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Abstract—The diffraction of 100-fs pulses from the static
gratings of photorefractive quantum wells (QW’s) produces dif-
fracted pulses that are nearly transform-limited, despite the
strong dispersion near the quantum-confined excitonic transi-
tions. This quality makes the QW’s candidates for use in fem-
tosecond pulse shaping, although the currently limited bandwidth
of the quantum-confined excitonic transitions broadens the dif-
fracted pulses. Femtosecond electric-field cross correlation and
spectral interferometry techniques completely characterize the
low-intensity pulses diffracted from stand-alone photorefractive
QW’s, and from QW’s placed inside a Fourier-domain femtosec-
ond pulse shaper.

Index Terms—Bandwidth-limitation, electric-field cross corre-
lation, femtosecond pulse shaping, low-intensity characterization,
photorefractive quantum well, quantum-well electroabsorption,
spectral holography, spectral interferometry, transform-limited
pulse.

I. INTRODUCTION

ULTRAFAST pulses contain a wide bandwidth of several
terahertz for a typical 100-fs pulse duration, correspond-

ing to 10 nm at a center wavelength of 850 nm. The successful
use of this bandwidth is desirable for high throughput of
coded data in fiber optic communications channels. As one
method to utilize this bandwidth, ultrafast pulses can be
shaped using a Fourier-domain pulse shaper to manipulate
the pulse in the frequency domain [1]. This technique has
been extensively demonstrated for fixed Fourier masks [2]
and for programmable liquid crystal modulator Fourier masks
with phase control [3] and amplitude and phase control [4].
Placement of a dynamic holographic material in the Fourier
plane enables higher functionality and nonlinear operations,
such as reversal of a pulse in time using femtosecond spectral
holography [5].

In this paper, we explore the potential use of photorefractive
quantum wells (QW’s) [6], [7] as dynamic holographic media
positioned in the Fourier plane of a pulse shaper. For dynamic
pulse shaping, an ideal holographic material should have flat
amplitude and phase response over the bandwidth of the
pulses, and a fast response time for high repetition rates. One
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concern about photorefractive QW’s for use in femtosecond
pulse shaping is that diffraction from QW’s depends on
absorption and index gratings that have strong wavelength
dependence, as well as limited bandwidth. Therefore the chief
question investigated in this paper is whether these strong
dispersion effects significantly distort the ultrafast pulse. We
evaluate the photorefractive QW’s by measuring the shape of a
diffracted femtosecond pulse when a sample QW is placed first
outside, and then inside, a Fourier-domain femtosecond pulse
shaper. We find that the spectrum of the QW electroabsorption
is bandwidth-limited to only 5 nm, compared with the 10-nm
bandwidth of a 100-fs pulse. However, femtosecond pulses
diffracted from the photorefractive gratings remain nearly
transform-limited because the wavelength-dependent phase of
the complex refractive index remains nearly a linear function
of wavelength.

Previous work in bulk photorefractive crystals with two-
wave mixing of femtosecond pulses included pulse character-
ization [8], [9] and pulse shaping [10], [11]. Bulk ferroelectric
materials have the advantage of large photorefractive response
but the disadvantage of long grating formation times, and
short pulses can suffer from broadening by dispersion when
traversing the long interaction length in a bulk crystal. In
contrast, photorefractive multiple QW’s (MQW’s) have a
short grating formation time of microseconds, and thin-film
diffraction allows four-wave mixing within the Raman–Nath
diffraction regime. QW’s also have great flexibility for de-
sign and fabrication using many possible material systems.
Photorefractive QW’s have been used to find the electric-field
correlation function of femtosecond pulses. This was accom-
plished both with direct interference [12] and interference in
a Fourier-transform joint correlator geometry (time-to-space
mapping) [13]. In both cases, photorefractive QW’s were used
to characterize the shape of femtosecond pulses by obtaining
the square of the electric-field correlation envelope.

The first section of this paper presents the theory of diffrac-
tion of femtosecond pulses from photorefractive QW’s, fol-
lowed by a section that describes the measurement of pulse
shapes by two different interferometric techniques: electric-
field cross correlation and spectral interferometry. The third
section describes the photorefractive QW optical properties
and the experimental procedures, followed by the measure-
ments of the diffracted pulses for the QW’s inside and outside
a Fourier-domain pulse shaper.

II. FEMTOSECONDPULSES AND PHOTOREFRACTIVEMQW’S

In this section, we derive expressions for the temporal shape
of a femtosecond pulse transmitted through and diffracted
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from photorefractive QW’s. The derived expressions will be
used with experimentally measured electrooptic properties
of the QW’s to compare the predicted performance of the
photorefractive QW’s with the measured diffraction presented
in later sections of this paper.

The electric field of a pulse can be expressed as
where the temporal shape is given by .

In the frequency domain, the electric field is the Fourier
transform of . The transmission or diffraction of a pulse
can be represented by a complex filter function in the
frequency domain. For transmission,

(1)

Neglecting Fresnel reflection at the surfaces of the thin film
and the associated Fabry–Perot effects, the filter function for
transmission is

(2)

where is the complex refractive
index, is the propagation constant in free space, andis the
sample thickness. The transmission spectrum is

(3)

which can be measured.
Photorefractive QW’s operate by the photogeneration of

electron–hole pairs, followed by transport and trapping of
charges at deep level defects. The space-charge fields mod-
ify the optical properties of the semiconductor through the
quadratic electrooptic effect of excitonic electroabsorption.
The interference of the two writing beams creates a periodic
intensity pattern which induces a refractive index
pattern

(4)

where is the change in
complex refractive index caused by the electrooptic effect,
which implicitly depends on the applied electric field as well as
beam ratio, fringe spacing, and material parameters involving
transport. The grating vector is and is the phase offset
between the intensity pattern and the index pattern. Under
illumination by a sinusoidal intensity pattern, the function

is a periodic function with period and is
generally not a sinusoid due to the nonlinearities in the
transport and the electrooptic effect. The frequencyin (4) is
the frequency for the probe beam. The spectral dependence in
(4) is determined by the transmission and electrooptic spectra
of the thin-film structure. The photon energy of the writing
beams is implicitly included in .

In the thin grating or Raman–Nath limit, the spatially
varying optical modulation diffracts the incident pulse into
many orders without requiring phase-matching. The strongest
diffraction is from the lowest harmonic (fundamental) grating,
so is taken to be [14]. The total
electric-field at the exit face of the material is

(5)

Using the relation

(6)

with the Bessel function and the previous definition for
we obtain

(7)

which contains all diffracted orders. The first-order diffracted
electric-field for is

(8)

Using the approximation for small
the electric field is written in terms of the filter function

where

(9)

and the power spectrum for the diffracted pulse is

(10)

The input diffraction efficiency is
and the output diffraction

efficiency is
.

To finally calculate the diffracted pulse shape in the time
domain, the electric field is the inverse Fourier transform
of the electric field in the frequency domain, i.e.,

and the envelope of the pulse is given by

(11)

where is the wave impedance. While it is not possible
to directly measure the temporal profile of an ultrashort
pulse, several indirect techniques can be used, including linear
electric-field interference of the signal pulse with a reference
pulse, and nonlinear correlation of the intensity profile with
a reference pulse. With a known reference pulse, the signal
pulse can be fully characterized.

The electrooptic effect of the photorefractive QW’s used
in this paper (described in detail in Section IV) is shown in
Fig. 1. The data are measured using a 1000-W halogen source
filtered by a 0.85-m double spectrometer. There is a peak
absorption due to the quantum-confined heavy-hole exciton of
approximately 10cm across a 1.9-m-thick MQW layer.
The change in absorption and the change in the refractive
index spectra due to the electrooptic effect are shown in Fig. 1.
The electroabsorption process with the electric field applied in
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the plane of the QW’s is due to the field ionization of the
excitons, which broadens the exciton absorption features. The
differential transmission is measured by applying a sinusoidal
voltage that varies between 0 and 400 V with a frequency of
277 Hz. The change in refractive index was calculated using
the Kramers–Kronig transformation producing a maximum
refractive index change of 0.005.

The striking aspect of the electroabsorption data in Fig. 1
is the oscillatory behavior as a function of wavelength. The
strong amplitude and phase dispersion enter directly into (8)
for the electric field of the diffracted pulse. A serious concern
is the effect that this dispersion may have on the diffracted
pulse, especially if it causes distortion. A second concern
is the limited bandwidth of the electroabsorption spectrum.
The primary focus of this paper is to measure the shape of
femtosecond pulses after diffraction from the photorefractive
QW’s and to evaluate the degree to which they are broadened
and distorted in the process.

III. PULSE SHAPE MEASUREMENTS

In this section, we describe two linear techniques that
are used to determine the shape of the diffracted pulse and
compare it with the shape of the incident (reference) pulse: 1)
linear electric-field cross correlation of the diffracted pulses
with the reference pulse and 2) spectral interferometry of the
diffracted pulse with the reference pulse. In addition to these
techniques, we also use standard nonlinear second harmonic
auto- and cross correlation to characterize the reference and
transmitted pulses, as well as measuring the spectra of the
transmitted and diffracted pulses.

In linear electric-field cross correlation, the interference of
the signal pulse (the transmitted pulse or the diffracted pulse)

and the reference pulse (the input pulse) with a time
delay results in an average intensity given by

(12)

where is the modulation depth of
the interference, and

(13)

is the correlation function, which contains all the useful
information about the interference. For a transform-limited
Gaussian signal and reference pulse with intensity full-width
at half-maximum (FWHM) of and respectively,

(14)

which has a FWHM of and reduces to
for an autocorrelation. A connection between the

Fig. 1. Electroabsorption(��) and electrorefraction(�n) of the photore-
fractive QW. The data were obtained with a field of 4 kV/cm applied in the
plane of the QW’s. The refractive index change is calculated from the change
in absorption using the Kramers–Kronig transform.

time domain and the frequency domain is made through the
Fourier transform of the correlation function

(15)

where and are the Fourier transforms of
and respectively. In the case of autocorrelation, (15) re-
duces to which is the power spectrum.
This is useful for checking consistency between time-domain
electric-field autocorrelation and the power spectrum.

In spectral interferometry, there is interference of the spectra
[15], [16]. Following [16], the spectral interference contains
both individual spectra as well as the interference. The indi-
vidual spectra are each measured separately and are subtracted
from the interference to obtain the interference spectrum

(16)

which has a functional form similar to the correlation function,
i.e., a pulse function on a carrier (or an envelope with
oscillations).

Both interferometric techniques (linear field cross correla-
tion and spectral interferometry) depend on the characteris-
tics of the reference pulse. If the reference pulse is nearly
transform-limited, the phase difference is mainly contributed
by the phase of the signal pulse as a function of frequency.
The combination of second-harmonic autocorrelation and mea-
surement of the spectrum of the reference pulse can be used to
estimate how nearly the reference pulse is transform-limited.
Once the transform-limited behavior of the reference pulse
is verified, spectral interference of two pulses provides the
absolute phase of the signal pulses.

IV. DATA AND ANALYSIS

The photorefractive MQW structure used in our experi-
ment was grown by molecular beam epitaxy in a Varian
Gen II chamber. The growth began with 500-nm GaAs on
a semi-insulating GaAs substrate, followed by 500 nm of
Al Ga As, 20 nm of AlAs, and 10 nm of GaAs. After
250 nm of Al Ga As, 85 periods of 7.5-nm GaAs wells
and 10 nm of Al Ga As barriers were deposited, followed
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Fig. 2. Experimental geometry for characterizing diffracted pulses from the photorefractive QW’s. The shape of the diffracted pulses is inferred from
electric-field cross correlation as well as spectral and spectral interferometry methods. An above-gap CW diode laser writes the grating for nondegenerate
four-wave mixing. The CW beam is shown as the dashed line.

by 150 nm of Al Ga As. After growth, the samples were
proton implanted with a dose of 10cm at 160 keV and 5

10 cm at 80 keV to create deep-level defects and render
the material semi-insulating [18], [19] and photorefractive [6],
[20]. The implanted wafer was cleaved into 3 mm3 mm
pieces. To remove the substrate for transmission experiments,
the substrate was lapped to 100m, and then etched with
a 1 : 19 ammonium hydroxide–hydrogen peroxide etch to the
50% Al stop etch layer [21]. An HF acid etch was used
to remove the 50% Al layer and the AlAs layer [22]. Gold
contacts were evaporated directly onto the low-bandgap GaAs
layer with a 1-mm aperture across which a field was applied in
the plane of the QW’s, perpendicular to the growth direction.

The femtosecond pulse is diffracted from the photorefrac-
tive QW’s using nondegenerate four-wave mixing, as shown
in Fig. 2. The femtosecond pulse source is a Clark NJA-4
mode-locked Ti-sapphire laser (with 100-MHz repetition rate),
pumped by a Coherent Innova-310 Argon Ion laser. A 685-
nm diode laser is the source for the writing beams, with a
photon energy above the bandgap of the QW barriers. The
fringe spacing of the interference pattern is 10m, which is
greater than the photorefractive spatial resolution limit of 3

m for our photorefractive QW’s and below the limit where
scattered light from the transmitted beam overlaps with the
diffraction. The incident intensity from the writing beams is
2 mW total with a beam ratio of unity. There is 2 mW in
the probe pulsed beam, which results in a total intensity of
approximately 40 mW/cm. Over the duration of one 100-fs
pulse, the photorefractive grating remains essentially static. To
obtain diffraction, a dc voltage of 400 V is applied over the 1-
mm gap between the electrodes to produce an average field of
4 kV/cm. At this applied field and an intensity of 40 mW/cm
the grating response time is approximately 10s, which is the
time for photocarriers to drift and trap. The writing beams are
chopped at 1.0 kHz for the detection using a lock-in amplifier.
The output diffraction efficiency of the photorefractive MQW
is approximately 10 .

The shape of the pulse is measured using the linear tech-
niques described above, which use an undistorted reference

pulse. The delay line for the reference pulse uses a hollow
retroreflector mounted on a stepper–motor-driven translation
stage with a 0.1-m step size. A biased p-i-n silicon pho-
todetector is used for electric-field correlation. Spectra are
measured with a 0.275-m spectrometer with a linear array
charge-coupled device (CCD). Nonlinear correlation for the
reference and transmitted pulses is accomplished with 0.5-mm-
thick BBO with a photomultiplier tube to detect the second
harmonic.

A. Reference Pulse and Transmitted Pulse Shapes

The characteristics of the reference pulse are important for
interferometric and correlation techniques because they must
be known precisely to be used to make direct measurements of
the pulse shape of the transmitted or diffracted pulse. Pulses
from the laser used in this experiment are nominally 100 fs
in duration and are nearly transform-limited Gaussian pulses.
The electric-field and second harmonic autocorrelations of
the reference pulse are shown in Fig. 3. The time–bandwidth
product is calculated directly from the spectrum using

where is calculated from the second
harmonic autocorrelation width assuming Gaussian pulses.
The time–bandwidth product for the reference pulse is 0.41,
which is consistent with a transform-limited Gaussian pulse.

The absorption and refractive index associated with inter-
band transitions near the fundamental absorption edge distort
the transmitted pulse. The electric field cross correlation of
the transmitted with the reference pulse is shown in Fig. 4(a),
and the interferometric second harmonic cross correlation is
shown in Fig. 4(b). All of the transmission data were taken
without applied field. The sign convention is that positive
delays correspond to the reference pulse arriving after the
signal pulse at the detector. Therefore, the leading edge of the
pulse is on the left. With a 100-nm step size for the translation
stage and approximately 850 nm as the center frequency, there
are over four points per interference fringe. The transmitted
pulse has a tail on the trailing edge of the pulse. The power
spectra of the reference and transmitted pulses are shown in
Fig. 5(a), and the phase spectrum of the transmitted pulse is
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(a)

(b)

Fig. 3. Reference pulse autocorrelation versus delay: (a) electric field
auto-correlation of reference pulse; (b) interferometric second harmonic
autocorrelation of reference pulse. The heavy line shows the pulse envelope.
The leading edge is at the left.

shown in Fig. 5(b), calculated from the spectral interference
of the transmitted pulse with the reference pulse. The notch
in the power spectrum is caused by the heavy-hole exciton
absorption peak at 848 nm. The phase also shows structure
near this exciton transition wavelength, as expected from
Kramers–Kronig relationships. Together, the amplitude and
the phase of the transmission function of (9) distort
the pulse and produce the nontransform-limited pulse shape
of Fig. 4.

We verified that the measured amplitude and phase of
the transmission function are consistent with the predicted
temporal shape calculated from (11). The analysis confirms
that photorefractive QW’s distort transmitted pulses due to
both absorption and refractive index variation over the band-
width of the pulse. While this conclusion is not surprising, it
raises concerns about the possible distortion that might occur
for pulses diffracted from the photorefractive QW’s, because
the diffracted pulses also may experience the absorption and
refractive index variations near the excitonic transitions. This
problem is addressed in the next section.

B. Diffracted Pulse Shape

The electric-field cross-correlation of the diffracted pulse
with the reference pulse is shown in Fig. 6. The calculated

(a)

(b)

Fig. 4. Cross correlation of the transmitted pulse with the reference pulse
as a function of reference pulse delay: (a) electric field cross correlation and
(b) interferometric second harmonic cross correlation. The transmitted pulse
shape is distorted by the QW optical transitions.

envelope has a width of 433 fs, which is more than twice
as long as the reference field autocorrelation width of 213 fs.
To evaluate the possible contribution from second-order dis-
persion, the power spectrum and the spectral interference were
obtained and analyzed for the diffracted pulse. The spectra
of the reference and diffracted pulse are shown in Fig. 7(a).
The diffraction spectrum appears to be nearly Gaussian, and
the spectrum and the estimate of the pulse length are used
to calculate a time–bandwidth product of 0.43, which is very
close to that for a Gaussian. Most importantly, the phase in
Fig. 7(b), extracted form the spectral interference, is nearly
flat, confirming that the pulse is nearly transform-limited.

That femtosecond pulses diffracted from photorefractive
QW’s, though broadened by the limited bandwidth, remain
nearly transform limited (while the transmitted pulse was
distorted by transmission through the MQW sample) may
seem unexpected. Because the diffracted pulse filter function

in (9) also contains the transmitted filter function
it may be expected to produce similar distortion.

In addition, the diffracted pulse shape depends sensitively
on the complex electroabsorption, characterized by and

in (10). These were shown in Fig. 1(a) and have strong
wavelength dependence.

The explanation of why the diffracted pulse is nearly
undistorted is based on two aspects. First, it is due to the causal
relationship between and through the Kramers–Kronig
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(a)

(b)

Fig. 5. Spectrum of transmitted pulse: (a) transmitted and reference pulse
spectra and (b) transmitted pulse phase measured by spectral interferometry.
The notch in the transmitted pulse spectrum is the heavy-hole exciton
absorption feature.

Fig. 6. Electric field cross correlation of the diffracted pulse and the refer-
ence pulse. The diffracted pulse is approximately 2.5 times longer than the
reference pulse.

transform. They constitute a Hilbert transform pair and are
therefore conjugate harmonic functions. If the function
is nearly a symmetric function around the center transition
frequency then the index change varies nearly linearly
with frequency over the range where the diffraction efficiency
is largest. Because a linear phase with frequency represents
only a delay, not a distortion, the strong dispersion of
and do not distort the diffracted pulse. Second, as for
the influence of the transmission function although it

(a)

(b)

Fig. 7. Spectra of the diffracted pulse: (a) power spectrum of the diffracted
pulse compared to reference pulse and (b) phase of the diffracted pulse. The
diffracted pulse has nearly a Gaussian shape.

Fig. 8. Ionization of excitons and broadening of the absorption line under
an applied electric field of 10 kV/cm.

distorts the transmitted pulse at zero applied electric field as
shown in Section IV-A, its influence on the diffracted pulse
is much weaker. This is because the diffraction is always
obtained with an applied electric field of 4–10 kV/cm, at which
the excitons are ionized and the absorption line is broadened
(Fig. 8). The modulation in transmission is usually smaller
than 5%.

To quantitatively verify this conjecture, the electric-field
correlation of the diffracted and reference pulses is calculated
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Fig. 9. Electric-field cross correlation of the diffracted pulse with the refer-
ence pulse. The calculation is from spectral data. The negligible difference
between the calculation with and without phase verifies that the pulse is nearly
transform-limited.

from the spectral data using (9) and compared with the data in
Fig. 9. The calculation with and without the phase are nearly
identical, indicating that the phase variation of the diffracted
pulse is small, supporting our conjecture, and verifying that
the pulse is nearly transform-limited.

C. Diffraction from Photorefractive QW’s in a Pulse Shaper

Pulse shaping on the femtosecond time scale has been stud-
ied intensively since 1988 [1]–[5]. Fourier synthesis techniques
have been demonstrated to be an effective method to shape the
pulses. By using photorefractive materials in a pulse shaper,
holograms can be written in real time (within the limitation of
the material response time) andin situ within the pulse shaper.
The pulse shaper used in this work (Fig. 10) is similar to the
standard pulse-shaping apparatus [2] with two main differences
predicated by the use of the photorefractive MQW’s. First,
a photorefractive MQW was placed in the Fourier plane
in the pulse shaper instead of a fixed mask. Second, the
lenses used in the pulse shaper were cylindrical instead of
the conventional spherical lenses. By using cylindrical lenses,
the incident femtosecond beam remained collimated in the
vertical direction, ensuring an optimal intensity ratio between
the unfocused CW writing beams and the femtosecond probe
beam, leading to optimal photorefractive diffraction.

To verify that the nearly transform-limited behavior of
the photorefractive QW’s remains the same when the pho-
torefractive QW’s are used in a pulse shaper, we placed
a photorefractive MQW sample into the pulse shaper we
described above. The sample used in this study had an ex-
posure window of 14 1 mm with a dc voltage of 300 V
applied vertically along the 1-mm gap. The long horizontal
window ensured that all the frequency components (which
were spatially separated in the Fourier plane in the pulse
shaper) fall on the photorefractive grating. The photorefractive
grating spacing was about 11m and was oriented vertically.

The pulse shaper was carefully aligned to be dispersion-free,
leading to identical output pulses with the same pulsewidth as
the incident one, when there was no photorefractive QW in
the pulse shaper. The photorefractive QW was then placed at
the Fourier plane of the pulse shaper and the diffracted beam
was used to reconstruct the output pulse. Fig. 11 shows the
electric-field cross correlation of the diffracted pulse from the

Fig. 10. Experimental setup for femtosecond pulse shaping using photore-
fractive gratings written in MQW’s. The focusing length of the cylindrical
lenses in the pulse shaper was 10 cm and the two gratings have a line density
of 1800 lines/mm with a spatial spectrum separation of 0.35 mm/nm. The
inset shows the writing geometry in the vertical plane.

Fig. 11. Electric-field cross correlation of the diffracted pulse generated
inside the pulse shaper.

MQW in the pulse shaper. The pulse has a FWHM of 440 fs,
which is very close to that obtained when the QW is outside
the pulse shaper. The spectrum of the diffracted pulse is nearly
Gaussian with a FWHM of 3.6 nm. These data verify that
the pulse shaper does not introduce additional dispersion. In
addition, the total diffraction efficiency when the QW is inside
the pulse shaper was comparable to the value obtained when
the QW was outside the pulse shaper.

V. CONCLUSION

Nominal 100-fs pulses diffracted from photorefractive
QW’s are broadened, but remain nearly transform-limited.
The broadening is due to the limited bandwidth of the
diffraction efficiency spectrum, which is determined by the
electrooptic properties of the QW’s. The ability to produce
transform-limited pulses from photorefractive QW’s indicates
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that photorefractive devices will be useful for pulse shaping
and other femtosecond applications.

To shape a pulse [23], a mask in one of the writing
beams modifies the photorefractive grating in the MQW in the
pulse shaper. Because the hologram in the MQW is dynamic
and is controlled outside the pulse shaper, we can perform
the femtosecond pulse shaping dynamically up to the MQW
response time (typically 10s). By changing the position of
the mask and the imaging lenses with respect to the MQW
sample, one can use either an image or the Fourier transform
of the mask on the photorefractive MQW in the pulse shaper.
Therefore, the resulting temporal pulses take the form of either
the Fourier transform or the mask itself, respectively.

Future work on the design of photorefractive QW structures
include wider bandwidth through bandgap engineering of the
QW structure [24] that will not broaden the pulse. Also,
to obtain more diffracted power, asymmetric Fabry–Perot
structures [25], and perpendicular geometry p-i-n structures
[26] are being explored. Finally, photorefractive materials that
operate at a wavelength of 1.5m [27] are being pursued
for pulse shaping compatible with fiber-optic communications
technology.
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