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Nonlinear processes in quantum well infrared photodetectors (QWIP) are reviewed. Be-
ing an intersubband dipole transition based photoconductor, the nonlinear behaviors in
QWIPs are caused by both the (extrinsic) photoconductive transport mechanism and
(intrinsic) nonlinear optical processes. Extrinsic nonlinearity leads to a degradation of
QWIP performance at high incident power or low operating temperatures. Some intrin-
sic nonlinear QWIP properties are useful in applications, such as in autocorrelation of
short pulses by two-photon absorption. The general area of QWIP nonlinear properties
has not been extensively investigated. We point out some directions for further studies
and hope to stimulate more research activities.
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1. Introduction

The quantum well infrared photodetector (QWIP) is best known for its application
in infrared detection and thermal imaging.!»? A large number of publications have
been devoted to the studies of device physics and optimization. For these standard
applications, the device parameters are chosen to have the highest sensitivity and
operating temperature for the detection of weak signals. In a different direction
involving commonly a laser, a strong infrared excitation is present. Only limited
works have been carried in this area.> 5 The study of QWIPs under strong illu-
minations is relevant to a number of applications such as heterodyne detection,®
infrared pulse characterization,”® and free space optical communication.?'? In view
of the high intrinsic speed!! and the recent demonstration of near ideal absorption
efficiency,'?'3 QWIPs are well suited for these more exploratory applications.
This paper reviews the physics and understanding of QWIPs under strong illu-
mination and points out areas of further study and opportunity. We stress at the
onset that this area has not been extensively studied, and hence a comprehensive
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Fig. 1. Schematic conduction bandedge profile of a GaAs/AlGaAs QWIP under an applied bias
voltage (above) and of the flatband single well, i.e. the period of the multi-QW structure (below).
The electron population in the n-type wells is provided by doping using silicon. The emitter and
collector contact layers are of the same n-type, doped with silicon. Photons (hv) excite electrons
from quantum wells, causing a photocurrent. The ground and first excited states are labeled by
E7 and Eq, respectively. To facilitate a rapid escape of photoexcited electrons, Fo is designed to
be either very close to the top of the barrier or in the continuum. Usually many wells (10-100)
are required for sufficient absorption.

review is not possible. We hope, however, that this paper will stimulate further
studies.

Before going into the details of discussing the nonlinear properties and for com-
pleteness, the basic QWIP operation principles are summarized briefly. We present
the simplest picture of a QWIP made of n-type GaAs/AlGaAs in Fig. 1. The de-
tector operation is based on photo-emission of electrons from the quantum wells.
The device is essentially a unipolar photoconductor. A detailed discussion of the
QWIP physics is found in Ref. 1.

2. Extrinsic (Photoconductive) Nonlinearity

An ideal photoconductor has a responsivity independent of the illumination power if
the power is low, i.e. photocurrent is linearly proportional to power. The dependence
of responsivity on the fundamental QWIP parameters is given by the standard
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expression?:
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where hv is the photon energy, 79 is the total absorption quantum efficiency, g is
the photocurrent gain, p. is the photoexcited carrier escape probability, 7. is the
photoexcited carrier lifetime, and 7, is the transit time across QWIP (r, = L/v(E),
where L is the QWIP length, and v is the drift velocity). In an idealized case, the
electric field E across QWIP is constant and equals to Eg = V/L, where V is the
applied voltage. This condition is satisfied in QWIPs with a large number of equally
doped QWs at low excitation power. The condition that the electric field is constant
and independent of the illumination power can be violated at high incident power
due to several reasons.

2.1. Contact effects

Under uniform QW excitation (including both thermo- and photo-excitation)
the electric field in QWIPs with multiple QWs is constant in the bulk of the
detector.!%15
the bulk current in the steady-state leads to the creation of a high electric field
domain near the injection contact.!* QWs in the bulk of QWIP are electrically
neutral (QW electron density equals to QW doping), while a few (2-5) QWs near

the emitter are partially depleted to provide high contact electric field required

However, the balance between the injection from the emitter and

for injection. At high illumination power, the total current and injection current
may become so high that the voltage drop across the high field domain becomes
comparable with the total applied voltage. This leads to a reduction of the electric
field in the bulk of QWIP (since the total voltage is kept constant), and hence to
a decrease of the escape probability and an increase of the transit time (due to the
decreased drift velocity). As a result, the responsivity is decreased at high power
and the photocurrent may saturate with power. These effects, investigated in detail
in Ref. 5, are illustrated in Fig. 2. Experiments were conducted on standard 9-um
QWIPs at 77 K (non-background limited) using a CO4 laser. The experimental re-
sults were explained by self-consistent numerical simulations. For these experiments,
the nonlinearity was observed at a power level greater than about 1 W/cm?, and
the power was increased up to about 1000 W/cm?. With a CW COs laser we did
not observe any damage to the device. This property of laser “hardness” is quite
unique to QWIPs, especially in view of the low damage threshold (1 W/cm?) of
the standard infrared detectors made of HgCdTe. This hardness in resisting high
power illumination is an advantageous property for heterodyne detection. With the
recent demonstration of near 100% absorption efficiencies,'?'3 QWIPs are ideally
suited for heterodyne detection.® Thus, the first mechanism of high power QWIP
nonlinearity is related to the contact effects and modulation (reduction) of the bulk
electric field in QWIPs. This mechanism is revealed much more strongly in QWIPs
with a small number of QWs, where the role of the contact effects is especially
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Fig. 2. Simulation results for (a)-(c) 4-well and (d)—(f) 32-well QWIPs under different infrared
illumination power densities: (a) and (d) responsivity versus voltage, (b) and (e) electric field
in the bulk versus average field, and (c¢) and (f) conduction bandedge profile at an average field
of 15 kV/cm. Values of the bulk field were taken at positions shown by the dashed lines in (c)
and (f).

important.'* Contact related nonlinearity appears to be relatively unimportant in

QWIPs with many QWs (> 10),'6 where the voltage drop on the high field domain
is small compared with the total applied voltage. It should be noted that in this
mode of nonlinearity Eq. (1) and other classic formulas for ideal photoconductor
are still applicable, but the electric field E entering these formulas becomes lower
than the average electric field Ey = V/L.

2.2. Non-uniform optical field distribution

Another mechanism of nonlinearity is due to a non-uniform optical field distribution
in QWIPs.!” The non-uniformity may be caused by the attenuation of the optical
power due to absorption.'® This effect may be pronounced in QWIPs optimized for
heterodyne operation, because they have much higher QW doping!?'3
higher absorption than QWIPs designed for low-temperature and low-power appli-

and hence

cations. Optical power non-uniformity may also be caused by IR radiation reflection
form the top metal contact or sidewalls and by interference. The monochromatic
light could lead to strong interference patterns in a given experimental geometry.
For example, with a polished 45-degree facet coupled QWIP,!? the standing wave
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Fig. 3. Coordinate dependence of (a) potential, (b) electric field, (c) QW capture probability,
and (d) photoexcited electron escape probability for low-power (solid line) and high-power (dashed
line) densities, all for a 32-well QWIP at temperature T' = 77 K and applied voltage V =1 V.
The dash-dotted line shows the distribution of optical power.

pattern leads to a strongly non-uniform illumination. This non-uniform distribution
of the optical power leads to a coordinate-dependent photoexcitation rate from the
QWs and, therefore, to a non-uniform concentration of the photoexcited carriers.
If the non-uniform photoexcitation rate exceeds thermal or background excitation,
the current continuity can no longer be provided by a constant electric field across
QWIP. The electric field readjusts itself so that the field is increased in regions
with low optical power, and decreased where the optical intensity is high (this ef-
fect is illustrated in Fig. 3 from Ref. 17). The electric field distribution becomes
non-uniform, making invalid the simple standard formulas for responsivity, noise,
etc. The non-uniformity of the electric field is supported by a slight recharging
of the QWs. Theoretical calculation of detector characteristics in this case requires
self-consistent modeling. Photoconductive noise and detector responsivity decrease,
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Fig. 4. Responsivity R, photocurrent gain g, and photoemission efficiency n = nope versus inci-
dent infrared power.

while the noise gain and noise power are increased with respect to the uniform elec-
tric field case (see Fig. 4 from Ref. 17). QWIP nonlinearity due to non-uniform
optical power distribution takes place when the photocurrent exceeds the dark cur-
rent or the background current.

2.3. Quantum well depletion

In the steady-state regime considered above, the variation of the QW electron
density with incident power is not significant (unless the number of QWs is very
small), so that the depletion of the QWs by electrons causes a negligible reduction
in the absorption efficiency. The situation may be different in the non-equilibrium
regime. If a high-power short (picosecond time scale) infrared pulse is incident on
QWIP, a significant fraction of electrons is excited from the QWs.?° On the short
time scale, the absorption and the photocurrent may saturate because the electron
density in the QWs responsible for the absorption is decreased. Experimental study
of these effects allowed to estimate the photoexcited electron lifetime®* and to study
the carrier dynamics.?? The saturation of the absorption and photoconductivity
happens at a very high power — over 10-100 MW /cm?. However, this type of
nonlinearity can exist only on a very short time scale (lifetime or transit time),
because the photoexcited carriers quickly relax back to the QWs, or exit to the
collector (in which case they are quickly replenished by an extra electron injection
from the emitter).
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Finally, if a QWIP is operated at low temperatures and low backgrounds, so
that the total current is low, the nonlinearity can be observed under a low infrared
illumination.?!22 The key factor is the relative magnitudes of the total current
and photocurrent. If the photocurrent is a large or dominant fraction of the total
current, the response becomes nonlinear.

To conclude this section, extrinsic or photoconductive nonlinearity of QWIPs
can be caused by a number of physical phenomena discussed above. These effects
are parasitic, i.e. they lead to a deterioration of the detector characteristics (re-
sponsivity, noise power, etc.). In addition, detector nonlinearity complicates the
calibration procedure. A care must be taken to avoid these effects, whenever possi-
ble. The standard formulas describing QWIP characteristics may lead to erroneous
results, and the basic detector parameters (photocurrent gain, noise gain, etc.) loose
their straightforward physical meanings due to non-uniformity of the electric field.

3. Intrinsic Nonlinearity

With increasing power, the standard nonlinear optical processes become important.
For the dipole intersubband transition itself, the full range of nonlinear optical
processes should be observable. So far, absorption saturation,®* hole burning,??
harmonic (including sum??*) and difference frequency generation,?> and two-photon
and multiphoton absorption2526 have been reported. A review of intersubband
nonlinear optics in quantum well structures is given in Ref. 25. Here, specific to
QWIPs, we describe the two-photon absorption process occurring in QWIPs and
its potential applications.

Using the simplest picture of one-dimensionally confined quantum wells, the cal-
culation of two-photon absorption is straightforward. For a simple square quantum
well, three configurations are schematically shown in Fig. 5. For a given photon
energy, the three configurations correspond to photo-ionization from the ground
state to the continuum via an intermediate (1) resonant real state, (2) off-resonant
state, and (3) virtual state. The first case is expected to have the highest two-
photon absorption efficiency close to that for a true double-resonance case. A high
efficiency is the advantage of the resonant case, but the intrinsic time scale would
be limited by the intersubband relaxation of the order of 1 ps. With a sufficient
detuning (off-resonant) or for the virtual state case, the intrinsic speed of the device
could be much faster than 1 ps. A simple calculation?® in Fig. 6 shows the efficiency
versus photon energy for the three cases. As an estimate of the maximum possi-
ble efficiency, we can easily evaluate a double-resonance case analytically. For an
equally spaced three-level (fictitious) structure and if the photon energy is exactly
on resonance (hw = Ey — E; = E3 — E3), the efficiency (for one QW) is

2 2 . 4
@ _ e‘h sin” 0 P 9
g <4eonTCm> cos 6 n2pf2sf12 2m2wy3 @

where n, is the refractive index, m is the effective mass, 6 is the angle of incidence,
ngp is the two-dimensional electron density, f,,, is the oscillator strength between
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Fig. 5. Schematic two-photon absorption from ground (bound) state to the continuum via an
intermediate (left) real resonant state, (center) off-resonant state, and (right) virtual state.
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Fig. 6. Calculated two-photon absorption efficiency for three quantum well structures. The

GaAs/AlGaAs quantum well parameters are given in the inset. The linewidth parameter is set to
be 20 meV. The schematic shown in Fig. 5 corresponds to a photon energy of 136 meV.

m and n states, P is the infrared power flux, and = is the linewidth parameter
(half width). For the same v = 10 meV as used in Fig. 6 and assuming fio ~ 1
and fo3 ~ 2, the two-photon absorption efficiency for the double-resonance case
is /P ~ 3 x 1071° (W/ecm?)~!. The peak value in Fig. 6 for the solid curve
is close to this value, and hence the case of bound-bound-continuum “resonant”
configuration is close to the highest efficiency that we expect to achieve.

The only experimental study on two-photon absorption and photocurrent was
reported in Refs. 26 and 7. The experimental proof of a two-photon detection is
shown in Fig. 7. The QWIP signal is shown to be quadratically proportional to the
Ge:Au (linear) monitor signal. The device was a standard 8-pm QWIP operated
at 77 K. The situation is similar to the center part in Fig. 6. The pulse was from
a COq laser at 10.6 um with a flat-top shape and 3-ps duration, generated by
semiconductor optical switching.” Using the two-photon QWIP, an interferometric
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Fig. 7. QWIP signal versus reference detector signal under a pulse CO2 laser with a wavelength
of 10.6 um. The inset shows the schematic quantum well potential and the two-photon absorption
process.
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Fig. 8. Second-order interferometric autocorrelation trace of 3-ps-long pulses recorded every
0.67 ps during two or three oscillations each time. The solid curves are derived from the calculation
of the envelope of the autocorrelation for destructive and constructive interferences, assuming a
time-dependent intensity profile shown in the left inset. The right inset represents a zoom on a
particular region of the autocorrelation trace.
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autocorrelation trace of the pulse is shown in Fig. 8. The peak-to-background ratio
of 8 : 1, characteristic of second-order autocorrelation, is clearly seen. Of particular
interest is the use of a two-photon QWIP to characterize the pulses produced by
mode-locked quantum cascade lasers.®2” This however may require a higher effi-
ciency than the substantially detuned quantum well. Further work in this direction
is underway.

4. Concluding Remarks

In general, the QWIP nonlinear properties and the intersubband nonlinear processes
have not been extensively investigated. Here we provide an overview of nonlinear
processes in QWIPs. This area as well as intersubband nonlinear optics should be
further explored. In the short term, an optimized two-photon detector could be
used to characterize pulses generated by quantum cascade lasers, and an improved
difference frequency mixing scheme may generate sufficient terahertz powers of
practical interest.
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