It was notable that us-
ing 1.17-eV photons did not change the intensity depen-
dence, i.e., s was the same. The same dependence was ob-
served in another set of experiments in which the photon
energy, 1.49 eV, was such as to produce intrinsic excita-
tion in the wells but not the barriers. '

The most striking feature of the intensity dependence
was the approach to saturation. Saturation has been ob-
served by us in MQW samples of Ga,In,_ As/
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FIG. 4. The peak transient photoconductivity as a function
of laser intensity for sample No. 3 (77=292 K, A=0.53 um,
Vy=9.7V).
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FIG. 5. The peak photoconductivity as a function of laser in-
tensity for sample No. 5 (T =291 K, A=0.53 um, V3=9.7 V).

Al,_,In.As and Ga,In;_,As/InP.""!* In the
present system of 5.5-nm GaAs wells there was only one
confined subband and saturation was associated with well
filling, which was estimated to occur at an electron densi-
ty in the well of about 6 X 10'> cm~2. Above this density
the PC became rather insensitive to carrier recombina-
tion. In the density range 6 X 10'2 cm ™2 to about 9 X 10!!
cm 2 the carrier population in the wells was degenerate.
The decay in this degenerate regime was predicted by
theory to be exponential, with a time constant given by
the electron—heavy-hole minimum value 7,,, where

T =70/G (5)
and

1 _ 2e*nplE, ©
To 31rsoﬁ2c3m2 '

Here G is the electron-hole squared overlap integral, 7 is
the refractive index, p2 is the squared momentum matrix
element, E, is the transition energy, and the rest are fun-
damental constants. (At densities above about 4X10'!
cm 2, excitons are screened out and so do not play a role
in degenerate recombination.)

We observed an approximately exponential component
in the degenerate regime for all samples, all with the
same PC time constant of about 2 ns. A mobility ex-
ponent of about 0.5 was obtained from the intensity
dependence, giving a true time constant of 1.0 ns. This is
in reasonable agreement with the theoretical value of 0.88
ns derived below. There was no indication of Auger pro-
cesses up to densities of the order of 6 X 10'2 cm ~?, which
places an upper limit of 1072 cm®s™! on the Auger
coefficient.

Unlike the situation of Ga,In,_, As/InP, attempts to
use the theoretical model to fit absolute magnitudes of PC
were not successful. We attribute this to a combination
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of contact effects and vertical nonuniformity of excitation
in the MQW. However, the independence of shape on in-
tensity does suggest that nonuniformity was not a major
factor.

IV. DISCUSSION

The nonlinear dependence of PC on intensity, explic-
able in terms of an effective mobility that varied with car-
rier density, was used to resolve the discrepancy between
the small-signal time constants measured by PL and
those deduced from the nonexponential PC decay. An
exponent s [Eq. (1)] of about 0.8 can be explained by
electron-hole scattering,'* but that observed here (=~0.5)
denotes a significantly larger effect that appeared to be in-
dependent of whether excitation was primarily in the
wells or in the cladding layer. We have no explanation of
this behavior which we have also observed in other
GaAs/Al,Ga,_,As samples.

Nevertheless, the agreement between PL and PC re-
sults obtained by our assumption of a density dependent
mobility encouraged us to make a comparison with
theory. Our model gives the following expression for the
small-signal radiative-recombination rate in nondegen-
erate p-type quantum wells:

Po
ch +2¢xp0 ’

mr X

+
G+ s

l:i(l_%) (7
-

To —J

where 7, is given by Eq. (6), ¢, is the photon recycling
factor, m, is the reduced mass, M is the total mass of the
exciton, and N, is the reduced density of states associat-
ed with the electron subband (there is only one in a 5.5-
nm well) and the first heavy-hole subband. The exciton
binding energy was assumed to be dependent via many-
body effects on the background hole density p, via the
simple model

Ex =Ex0e A ’ (8)

where E, is the unscreened exciton binding energy, g, is
the 2D screening factor, and a, is the exciton radius
(which is related to E, ), and this expression is roughly in
accord with the results of elaborate many-body calcula-
tions. The exciton trapping factor ¢, is given by Eq. (4).

Coulomb enhancement and recombination explicitly
involving light holes are ignored. The light-hole band is
expected to lie some 30 meV above the heavy-hole band'®
(in hole energy) and will be lightly occupied at room tem-
perature. Its contribution to the recombination is sub-
sumed in our one-band model. Coulomb enhancement of
free-carrier absorption and exciton formation are closely
linked, and we have assumed that the excitonic term in
Eq. (7) adequately accounts for the electron-hole attrac-
tion.

We have calculated the squared overlap integral G and
find it to be 0.91. We have taken E,,=10 meV. Figure 6
shows the density dependence of the excitonic factors
that determine the shape of the transient decay and the
magnitude of its small-signal time constant. At low den-
sities, excitons are stable but few in number, and r [Eq.
(3)] is small. With increasing density r rises, reaches a
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FIG. 6. The background carrier density dependence at 290 K
of (a) the excitonic factors r (solid line) and (8E,¢, /kzT)
(dashed line) and (b) the squared overlap integral (dotted line).

maximum, and falls sharply, following the reduction in
exciton binding energy. Above a density of about 3 X 10!}
cm 2, excitons play no role.

The curve in Fig. 7 shows the theoretical time constant
as a function of the background carrier density, calculat-
ed using a photon recycling factor ¢, estimated by us to
be 0.2."% The time constant 7, was taken to be 0.64 ns,
corresponding to a transition energy of 1.51 eV, and we
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FIG. 7. The radiative time constant as a function of the
background carrier density. The points are experimental
values. The theoretical curve was calculated, using G =0.91,
E.,=10 meV, and ¢,=0.2, in the nondegenerate (10'°-10"?
cm™?) and the degenerate (4X10'>-10" cm™2) regimes. The
dotted line is an approximation in the weakly degenerate
(10'2-4X 10" cm™2) regime.
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FIG. 8. The radiative time constants as a function of the
background carrier density. Open squares, 5.5-nm
GaAs/Al,Ga,_,As MQW,; closed circles, epitaxial GaAs (Ref.
20).

assumed a heavy-hole in-plane mass of 0.14m.'® Theory
predicts a kink in the curve at the background carrier
density at which excitonic effects become weak, but oth-
erwise an inverse linear dependence on hole density.
There is some hint of such a break in the slope of the ex-
perimental data, but the experimental uncertainly is too
great for this to be convincing. Theory consistently un-
derestimates the time constants obtained experimentally.

In the degenerate regime, the time constant (including
photon recycling) is predicted to be 0.88 ns if band-gap
narrowing is ignored. Band-gap narrowing at densities in
the degenerate regime probed here (roughly between 10'2
and 6X10'* cm~?2) is expected to be less than 30 meV."”
Renormalization effects, apart from the effect on the exci-
ton binding energy, are assumed to be relatively
insignificant in the present context. The experimental
value of the degenerate time constant, 1 ns, was in
reasonable agreement with the predicted value.

We can compare our results for a 5.5-nm GaAs quan-
tum well with those of Nelson and Sobers for bulk
GaAs,” after correction for photon recycling. The latter
are in agreement with the predictions of Stern?! and of
Casey and Stern,?” at least at high densities. Figure 8
shows this comparison with our areal hole densities con-
verted to volume densities. At high densities (where our
results lie) there is little difference in magnitude.

The increase in recombination rate caused by the
larger band gap in the quantum well is almost completely
offset by the slightly poorer overlap of the wave func-
tions. Thus the radiative recombination coefficients for
the high density, purely free carrier regime in two dimen-
sions (2D) and three dimensions (3D) are as follows:

2
~ 1 ArL o ©)

ZD_TO MkBT ’
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where L is the well width, and

, 1372 3/2 3/2
__1 |27# Myn My
® 21y | kgT Myn My
1
Y R (10)
i+ mif
where myy,mpy are the heavy- and light-hole

masses and Myy, M1y are the corresponding exciton
masses. In our case, B,,=3.3X1071" cm3s7!
and B;p=1.8X107"° cm’s™!, with M =0.207m,
My =0.56Tm, M;y=0.149m, myzy=0.510m, and
myy =0.082m. According to this calculation, the time
constant of the quantum well should be nearly half that
of the bulk for the same density at room temperature.
The calculated coefficient for the bulk agrees with that of
Stern, which agrees with the data of Nelson and Sobers.
Thus, the cause of the discrepancy appears to lie in our
interpretation of the 2D data. Obvious uncertainties ex-
ist in the magnitude of the photon recycling factor, but
they are unlikely to account for more than a small part of
the difference between theory and experiment. A larger
factor is the error in the estimation of the hole density.
Perhaps the greatest source of error, however, is in the
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choice of the density-of-states mass of the holes. At room
temperature, nonparabolicity of the heavy-hole band and
perhaps occupation of the light-hole band is expected to
increase the effective value of the density-of-states mass
significantly. If, instead of the band-edge mass, the aver-
age of the latter and the bulk value are used, we obtain
0.32m. This gives M =0.387m and therefore
B, =1.8X107"°cm?s™!, which agrees with experiment.
Clearly, a more elaborate calculation, taking into account
the actual valence-subband structure, is required to ob-
tain a well-founded value for the 2D radiative recombina-
tion coefficient. We note, finally, that the hole mass does
not appear in the calculation of the time constant in the
degenerate regime where agreement between theory and
experiment was reasonably good. This supports the case
for reassessing the hole mass in the nondegenerate re-
gime.
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