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Abstract

The two-photon QWIP comprises three equidistant subbands, namely two bound states localized in the quantum well and an
extended state in the continuum. This device is very promising for quadratic autocorrelation measurements of pulsed mid-infrared lasers
due to its resonantly enhanced optical nonlinearity and sub-ps time resolution. We report on interferometric autocorrelation measure-
ments of ps optical pulses from a free-electron laser (FEL). The intense FEL radiation further allows us to study the saturation properties
of two-photon QWIPs at liquid nitrogen temperature and their detection properties at 300 K. The device is well suited for standard diag-

nostics of the FEL pulse shape via interferometric autocorrelation.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Quantum well infrared photodetectors (QWIPs) have
emerged as a mature technology for thermal imagers [1].
Besides thermography, the high electrical bandwidth of
QWIPs provides interesting opportunities in new applica-
tions including heterodyne detection [2] and optical pulse
monitoring [3]. Intersubband transitions in quantum wells
have also been exploited for second harmonic generation
of mid-infrared radiation, and a huge coefficient, more
than three orders of magnitude larger than for the host
material GaAs, has been observed [4]. Nonlinear optical
effects also enable quadratic detection through two-photon
absorption. In this way, superior time resolution in the sub-
picosecond regime is readily achieved since the nonlinear
process is not influenced by any parasitic time constants
related to the device capacitance or resistivity.

While initial studies [5] employed two-photon absorp-
tion with a virtual intermediate state, much higher nonlin-
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earities (more than six orders of magnitude higher than in
bulk GaAs) have been reached in detectors comprising real
intermediate states [6,7]. These two-photon QWIPs exploit
n-type quantum wells with three equidistant levels, namely
two bound subbands and one continuum resonance. In
contrast to the (linear) QWIP, where one photon is suffi-
cient to eliminate an electron from the quantum well
(Fig. 1a), two infrared photons are then necessary for emis-
sion of an electron, as indicated in Fig. 1b. For this reason,
the resulting photocurrent depends quadratically on the
incident power.

We report here on interferometric autocorrelation mea-
surements of mid-infrared laser pulses from the free-electron
laser (FEL) facility FELBE at the Forschungszentrum Dres-
den Rossendorf [8]. Our results indicate that two-photon
QWIPs are suitable for rapid-scan monitoring of the FEL
pulse width. The observed autocorrelation signals show pro-
nounced saturation effects under intense illumination. A
detailed study of the intensity dependence indicates that
the observed saturation behavior is associated with internal
space charges, rather than absorption saturation or capaci-
tive discharging. Finally, we also investigate the detection
properties of two-photon QWIPs at room temperature.
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Fig. 1. Band diagram, wave functions, and operation principle of (a) linear and (b) two-photon QWIPs.

2. Experimental

The two-photon QWIP structures were grown by molec-
ular beam epitaxy on semi-insulating GaAs substrates. Their
active region contains 20 Si-doped quantum wells (4 x
10" em 2 electrons per well). The wafers were processed
into mesa detectors of 120 x 120 um? and 240 x 240 um? in
area. The radiation is coupled into the structure via 45°-fac-
ets. Sample X1649 comprises 7.6 nm wide GaAs quantum
wells and 47 nm Al 33Gag ¢7As barriers, which results in a
peak detection wavelength of 10.4 um. For sample X1654,
we use 6.8 nm Ing 10Gag 9oAs wells and 47 nm Alj 35Gag goAs
barriers, with an observed peak wavelength of 8§ um. Further
parameters are given in Ref. [6]. We have previously [6,7]
demonstrated experimentally that the three relevant sub-
bands of these two-photon QWIPs are energetically equidis-
tant. Moreover, sub-ps population-relaxation (~0.5 ps) and
dephasing (~0.1 ps) times have been demonstrated [6].
These time constants make these devices well suited for mon-
itoring pulses in the ps regime.

For our autocorrelation measurements we employed a
Michelson interferometer setup comprising a shaker (APE
scan delay) with a scan frequency of typically 20 Hz on
one arm, and a delay stage on the other arm (see Fig. 2).
The photocurrent signal was recorded using a current pre-
amplifier and a digital oscilloscope.
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3. Interferometric autocorrelation

A typical interferometric autocorrelation trace is shown
in Fig. 3. For quadratic detection, a ratio between the mea-
sured photocurrent for zero time delay and for temporally
separated pulses in the case of interferometric autocorrela-
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Fig. 3. Interferometric autocorrelation of FEL radiation using two-
photon QWIP #X1649 at 0.3 mW incident power (about 1.3 kW/cm?).
Inset: Autocorrelation fringes vs. delay time in an expanded scale.
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Fig. 2. Experimental setup for FEL autocorrelation measurements.
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tion amounts to 8:1 [7]. The envelope of the measured
interferometric autocorrelation reproduces this value to a
good precision; the slightly higher value is attributed to
some high-frequency noise during the measurement. Since
the autocorrelation trace comprises over 100 fringes which
are not resolved in Fig. 3, the inset shows a part of the
autocorrelation trace in a magnified timescale. The asym-
metric shape of the fringes constitutes an additional signa-
ture for the quadratic detection properties of the device. In
fact, the fringes become perfectly sinusoidal if the square
root of the signal is plotted (not shown) [9]. As the com-
plete autocorrelation trace has been recorded in a single
rapid scan (within about 25 ms) without any signal averag-
ing, our approach is suitable for real-time monitoring of
the FEL pulse properties. From Fig. 3, we deduce an auto-
correlation width of 2.3 ps, which corresponds to a pulse
duration of ~1.6 ps full-width at half maximum, giving rise
to a FEL duty cycle of 2x 107>,

4. Photocurrent saturation

Since the precise shape of the autocorrelation trace is
crucial for its interpretation, it is important to investigate
and to understand photocurrent saturation in these
devices. In the case of linear QWIPs, it is well known
[10,11] that screening of the electric field can induce photo-
current nonlinearities already at low excitation power. To
investigate the intensity dependence of the two-photon
QWIP signal, Fig. 4 shows the photocurrent as a function
of the total average FEL power as measured by our exter-
nal power meter. As can be seen from Fig. 4, the power
dependence of the signal is truly quadratic at low power,
whereas it saturates at a value between 15 and 20 pA.
The two-photon responsivity S of two-photon QWIP
#X1649 has been determined previously [6] and equals
S=4x10"" Acm?*/W? for continuous-wave radiation.
For the duty cycle of 4 x 107 for two time-delayed FEL
pulses, this value translates into S = 0.01 Acm?/W?, which
holds for the low-intensity regime far from saturation.
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Fig. 4. Photocurrent of two-photon QWIP #X1649 and simulations for
linear and logarithmic screening at zero delay and large delay, vs. total
power.

Associating this value with the quadratic regime in
Fig. 4, we found that only a few percent of the total power
is actually focused into the active area of the two-photon
QWIP device [9]. Using this calibration, photocurrent sat-
uration is thus observed to occur at a threshold power of
about 100 kW/cm? (corresponding to 20 mW total power
in Fig. 4).

We now discuss different saturation mechanisms in
order to understand better the observed saturation behav-
ior. Absorption saturation is a first possible candidate for
the observed saturation phenomenon. For linear QWIPs,
Duboz et al. [12] have previously studied photocurrent sat-
uration and found saturation effects only at very high
power density (several MW/cm?) where absorption satura-
tion is expected to occur [1,12]. In our present study, we
observe photocurrent saturation already at 100 kW/cm?,
such that absorption saturation can be excluded as a possi-
ble cause.

Lower saturation thresholds can occur due to field
screening. To obtain a simple initial estimate, we consider
the geometric capacitance of our samples, which amounts
to 10 nF/cm? for a 1.1 pm wide active region (or to
5.8 pF for a 240 x 240 pm? device). Complete discharging
of such a capacitor for, say, 1 V bias gives rise to a charge
density of 6 x 10'° electrons/cm>. This value is more than
two orders of magnitude below the 8 x 10'? cm 2 electrons
inside the quantum wells, which further excludes absorp-
tion saturation from causing the observed saturation. This
estimate again suggests a threshold of the order of
10> Wem 2 for space charge saturation, which agrees nicely
with our experimental findings.

Let us therefore assume that the electric field inside the
QWIP is screened by discharging the (geometric) capaci-
tance of the device. Without screening, the photocurrent
signal is given by I = RP + SP? with the linear and qua-
dratic responsivities R and S, respectively. Taking the pho-
toconductive gain g proportional to the electric field, linear
field screening gives rise to the relation g = (1 — I/Is,)go,
with the low-intensity gain g, and the saturation current
Isa.. This results in the equation I = (1 — I/Is, )(RP + SP?),
which yields

_ Isu(RP + SP?)
_[Sat + (RP+SP2) .

(1)

Fig. 4 also incorporates the prediction of this linear sat-
uration model (with R =0 for T'= 77 K). Obviously, the
behavior at intermediate power density is not well
described. Moreover, the observed saturation current is
below 20 pA, whereas complete discharging of a
240 x 240 pm? device at 1V bias and 13 MHz repetition
rate would yield a significantly higher saturation current
of 75 pA. We thus conclude that capacitive discharging is
not yet appropriate for explaining the observed behavior,
even though accurate saturation levels are predicted.

An alternative approach for space charge saturation is
based on the low-power photocurrent nonlinearity [10,11]
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known from linear QWIPs. In the stationary case, this non-
linearity is caused since the “first” barrier at the emitter
side of the QWIP only bears a thermal current while the
remaining barriers also carry a photoexcited current. The
electric field thus has to be higher at the emitter barrier
than in the rest of the active region in order to maintain
the total current constant. To a good approximation, the
thermal current depends exponentially on the electric field
F (i.e., I ~ exp(aF) with a prefactor «) if the voltage drop
per QWIP period exceeds the thermal energy k7. Assum-
ing again that the photocurrent is proportional to F, the
above approximations lead to the relation 7 = (In/gy—
In7)(RP + SP?) in the case of a two-photon QWIP with
N quantum wells and N+ 1 barriers, with R = R/NaF
and S = S/NuF. This relation has the solution

I = (RP+SP)W (157‘2> , (2)
RP + SP

where W is Lambert’s W-function [13]. In the following,

the model behind Eq. (2) will be referred to as logarithmic

screening.

Applying this model to the experimental results of
Fig. 4, logarithmic screening yields reasonably good agree-
ment with the observed power dependence. However, there
is still some deviation from the observed quadratic behav-
ior at low intensity, as the W-function behaves like the log-
arithm for very large arguments. This deviation is
presumably related with the assumption that the field is
constant except for the emitter barrier, which is only valid
in the stationary case. For weak excitation by short laser
pulses, the space charge should be distributed over all
quantum wells, which will presumably lead to some modi-
fication in the intensity dependence, but with similar func-
tional behavior.

5. Autocorrelation in the presence of saturation

The influence of photocurrent saturation on autocorre-
lation measurements becomes most prominent when plot-
ting the ratio between the maximum signal at zero time
delay and the current Iy,; observed for time-separated
pulses. Fig. 5 shows this ratio as a function of Iy, together
with the predictions of the two screening models. As
expected, the ratio goes to unity upon approaching satura-
tion. A ratio of 8 was difficult to achieve experimentally
even at low intensities, presumably owing to the logarith-
mic-like contribution predicted by Eq. (2). Applying Eqgs.
(1) and (2), we find in the case of linear screening

4813, 2y — Rx

ratio = )
SISat(ISal + 71[nf) + 6R(RX — y) y + Rx

(3)

where x = Igy — iy and y =
logarithmic  screening, we
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Fig. 5. Photocurrent ratio of two-photon QWIP #X1649 vs. photocurrent
at At=50ps (77K, 0.8V and 2V applied bias). Simulations using the
linear and logarithmic screening models are also shown.
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In the absence of linear photocurrent (i.e., R =0), Egs.
(3) and (4) simplify to ratio = 87s,/(Isat + 7I1nr) and
ratio = 8W ((Lsat/81me) In(Isat/I1nr))/ In(Isar /T 1ng),  TESPEC-
tively. Interestingly, the ratio then becomes independent
of the quadratic prefactor S and thus only depends on
the single parameter Is,.. Taking this into account, the pre-
diction of the logarithmic screening model is surprisingly
good (see Fig. 5).

Linear screening yields strong deviations from the exper-
imental behavior, though it seems to work better than log-
arithmic screening in the case of low intensity. As a
consequence, it is experimentally possible to reach the
desired ratio of 8:1 at low power. Since additional effects
like dark current and thermal background current might
be of some influence, this regime is not completely under-
stood and needs further study.

6. Quadratic autocorrelation at room temperature?

As has been shown previously [6,7], thermal excitation
into the intermediate subband induces a linear contribution
to the signal. Fig. 6 shows the photocurrent induced by a
CO, laser at 10.4 um and 2.1 W/cm? vs. temperature. The
fit curve is obtained from the equation

I=A4+BTexp (;f;) (5)

where the coefficient A describes the two-photon photocur-
rent (which does not depend on temperature) and B the lin-
ear, thermally activated contribution. The fit yields an
activation energy of E4 = 105 meV and points to a respon-
sivity of 4 mA/W at room temperature for sample X1649
(about 1 mA/W at 300 K is expected for X1654 due to its
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Fig. 6. Photocurrent of two-photon QWIP #1649 at 2.1 W/cm? vs. inverse
temperature. The fit indicates an activation energy of 105 meV.
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Fig. 7. Photocurrent ratio of two-photon QWIP #X1654 vs. photocurrent
at At = 50 ps, (300 K, 0.8 V). Simulations using the linear and logarithmic
screening models are also shown.

larger intersubband spacing). Consequently, the linear sig-
nal will dominate at low power.

Fig. 7 shows the photocurrent ratio vs. Ij,r for sample
X1649 at room temperature. As expected, the ratio equals
two at low power, which is clear evidence of linear behav-
ior, and it approaches unity at high power due to satura-
tion. In between, the maximum value is only 3.5, which
indicates that the linear regime merges with the saturation
regime. Fit curves according to Egs. (3) and (4) are in nice
agreement with the data, which is not unexpected owing to
the number of fit parameters involved. Seemingly, Eq. (4)
yields more accurate results than Eq. (3), which again
favors logarithmic screening. Although the present devices
do not appear suitable for quadratic autocorrelation mea-
surements at room temperature, this goal should be achiev-
able when using two-photon QWIPs designed for shorter
detection wavelengths.

7. Conclusion

Two-photon QWIPs are useful devices for pulse charac-
terization of free-electron laser radiation. Rapid-scan inter-
ferometric autocorrelation measurements allow for
continuous monitoring of FEL pulse duration with high
accuracy and enhancement factors up to the theoretically
expected value of 8:1. The saturation behavior of the
two-photon QWIP signal is limited by the generation of
internal space charges, rather than absorption saturation
or capacitive discharging. At room temperature, pure qua-
dratic detection is inhibited by a linear, thermally activated
signal arising from thermal population of the intermediate
subband.
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