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Abstract—Using optical pump — THz probe spectroscopy we
reveal complex ultrafast photoconductivity dynamics in
InGaN/GaN quantum wells under dynamical screening
conditions, where, at sufficiently high excitation densities, the
photo-generated carriers fully screen the initial internal field of 3
MV/cm. The THz photoconductivity spectra contain features of
both localized and free charges.

I. INTRODUCTION ANp BACKGROUND

UANTUM wells (QWs5s) in the presence of electric field are
Qwell described within the quantum-confined Stark effect
(QCSE) formalism. The electric field breaks the symmetry,
decreasing the optical transition energy and reducing interband
matrix element (and hence absorption and recombination rates)
via spatial separation of electron and hole wavefunctions.
However, strong and ultrafast (i.e. on the timescale much faster
than the recombination time) optical excitation of the biased
quantum well will lead to a coherent dynamical screening effect
(CDS), as a significant photogenerated population of polarized
electrons and holes will decrease, or even completely screen the
initial bias field in the QWs !'"™*. In the latter case, the initial
QCSE can be completely removed on timescales shorter than
the duration of the excitation pulse, leaving the QW in the
screened “rectangular-shape” state. As a result, the QCSE is
removed, and the optical transition energy and the
recombination rate increase. However, as the carriers
recombine, the bias field, and hence the QCSE, gradually
restore. The complete process is depicted in Fig. 1.
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Fig. 1. Principle of dynamical screening effect in a biased QW. Strong
optical excitation produces a polarized screening charges (shown as
red and green “clouds”) of sufficient density to compensate the initial
bias field, removing the QCSE. As the screening charges recombine,
the bias field and the QCSE are restored.
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II. RESULTS

Rigorous optical pump-THz probe (OPTP) experiments
reveal the photoconductivity dynamics of the screening charge

in internally-biased InGaN/GaN QWs excited with variable
fluence at 400 nm. Our sample consists of 10 periods of
Ing,Gay N QWs with a well thickness of 1.8 nm, separated by
GaN barriers with the width of 7 nm. The strain-induced
built-in field in the QWSs, caused by QW-barrier lattice
mismatch, was 3.1 MV/em . The multi-QWs structure is
sandwiched between a 180 nm thick GaN capping layer and a 2
pm GaN buffer layer. The sample was grown on a sapphire
substrate by metalorganic vapor-phase epitaxy. The 400 nm
excitation wavelength assures that with single-photon
absorption, electron-hole pairs can only be excited in the
InGaN QWs and not in the GaN barriers. In order to assess the
presence of the QCSE, time-integrated photoluminescence (PL)
measurements were performed with different excitation
fluences. The photoexcitation-induced screening and
subsequent de-screening of the built-in field was monitored
using the time-integrated photoluminescence (PL, data not
shown). The saturation of the blue-shift of the main PL feature
for highest fluences indicates the removal of Stark shift, and
thus the complete screening of the built-in piezoelectric field
1121 As carriers recombine, a decrease of the transition energy
results in a red-shift of the PL spectra, as the QCSE returns.
Complete screening is achieved already at pump fluences of
~0.5 mJ/cm’®, leading to a non-trivial speed-up of the screening
charge decay, as described below.
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Fig. 2 Frequency-integrated THz transmission through the QW

sample photoexcited by 400 nm, sub-50 fs pulses at weak (0.065

ml/cm?, insignificant screening) and strong (0.5 mJ/cm?® complete

screening) pump fluence.

Fig. 2 shows the THz frequency-integrated transient
photoconductivity in InGaN/GaN QWs as measured in a 1D
OPTP experiment for two pump fluences, 0.065 mJ/cm”and 0.5
mJ/cm®. A non-exponential decay of the photoconductivity is



clearly evident (with an accelerated initial decay) at larger
pump fluences. At high pump fluences and early pump-probe
delay times, the complete screening of the built-in piezoelectric
field results in a large overlap of the electron and hole wave
functions and hence a large recombination rate. At later
pump-probe delay times, the carrier density decreases due to
electron-hole recombination, resulting in the restoration of the
built-in piezoelectric field, which in turn decreases the
recombination rate.
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Fig.3 Real (o) and imaginary (0,) THz conductivity spectra at

screening photoexcitation of 0.5 mJ/cm’, measured 13 ps and

600 ps after pump. The QW thickness is 1.8 nm.

Spectral information about THz photoconductivity dynamics
can be obtained by time-resolving the probe THz pulses at
various times after optical excitation, and performing the
spectral analysis in the Fourier domain. The complex-valued
THz frequency-resolved transmission function can be related to
the photoinduced complex THz conductivity, G(®), at any time
delay after the photoexcitation, given that G(w) varies slowly
relative to the duration of the THz pulse (~1 ps).

Fig. 3 shows such complex conductivity spectra measured at
two pump-probe delays. To the best of our knowledge, this is
the first spectrally-resolved observation of ultrafast
photoconductivity dynamics in a GaN-based system. We have
found that the shape of the spectra stays unchanged within the
whole range of our pump-probe delays 13 — 800 ps, while only
decreasing in magnitude with time. Reduced low-frequency
conductivity and the zero-crossing of the imaginary part of the
conductivity at about 0.6 THz indicate a non-Drude
conductivity response. The measured spectra could not be fitted
by any simple analytical conductivity model [Drude (-Smith),
Drude-Lorentz], however their features can still lead to

qualitative  conclusions  regarding the nature of
photoconductivity in InGaN/GaN QWs system.
At lowest THz frequencies the impeded DC real

conductivity, its growth with frequency, and negative
imaginary conductivity suggest the “polarization-type”
response of bound or localized charge. At higher frequencies,
spectrally-flat real conductivity and slowly-growing positive
imaginary conductivity suggest free carrier conductivity at
high momentum relaxation rate. These features are indicative
of carrier localization on the long-range corrugated potential
energy surface in InGaN/GaN QWs !, which may have an

impact on the performance of GaN-based devices, e.g. laser
diodes and lasers in the blue-green spectral region, and is
currently the subject of further investigations.

In summary, we have observed a speed-up in the decay of the
photoexcited screening charge at increased excitation fluences,
showing an increase in recombination (or trapping) rate in the
screened QWs. The time-resolved THz conductivity spectra at
various time delays after optical excitation show
non-Drude-like behavior, which we tentatively attribute to the
localization of free charge on long-range potential fluctuations.
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