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ABSTRACT

The magnitudes and evolutions of two photoinduced absorption nonlinearities, absorption
bleaching and field screening, were compared and investigated by employing electroabsorption
and femtosecond pump-probe spectroscopy in a biased InGaN/GaN p-i-n double heterostructure.
Steady state electroabsorption measurements indicate the field induced absorption coefficient
changes in this structure are caused by the Franz-Keldysh effect. The temporal resolution of the
absorption bleaching spectra suggests that the photoinduced carriers rapidly relaxed to the InGaN
band edge within several picoseconds. As the applied reverse bias field was increased, the
transition of the differential absorption spectral signature from the signature for absorption
bleaching to the signature for field screening was observed. The magnitude of the change in
absorption due to photoinduced carrier screening of the applied field is quantified and compared
to absorption bleaching.

INTRODUCTION

The development of III-V nitride based laser devices has continued to advance since the first
demonstration of an InGaN multiple quantum well (MQW) laser diode in 1996.1,2,3 Recently the
design and performance of a two section InGaN MQW laser diode consisting of an
electroabsorption (EA) modulator and amplifier section has been reported.4 Compared with the
traditional direct current modulation, integrated EA modulator reduces the transient heating
effects, which makes it attractive for printing applications. The improvements of the device
performance of nitride based EA modulators and future applications in all-optical switching and
computing, such as self-electro-optic-effect devices (SEEDs), require the detailed study on the
absorption nonlinearities in these devices.

Two fundamentally different types of absorption nonlinearities have been clarified in the
studies on GaAs-based SEEDs and [111] oriented piezoelectric InGaAs devices: excitonic
bleaching and field screening.5,6,7 Excitonic bleaching is due to various many-body mechanisms.8

It induces a decrease and broadening of the excitonic absorption and the corresponding change in
absorption is dominated by a large negative peak centered at the excitonic peak energy. In field
screening, the blue shift of the excitonic absorption due to reduction of the quantum-confined
Stark effect and Franz-Keldysh effects (FKEs) produces a change in absorption coefficient which
will consist of positive and negative peaks, with a zero crossing that blue shifts as the injected
carrier density is increased. However, similar time-resolved studies of absorption nonlinearities
on III-V nitride based devices are lacking.

In this article, we present both steady state EA measurements and femtosecond pump-probe
spectroscopy to identify different photoinduced changes in absorption in a biased InGaN/GaN
double heterostructure at room temperature. The EA measurements show the field induced
absorption coefficient changes in the InGaN thin film are caused by the FKE. The contribution of
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field screening to the changes in the absorption coefficient is separated from, and compared to
the absorption bleaching through time-resolved differential transmission technique.

SAMPLE AND EXPERIMENTS

The sample used in this study is an InGaN/GaN double heterostructure light emitting diode
device grown by metalorganic chemical vapor deposition. This p-i-n diode consists of a n-type
GaN:Si layer grown on a sapphire substrate, an undoped 0.1 µm In0.6Ga0.94N active layer, and a
0.25 µm p-type GaN:Mg cap layer.

For the steady state EA measurements, the white light from a 150 W Xenon lamp was
spectrally filtered using a 0.25 m spectrometer and then focused to a 1 mm diameter spot on the
sample to serve as the probe beam. A modulated reverse bias voltage was applied to the sample
and the corresponding modulated transmission signal (∆T) with and without applied field as a
function of probe wavelength was detected by a silicon detector using standard lock-in
technique. Using this technique, the absorption changes are given by ∆α = -1/d[ln(1+ ∆T/T)],7

where d is thickness of the (optically active) InGaN layer.
In addition to steady state measurements, femtosecond single color pump-white light

continuum probe spectroscopy was used to time resolve the differential transmission signatures.
For these measurements, a portion of the 760 nm, 150 fs laser pulses from a 250 kHz
regenerative amplifier (REGA) was frequency doubled to 380 nm to serve as the pump source
for carrier excitation above the InGaN band gap, but below the GaN band gap. The remaining
output from the REGA was used to create a broadband white light continuum, with spectral
components from 370 nm to 1000nm,9 which served as the probe beam. The time resolution of
this system is limited to ~300 fs due to the broadened pulse width of the frequency-doubled pulse
and the white-light continuum. The probe beam was focused to an 80 µm diameter spot on the
sample and the transmitted light was spectrally resolved using a spectrometer. The pump spot
size was chosen to be 160 µm to ensure that the probe beam was monitoring a relatively constant
injected carrier density. Similar to EA measurements, standard lock-in techniques were used to
measure the difference in the probe transmission (∆T) with and without the pump present as a
function of probe wavelength, and delay time between pump and probe pulse.7

RESULTS AND DISCUSSION

Initially, we performed steady state EA measurements to investigate the field induced
absorption coefficient change. The typical EA spectra under various reverse biases are shown in
Fig. 1. It is well known that the application of an external electric field in a bulk semiconductor
results in the band tilting that alters the envelope electron and hole-wave functions so that they
have oscillating behavior in the bands and show exponential decay in the band gap. This
phenomena is known as the FKEs. Fig. 1 shows that the electric field leads to an increased
absorption below and oscillating absorption above the band gap on this structure. In addition, the
EA spectra curves for all applied fields intersect at the band gap energy (3.20 eV, consistent with
~6% In). This does resemble the typical FKE spectra for bulk semiconductor.10 Thus, modulating
the external electrical field can induce absorption changes as large as 800 cm-1 at the photon
energies of 3.15 eV and 3.24 eV as shown in Fig. 1. Such large absorption changes can be
utilized to modulate the absorption for the application of EA modulator. In addition to the peak
absorption changes, photoinduced absorption bleaching and field screening which affect the
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change of absorption coefficient need to be investigated for the optimization of device design.
These optical nonlinearities can be employed for all-optical switching applications.
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Fig. 1. Reverse bias voltage dependent EA spectra at room temperature.

Subsequent to these EA measurements, femtosecond pump and probe spectroscopy was used
to compare and temporally resolve the absorption bleaching and field screening. Fig. 2 shows the
variation of differential absorption spectra under a pump fluence of 400 µJ/cm2 and open circuit
condition as a function of delay time. At the initial stage of excitation in Fig. 2(a) (0 ps to 2 ps),
the bleaching of the photo-absorption was observed in the vicinity of pumping energy
immediately after the pump pulse. In contrast, at the photoluminescence (PL) peak energy (3.20
eV, the InGaN band edge) the bleaching signal begins to increase from 0.4 ps and reaches the
maximum at 2 ps. This suggests that the photoinduced hot carriers rapidly transferred or relaxed
to the InGaN band edge within the time-scale of a few ps. Furthermore, it should be noted that
with increasing delay time the peak energy exhibits an evident red shift but the spectra is still
dominated by a single negative peak as shown in Fig. 2(b). This observed red shift is consistent
with the reduction of band filling effects due to carrier recombination or escape from the InGaN
active layer.
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Fig. 2. Differential absorption spectra under a pump fluence of 400 µJ/cm2 as a function of delay
time (a) 0 ps to 2 ps, and (b) 10 ps to 600 ps.
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By contrast, Fig. 3 shows the detailed differential absorption spectra as function of reverse
bias (0 V to 9 V) under a pump fluence of 60 µJ/cm2 at a delay time of 50 ps. This delay time
ensures that sufficient relaxation and drift of photo-generated carriers in the InGaN active region
have occurred with negligible recombination. At low reverse voltages, a single negative peak due
to absorption bleaching dominates the spectra. With increasing reverse bias, the observed
spectral signature is consistent with the presence of absorption bleaching and field screening.
The spectra at 9 V in Fig. 3 is similar to that observed by EA measurements with a negative-
positive swing due to the reduction of the FKE. Specifically, the net change in absorption due to
bleaching decreases with increasing reverse bias because of the spatial separation between
electrons and holes under the influence of the applied field, while the change in absorption due to
screening of the applied field begins to dominate. More importantly, the peak change in the
absorption coefficients caused by field screening (9 V) is comparable to the change caused by
bleaching (0 V) without applied bias.
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Fig. 3. Differential absorption spectra with a pump fluence of 60 µJ/cm2 at a delay time of 60 ps
as a function of reverse bias.

The studies on [100] and [111] oriented InGaAs devices have shown that the magnitude of the
continuous-wave absorption change due to field screening comparable to bleaching.7 The large
∆α has been attributed to the accumulation of carriers during the longer lifetime caused by
spatial separation between electrons and holes.

CONCLUSION

In summary, in this article a detailed study including steady state EA and femtosecond pump-
probe techniques is used to provide insight into the absorption nonlinearities in an InGaN/GaN
double heterostructure. EA measurements indicate the field induced absorption coefficient
changes in this structure are caused by FKE. The transition of the differential absorption spectral
signature from absorption bleaching to field screening as the applied reverse field increases was
found. The observed changes in the absorption coefficients caused by field screening under
reverse bias are on the same order of the changes caused by bleaching without an applied bias.
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