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Carrier transport across polar n-type InGaN/GaN multiple quantum wells (MQWs) has been studied by
time-resolved photoluminescence (PL) using an optical marker technique. Efficiency of the hole transfer into
the marker well experienced a nonmonotonous temperature dependence. First, as the temperature was lowered
below room temperature, the number of transferred holes decreased because of the decreased efficiency of the
thermionic emission. However, when the temperature was lowered below ∼80 K, the number of transferred holes
experienced a significant rise. In addition, the low-temperature hole transport across the MQW structure was
very fast, <3 ps. These features indicate that the low-temperature hole transport across the MQWs is ballistic
or quasiballistic. Comparison of PL data for structures with different MQW parameters suggests that at low
temperatures the hole mean-free path is about 10 nm. Probably, hole transport via light hole and split-off valence
bands contributes to this high value.
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Interwell carrier transport and carrier distribution between
quantum wells (QWs) that form active regions of light-
emitting diodes (LEDs) have a large impact on high-power
LED performance. In case of a slow (compared to recombi-
nation) hole transport, carrier distribution between the QWs
is nonuniform, which results in their accumulation in QWs
closest to the p side of the structure and enhanced detrimental
Auger recombination. This issue is especially critical for
material systems with deep wells such as InxGa1−xN/GaN
QWs with x � 0.1 [1,2].

The carrier transport across multiple QW (MQW) struc-
tures may proceed with or without capture into the wells.
In the first case, injected carriers are captured into the first
QW, and their transport to the subsequent wells proceeds
either by thermionic transport (a succession of capture into
and thermionic emission out of the QWs) or tunneling, or a
combination of those [3]. The transport mechanism without
the carrier capture is ballistic or quasiballistic (with a little
change in the propagation direction upon scattering with a
phonon) [3,4].

The prevalence of one or another transport mechanism
depends on the carrier type, structure parameters, and external
conditions. For electrons at room temperature all transport
mechanisms, including the ballistic transport, are relevant [4].
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For holes, only the thermionic emission has to be considered
[2,5]. As the temperature is decreased, the thermionic emis-
sion rate decreases exponentially and the interwell transport
stops at ∼200 K [2]. Surprisingly, as the temperature is
lowered further, the hole transfer over MQWs starts increasing
and at 4 K becomes very efficient. This suggests that at low
temperatures a transport mechanism other than the thermionic
emission turns on. In this paper, we analyze this unexpected
effect.

The interwell carrier transport was measured by time-
resolved photoluminescence (PL) in InGaN/GaN MQW struc-
tures containing a deeper marker well (inset to Fig. 2). The
structures were grown by metal-organic chemical vapor de-
position on c-plane sapphire substrates. Counting from the
substrate side, the structures consist of a 6-µm buffer layer, a
deep 3-nm In0.18Ga0.82N QW, five shallow 3-nm In0.12Ga0.88N
QWs, and a 100-nm GaN cap layer. The barrier widths are
5.5, 8.5, and 12.5 nm for thin, medium, and thick barrier struc-
tures. A structure with three shallow QWs and 8.5-nm barriers
was also examined. PL peak wavelengths for the shallow and
deep QWs are in the region of 420–430 and 460–480 nm,
respectively. The samples were not intentionally doped with
the majority electron concentration of about 1×1017 cm−3.

In most experiments, carriers were excited by 300-fs pulses
with 260-nm central wavelength (third harmonic of a self-
mode-locking Ti:sapphire laser). Because of the small ab-
sorption length in GaN (∼50 nm), most of the carriers were
excited in the cap layer. Carrier distribution between the QWs
was evaluated by measuring time-integrated PL spectra and
PL transients at shallow and deep QW emission wavelengths.
To measure fast carrier dynamics, a spectrometer-streak
camera system with a temporal resolution of 3 ps was used.
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FIG. 1. PL spectra of the thin barrier structure at different tem-
peratures. Oscillatory pattern of the spectra is due to Fabry-Perot
interference.

To record PL transients on a long (tens of ns) timescale, the
laser pulse repetition rate was reduced from 80 to 4 MHz, and
PL dynamics were measured by time-correlated single-photon
counting (temporal response 50 ps). In the latter case, emis-
sions from shallow and deep QWs were separated by bandpass
filters. Time-integrated PL spectra were recorded along with
the transients using a spectrometer with a liquid nitrogen
cooled charge-coupled device detector array. Measurements
were performed in the 4–300 K temperature range with a
focus on low temperatures. Photoexcited pulse energy varied
between 2.5 and 25 pJ, which corresponds to an average
photoexcited carrier density from 5×1016 to 5×1017 cm−3.

Figure 1 shows PL spectra of the thin (5.5-nm) barrier
structure. At 270 K, the deep QW PL peak is predominantly
generated by carriers arriving from the cap layer [2]. At 120 K,
the thermionic transport is suppressed, and this peak reflects
recombination of carriers that have been excited directly in the
deep QW and adjacent barriers (about 4% of all photoexcited
carriers). As the temperature is lowered below ∼80 K, the
deep QW peak increases until at 4 K the shallow and deep QW
PL peaks become of similar intensities. This suggests that at
low temperatures carrier transfer to the deep QW is increased.

For more quantitative data on the carrier distribution be-
tween the shallow and deep QWs, one should take into
account that spectrally integrated PL peak intensities IPL are
proportional not only to the number of carriers n in the re-
spective wells but also to internal quantum efficiencies (IQE)
η (IPL ∝ nη), which may be different for shallow and deep
QWs. To evaluate the ratio of the number of carriers in the
deep nd and shallow nsh QWs, IQE values were estimated
from temperature-dependent PL decay times and transient
amplitudes measured using direct carrier excitation into the
QWs at 390 nm. In the estimation procedure it was considered
that at short times after the excitation PL decay at 4 K is
determined solely by the radiative recombination, and that the
inverse PL transient amplitude is proportional to the radiative
recombination time [6,7].

Figure 2 shows the temperature dependence of nd/nsh. The
PL intensity and IQE of the shallow QWs at temperatures

FIG. 2. Ratio of carrier numbers in the deep and shallow QWs
nd/nsh for structures with thin (1), medium (2), and thick (3) barriers.
The inset shows schematics of the experiment with the red dashed
line illustrating the carrier excitation profile. The layer thicknesses
are not in scale. SQW and DQW stand for shallow and deep QWs,
respectively.

below 100 K were found to be temperature independent with
a PL decay time of about 4 ns. Hence, the increase of nd/nsh

with decreasing temperature indicates that the number of car-
riers transferred to the deep QW becomes larger. The increase
of nd/nsh is largest for the narrow barrier structure. In the
medium barrier structures with 5 and 3 (not shown) shallow
QWs, nd/nsh is slightly lower, while for the thick barriers
it is about twice smaller. In all cases, increase of nd/nsh

with decreased temperature is nearly linear. With increased
pulse energy (from 2.5 to 25 pJ), nd/nsh experiences a slight
decrease of 10–20%.

Deep QW PL dynamics at several temperatures is shown
in Fig. 3. At high temperature, the PL increase is composed
of a fast and slow component. The fast one with a rise time
<3 ps (limited by the experimental resolution of the streak

FIG. 3. PL transients of the thin barrier sample at 4, 90, and 295 K.
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camera) reflects direct carrier capture into the deep QW from
the adjacent barriers and relaxation within this QW. The slow
component with a rise time of 4.5 ns originates from carriers
arriving at the deep QW via thermionic transport [2]. At
intermediate temperatures (90 K), the thermionic transport is
suppressed and only the fast component, determined by the
directly excited carriers, remains. At 4 K, the PL rise time is
still short (<3 ps) but its amplitude Imax is considerably en-
hanced. For the resonant excitation directly into the deep QW
no such enhancement is observed. On the contrary, at 4 K Imax

is slightly lower than at temperatures in the 20–80 K range,
which may be attributed to decrease of the radiative lifetime τr

due to the carrier delocalization and reduced electron and hole
spatial separation in the QW plane at elevated temperatures
(Imax ∼ 1/τr) [8].

The increased nd/nsh and the short PL rise time at low
temperatures point at an efficient and rapid carrier transfer
from the GaN cap to the deep QW. Self-consistent simulation
of Schrödinger-Poisson equations shows that, in spite of the
unintentional n-type doping, before excitation the deep QW is
depleted of carriers. Thus, to observe the deep QW PL with a
short rise time, both electrons and holes should rapidly trans-
fer to this well. For electrons, such transport over QWs, often
referred to as an electron overflow, is common [4]. Hence,
the critical phenomenon leading to the fast rise and large
intensity of the deep QW PL is the transport of holes. Here
one should bear in mind that the experimentally determined
transfer time (PL rise time) is significantly shorter than the
exciton formation time of ∼10 ps [9,10], which means that
electrons and holes travel toward the deep QW as free carriers.

To reveal the mechanism of the low-temperature hole trans-
fer to the deep QW, let us discuss several possibilities. First, let
us consider transport mechanisms with capture into shallow
QWs. The most efficient transport mechanism at high tem-
peratures, the thermionic transport during which the transport
takes place via subsequent capture and thermionic emission
events, is suppressed [2]. Second, hole tunneling through shal-
low QWs, especially for barriers as wide as 12.5 nm, is hardly
probable and would certainly take much longer that a few ps.
A time-resolved PL study of asymmetric a-plane InGaN QWs
with 5.5 to 7.2-nm barriers has shown that in these QWs tun-
neling occurs on a 100-ps timescale [11]. Obviously, it should
take even longer for 8.5 and 12.5-nm barriers of our structures.
The third mechanism to consider is Auger-assisted interwell
transfer. This effect has been demonstrated by steady-state PL
measurements in structures with QWs emitting at different
wavelengths [12]. In that work, the timescale of the process
was not explored; however, Auger-assisted interwell transport
should proceed at the rate of Auger recombination. Previously,
the Auger-dominated recombination time at 4 K was found to
be about 100 ps for carrier densities of ∼ 5×1019 cm−3 [13].
In our experiments, recombination times are long, several ns
for shallow and up to 50 ns for deep QWs, and the carrier
densities are much lower. In addition, the Auger-assisted
transfer rate would have a strong dependence on the carrier
density, which is not observed in our experiments.

One should also note that reabsorption of light in the deep
QW emitted during recombination of carriers captured to
the shallow QWs (photon recycling) cannot account for the
fast and efficient carrier transport to the deep QW because

of the timescale and efficiency of the photon recycling. The
timescale of the photon recycling is determined by the re-
combination time in the shallow QWs, which is in the ns
range. Moreover, because of the small deep QW width (3 nm
compared to the absorption length of 100 nm), no more than
∼3% of radiation emitted from the shallow QWs could be
absorbed by the deep QW, which contradicts our data.

Thus, neither of the effects that involve carrier capture
into shallow QWs can account for the rapid interwell hole
transport. Elimination of these possibilities leaves ballistic
transport over shallow QWs without capture as the only viable
alternative that could explain our experimental results. As
mentioned above, the critical process is the hole transfer.
In principle, the fast hole transfer might be aided by the
photo-Dember effect, which implies that photoexcited elec-
trons, because of their smaller mass and larger mobility, move
faster toward the depth of the structure and, due to Coulomb
interaction, drag holes. However, the photo-Dember effect is
most efficient at high carrier excess energies [14]. As will be
shown below, the fast and efficient hole transfer to the deep
QW takes place even at low excess energies demonstrating
that the photo-Dember effect is not a decisive factor for the
low-temperature hole transfer to the deep QW.

The parameter that defines ballistic transport is the mean-
free path lb, which, in the classical picture, is related to the
scattering time τsc via lb = v̄τsc (here v̄ is the average thermal
velocity). At low temperatures, the main carrier scattering
mechanism is by acoustic phonons [15]. Moreover, it is the
only low-temperature scattering mechanism with a rate that
experiences temperature dependence (linear for both deforma-
tion potential and piezoelectric scattering [16]). If we assume
that the number of holes reaching the deep QW is proportional
to the mean-free path and the scattering time, the temperature
dependence shown in Fig. 2 agrees with the one expected for
the acoustic phonon scattering.

As the temperature is raised over ∼80 K, the hole ballistic
transport over the shallow QWs ceases. This is a consequence
of the increased number of longitudinal optical (LO) phonons.
For electrons, LO phonon scattering becomes the dominating
scattering mechanism at ∼150 K [17]. Since the scattering
time for holes is smaller (it depends on the effective mass
m∗ as m∗−1/2), the hole-LO phonon scattering mechanism
should become dominant at lower temperatures. When hole
scattering with LO phonons becomes the most effective scat-
tering mechanism, it starts limiting the mean-free path. When
this parameter decreases to about a QW width, holes cannot
traverse transport QWs without being captured, and their
ballistic transport stops.

The ratio nd/nsh at 4 K is similar for five shallow QW
structures with narrow (5.5 nm) and medium (8.5 nm) barriers
(Fig. 2), and the three shallow QW medium barrier structures.
For the wide (12.5 nm) barrier structure, it is about 2 times
lower. This dependence on the barrier width allows estimating
the low-temperature mean-free path lb for the hole transport.
First, it is obvious that lb must be larger than the well width,
3 nm, because otherwise the holes would be captured and
stay in the first shallow QW. On the other extreme, lb could
be compared to the whole shallow MQW region, 35–78 nm
for the different structures. However, if the mean-free path
were similar to the width of the MQW region, one would
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expect different nd/nsh values for the three and five shallow
QW structures with medium barriers because of the different
widths of the MQW region. This is not experimentally ob-
served: the ratio nd/nsh in these structures is the same. The
third characteristic length is that of a single shallow QW and
adjacent barrier (8.5 nm for the thin, 11.5 nm for medium,
and 15.5 nm for thick barrier structures). Comparison of the
relative number of carriers transferred to the deep QW in
different structures suggests that lb is similar to the well and
barrier width for the thin and medium barrier structures, i.e.,
∼10 nm. Such a value is also consistent with the lower nd/nsh

value for the thick barrier structure.
It would be interesting to compare our result with the

mean-free path evaluated from mobility (μ) measurements
since lb = v̄μm∗/q (here q is the elementary charge). Regret-
fully, there are no experimental data on the hole mobility in
undoped or lightly n-type GaN or InGaN at low temperatures.
At ∼250 K, the highest reported hole mobility values are
400–500 cm2/(Vs) [18,19]. Another unknown parameter in
the equation for the low-temperature mean-free path is the
average hole thermal velocity (see discussion below). As-
suming that the low-temperature hole mobility is the same
as at 250 K (500 cm2/(Vs)) and using the thermal velocity
of 4−6×106 cm/s corresponding to hole temperatures of 50–
100 K, the mean-free path is 18–26 nm, which is similar to
our estimated value.

Recent Monte Carlo simulations of carrier dynamics in
GaN [20] have produced heavy- and light-hole mean-free
paths that are an order of magnitude smaller than our evalua-
tion. These calculations, however, were performed for room
temperature at which holes are effectively scattered by LO
phonons. This result is consistent with our findings that at high
temperatures the hole transport takes place via thermionic
diffusion and not in a ballistic manner.

If the mean-free path is close to the well and barrier width,
one could raise a question how would holes overcome trian-
gular potential barriers at the shallow well/barrier interfaces
(inset to Fig. 2). To explain this effect, one should recall
that carriers are excited high into the bands with an electron-
hole pair excess energy of 1.27 eV. Due to the very efficient
carrier-LO phonon scattering with a typical scattering time of
10–20 fs [20], within 100 fs for holes and 200 fs for electrons
[21] the carrier excess energy is reduced to below the energy
of an LO phonon. Subsequent carrier cooling takes place
with a much slower acoustic phonon emission on a 100-ps
timescale [22]. Thus, photoexcited holes that participate in
the ballistic transport have a considerable kinetic energy that
enables overcoming the potential barriers at the well/barrier
interfaces. This also means that at low temperatures the carrier
temperature is higher than that of the lattice.

The elevated hole temperature should not only aid over-
coming the interface potential barriers but should also affect
the mean-free path via population of the higher hole bands
since the rate of acoustic phonon scattering is proportional
to the effective mass [15]. Because the effective masses for
the InGaN QW continuum states are not known, we will only
consider the barrier material (GaN). At higher hole temper-
atures not only the heavy-hole band with the effective mass
of 1.76m0 [23] but also the light-hole band (0.42m0, energy
splitting from the heavy-hole band 6 meV) and, possibly, the

FIG. 4. Deep QW PL intensity at 4 K measured at different hole
excess energies. The dashed curve shows an estimation of the inverse
effective hole transport mass.

split-off band (0.30m0, 21 meV) [23,24] are populated. For
carrier excitation with high excess energies, population of
the different valence bands cannot be evaluated in a simple
way because of the complex time-dependent carrier-carrier
and carrier-phonon scattering. To test the influence of the hole
excess energy, experiments with excitation energies just above
the GaN band gap (3.503 eV at 4 K [25]) were performed.

The measurements were carried out at 4 K and low pho-
toexcited carrier density. The hole excess energy was esti-
mated from the excitation wavelength, GaN band gap, and
heavy hole and electron effective masses (0.19m0 in the latter
case [26]). Exciting pulses had a linewidth of ∼20 meV; thus,
excitation from the heavy- and light-hole bands could not be
separated. However, while at the lowest photon energies exci-
tation takes place only from the two topmost valence bands,
at higher energies the split-off band is also involved. Since
this band has a small effective mass, one would expect that
at higher energies the rate for hole-acoustic phonon scattering
would be smaller and the mean-free path longer.

Dependence of the deep QW PL intensity on the hole
excess energy for the thin barrier structure is shown in Fig. 4.
The excitation energies were above excitonic resonances in
the featureless region of the absorption spectrum; hence, the
PL energy dependence should reflect properties of the carrier
transfer to the deep QW. The figure also shows an estimation
of the inverse effective transport mass, which increases with
excess energy due to the population of the light hole and split-
off bands. The transport mass (the average mass of the three
valence bands weighted by corresponding population factors)
was estimated assuming that photoexcited electrons, after
emission of the possible amount of LO phonons, thermalize
with holes, and that the population of the valence bands fol-
lows the Boltzmann distribution. The result was smoothed in
order to account for the laser pulse width leveling out carrier
temperature variations induced by LO phonon emission by
electrons.

Figure 4 shows that spectrum of the deep QW PL intensity
follows the trend of the inverse transport mass supporting the
assumption that the ballistic hole transport is aided by the
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occupation of the light hole and split-off bands. A thorough
modeling of the experimental results would require complex
Monte Carlo calculations that take into account spatially, tem-
porarily, and spectrally nonuniform carrier generation, carrier-
carrier, and carrier-phonon scattering effects and dynamical
band profile variation, which is beyond the scope of this
paper.

In conclusion, a large enhancement of the PL intensity
from a deep QW in n-type InGaN/GaN MQW structures
designed to measure interwell carrier transport was observed
at low temperatures. The temperature dependence of the
relative number of holes in different wells and the fast hole

transfer times suggest that hole transfer over the MQW
structure takes place via ballistic transport with a mean-free
path of about 10 nm.
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