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Abstract: We report two-photon photocurrent in a GaAs/AlGaAs multiple
quantum well laser at 1.55um. Using lps pulses, a purely quadratic
photocurrent is observed. We measure the device efficiency, sensitivity, as
well as the two-photon absorption coefficient. The results show that the
device has potential for signal processing, autocorrelation and possibly two-
photon source applications at sub-Watt power levels.

©2009 Optical Society of America

OCIS codes: (230.4320) Nonlinear optical devices; (040.4200) Multiple quantum well;
(230.5170) Photodetectors; (190.4180) Multiphoton processes
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1. Introduction

Generation and characterization of ultrashort laser pulses have found important applications in
fields as different as bio-medical sensing and imaging [1,2], terathertz generation and
detection [3], frequency comb synthesis [4], and the general probing of ultrashort interactions
or processes [5]. Nonetheless, the characterization of these ultrashort pulses remains a
difficult challenge. Current all-optical techniques used to measure pulse durations and profiles
in the picosecond regime typically rely on temporal or frequency mapping methods
employing nonlinear effects, such as FROG, SPIDER and most commonly simple cross and
auto-correlations based on second harmonic generation. Unfortunately, these techniques are
often bulky and difficult to implement in an integrated format. As an alternative, two photon
detectors were developed and experienced a great deal of interest in the 1990s as efficient
measurement tools for sub-picosecond pulses. However, research in this area tapered off
around 8 to 10 years ago, paradoxically just as interest in all-optical signal processing gained
significant momentum. Today, information processing in the optical domain has the
potentiality of greatly reducing the size, cost, energy consumption as well as increasing the
speed of network components and routers for ultrahigh bandwidth telecommunications
systems at 1550nm [6,7]. Two-photon detectors have been shown to be ideal for optical time
division multiplexing [8], optical performance monitoring [9], switching [10], and for optical
thresholding devices in code division multiple access [CDMA] systems [11]. They are
attractive in that they combine both the (near instantaneous) nonlinear response with a direct
conversion to the electrical domain in a small, cost-effective package.

Despite the volume of work on TPA detectors in the 1990s, as well as concurrent work on
linear quantum well optoelectronic devices, comparatively little has been done on GaAs
Multiple Quantum Well (MQW) waveguides in terms of their potential use as TPA detectors
at 1.55 pm. The first two-photon absorption (TPA) based autocorrelators were demonstrated
in silicon [12] and GaAsP [13], and later in GaAs/AlGaAs [14,15] and InGaAsP [16]. Most
reports of nonlinear devices operating via TPA were in fact either bulk alloys based or MQW:s
devices exploiting nonlinear attenuation of the beam, rather than photodetection [14,15].
While TPA photocurrent in a MQW AlGaAs waveguide has already been explored, it was
either in a limited context to assess the quality factor for all-optical switching [10], or for
applications in the mid-infrared [17].

Given the surge in activity in all-optical signal processing in the last 6 to 8§ years [6], it is
certainly of significant interest to see whether the enhanced performance of the linear
GaAs/AlGaAs MQW optoelectronic devices developed in the 1990s [18-20] for operation at
~775 nm also translate into improved performance for nonlinear (two-photon based) operation
at 1550nm (i.e., near the half-bandgap). Considerable effort was devoted to reducing
photogenerated carrier pileup, an effect that posed a serious limitation to the optical power
handling capability of MQW waveguide electro-absorption (EA) modulators. Solving this
issue resulted in significant improvement in EA modulator and waveguide detector
performances for both short [18-24] and longer IR wavelength (1550nm) based devices [25-
28]. In particular, high performance multifunctional optoelectronics components were
reported in GaAs. These devices, suitable for monolithic optoelectronic integration, showed
excellent performance as high speed photodetectors [20] and high quality electroabsorption
modulators (via the quantum confined Stark Effect [19]), as well as good performance as
lasers when forward biased [18]. However, to date, these devices have not been investigated
in terms of their potential use for nonlinear, or TPA, based photodetection
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In this paper, we report the first observation of two-photon photocurrent at 1550nm in a
(reverse biased) GaAs / AlGaAs quantum well laser. This device is similar to previous [18]
components developed to achieve efficient multifunctional (laser, -electroabsorption
modulator, photodetector) performance at 850nm. Here, we show that our device also displays
similar advantages when operated as a nonlinear photodetector near 1550nm, such as
improved quantum efficiency, high speed operation, negligible saturation effects at high
intensities due to carrier pileup effects, as well as, of course, the intrinsic multifunctional
performance. Because these components operate efficiently both as reverse-biased EA
modulators and two photon detectors, they raise the prospect of being able to electrically
modulate the TPA coefficient and hence the nonlinear figure of merit (FOM) [29,30] at
1550nm (ie. near half the direct bandgap, as mentioned before) via the quantum confined
Stark Effect. Finally, since this MQW laser structure also exhibits good performances as a
laser, it may have a potentially interesting application as a two-photon emitter [31] for
entangled photon pair generation.

In the following section we review the basic theory and derive the necessary equations and
conditions for nonlinear absorption and photocurrent generation. Section 3 discusses the
design and fabrication of the MQW waveguide device, and it is followed by the experimental
set-up description in section 4. Finally, our experimental results and analysis are presented in
section 5.

2. Theory

Quantum well (QW) structures appeared in the 1980’s as a result of advances in technological
fabrication processes [32,33], soon proving the ability of discretizing and reducing the density
of states [34]. As a consequence, QWs can be used to significantly change the absorption
spectra when compared with bulk heterostructure devices. The advantage for laser structures
was to decrease the linewidth and lasing threshold current density, making structures
significantly more efficient [34]. This was also of benefit for modulators, where the quantum
confined Stark shift [35] is greatly enhanced. In addition, quantum confinement of excitons
can lead to unique properties not observed in bulk, such as excitonic peaks that are not
destroyed either by large applied fields, or at by thermal energy (at room temperature), since
carriers cannot tunnel through the surrounding barrier layers. Larger nonlinearities (compared
to bulk) have been reported [36-38] in confined structures as a result of the enhanced
excitonic effects. The theory of carrier dynamics for TPA has been previously presented [39],
and a closed form expression has been recently developed [40].

Nonlinear absorption processes arise from the imaginary part of the odd order nonlinear
susceptibilities [29], and generally occur at high optical intensities. When the photon energy is
greater than half the bandgap, a two-photon process can occur whereby an electron is excited
to the conduction band via a 2 step process involving a virtual state [36]. Efficient TPA
photocurrent results for photon energies comprised between the bandgap and the half-band

gap, ie.,

%Eg<hf<Eg. €8

For GaAs, the bandgap is ~ 1.42eV, and the TPA bandwidth is therefore ranging from 870 nm
to 1740nm. The intensity, /, of a beam traveling in an GaAs waveguide as a function of the
propagation distance along the length of the waveguide is given by [30,41]:

dil

—=—al-fI’, @)
dz

where a = agpy + agsc is the linear propagation loss coefficient including single photon

absorption (SPA) (asp4) as a result of band-to-band absorptions, and scattering losses (asc) in

the waveguide. f is the TPA coefficient and z is the propagation direction. Here we have
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neglected higher order nonlinear losses, such as three photon absorption, since each
successive higher order nonlinear absorption term has a smaller cross-section than the
previous one. Two-photon induced free-carrier absorption (FCA) can be accounted for by
adding a term to Eq. (2) [42]:

dl

——=—al - "= 4T, 3)

dz

where 6 is a constant factor given by:

aﬂj A(t)dt
S= . 4)

et 1]

In the above equation, o is the FCA cross-section, 7 is the free carrier lifetime, R is the laser
repetition rate, f is the central frequency of the pulse, 4 is Planck’s constant, and A(?) is the
normalized single input pulse intensity as a function of the time ¢ [42]. However, we verified
both experimentally and theoretically that FCA contributions to Eq. (3) are negligible and so
Eq. (2) can be solved to obtain:

B al, exp(— az)
~a+ fly(1-exp(-az))’

where [ is the input intensity. The total loss is /,— I, although only absorption due to TPA and
SPA can contribute to photocurrent. The total intensity change contributing to TPA is thus:

6))

dlypy 2
ZIPA _ pgr2 6
r P2 (6)
from which we obtain,
exp(—az) | «
Ip, =11 -————= |-—1In(F), 7
P 0( F ) ; (F) (7)

where we have defined a dimensionless parameter,
128 1 (1 exol—
F=1+51,(1-exp( az)). ®)
a

The total absorbed intensity due to SPA will then be,

Isps = a;’A In(F). ©)

Note that SPA may still occur below the bandgap due to mid-gap defect states as well as
via phonon assisted excitations [7] although these are usually small. Equation (7) provides
information on the useful range of intensities that will produce a nonlinear quadratic
photocurrent. At low intensities, /n(F) = F-1 and so the photocurrent will be dominated by
SPA:

Ly =Isps =1 a(S;A (l_eXP(_“Z))~ (10)
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However, total absorption occurs at higher intensity, where it is dominated by TPA. The
dynamic range of intensities leading to quadratic photocurrent can be shown to be [41]:

Goea o< L (11)

B Pz

The maximum number of electron-hole pairs formed will simply be equal to the total
number of absorbed photons (or half, for TPA). However, note that not all of the electrons can
be collected at the output of the device due to recombination, which will result in a reduced
device efficiency. Defining the (internal) quantum efficiency as the ratio of electron-hole pairs
collected to the absorbed number of photons absorbed in the material we have the following
expression relating the photocurrent to the absorbed energy:

E . dN P,
Neh = abs = eh _ abs (12)
W dt hf
J =L (13)
hf

where J is the photocurrent, / is the Planck constant, fis the frequency of the photons, P, is
the absorbed power, e the electronic charge and # is the internal quantum efficiency.
For a TPA process, Eq. (13) also contains an additional factor of 4. In general, the absorbed
power is a combination of both single photon and multi-photon absorption:

ePSPA + ePTPA (14)

hf 2f

We have explicitly assumed the same quantum efficiency for the linear and nonlinear
processes. One can define an external quantum efficiency, similar to Eq. (13) but replacing the
absorbed power with the incident power:

J=n

Jhf
Next = a . (15)

The external quantum efficiency defines the practical (and experimentally measurable)
efficiency of the device and is related to the probability that the SPA and TPA processes occur
(i.e. § and agp4). Note that for a TPA device, the external efficiency is not constant, but rather
varies linearly with the input power. The power P may be calculated from the intensity / in
waveguides by means of the effective area:

i [ j j |E(x, y}zdxdylz

Ae - _L> , (16
T J-J.|E(x,y]4dxdy )

o0

where E is the electric field modal distribution in the waveguide which can easily be
determined with commercial mode solvers. The total absorbed power is then,

Py :Aqﬁ’(ISPA + Irpy). (17)

We can now use the above equations to relate the TPA photocurrent to the incident power:
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_ € _exp(-az) | | Ao (orps —asc)
J—nzw{%@ F, j+ 5 In(F)|. (18)

The above expression can be solved numerically for the TPA coefficient. The generation of
photocurrent is found to be in part a contribution from the linear SPA and the nonlinear TPA
process, whereas scattering losses limits the process. If we assume negligible linear losses and
absorption, Eq. (18) reduces to:
J= Uiﬁ Po2 , (19)
2hf Ay

where we have also assumed Bz <<I. Eq. (19) illustrates the quadratic dependence of the
input power on the photocurrent. Lastly, for practical applications an important figure of merit
is the device sensitivity [39],

S=PyP (20)

eak "~ avg >

which corresponds to the minimum value of the product between the peak and the average
power that the device is capable of measuring. This figure of merit is often used for SHG
autocorrelators. For TPA autocorrelators, another sensitivity measure is often used:

P — 1)

b
Ppeak 'Pavg

which relates to the strength of the induced photocurrent.
3. Device design and fabrication

The waveguide structure is a multilayer of Al;Ga; As, as shown in Figs. 1 and 2, and was
designed to optimize laser, detector and modulator performance in a unique device at the
lasing wavelength of 850nm. GaAs is an ideal material for inducing nonlinear effects given its
large third order nonlinearity [29], which is accentuated in waveguides due to a tight modal
field confinement arising from the high index contrast. This results in high intensity values
(and hence large nonlinear effects) at moderate or even low power levels. The AlGaAs
heterostructure was grown via molecular beam epitaxy, precisely controlling the doping and
the temperature. A p-i-n junction was formed by p-doping the top side of the device with
beryllium and the bottom side (n-doped) with silicon, with a significant effort placed to keep
the background doping in the active layer very low in order to allow for the application of
large and uniform bias fields (see below). The active layer consists of four GaAs quantum
wells of 8nm widths separated by 3.5 nm Al,¢GagyAs barriers and forms the core region of the
waveguide structure. A high quality film morphology was targeted in order to produce better
laser and detector performances than those in bulk GaAs/AlGaAs TPA detectors. The
waveguide ridge was defined using stepper lithography and patterned with inductively
coupled plasma dry etching, resulting in extremely low sidewall roughness, as shown in Fig.
2. The device was finally metalized, annealed and then cleaved into 250 pm long bars.

The key breakthrough of this device is that a high quality laser was grown at a much lower
temperature of 550C to 600C, versus 700C for conventional GRINSCH SQW lasers [18]. This
allowed us to precisely control the doping profile in order to form a well defined p-i-n
structure. In most lasers, the high growth temperature causes significant diffusion of the p-
dopant (typically Beryllium) which has high diffusivity. This in turn results in a very high
background p-doping in the QW region. For laser operation this is not a problem, and in fact
enhances device performance. For reverse biased detectors and modulators, however, this is a
serious issue since achieving a uniform field in the QW region is critical. In order to mitigate
the effects of this lower growth temperature, the Al content of the waveguide cladding layers
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was reduced to 35%, since it is well known that high Al content layers require high growth
temperatures to produce good quality morphology [18].

This device was not planarized, as this fabrication step is normally done to reduce device
capacitance in linear detectors addressing high speed performance [19], primarily because the
ultrafast response in nonlinear photodetectors is accomplished via the nonlinear response
itself, with the photocurrent being integrated for most applications such as autocorrelators. We
estimate our RC response time to be on the order of 5ns, implying a capacitance of ~ 50pF.
The dark, or leakage, current was not explicitly measured. However, it is expected to be
similar to previously reported devices [19] that showed very low leakage currents of only
70pA up to -15V bias.
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Fig. 1. Doping and alloy profile and of the AlGaAs multilayer structure. Beryllium is used for
p-type doping above the quantum wells, and Si is used for n-type doping below. The GaAs
substrate is n-doped at 10% cm™. Inset: Zoom of undoped quantum well region.
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Fig. 2. Scanning electron microscopy pictures of device before (left) and after (right) metallization.
4. Experiment

The waveguide was placed on a three dimensional micro-positioner. Here 50X objectives
were used to focus the light onto and out of the device. The beam was passed through an
optical chopper and a half-wave plate followed by a polarizer before being coupled into the
sample. The output mode could be either imaged by a camera or measured with a power meter
and/or a spectrometer. An electrical probe was contacted on top of the device (p-side) and
then sent to a lock-in amplifier (operated in current mode) for photogenerated current
measurements. Two different laser sources were used in our experiments in order to cover
both the linear spectral range of the device at 850 nm, as well as the nonlinear TPA range at
1.55 pm. The low power linear measurements at 850 nm were performed with a tunable 80
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MHz Mai Tai oscillator from Spectra Physics operating in a quasi-CW mode. A Pritel fiber
laser generating 1ps pulses (measured using a commercial autocorrelator) at 5.19 MHz was
used for the nonlinear TPA photocurrent experiment at 1.55 pm. Average power
measurements were performed using a photodetector, from which the peak power of our
pulses were obtained from the given laser repetition rate and experimentally measured time
duration of the pulse. A transverse electric mode polarization was used in all our experiments.

5. Results
5.1 Linear optical characterization

The light intensity-current-voltage test (LIV) of this device, operated under forward bias, is
shown in Fig. 3. The threshold current was around 50mA, comparable to similar devices
reported previously [18], and somewhat higher than devices optimized solely for laser
operation [18] because of the higher series resistance resulting from the very low doping level
in the active region.
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Fig. 3. Light-Current and Voltage-Current curves for the device operated as a laser under
forward bias.

Linear optical characterization of the device was performed in the spectral region 840-
870nm in order to determine the device absorption edge (i.e. equivalent to the bandgap in
continuous media) as well as to check its operation under applied reverse bias fields. The
results (shown in Fig. 4) indicate that the absorption edge of the MQW device (under zero
bias) is located at ~ 848 nm (1.46 eV), indicating that the half-bandgap is at ~ 1700 nm (0.73
eV). By applying a forward bias, the bandgap shifted to higher energies, whereas a reverse
bias resulted in the bandgap shifting to lower energies (i.e., longer wavelengths). The shift in
the linear (single photon) band absorption edge of the quantum wells is well understood as the
quantum confined Stark Effect (QCSE) [35].

Characterization of the linear optical properties of the device, including transmission and
Fabry-Perot fringe measurements, was performed at 1550nm to determine the linear
propagation losses. At low CW power levels (sub mW) we observed no noticeable nonlinear
transmission or absorption behavior. The propagation loss at 1550nm was measured to be
approximately ~ 34.5cm™. This is primarily a result of the undoped region being much
thinner in the current device, resulting in a higher overlap of the waveguide mode with the
(lossy) p- and n-doped regions of the cladding layer. In principle this could easily be reduced
by increasing the intrinsic layer thickness, with a corresponding increase in the reverse bias
voltage (required to achieve the same internal field strength). The dry plasma etching used on
the device provided exceptionally low sidewall roughness and high verticality, and so we
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expect that the contribution to losses arising from scattering is very low. By using high NA
objectives (see previous section) we obtained an estimated coupling efficiency of 50%. As our
devices were extremely short, their transmission (considering propagation losses only) is quite
high at 42%, whereas the experimental insertion loss of the devices was approximately 13 dB.
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Fig. 4. (left) Linear bandgap measurement and (right) bias-dependant Stark shift.
5.2 Nonlinear optical characterization

Figure 5 shows the average photocurrent from the MQW device at 1550nm with input peak
powers ranging from 0 to 10 W. The results are plotted on a log-log scale and the slope of the
linear fit is found to be 2.0, indicating a very high adherence to a quadratic response from the
TPA process. The negligible single photon absorption contribution to the photocurrent
testifies to the excellent growth quality of the device. In fact, the photocurrent remained
purely nonlinear for sub-Watt peak powers. Note that the absolute level of absorption of the
device is quite low. This is a direct result of the short waveguide length - we estimate that >
200W peak power would be needed to induce a 10% decrease in transmission from TPA
alone, which although readily achievable with standard laser sources, would damage the
structure. These results suggest that our device is ideal for telecommunication applications
where low energy pulses are used, as the pulse can be sampled, monitored or characterized
from the effects owing to a strong TPA, while still maintaining an excellent throughput which
shows no trace of nonlinear phase or modulation.

The shift in the linear (single photon) band absorption edge of the quantum wells observed
in the last section will also have a corresponding effect on the two-photon absorption edge at
half the bandgap. Note however, that the polarization dependence of the TPA may differ
slightly from the linear QCSE since y ® (of which the imaginary part of which is responsible
for TPA) is a 4" rank tensor, in contrast to the linear susceptibility (which is 2™ rank tensor).

Figure 6 shows the TPA photocurrent for a OV bias and a +1V bias. We found that the
internal quantum efficiency was essentially 100% even for small applied reverse bias fields,
consistent with previous linear photocurrent measurements [19]. The physical origin of this is
that the carrier escape times (for both electrons and holes) is very fast even for small applied
(reverse bias) fields, and so the internal quantum efficiency will be high since the carriers
escape to the contacts long before they recombine - typical carrier spontaneous recombination
times are of the order of nanoseconds [24]. Only as the bias field approaches zero (near flat
band conditions at +1.5 V), do the escape times increase appreciably, dropping the internal
QE below 100%. The key point is that, even though the absorption mechanisms of TPA and
the linear absorption may differ, once the carriers are created the dynamics that determine the
internal quantum efficiency (carrier escape times versus recombination times) are identical
[19,24].

In Fig. 7 we plot the external efficiency as a function of input peak power and obtain a
linear relation. The external efficiency of our device was calculated according to Eq. (15),
from which the slope of the linear fit of Fig. 7 was determined to be 8.6 x10° W™, seven
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orders of magnitude greater than previously reported in photodiodes [13], and comparable
with previously reported p-i-n waveguide devices [15]. The inclusion of quantum wells is
predicted to have a large increase in the quantum efficiency, and can be theoretically close to
100% as previously shown in similar GaAs laser structures [19].
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Fig. 5. Average photocurrent as a function of the input power in the waveguide. A log-log plot
determines that the relation is purely quadratic, and hence that the photocurrent is a result of

TPA .
1200 -
' °
L
1000 - ..
< e 0VDC
£ 800+ m +1VDC i
5 o
g 600 - ..
o
- [ ] u
S 400+ o "
o [ ] .-
® sl
200 - P s "
| .. .. n
0] .!“ol sl

10 20 30 40 50 60 70
Input Peak Power (W)
Fig. 6. Bias dependence of TPA photocurrent.

From these results it is also possible to have an estimate for the TPA coefficient. If we
assume 100% internal quantum efficiency, thus neglecting non-radiative and radiative carrier
recombination, we obtain £ ~ 0.54 cm/GW from Eq. (18), agreeing very well with previous
reports in non-MQW AlGaAs waveguides [43]. Note that typical values of the TPA
coefficient in GaAs/AlGaAs waveguides are somewhat scattered with reports ranging from
~0.4 cm/GW [43], to ~10 cm/GW [30,44]. The TPA coefficient seems to depend largely on
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the concentration of Al content in the core of the waveguide, as well as on how much the
mode overlaps the surrounding cladding layers of the waveguide (which have a different Al
content). This is understandable as an increase of the Al content increases the bandgap energy,
and hence the half-badgap as well. At 15% Al content, the half-bandgap is approximately at
1550nm, and hence large variations of the TPA coefficient are to be expected for waveguide
structures of various Al content in the core and cladding regions.
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Fig. 7. External MQW device efficiency.

The minimum detectable photocurrent with our TPA photodetector, i.e. 28pA, was
obtained at a peak input peak power as low as 330mW. Using Egs. (20) and (21) we estimate
the sensitivity of the device to be 0.28 mW? or 0.1nA/mW?, orders of magnitude better than
commercial SHG autocorrelators where ~ 10 mW? sensitivities (~10~° nA/mW?) are typically
observed when they are coupled to photomultiplier tubes [45]. These results compare well
with recent reports of SOI and InGaAsP based waveguide autocorrelators with sensitivities of
ImW? [46] and 0.08 mW? [16], respectively. Recent results in GaAs microcavities have
shown a sensitivity of ~9.3 x10™ mW? due to the TPA enhancement [7], suggesting that a
highly reflective coating on our waveguide facets would significantly increase its sensitivity.

While in general the overall device sensitivity for linear waveguide photodetectors is
typically very high, since the absorption length along the waveguide is much shorter than the
device length (when operated above the bandgap), this is not necessarily the case for TPA
detectors. For TPA detectors the absolute absorption is still typically quite small and so
improving the absolute two-photon absorption — eg., by increasing the number of wells,
overlap with the mode, etc. - will have a much more significant effect than for linear devices.
In addition, increasing the device length would also result in larger nonlinear absorption
thereby increasing the sensitivity and external efficiency of the device. Finally, as mentioned,
widening the intrinsic region would decrease spurious background losses, at 1550nm, thus
improving efficiency.

We note that while nonlinear photodetectors are generally quite slow since the electrical
photocurrent is typically integrated (with the ultrafast operation being accomplished through
the nonlinear optical response), there are applications in communications systems (such as
Code Division Multiple Access, or CDMA) where it has been proposed [11] that simultaneous
nonlinear detection with a fast electrical response time would have significant benefits. MQW
waveguide photodetectors such as ours would be ideal for this, since they have been shown to
be capable of ultrafast electrical response times given the appropriate fabrication (eg.,
planarization) processes.
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Finally, looking to the future and the prospects for all-optical signal processing based on
the Kerr nonlinearity in these structures [29], we note that our device has the potential to
allow the direct electrical control of the nonlinear figure of merit via the quantum confined
Stark Effect.

6. Conclusion

We demonstrate two-photon detection in a reverse biased GaAs MQW laser structure near
1550nm for the first time. By adjusting the wafer growth conditions we simultaneously
optimize both laser and reverse biased detector performance. We observe a purely nonlinear
TPA photocurrent at 1.55um with a high sensitivity and external efficiency. The small device
size, low insertion loss, high sensitivity and quantum efficiency are extremely promising for
nonlinear signal processing applications such as optical performance monitoring and pulse
characterization, where the benefit of low cost and ability to combining a nonlinear optical
response with direct optical to electrical conversion is extremely useful. The MQW structure
also raises the prospect of several qualitatively new features for TPA detectors such as a
combined nonlinear optical and ultrafast electrical response, with efficient carrier sweep-out
rates greatly reducing the effects of TPA generated carrier pile-up, as well as the potential for
direct electrical control of the nonlinear figure of merit via the quantum confined Stark Effect.
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