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Biexciton kinetics in GaN quantum wells: Time-resolved and time-integrated
photoluminescence measurements
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We report on the experimental achievement of narrow ultraviolet excitonic and biexcitonic emission from
GaN/AlGaN quantum wells. The very large biexciton binding energy (up to 12 meV) inhibits thermalization
between the two species allowing to study the recombination kinetics of the biexciton gas. By performing
resonant and nonresonant time resolved measurements, we elucidate the interplay between biexciton formation
and exciton acoustic-phonon mediated relaxation within localized states.
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The exciton, an electron-hole pair bound by the attractive
Coulomb force, is the fundamental optical transition of a
semiconductor system or nanostructure. At the same time,
the exciton is a free particle which, similar to atoms in gas
phase, may interact to produce exciton molecules (biexci-
tons). A relevant requirement for the observation of the biex-
citon formation in a semiconductor quantum well (QW) is
the high optical quality of the nanostructures. The in-plane
structural disorder produces exciton localization (which
strongly reduces the probability of biexciton formation) and
it determines the inhomogeneous broadening of the exciton
optical resonance (which may mask the biexciton recombi-
nation). Indeed, one of the most relevant signatures for as-
sessing the optical quality of QWs is the presence of biexci-
ton recombination. For these reasons, a lot of studies on
biexciton properties in III-V semiconductors have been per-
formed in GaAs based QWs,!=> where the optical quality is
nowadays extremely high. However, a relevant drawback of
GaAs QWs is that the biexciton binding energy is in the
range of 1 meV. As a consequence, the biexciton gas ther-
malizes with the excitons resulting in a common averaged
kinetics.? In ionic II-VI QWs, the biexciton energy increases
up to about 10 meV and stable biexcitons are observed.
These are found to play a key role in the stimulated emission
process.* Despite this, little work has been dedicated to the
biexciton kinetics in II-VI QWs,>° also because often the
large inhomogeneous broadening tends to mix exciton and
biexciton emissions.” Moreover, II-VI materials have been
nowadays largely outstripped by nitrides as reliable wide
band gap semiconductors, e.g., for optoelectronic devices.

Nitride-based QWs offer the advantage of large Coulomb
interaction, with an exciton binding energy estimated to be
larger than 30 meV in low Al content narrow GaN/AlGaN
QWs.” Consequently, exciton and biexciton effects could be
potentially exploited for realizing a novel class of nitride-
based devices. Presently, GaN based nanostructures are al-
ready the basis of large classes of blue and ultraviolet opto-
electronic  devices.® Although these devices exhibit
impressive performances, in depth physical studies have
been hindered by the optical quality of nitride heterostruc-
tures which is still far from being ideal. The lattice mismatch
between standard substrates and heteroepitaxially grown ma-

1098-0121/2008/77(12)/125342(5)

125342-1

PACS number(s): 78.47.—p, 78.55.Cr, 71.35.—y

terials produces structural defects with a density 6 orders of
magnitude larger than in conventional GaAs based
structures.” Correspondingly, the concentration of non radia-
tive centers is non-negligible,' thus reducing the recombina-
tion lifetime. Large inhomogeneous broadening of the optical
spectra is also usually observed as a consequence of strain,
interface, and alloy fluctuations.'! Finally, the quantum con-
fined Stark effect associated with the huge piezo and spon-
taneous polarization fields reduces the radiative recombina-
tion rate and eventually may even inhibit the excitonic
recombination.'?

In this paper, we report the achievement of high quality
GaN/AlGaN QWs with strong excitonic recombination and
inhomogeneous broadening (Stokes shift) as small as 5 meV
(3.6 meV). Evidence for biexciton recombination is found
when increasing the excitation intensity. Very large biexciton
binding energy, up to 12 meV, has been observed, confirm-
ing the strong Coulomb interaction in III-nitride QWs. This
peculiarity strongly modifies the exciton—biexciton recom-
bination kinetics with respect to GaAs based QWs, allowing
us to probe the thermodynamics between excitons and biex-
citons and to investigate the biexciton formation and recom-
bination dynamics. By performing resonant and nonresonant
time resolved measurements, we thus elucidate the interplay
between exciton relaxation within localized states and biex-
citon formation.

The samples were grown by metal organic vapor phase
epitaxy on c-plane sapphire substrates. The templates are
composed of a standard 3 um GaN buffer layer and a
200 nm thick Al,Ga;_\N layer. Single GaN QWs with a
thickness of 2.6 nm were then deposited and capped with a
50 nm thick Al,Ga,_,N layer (with x=5% or x=9%). Details
on the growth and on the interface structure can be found in
Ref. 13. Time-resolved (TR) and time-integrated (TT) photo-
luminescence (PL) measurements were performed by using
the second and third harmonic generations of a mode-locked
Ti:sapphire laser, pumped by a cw Ar* laser, providing 1.2 ps
pulses with a repetition rate of 81 MHz. The excitation den-
sity was changed in the range of 0.2-20 W/cm?. The
samples were kept in a closed cycle cryostat and the PL was
detected by a streak camera apparatus with an experimental
time resolution of 3 ps and a spectral resolution of 1 meV.
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FIG. 1. (Color online) (a) TI-PL spectra of the 2.6 nm thick
GaN/Aljy5GaggsN QW measured at 10 K for different excitation
power densities in semilogarithmic scale (the excitation powers in
microwatts are reported in the figure). (b) Comparison between PL
and PLE spectra measured at 10 K. (c¢) Comparison of the X and
BX TR-PL intensities in logarithmic scale. The line is the square of
the X TR-PL intensity scaled in order to fit with the BX data.

Figure 1(a) shows, in semilogarithmic scale, the TI-PL
spectra measured at 10 K of the 2.6 nm thick
GaN/ Al (sGagosN QW for different excitation power densi-
ties. The peak at 3.575 eV corresponds to the recombination
from the Alj5GagosN barrier and the peak at 3.559 eV is the
excitonic recombination (X) from the GaN QW, showing an
overall broadening as small as 5 meV. We report in Fig. 1(b)
the comparison between TI-PL and PL excitation (PLE)
spectra measured at 10 K, denoting a Stokes shift of only
3.6 meV. When increasing the pump intensity, a peak at
about 9 meV below the exciton peak grows superlinearly
with the excitation power. This trend is not consistent with
bound exciton recombination—in agreement with the low
impurity content, the estimated n-type background doping
being as low as 10'® cm~—which should instead saturate at
high excitation. The PL superlinearity is the fingerprint of
biexciton recombination (BX), whose density is predicted to
scale quadratically with the exciton population. In order to
carefully analyze this point, in Fig. 1(c), we compare the
initial exciton and biexciton populations, as obtained from
the emission intensity of TR-PL spectra with a time window
of 70 ps (see also Fig. 3) at the PL peak. As expected,” the
exciton recombination exhibits a sublinear increase with in-
creasing excitation power density, while the biexciton per-
fectly follows the law BX « X?. Note that a biexciton binding
energy up to 12 meV has been measured in the 2.6 nm thick
GaN/ Al y9Gay9;N QW (not reported here). The huge biex-
citon binding energy very likely reflects both the strong Cou-
lomb interaction in nitrides and, to a lesser extent, the en-
hancement of the Haynes factor associated with localization
due to structural disorder.'*

Let us now address the interplay between biexciton for-
mation and ionization by means of PL spectra taken at dif-
ferent temperatures. TI-PL data are shown in Fig. 2. Very
small changes are found between 10 and 20 K, both for X
and BX. At 30 K, the X emission intensity is only slightly
decreased, while the emission at the BX is already reduced,
and for higher temperatures (7), the exciton emission also
starts to quench. As a matter of fact, a thermodynamic and
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FIG. 2. (Color online) TI-PL spectra of the 2.6 nm thick
GaN/AljysGagosN QW measured at different temperatures for a
power density of 20 W/cm? in a linear scale. Inset: semilogarithmic
plot of the ratio between the square of the integrated PL intensity at
the X band divided by the BX integrated PL intensity as a function
of 1/kgT.

chemical equilibria between X and BX have been observed
in GaAs QWs,? due to the very fast thermalization process as
compared with the recombination one. This leads to a mass
action law n%/ngy>exp(—Agy/kgT), where Agy is the BX
binding energy and ny and ngy are the exciton and biexciton
densities, respectively.* The 9 meV biexciton binding energy,
to be compared with 1.5 meV in GaAs QWs,? suggests a
much longer time for the biexciton dissociation at low 7 in
GaN QWs, and therefore a different interplay between X and
BX is expected. The semilogarithmic plot of the ratio be-
tween the square of the integrated PL intensity at the X band
divided by the BX integrated PL intensity is reported as a
function of 1/kgT in the inset of Fig. 2. Clearly, the BX and
X populations are not thermalized at low 7, and eventually,
the biexciton ionization starts to play a role, throughout the
exciton lifetime, only for 7=30 K. Therefore, we can use
TR-PL data measured at 7=10 K to determine the rates for
the formation and recombination of the X and BX bands.

The image of the TR-PL measured under nonresonant ex-
citation (at 267 nm, that is, more than 1 eV above the QW
exciton transition) is shown in Fig. 3(a), as measured by the
streak camera apparatus. The TR-PL spectra, obtained by
horizontal cuts of the streak image at different time steps, are
reported in Fig. 3(b), showing an energy shift of the X line of
approximately 1 meV in the initial dynamics. Note that the
observed shift does not depend on the excitation power and
therefore it cannot be attributed to the screening of the pi-
ezoelectric field. This is consistent with the estimated carrier
density (~2.5X 10" cm™?) at the highest excitation power
used, which is well below that where screening effects are
expected to occur.’ As discussed below, we attribute this
shift to acoustic-phonon mediated relaxation between exci-
tonic localized states.

In addition, the X and BX emissions follow different re-
combination kinetics. This is further elucidated by the time
evolution of the X and BX emissions, reported in Fig. 3(c).
Clearly, the BX band shows a longer rise time and a faster
decay time as compared to the excitonic emission. In Fig.
3(c), the square of the excitonic emission is reported for
comparison. This trend is expected for the BX time evolution
on the basis of thermodynamic equilibrium between X and
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FIG. 3. (Color online) (a) Image of the TR-PL of the 2.6 nm
thick GaN/AljysGagosN QW measured at 7=10 K and at a power
density of 20 W/cm? under nonresonant excitation at 267 nm, as
measured by the streak camera apparatus. (b) TR-PL spectra at
different time delays with time steps reported in picoseconds, in
semilogarithmic scale. The line is a guide to the eye. (c) Decays of
the exciton and biexciton emissions in semilogarithmic scale. The
square of the excitonic emission is also reported for comparison.

BX, an aspect already observed in GaAs QWs.? Obviously,
the BX time evolution in our GaN QW does not support the
equilibrium condition. At the same time, assuming that the
biexciton will continuously form from excitons with a for-
mation probability proportional to ni, the BX rise time
would be given by half the exciton decay time (i.e.,
=200 ps, in our case), which is much longer than the experi-
mental findings (i.e., =35 ps). This means that the BX for-
mation only occurs during the early stage of the exciton re-
combination kinetics.

In order to assess the interplay between the biexciton for-
mation and the exciton recombination kinetics, we per-
formed TR-PL measurements under resonant excitation. The
image of the TR-PL, as measured by the streak camera ap-
paratus, is shown in Fig. 4(a) for the detection channel cross
polarized with respect to the excitation. The laser energy is
tuned at 4 meV above the excitonic PL and appears as a
bright spot on the image. The comparison between the time
evolutions of the BX (X) emission for resonant and nonreso-
nant excitations is reported in Fig. 4(b) [Fig. 4(c)]. In the
case of resonant excitation, we directly photogenerated exci-
tons and faster rise times are observed with respect to the
nonresonant excitation (where free carriers are photoin-
jected) for both the X and BX bands. In particular, for reso-
nant excitation, the X band shows a fast initial decay which
corresponds to the BX rise time. We attribute this fast initial
decay (which is of the order of 20 ps) to the early stage
exciton recombination before thermalization and stronger lo-
calization occur. Let us comment that, despite the very high
quality of our sample, in this discussion, we avoided using
the term “free excitons” because, strictly speaking, no state is
fully delocalized in the presence of disorder. There are no
doubts that, within the excitonic distribution of states, levels
at lower energies correspond to more localized wavefunc-
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FIG. 4. (Color online) (a) Image of the resonant TR-PL of the
2.6 nm thick GaN/Alj(5GagosN QW measured at 7=10 K and at a
power density of 20 W/cm? under resonant excitation at 348 nm, as
measured by the streak camera apparatus. (b) Comparison of the
BX time evolution for resonant and non resonant excitation, in lin-
ear scale. The energy shift (squares) of the X line under nonresonant
excitation is also shown together with an exponential fit (dotted
line). (c) Comparison of the X time evolution for resonant and
nonresonant excitations in linear scale. The resonant decay corre-
sponds to a detection energy 4 meV below the laser excitation.

tions with respect to levels in the high energy tails, but the
distinction between localized and free states (i.e., the concept
of mobility edge) has been quite debated in the literature.'
By resonant excitation, we directly photogenerated excitons
which undergo radiative recombination in competition with
thermalization and acoustic-phonon mediated relaxation into
more localized states at lower energies.!” On the contrary, in
the case of nonresonant excitation, the excitonic formation
occurs from photogenerated free carriers, possibly also in
high energy exciton states, and therefore exciton recombina-
tion arises from a different distribution of excitonic states,
which also corresponds to a different recombination kinetics,
as observed in our samples. The fast initial decay, observed
in the case of resonant excitation, cannot be attributed to
resonant Rayleigh scattering!®~'® simply because our excita-
tion is 4 meV above the detected PL. Note that in Fig. 4(a),
at the laser energy, we observe a large Rayleigh contribution,
dominated by nonresonant elastic scattering, likely due to
surface roughness. Finally, the lifetime measured at longer
delays nicely corresponds to the one observed for non reso-
nant excitation, denoting that after interacting with acoustic
phonons, excitons eventually reach similar distributions, pos-
sibly including dark exciton states, for both resonant and
nonresonant excitation conditions.

At the same time, we conclude that the biexciton forma-
tion only involves excitons within more delocalized states.
Once these excitons relax into more localized states, due to
structural disorder in the QW plane, the biexciton formation
is quenched and the two populations of X and BX decay with
their own radiative lifetime. This picture is strongly sup-
ported by the fact that the exciton energy shift and the BX
rise time after nonresonant excitation [see Figs. 3(b) and
3(c)] occur on very similar time scales. It is well known that
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the TR-PL shift indicates that excitons lose progressively
their kinetic energy and get increasingly localized. In this
respect, a 35 ps decay time is found for the X energy shift,
which nicely corresponds to the BX rise time under nonreso-
nant excitation. Note also that the dynamical PL shift (less
than 1 meV) is, as it applies in our case, only a fraction of
the measured Stokes shift between PL and PLE spectra.'’
Another confirmation of our picture arises from the very
similar decay time of the exciton band for different excita-
tion powers (not shown here), from values where the BX
recombination is very weak to the highest excitation. This
means that the biexciton formation involves only exciton
states which are not populated at long delays.

Hence, the uncoupled recombination dynamics of X and
BX in GaN QWs, associated with the small BX ionization
rate, allow us to extract the emission lifetime of the BX,
which is not accessible in GaAs QWs due to efficient ther-
malization processes. From an exponential fit of the data, we
obtain 210 and 140 ps for the decay times of the X and BX
bands, respectively. Theoretically, in quasi-two-dimensional
systems, the giant oscillator strength model gives fairly com-
parable radiative decay rates for excitons and biexcitons,?
while the bipolariton model®! predicts a very fast decay of
biexcitons into interface polaritons. Experimentally, in GaAs
QWs, the TR-PL only reflects the thermal equilibrium? and
four wave mixing experiments show a BX radiative rate
which is only slightly larger than the exciton radiative
rate.%?? In this respect, the present data would also support
the first model, likely due to the fact that the recombination
occurs from localized states.

In conclusion, we have shown the presence of biexciton
recombination in high quality GaN/AlGaN single QWs. The
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observed large biexciton binding energy inhibits the BX ion-
ization during its lifetime, allowing us to elucidate its radia-
tive kinetics. We have also demonstrated that GaN QWs
have reached an optical quality equivalent to that of GaAs
based nanostructures, allowing us to study the excitonic and
biexcitonic formations and recombinations. The increasing
biexciton binding energy with increasing Al content in the
barriers, which agrees with the findings in AlGaN
epilayers,”? can make possible the investigation of biexciton
physics above liquid nitrogen temperature (which is also of
interest for fundamental physics and applications). These
findings also appear very promising in view of realizing
more efficient optoelectronic devices, as well as for funda-
mental studies of the electron-hole correlations in GaN based
nanoscale systems. As an example, we point out that owing
to their enhanced radiative properties (short radiative life-
time, nearly homogeneous broadening), such high quality
QWs should reveal particularly suitable for investigating the
strong exciton-photon coupling regime and the related prop-
erties of high occupancy coherent polariton states in nitride-
based QW microcavities at cryogenic temperatures and
above.?*
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