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We investigate the recombination dynamics within screened c-axis ZnO/Zny;Mg, 30 quantum wells using
time-resolved photoluminescence and femtosecond pump-probe spectroscopy. The relaxation of excited carri-
ers restores the strength of the internal electric field, which we follow, via the decay time constant, as it
increases from 180 ns to 5.8 us. Pump-probe spectroscopy reveals faster, initial decay times of 160-250 ps,
which we attribute to additional recombination mechanisms, that become significant for carrier densities
greater than 2 X 10'2 pairs cm™2. In addition, the time for screening of the internal electric field to be estab-
lished is measured to be less than 1 ps. These measurements are followed by a self-consistent calculation which
solves the Schrodinger and Poisson equations for pair densities up to 1X 103 pairs cm™2, where there is no
further substantial blueshifting of the transition energy with increasing pair density because the electron and
hole charge distributions cancel. This calculation fits the measured recombination dynamics and can be used to
determine the quantum-well properties at any time following excitation, including carrier densities, transition

energies, and recombination lifetimes.
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I. INTRODUCTION

ZnO is a wide band-gap semiconductor that has properties
suited for applications within devices optically active in the
UV region,'=? some of which make ZnO preferable to GaN,
its established and main competitor.> Of particular interest
are the superior exciton and biexciton binding energies (ZnO
60 and 15 meV, GaN 25 and 5.3 meV, respectively),*¢
which give advantages to ZnO over GaN when considering
oscillator strength and efficient light absorbing/emitting
devices.”

By integrating these materials into quantum-well (QW)
structures, not only is there the opportunity to tune the tran-
sition energy but also the exciton and biexciton binding en-
ergies can be even larger; hence these structures are of con-
siderable interest.>* Growth of ZnO/ZnMgO quantum wells
is preferentially c-axis oriented, which, to the detriment of a
number of properties, leads to an internal electric field across
the quantum well and the quantum-confined Stark effect
(QCSE). This internal electric field arises as a result of mis-
matches in the spontaneous and piezoelectric polarizations of
the well and barrier materials.'%!? In sufficiently wide wells,
this internal electric field redshifts the quantum-well transi-
tion energy below the bulk ZnO transition and spatially sepa-
rates excited-state electrons and holes, consequently reduc-
ing the oscillator strength and decreasing the rate of
recombination. As the width of the well increases so does the
separation of the electron and hole wave functions for the
E1-H1 transition (the primary radiative recombination path-
way), producing even longer excited-state lifetimes.'? It has
been shown that the exciton binding energies are also re-
duced as the well width is increased.'* When a large popu-
lation of excited carriers is generated within such QWs, the
internal electric field will be shielded, blueshifting the tran-
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sition energy and increasing the recombination rate. In addi-
tion, given the large carrier densities, the possibility of cross-
ing the Mott transition should also be considered, in which
case an even faster rate of recombination proportional to
electron-hole wave-function overlap would be observed."
However, the exact density for the observation of the Mott
transition is unknown given the quantum-well potential pro-
file changes with carrier density.

To date, work on the QCSE in ZnO quantum wells has
been limited to a number of photoluminescence (PL) mea-
surements and fewer time-resolved measurements which
have not looked at subnanosecond time scales in great
detail.'"*'%-2! In this paper we examine the screening dynam-
ics within wide ZnO QWs, including short-time dynamics,
employing PL, time-resolved PL (TRPL), and femtosecond
pump-probe (PP) spectroscopy. Using self-consistently
solved Schrodinger and Poisson equations we model the re-
combination dynamics within such a structure and compare
with experimental results.

II. EXPERIMENT

The sample examined is a ZnO/Zny;Mg,;O multiple
quantum well (MQW) made of six quantum wells of width 6
nm and barriers of 5.5 nm grown by molecular-beam epitaxy.
A 30% Mg composition is used in the barrier to maximize
the strength of the internal electric field. The large barrier
width is intended to reduce carrier-induced shielding by ad-
jacent wells. The electric field within the QWs in this sample
has been determined previously to be 0.8 MV cm™, reduced
from 0.9 MV cm™! due to the so-called geometric effect.'

Both PL and PP experiments were carried out with 100 fs
laser pulses at a repetition rate of 1 kHz. Two synchronously
pumped optical parametric amplifiers were used to tune the
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FIG. 1. (a) Intensity-dependent PL at 20 K for intensities 0.001/, 0.01/, 0.1/, and 7 (bottom to top). Over 3 orders of magnitude of incident
intensity, the PL peak emission blueshifts 66 meV. The bulk ZnO exciton emission energy at 20 K (Ref. 25) is included to demonstrate the
substantial redshift of the QW transition energy due to the internal electric field. (b) Time-resolved PL at 20 K.

photon energy from 4.96 to 3.26 eV in these experiments.
The TRPL measurements were made using a PMT and a 500
MHz oscilloscope. For all results discussed here the sample
was maintained at a temperature of 20 K.

III. EXPERIMENTAL RESULTS

The intensity dependence of the PL for this sample at 4.96
eV with a maximum excitation of 4 X 10'3 photons cm™
per pulse is shown in Fig. 1(a). As a pulsed laser was used as
the excitation source, the spectra appear somewhat different
to previously reported results that have used continuous-
wave (cw) excitation.!*2! When cw excitation is used, a con-
stant excited-state population can be sustained, which in turn
maintains a constant shielding magnitude within the QW. A
narrow peak that can be blueshifted by an amount propor-
tional to the excitation intensity is observed. In our case,
where pulsed excitation is used, the excited-state population
decays before the arrival of successive pulses. The decaying
population progressively restores the internal electric field,
which in turn redshifts the transition energy. Time-integrated
detection consequently records a peak that appears broad but
represents emission from a shifting transition over a continu-
ous range of screening magnitudes from some initial carrier
density that decays to zero.??

The excitation intensity in Fig. 1(a) is varied over 3 orders
of magnitude and a significant blueshift of the peak emission
(~66 meV) with increasing intensity is observed due to
screening of the internal electric field. There is also increased
broadening on the low-energy side of the PL peak, which is
attributed to an enhanced longitudinal-optical phonon-
exciton coupling that is manifested in strong phonon replica
peaks (a well-known characteristic of spatially separated
electron-hole pairs'®) and collisional broadening associated
with the high carrier densities present within the quantum
well.

Figure 1(b) shows the time-resolved PL, where care was
taken to keep the signal strength well within the linear-
response range of the PMT. The measured signal is clearly
nonexponential and continuously varying up to a seemingly
steady rate of decay with a relatively long lifetime, more
than an order of magnitude larger than the initial rate of

decay. The continuously changing lifetime can be explained
as follows: for a large initial carrier density there is substan-
tial screening of the internal electric field but as excited-state
carriers gradually recombine the amount of screening is re-
duced. This restores the magnitude of the internal electric
field, which in turn decreases the electron and hole wave-
function overlap, resulting in increased carrier lifetimes. The
changing lifetime of this system is described by the
relationship'?

o 2 o 2
#.(0) ll/h(O)dz] / l . (n) llfh(n)dz} ,
(1)

where 7(0) is the lifetime of the unscreened QW and
[JZ, p.(n)yn(n)dz] is the electron and hole overlap integral
as a function of carrier density. Table I presents the time
constants for single exponential decays fit to successive pe-
riods over the decay curve presented in Fig. 1(b), and for two
other emission energies (curves not shown). It is evident that
as the excited population decays over time, the lifetime of
the measured decay grows. Over this measurement, the de-

(n) = 7(0) l

TABLE I. Single exponential decay time constants for various
sections of TRPL decay curves. The initial decay portion (star) is
excluded because of laser scatter (40 ns detector response).

Period Decay time constant
(us) (1s)
0-0.04 *
0.04-0.14 0.18
0.14-0.24 0.27
0.24-0.34 0.34
0.34-0.44 0.41
0.44-1 0.75
1.0-2.0 1.57
2.0-3.0 2.3
3.0-4.0 391
4.0-5.0 5.8
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FIG. 2. (a) Pump-probe measurement with pump and probe at 3.28 eV. Substantially different decay times over the period 0-100 ps are
observed for different pump intensities. The pump intensities increase from bottom to top with the following lifetimes; 157 ps, (0.51) 167 ps,
(0.257) 199 ps, and (0.1257) 245 ps. (b) Pump (3.28 eV) with probe (3.34 eV) shows an initial absorption which is strongest for the largest
intensities (pump intensity increases from top to bottom in the order 0.37, 0.5/, 0.8/, and 1.

cay time constant increases from 180 ns to 5.8 us after a
period of 5 us.

In order to examine the dynamics of the carrier-induced
shielding of the internal electric field in the same ZnO MQW
on a faster time scale we have used PP spectroscopy. Given
that screening of the internal electric field is carrier induced,
we have varied the pump intensity to examine the carrier-
density-dependent screening dynamics. A maximum excita-
tion intensity of /=2.5X10'7 photons cm™ per pulse was
used.

Figure 2(a) shows the transmitted probe signal for a pump
of varying intensity. The pump and probe photon energies
are tuned to be slightly blue of the high intensity PL peak
with a photon energy of 3.28 eV and below the band gap of
bulk ZnO to ensure that any observed dynamics are from the
quantum well. From this data it is evident that at early times
the decay rate increases with increasing excitation intensity.
This is confirmed by fitting a single exponential to the data in
the period 0-100 ps, which gives decay time constants of
160 =20, 170 =20, 200 = 30, and 250+ 80 ps for intensities
1, 0.71, 0.51, and 0.251, respectively. This result will be ex-
amined further in the discussion section.

Figure 2(b) shows PP results with a probe energy of 3.34
eV and an unchanged pump energy of 3.28 eV. In contrast to
the results in Fig. 2(a), for a high excitation intensity an
initial transient absorption is observed which evolves into a
transient transmission with a long decay (not shown), much
like the one observed in Fig. 2(a). As the excitation intensity
is reduced from [ to 0.5/, the absorption becomes weaker,
until finally, at 0.3/, there is no longer evidence of absorp-
tion. The transient absorption is attributed to the quantum-
well exciton transition being blueshifted, becoming resonant
with the probe photon energy and increasing the density of
available states at this energy. A time constant of 7 ps is
measured for the transition from absorption to the long-lived
bleach and corresponds to the time it takes for the transition
energy to shift out of resonance with the probe photon en-
ergy. For probe energies greater than 3.34 eV, no signal is
observed, suggesting this is the highest energy to which the
transition shifts following this excitation. The almost imme-
diate onset of the transient absorption shows that the shield-

ing of the internal electric field by carriers generated within
the quantum wells is an extremely fast process (<1 ps).
This is consistent with the theory work of Turchinovich et
al>*» which shows that the maximum absorption should
occur within the duration of the excitation pulse as the ex-
cited carriers are produced in instantaneously polarized
states.

IV. SIMULATION

In order to verify our interpretation thus far, and provide
some additional insight concerning the changing quantum-
well properties, we have calculated the extent of shielding
and the effect on transition energy and lifetime due to a large
excited-state population. The simplest way to calculate the
carrier-induced shielding within a quantum well with an in-
ternal electric field would be to assume that all excited car-
riers are localized at the interfaces, and thereby simply alter-
ing the slope of a triangular potential profile. Calculating the
change in shape of the potential profile due to the spatially
dependent accumulation of charges, however, will provide a
more accurate result, especially in considering the pair-
density-dependent wave-function overlap.?* This can be
achieved by solving the Schrodinger and Poisson equations
self-consistently. Our calculation determines the spatially de-
pendent QW potential for an incrementally increasing ex-
cited pair density which is then used to determine the pair-
density-dependent transition energy and electron-hole wave-
function overlap. This is then wused to analyze the
experimentally measured recombination dynamics. Our
method is based on that described by Lefebvre et al.?*

Figure 3 plots the calculated quantum-well transition
energy as a function of pair density. The quantum-well
transition energy for the unscreened quantum well was
calculated to be 3.175 eV, which compares well with
our experimentally measured value of 3.17 eV for low
excitation intensity. It is revealed that for pair densities
up to 1X10'"" pairs cm™ there is only a very slight
increase in the transition energy. Between 1X10'' and
1 X 10" pairs cm™ we see an increase in the quantum-well
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FIG. 3. (Color online) Quantum-well transition energy as a
function of carrier pair density. Inset: E1-H1 wave-function squared
overlap integral as a function of pair density.

transition energy from 3.18 to 3.25 eV. The most significant
increase in transition energy, however, occurs from 1 X 102
to 4.2X 10" pairs cm™2, where the transition energy shifts
from 3.25 eV and plateaus at 3.40 eV. The plateau appears
when additional excited pairs produce no significant change
in the shape of the potential profile because the electron and
hole wave functions of additional pairs overlap and their
charge distributions cancel.

The square of the electron and hole wave-function overlap
integral as a function of pair density is shown in the inset of
Fig. 3. From this, the recombination dynamics as a function
of pair density can be determined using®*

(2)

where n is the pair density and 7(n) is the density-dependent
lifetime determined from the electron-hole overlap integral
using Eq. (1).

We have calculated the recombination dynamics using Eq.
(2) and the data presented in Fig. 3. However, there is no
point of reference to scale the calculated recombination dy-
namics given that we cannot assume the longest measured
decay time constant corresponds to the unscreened quantum-
well lifetime (because the measured signal is limited by de-
tector sensitivity and the lifetime continues to evolve beyond
this point), and we do not know the initial carrier density
without guessing the QW capture efficiency. We have there-
fore chosen to fit this result to the experimental TRPL using

Spir=A X Scarcl(t) X T+1y], (3)

where Scapc represents the calculated decay curve as a func-
tion of delay; A is the amplitude scaling factor, which corre-
sponds to the detection efficiency; T is the scaling factor for
the time axis and effectively fits for 7, the unscreened life-
time; and ¢, offsets the calculated decay curve to correct for
the initial pair density within the QW immediately following
excitation. The fitting error is determined from the relative
difference between the calculated and measured curves.

The resulting calculated recombination dynamics are
shown in Fig. 4 and fit remarkably well to the experimental
data. Using this result the carrier-density-dependent proper-
ties of the quantum wells can be determined at any time
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FIG. 4. (Color online) The recreated recombination dynamics
from the pair-density-dependent wave-function overlap fit to the
TRPL curve from Fig. 2. Inset, a closeup of the fit at early times.

following excitation. The only significant discrepancy for the
fit occurs at the beginning of the experimentally measured
decay (inset Fig. 4) where there is an initial fast decay of 40
ns in duration. This signal is most likely due to laser scatter,
the duration of which is limited by the response time of the
detection, and was excluded from the fitting process.

The fitting process was able to provide a unique solution
with a global minimum in the error metric. The range of
values quoted for the parameters in the following discussion
are given for the greatest variation within 3% of the global
minimum.

V. DISCUSSION

In the above calculation, the pair-density-dependent
wave-function overlap was used with Eq. (2) to determine
some of the quantum-well properties as they evolve in time,
specifically, the EI-H1 transition energy, the recombination
lifetime, and the excited-state pair density.

Extrapolating the fit, Fig. 4, back to the beginning of
the measured decay predicts an initial pair density of
2.38 X102 t0 2.69 X 10'> cm™. The incident photon density
is 4X 10" cm™ and suggests a reasonable QW capture ef-
ficiency of 0.06—0.074 % per well following excitation high
into the QW barrier.

Additionally, this pair density corresponds to a QW tran-
sition energy of 3.357-3.372 eV, as shown in Fig. 3. The PL
results in Fig. 1(a) actually show emission up to 3.35 eV
although it is not as strong as might be expected. To explain
this we consider two possibilities: first, there may be in-
creased nonradiative recombination at large carrier densities.
This suggests that for early times, beyond the resolution of
the TRPL experiments, additional processes may lead to a
deviation from the calculated curve, and greater uncertainty
in the initial pair density. Another possible explanation is that
the effects of band-gap renormalization, which have not been
included in the transition-energy calculation, may be signifi-
cant at the high carrier densities present shortly after excita-
tion. This may redshift the transition energy by up to several
tens of meV and explains the lack of emission at high energy.
If this is the case, then the calculated transition energy as a
function of pair density would be overestimated, particularly
for large densities; the calculated wave-function overlap and
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lifetimes, however, would not be affected. Unfortunately,
band-gap renormalization in this case is difficult to calculate
because of the continuously changing potential profile. In
addition, there does not seem to be any detailed publications
giving typical values for band-gap renormalization in ZnO/
ZnMgO quantum wells.

At 5 us following excitation, a pair density of 9.2
X 10" to 7.1 X 10'"" cm™ remains within each QW giving a
transition energy of 3.256-3.237 eV (the transition-energy
discrepancy due to band-gap renormalization will be mini-
mal). The decay time constant for this pair density is calcu-
lated to be 4.5-4.38 us and agrees with the measured value
of 582 wus. As there is still a substantial excited-state
population within the QWs at this point, it is clear that these
values cannot represent the lifetime of the unshielded QWs.
According to the calculation, 7, the lifetime in the un-
shielded well, is 34 =9 us. Based on these values for 7, and
using Eq. (1), we may determine the fastest decay time con-
stant for this sample (assuming the pair density is below the
Mott transition) in the event of complete wave-function over-
lap to be 1-2 ns (where the unshielded well-squared overlap
integral is 0.0048).

Returning to the pump-probe results in Fig. 2(a), initial
decay times from 157 to 245 ps, dependent on excitation
intensity, were observed, shorter than the 1-2 ns predicted. In
Fig. 2(a), the initial periods of decay occur on top of a decay
with a much longer time constant. We attribute this long
lifetime to behavior consistent with the TRPL experiments
and calculations. The rapidly decaying part of the signal is
then attributed to an increase in nonradiative recombination
at the initial high pair densities. This is further confirmed by
the elimination of the fast component for lower excitation
intensities. An alternative explanation that cannot be ruled
out is that the increased rate of decay at early times is due to
the density exceeding the Mott density. Regardless, the den-
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sity required for this nonlinear behavior to be present is
greater than 2.1 10'> ¢cm™ (from Fig. 3), although this
value may be underestimated due to band-gap renormaliza-
tion being excluded from the calculations.

VI. SUMMARY

In summary, we have studied the recombination dynamics
within 6 nm ZnO/ZnMgO QWs. The presence of carrier-
induced shielding is evidenced by blueshifting of the PL
peak with excitation intensity and in TRPL by a decay con-
stant that increases as the system evolves in time by more
than an order of magnitude from an initial decay time of 180
ns. The recombination dynamics were calculated and fit to
the TRPL, from which we determined the pair density at any
point following excitation and predicted the asymptotic life-
time of the unshielded well to be 34 =9 wus. The calculated
transition energies, however, are overestimated, as the extent
of band renormalization in ZnO quantum wells is unknown.
Pump-probe spectroscopy measured faster initial recombina-
tion times, from 160 to 250 ps, due to additional recombina-
tion pathways that become important for carrier densities
greater than 2.1 X 10'? pairs cm™. These possibly include
nonradiative recombination and/or an increased radiative re-
combination due to having exceeded the Mott-transition den-
sity. On even shorter time scales we observed a rapidly es-
tablished absorption, the screening establishment time,
which was measured to take less than 1 ps.
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