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Coherent Control of Two-Photon-Induced
Photocurrents in Semiconductors With

Frequency-Dependent Response
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Abstract—In this paper, two-photon (TP)-induced photocur-
rents in two different semiconductor diodes were coherently con-
trolled simultaneously via phase-only shaping of femtosecond
pulses. Because of their distinct TP absorption (TPA) spectral re-
sponses, the diodes generated noticeably different photocurrent
yields depending on the pulse shape. By adjusting second- and
third-order dispersion coefficients, we demonstrated that the yield
contrast is enhanced when excited by the pulse, whose second-
harmonic (SH) spectrum has a peak around the spectral range
where those TPA spectral responses differ widely. Also, the pho-
tocurrent yield ratio was maximized or minimized using an opti-
mization algorithm, with extremes corresponding to 1.20 and 0.75,
respectively. Finally, it was demonstrated that different traces can
result when autocorrelation (AC) functions of identical pulses are
measured by those diodes with distinct TPA spectral responses.

Index Terms—Coherent control, pulse shaping, two-photon
absorption (TPA), ultrafast optics.

I. INTRODUCTION

FOR a decade or more, coherent control schemes for laser
control over electronic, atomic, or molecular behaviors

have been explored in physics and chemistry [1]. Such schemes
are generally based on quantum interference among multiple ex-
citation pathways [2]. One can maximize or minimize desired
process outcomes through constructive or destructive interfer-
ences of such pathways, usually by manipulation of phase. In
early experiments, e.g., [3] and [4], only the interval between
two successive pump pulses or the relative phase between fun-
damental and second-harmonic (SH) pulses could be adjusted.
By using femtosecond pulse-shaping technology [5], however,
almost any desired waveforms can be obtained; this has been
one of the main factors enabling many significant results in re-
cent coherent control research [6]–[10]. Demonstrations include
turning on or off the nonresonant two-photon (TP) transition in
cesium [6], selectively breaking chemical bonds in molecules
to optimize the ratio of the resulting chemical products [7], [8],
and controlling second-harmonic generation (SHG) for spectral
phase characterization [9] and for use in selective TP excitation
of a pH-sensitive chromophore [10]. A detailed discussion of
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various control objectives, target materials, and so on can be
found in previous review papers, [1] or [2].

In contrast to such coherent control experiments in atomic or
molecular systems, in this paper we focus on coherent control in
semiconductors, in particular, coherent control of their TP ab-
sorption (TPA). In the long run, semiconductor-based coherent
control has the potential to evolve into practical applications due
to mature semiconductor manufacturing technologies. Previous
work on coherent control in semiconductors has dealt with in-
homogeneous broadening effects [11], terahertz emission and
carrier populations in heterostructures [12], photogenerated ex-
citons in quantum wells [3], the direction of electrical currents in
a AlGaA–GaAs quantum well [4] or in a GaAs bulk crystal [13],
TP transitions [14], phonon effects [15], and biexcitonic polar-
ization [16] in multiple quantum wells (MQWs), differential
transmission in AlGaAs [17], biexcitonic states in a quantum
dot [18], TPA in CdS and GaAsP for the purpose of pulse com-
pression [19], free-carrier density in GaAs [20], manipulation
of Bloch oscillations in superlattices [21], and so on. In [14],
the TP photoluminescence have been analyzed as a function of
delay between a signal-reference pulse pair, while in [19] TP-
induced photocurrents in semiconductors have been used as a
diagnostic for chirp compensation and pulse compression using
spectral phase pulse shaping.

To date, only few semiconductor-based experiments have
exploited the capabilities of programmable pulse-shaping
technology for coherent control of TP-induced photocurrents.
Moreover, real-time manipulation of the ratio of two different
coherent control output variables, such as control of product ra-
tios in the case of selective bond breaking in molecules [7], [8],
has not yet been reported in all semiconductor systems. In this
paper, we demonstrate, for the first time to our knowledge,
coherent control of the ratio of TP-induced photocurrents gen-
erated simultaneously in two different semiconductor devices.
Very recently, a similar experiment was reported, with the dif-
ference that TP excitation of a semiconductor was compared
with TP excitation in dye materials [22]. The basis of our ex-
periments is the frequency dependence of the TP response,
which can be different in different semiconductor devices.
This enables manipulation of the TP photocurrent ratios un-
der pulse shape control. Generally, a stronger degree of coher-
ent control is expected for more widely differing TPA spectral
responses and for wider bandwidths. Nevertheless, in this pa-
per we successfully demonstrate coherent control results even
though we are using commercial devices as TP detectors (which
afford little opportunity for designing the TP spectral responses)
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Fig. 1. Demultiplexer-free detection scheme. (a) Conventional single-photon
detection of time-division multiplexed signals and (b) newly proposed TP de-
tection of chirp-coded signals. DEMUX: demultiplexer.

and relatively long, ∼150 fs pulses with small fractional
bandwidth.

As briefly mentioned above, coherent control in semiconduc-
tors is important due to its potential for real-world applications.
For example, interference phenomena associated with photo-
generated wave packets in heterostructures have been proposed
for future terahertz-regime high-speed switching devices [23].
Femtosecond-order optical switching using coherent destruc-
tion of photogenerated excitons in MQWs has also been pro-
posed [3]. In this paper, we propose a new application per-
spective that could potentially be enabled by our semiconductor
coherent control approach.

Let us assume that two semiconductor diodes are specially
designed so that pulse shape A generates a time-integrated TP-
induced photocurrent that is above a certain threshold in diode 1,
while the photocurrent in diode 2 remains below the threshold.
We assume that pulse shape B is designed to do the converse:
the photocurrent it induces is above threshold in diode 2, but not
in diode 1. We further consider the case of on–off keyed optical
data in a slotted optical time-division multiplexed (OTDM)
network, with bits corresponding to channels A and B trans-
mitted as pulse shapes A and B, respectively. Conventionally,
a demultiplexer performing a time-domain switching operation
is required to separate the channels, which are then detected by
a single-photon photodetector, as illustrated in Fig. 1(a). In this
case the optical phase is neglected. In contrast, in our scheme
a 1× 2 splitter couples the data stream onto the two TP diodes,
which detect their respective matched pulse shapes in parallel.
Thus, diode 1 selectively detects bits composed of pulse shape
A, since its response to bits composed of shape B falls below
the threshold, whereas diode 2 detects only channel B [see
Fig.1(b)]. Note that single-photon detectors cannot discriminate
between the channels in this case, assuming that the waveforms
are of equal energy and distinguishing temporal features are
faster than the data rate limited by photodiode response. This
demultiplexer-free detection scheme can be extended to the
N-channel case, as long as there is enough optical power to

allow power splitting to N distinct TP detectors and the contrast
in the TP spectral responses is sufficient.

An interesting alternative scheme would be to use a diode with
TPA spectral response that varies with bias. If the degree of vari-
ation is sufficient, we may be able to find a set of optimum pulse
shapes, each of which generates a TPA yield above the thresh-
old at a specific bias voltage but not at other voltages. Properly
structured MQW diodes are known to show TPA responses that
red-shift with bias [24]–[26]. In addition, many attempts have
been made to impart wavelength tunability to (single-photon)
semiconductor detectors [27]–[37]; some of these ideas may be
applicable to our TP scheme. Note also that in single-channel
data transmission, we can envision pulse-shape keying in place
of on–off keying, i.e., pulse shapes A and B represent bits 1 and
0, respectively. In this case diode 1 receives correct data stream
but diode 2 detects inverted bits. This kind of transmission may
be advantageous from the point of view of security, since with-
out knowing the waveforms or the TPA spectral responses, it
will be difficult for an eavesdropper to determine the data. This
idea is similar to recent work in optical code division multiple
access (O-CDMA), where a code switching data modulation
scheme gives some degree of increased eavesdropping resis-
tance compared to on–off keying [38], [39].

Our investigation is also relevant to TPA-based pulsewidth
measurements. TPA in laser diodes (LDs), photodiodes (PDs),
or even light-emitting diodes (LEDs) has been often used for
autocorrelation (AC) measurements as an alternative to SHG
(for example, [40]–[43]). TPA is widely believed to circumvent
problems such as finite phase-matching bandwidth and group
velocity mismatch that are inherent in the SHG measurement.
However, several requirements should be satisfied to perform
TPA-based pulsewidth measurements. First, the incident optical
power should fall in the regime where the generated photocur-
rent is quadratic in the input peak power. Second, assuming
a fixed pulse shape, the photocurrent should be inversely pro-
portional to the pulsewidth [44]. Third (closely related to the
second condition), the TPA spectral response should be flat.
Otherwise, the spectral response may introduce effects similar
to those that occur in SHG with limited phase-matching band-
width, which would introduce errors in the correlation mea-
surement [45]. This third aspect, however, has been seldom
examined in previous pulsewidth measurements, even though
the TPA spectral response of GaAsP was measured in [41]. It
has been believed that for shorter pulsewidths the TPA-based
measurement is preferable, since SHG is more subject to the
finite phase-matching bandwidth. One should remember, how-
ever, that for shorter pulses, a nonflat TPA spectral response
also plays a more significant role. Therefore, it is worthwhile
to discuss how the TPA spectral response in semiconductor
diodes modifies measured AC traces. To do this, we compared
the AC traces acquired using diodes with distinct TPA spectral
responses. We observed that depending on pulse shapes, traces
measured with one diode can be either wider or shorter than
those with the other diode. We have also observed correlation
between coherently controlled TP photocurrent yields in dif-
ferent diodes and the relative AC widths returned using those
diodes.
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This paper is organized as follows: In Section II, a brief theory
related to TPA and the experimental setup will be discussed
and the spectral response measurements will be also explained.
Coherent control experiments and AC measurements will be
covered in Sections III and IV, respectively. Finally, in Section V
we present conclusion.

II. BRIEF TPA PRINCIPLE AND EXPERIMENT OVERVIEW

A. TPA Principle

When an ultrashort pulse e(t) oscillating with an angular
frequency of ω0 nonresonantly interacts with a two-level system,
the probability of the TP transition can be written approximately
as [6]

S2 =
∫ ∞

−∞
H(ω)

∣∣∣∣
∫ ∞

−∞
e2(t) exp(−jωt) dt

∣∣∣∣
2

dω (1)

where ω represents the angular frequency and H(ω) is the TPA
spectral response function. The remaining factor in the inte-
grand represents the SH spectrum induced by the excitation
pulse and can be written as |Ft{e2(t)}|2, where Ft{·} repre-
sents the Fourier transform with respect to t. Note that the SH
spectrum is centered around the resonance frequency ωr approx-
imately equal to 2ω0. This transition can be observed from TP
fluorescence, photocurrent, etc. Since this formula corresponds
to TPA without any intermediate resonances, the TPA response
is expected to depend only on the final TP energy. In [6], high
contrast coherent control of TP fluorescence was demonstrated
in an atomic vapor, which is in the narrow TP linewidth limit.
Note that (1) also describes the SHG yield in the case of a
narrow phase-matching bandwidth. Through this analogy it has
also been demonstrated that by using pulse shaping, the SHG
yield can be coherently controlled with over three orders of
magnitude contrast [46]. In the opposite limit where H(ω) has
a very wide linewidth [i.e., when H(ω) is a flat continuum],
(1) reduces to S2 =

∫
I2(t)dt, where I(t) = |e(t)|2, which is

desirable for pulsewidth measurements [40]–[44]. Note that in
this limit, there is no dependence on the temporal phase so that
coherent control is not possible.

In general, the TP spectral response is neither narrow nor com-
pletely frequency independent. On the one hand, this can lead
to errors in interpreting AC traces acquired using TP devices.
On the other hand, frequency-dependent TP response allows
coherent control for manipulation of the relative photocurrent
yields in TP detectors with distinct spectral responses H1(ω)
and H2(ω).

B. Experiment Overview

We performed TP experiments using input light in the 1.5-µm
band and two commercially available diodes, a surface-normal
PIN silicon (Si) PD (Thorlabs PDA55) and a 784-nm edge-
emitting LD (Sharp GH0781JA2C). The latter is believed to have
AlGaAs–GaAs MQW structure. In principle, one may design
diodes whose TPA spectral responses are optimized for strong
spectral dependence (hence, large coherent control contrasts)
by locating exciton peaks at desired TP wavelengths; however,

Fig. 2. Schematic of the experimental setup. OPO: optical parametric oscilla-
tor; M: mirror; G: grating; L: lens; LCM: liquid crystal modulator; BS: beam
splitter; C: chopper; TS: translational stage; OL: objective lens; TP: two-photon.

in this paper, we show clear contrast even using commercial
diodes. As commonly known, the Si PD has a fairly flat spectral
response at the TP wavelength (∼780 nm) since its band edge
is far from the final TPA levels. In contrast, in the LD the final
TPA states are located close to the band edge so that a strong
spectral response may be introduced.

The experimental setup is illustrated in Fig. 2. Femtosecond
pulses with ∼15-nm bandwidth emitted from an optical para-
metric oscillator (OPO, Spectra Physics) were passed through
a reflective Fourier transform pulse shaper [5], chopped, and
then split into two arms for simultaneous coupling into the
two diodes through 20× microscope objective lenses. The
diodes were uncapped to prevent unwanted multiple light reflec-
tions. Both diodes were unbiased and connected via respective
320-kΩ resistors to respective lockin amplifiers, where the pho-
tocurrents induced by TPA of the input pulses were measured.
For each diode, the dependence of the photocurrent on the op-
tical power was examined to identify the range of the quadratic
regime. In all the following experiments, optical powers were
adjusted so that they always resided within this quadratic
regime. The Michelson Interferometer shown in the figure is
not used in this stage of the experiments, but is used later when
we explore the effect of TP spectral response on pulsewidth
measurements.

The pulse shaper consisted of a grating with 830 grooves/mm,
200-mm lens, 2-layer 128-pixel liquid crystal modulator (LCM:
256-MIR, CRi) with 0.1-mm pixel width, and mirror. At the
grating, incident and diffracted angles were 45◦ and 31◦, re-
spectively. At the LCM a spectral spread of 0.52 nm per pixel
and a spectral resolution less than 2-pixel width were obtained.
Only phase was modulated for coherent control via a computer
programmable LCM controller (SLM-256, CRi). The dispersion
due to the laser source, pulse shaper, or lenses was compensated
by optimizing the grating-lens distance in the pulse shaper so
that a shortest pulsewidth was measured through the AC ac-
quired via TPA of the Si PD. Higher order dispersions turned
out to be negligible when the spectral phase profile of the resul-
tant pulse was examined by applying an evolutionary algorithm,
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Fig. 3. TPA spectral responses obtained by calibrating TP-induced photocur-
rents in the Si PD (solid line with circles) and 784-nm LD for TE polarization
(dashed line with triangles) and TM polarizations (solid line with squares) as
functions of the center wavelength of the pulse with ∼15-nm bandwidth.

as in [19]. Details on the algorithm we used for optimization are
given in Section III.

C. Measurement of TPA Spectral Responses

TPA spectral response functions were investigated by mea-
suring TP-induced photocurrent yields from the two diodes
while adjusting the center wavelength of unshaped excitation
pulses. The spectral resolution is limited by the pulse spectrum
with a full-width at half-maximum (FWHM) of ∼15 nm. Op-
tical powers were adjusted so that the two diodes had identical
lockin amplifier readings at 1500 nm. Resulting photocurrents
were calibrated by multiplying (pulsewidth), (power)−2, and
(wavelength)2, as in [41]. While the former two factors reflect
requirements for TPA-based pulsewidth measurement explained
in Section I, the third factor accounts for varying focused spot
sizes. Although it depends on the active area of a diode, the third
factor was applied to both LD and PD cases since it introduced
only minor changes in the calibration. In contrast to the silicon
case, the LD responded differently depending on the beam po-
larization. Transverse-electric (TE)-polarized pulses gave bet-
ter sensitivity while the wavelength dependence was somewhat
stronger for transverse-magnetic (TM)-polarized pulses. This
phenomenon is believed to result from polarization-dependent
mode coupling and electron transition imposed by the device
structure. Fig. 3 shows the calibrated photocurrent as a func-
tion of the OPO wavelength. While silicon has a fairly flat
response, curves for the LD are monotonically decreasing with
wavelength, indicating the typical band edge characteristic. The
TM-case response of the LD is stronger than the TE case, as
mentioned ealier. Note that they intersect with one another at
1500 nm, since their lockin amplifier outputs were made iden-
tical at this point. These curves directly tell what we can expect
in the coherent control experiment using the pulse centered at
1500 nm. Also note that a high-resolution method using the
Fourier transform of interferometric autocorrelation (IAC), pro-
posed in [22], gave the result similar to Fig. 3.

III. COHERENT CONTROL EXPERIMENTS

TPA coherent control experiments in the foregoing semicon-
ductors were possible due to their distinct spectral responses.
Certain pulse shapes lead to the SH spectra that can be weighted
more or less in one diode than the other, resulting in larger or
smaller TPA yields, as explained mathematically in (1). In order
to demonstrate coherent control of TPA, we used two different
approaches for selecting the pulse shapes. Both approaches are
discussed in this section.

A. Adjustment of Second- and Third-Order Dispersion
Coefficients

In this approach, we used the pulse shaper to apply spec-
tral phase profiles consisting of second- and third-order dis-
persion coefficients. The coefficients were varied to generate
different pulse shapes that led to different photocurrent con-
trasts. The Fourier transform of e(t) in (1) can be written as
E(ω) = A(ω) exp[jψ(ω)], where A(ω) is the amplitude, whose
square gives the power spectrum, and ψ(ω) is the spectral phase.
We shaped the pulse by changing the second- and third-order
dispersion coefficients, β2 and β3, in

ψ(ω) =
β2

2
(ω − ω0)2 +

β3

6
(ω − ω0)3 (2)

while A(ω) was not modulated. For each diode, we produced
a contour plot of the photocurrent, with each point’s coordi-
nate determined by β2 and β3 used for inducing it. These were
then normalized so that the center of the plot, representing the
transform-limited case, always has unity. Fig. 4(a) and (b) corre-
sponds to contour plots of normalized TP-induced photocurrents
in the LD for TM polarization and Si PD, respectively, when the
excitation pulse spectrum is centered at 1476 nm. In order to
produce these graphs, 21 points per axis were used, resulting in
spacing of∼0.031 ps2 for β2 and∼0.0032 ps3 for β3. Compared
to those in Fig. 4(b), contours in Fig. 4(a) are slightly rotated
in a clockwise sense. This reflects different slopes of their TPA
spectral responses, as shown in Fig. 3. Note that in the case of the
ideally flat spectral response, these contours should be symmet-
ric with respect to both axes. Minor asymmetric features in Fig.
4(b) are believed to reflect the slight nonflatness of the silicon
response in Fig. 3. This slope is negligibly small so that its sim-
ulation results were almost identical to the ideal case. At each
coordinate we calculated the ratio of the normalized photocur-
rent in Fig. 4(a) to that in Fig. 4(b). This is shown in Fig. 4(c).
Maxima (brighter regions) and minima (darker regions) are dis-
tributed around upper left and lower right corners and around
upper right and lower left corners, respectively. Maximum and
minimum ratios were 1.03 and 0.74, respectively.

This distribution can be understood by examining the lo-
cation of the SH spectrum peak, as shown in Fig. 4(d). The
peak location was obtained by computer calculation using the
measured power spectrum. Nearly nonchirped pulses have SH
spectra centered at 738 nm. For the coefficients corresponding
to upper-left and lower-right corners, however, SH spectra are
centered at wavelengths less than 738 nm, where the LD re-
sponse is stronger than silicon (see Fig. 3). According to (1),
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Fig. 4. Coherent control using second- and third-order chirp coefficients in cases with (a) the LD for TM polarization and (b) the Si PD, respectively. (c) Ratios
of those in (a) to those in (b). (d) Simulated location of the SH spectrum peak.

the LD yielded larger photocurrents, as in Fig. 4(c). At other
two corners, SH spectra have peaks at wavelengths longer than
738 nm, where the LD response is weaker than silicon, resulting
in smaller yields in the LD.

B. Contrast Maximization Using an Evolutionary Algorithm

To find the optimum pulse shapes that maximize the yield con-
trast, we utilized an evolutionary algorithm. In this algorithm,
a set of parameters, dubbed an individual, evolves in a group
through recombination, mutation, and selection for the survival
of the fittest. Exhaustive discussions can be found in [48] and
one of its applications on the semiconductor coherent control is
reported in [17]. In our algorithm, the individual was the phase
as a function of wavelength, consisting of an array of 64 ele-
ments (or so called genes). Each phase profile gave rise to a

certain pulse shape and, with the measured power spectrum and
TPA spectral responses, the corresponding photocurrent yields
could be calculated using (1). The ratio of the two photocurrents
normalized by the respective nonchirped case yields was used
for the merit function, according to which best individuals were
selected and used in recombination and mutation processes to
generate next-generation individuals. These steps were repeated
until the population of individuals grew almost identical. The
resultant solutions were interpolated into 128 elements and ap-
plied to the LCM in the pulse shaper. The shaped pulse generated
TP-induced photocurrents simultaneously in the two diodes, and
photocurrents from respective lockin amplifiers were read by a
computer. Here, the beam incident upon the Si PD was attenu-
ated to compensate for the sensitivity mismatch.

Fig. 5(a) shows the spectral phase profile of the algorithm
found to maximize the ratio of the normalized photocurrent
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Fig. 5. Coherent control for (a)–(d) the ratio maximization and (e)–(h) the ratio minimization. (a), (e) Spectral phases (solid lines) that maximize and minimize
the ratio of the LD yield in the TE case to the Si yield, respectively, together with the measured power spectrum (dashed lines). (b), (f) Calculated temporal
phases (solid lines) and intensities (dashed lines) in ratio maximization and minimization cases, respectively. (c), (g) Calculated SH spectra in maximization and
minimization cases, respectively. (d), (h) Measured photocurrents normalized by respective nonchirped case yields for the LD-silicon pair. Circles and solid lines
represent measured and mean values, respectively.
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from the 784-nm LD in the TE case to that from the Si PD. The
measured power spectrum is also shown for the sake of clar-
ity. Note that the region corresponding to wavelengths below
1500 nm exhibits linear wavelength dependence. This charac-
teristic was observed every time we ran the algorithm, although
the slope varied. This result agrees with the experiment based on
dye materials, where it was explained using the simultaneous
arrival of the corresponding frequency components [22]. The
corresponding temporal intensity and phase were calculated as
shown in Fig. 5(b). In order to verify the relationship between
the spectral response and photocurrent yield, it is worthwhile to
examine the spectral distribution of the SH spectrum. Fig. 5(c)
shows the SH spectrum calculated using the power spectrum as
well as the phase in Fig. 5(a). One can note that it leans toward
the shorter wavelength region, where the spectral response of
the LD overwhelms that of silicon in Fig. 3. Thus, the SH spec-
trum increases the photocurrent of the LD with respect to the Si
PD. The bar graph in Fig. 5(d) illustrates the yield contrast when
this phase was applied. Here, 100 dots and the top solid line rep-
resent measured and averaged photocurrents, respectively, for
each diode, obtained by simultaneously reading the two lockin
amplifiers. Note that the beam coupled into silicon was attenu-
ated so that the yields from the two diodes were balanced in the
nonchirped case. This graph indicates that the ratio approaches
up to ∼1.20. And the yield contrast is clear even with the input
power fluctuation and noises. This is reasonably close to the cal-
culated ratio, 1.40. The slight discrepancy might be caused by
imperfect nonchirped case yield matching at 1500 nm or by non-
ideal phase manipulation in the LCM. Note that the maximum
ratio obtained in a similar experiment using dye materials [22]
was ∼1.3. Also note that the contrast can be improved simply
by using shorter pulses.

The converse case is illustrated in Fig. 5(e)–(h). The algo-
rithm obtained the spectral phase in Fig. 5(d), which minimizes
the normalized photocurrent ratio [calculated temporal inten-
sity and phase are shown in Fig. 5(f)]. In contrast to the profile
in Fig. 5(a), linear phase is observed for wavelengths above
1500 nm. The calculated SH spectrum also peaks in this re-
gion, as shown in Fig. 5(g). Since the TP spectrum of the LD
is reduced for long wavelengths, the photocurrent ratio is mini-
mized. Fig. 5(h) shows that now the ratio is reduced to ∼0.75.
The average optical powers were held at the same level as the
previous case. Note that the LD yield was not changed very
much but only the silicon yield increased by 55%, compared to
Fig. 5(d). This is due to the higher peak intensity of the shaped
pulse in Fig. 5(f) compared to that in 5(b). The measured ratio
was in good agreement with the calculated value of 0.72. Note
that in [22], this ratio minimization was not attempted.

IV. TPA-BASED INTENSITY AC MEASUREMENT

In this section we discuss the effect of the TPA spectral re-
sponse on the TPA-based AC measurements. As mentioned in
Section I, in order to achieve accurate pulsewidths, it is im-
portant to have a flat TPA spectral response, especially when
measuring very short pulses. The effect of nonuniform TP spec-
tral response depends on the pulse shape and may lead either

to apparent pulse broadening or shortening in AC measure-
ments. This phenomenon is analogous to the dependence of
SHG-based pulse measurements to chirp in the case of limited
phase-matching bandwidth [45].

With our TPA devices, AC measurement must be performed
in the collinear geometry. Therefore, the resulting trace is sub-
ject to the background signal and interferometric fringes. In our
experiment, therefore, we removed fringes by averaging dozens
of traces and removed background signals in software. The re-
maining term is written as

G2(τ) =
∫ ∞

−∞
H(ω)

∣∣∣∣
∫ ∞

−∞
e(t)e(t − τ) exp(−jωt) dt

∣∣∣∣
2

dω.

(3)

Note that when H(ω) is flat, (3) reduces to an ideal intensity AC
function, i.e., G2(τ) =

∫
I(t)I(t − τ)dt. Also, the zero-delay

case coincides with (1). Knowing the latter fact, one can draw
without difficulty a picture about the relationship between the
TPA yield and the AC pulsewidth. Let us assume that a certain
pulse shape gives a higher photocurrent yield in diode A than in
diode B. Again, this corresponds to the AC intensity at τ = 0.
For small delays close to zero, the power spectrum of the cross
term in (3), i.e., the integrand without H(ω), will not be changed
significantly, and the yield will remain larger in diode A. If we
assume that the two diodes have similar TPA photocurrents for
higher delays, the AC pulsewidth measured in diode A will be
shortened with respect to diode B.

To find the pulse shapes showing the pulsewidth discrepancy
clearly, the evolutionary algorithm was used again. The merit
function in this case involved the photocurrent differences be-
tween the two diodes at several selected delays. The spectral
phase obtained in this way was applied to the pulse shaper and
after passing the Michelson interferometer, the pulse was cou-
pled into diodes. The optical power was adjusted so that no satu-
ration could occur. TP-induced photocurrents were measured by
a lockin amplifier while the delay was changed. Averaged and
background free signals were normalized so that the zero-delay
signal is unity. Each correlation trace was recorded ten times
and then averaged together.

Two examples are included, with Fig. 6(a)–(c) and (d)–(f)
corresponding to the cases where pulsewidths appear broader
in the Si PD and in the 784-nm LD, respectively. Intensity AC
traces measured and simulated for the pulse with phase and
power spectrum in Fig. 6(a) are shown in (b) and (c), respec-
tively (circles: Si PD; solid line: 784-nm LD). One can clearly
see that the LD shortened the apparent pulsewidth. In this case
the evolutionary algorithm found a trick such that the second
side lobes are just above or below 0.5-amplitude for silicon
and for the LD, respectively. This emphasizes the difference in
FWHMs. The apparent AC FWHMs were 4.22 ps for silicon and
2.96 ps for the LD, resulting in 30% measurement discrepancy.
The simulation result in Fig. 6(c) predicts 5.31- and 4.48-ps
FWHMs for the silicon and LD traces, respectively, giving 16%
discrepancy. Given the subtle differences between the silicon
and LD traces, we believe the prediction is in reasonable qual-
itative agreement with the data. Using the formula in [49], we
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Fig. 6. (a)–(c): Pulsewidth contrast maximization for the shorter LD AC case. (a) The power spectrum and phase used for generating (b) measured and
(c) simulated AC traces (circles: Si PD; solid line: 784-nm LD in the TE case). The LD AC has a shorter width. (d)–(f): Pulsewidth contrast maximization for the
longer LD AC case. (d) The power spectrum and phase used for generating (e) measured and (f) simulated AC traces (circles: Si PD; solid line: 784-nm LD in the
TE case). The inset in (e) magnifies the rectangular region. The width from the LD is longer than the Si PD.

have also extracted the rms pulsewidths of 3.43 ps for silicon
and 3.33 ps for the LD, giving ∼100-fs difference. This value
is close to the rms width of the original transform-limit pulse,
i.e., ∼150 fs. The simulated rms widths were 3.59 ps for silicon
and 3.32 ps for the LD. Now we have 270-fs discrepancy. The
widths are listed in Table I for the sake of comparison.

The latter part of Fig. 6 shows the converse case. Now, the
trace measured by the LD is broader than that for silicon. In
the data this is best observed in the inset of Fig. 6(e). Some
small asymmetric features are present due to imperfect averag-
ing. AC FWHMs were 0.967 ps for the Si PD and 1.10 ps for
the LD. Thus, the LD showed ∼14% broader width. In the sim-
ulation, the silicon and LD AC traces had FWHMs of 0.755 ps

TABLE I
MEASURED AND CALCULATED FWHM AND rms WIDTHS

and 5.49 ps, respectively. This huge discrepancy was due to the
side peak near 0.5-amplitude, as shown in Fig. 6(f). Therefore,
comparison of rms widths is more useful. Root-mean-square
pulsewidths were again extracted from the data using the for-
mula in [49]: 3.98 ps for the Si PD and 4.07 ps for the LD.
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Root-mean-square widths are larger than AC FWHMs, as one
can expect from the shape of AC traces. Since this gives 86-fs
discrepancy, the LD still introduces a significant pulsewidth er-
ror. The rms pulsewidths calculated from the simulation result
were 4.93 ps for silicon and 5.20 ps for the LD, giving 265-fs
discrepancy. These results consistently indicate that the AC trace
from silicon is of shorter duration than that from the LD. The
results are also listed in Table I. In these measurements the dif-
ferences in pulsewidths estimated from the two different TP de-
tectors are significantly greater than the variation observed when
repeated measurements are performed with a single one of the
TP detectors. The results clearly indicate that for certain semi-
conductor diodes, a nonflat spectral response has the potential to
introduce distortions into TPA-based AC measurements. The de-
gree of distortion depends on the pulse shape and is expected to
become larger for shorter pulses with larger optical bandwidths.

V. CONCLUSION

The research on coherent control that has been performed
mainly for the understanding of matter-light interactions may
open new possibilities for practical real-world applications. For
this reason, coherent control in semiconductors is worth pur-
suing. In this paper we demonstrated, for the first time to our
knowledge, the optimization of the ratio of photocurrent yields
from two different semiconductor devices by coherently con-
trolling their nonresonant TPA. The ratio swung from ∼0.75
to ∼1.20, which is limited by the input pulse bandwidth and
the degree of difference in the TPA spectral responses. We also
illustrated the relationship between the photocurrent ratio and
SH spectrum peak. The capability to modulate the ratio of pho-
tocurrent yields in different diodes, according to pulse shape, has
potential application to demultiplexer-free TPA-based detection
of pulse shape-coded signals.

The yield contrast was due to distinct TPA spectral responses.
A nonflat response behaves as a filtering function so that the
TP-induced SH spectrum is spectrally modified, similar to the
effect of the phase-matching function in SHG. When a semi-
conductor with nonflat TPA response is applied for pulsewidth
measurements, it can potentially distort intensity AC traces. We
observed that for certain pulse shapes, a laser diode TPA detec-
tor could introduce 14% broadening or 30% shortening, relative
to the ideal intensity AC FWHMs. In measuring very short
pulses, this pulsewidth modification imposed by the nonideal
response will become more significant. The effects reported in
this paper are expected to become stronger with broader source
bandwidth or with semiconductor devices band-engineered for
greater variation in TPA spectral response. However, even with
∼15-nm bandwidth and with commercially available diodes,
noticeable contrasts in yields and pulsewidths were observed in
our experiment.
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struction of excitons in quantum wells,” Phys. Rev. Lett., vol. 75, pp. 2598–
2601, 1995.

[4] E. Dupont, P. B. Corkum, H. C. Liu, M. Buchanan, and Z. R. Wasilewski,
“Phase-controlled currents in semiconductors,” Phys. Rev. Lett., vol. 74,
pp. 3596–3599, 1995.

[5] A. M. Weiner, “Femtosecond pulse shaping using spatial light modula-
tors,” Rev. Sci. Instrum., vol. 71, pp. 1929–1960, 2000.

[6] D. Meshulach and Y. Silberberg, “Coherent quantum control of multipho-
ton transitions by shaped ultrashort optical pulses,” Phys. Rev. A, Gen.
Phys., vol. 60, pp. 1287–1292, 1999.

[7] A. Assion, T. Baumert, M. Bergt, T. Brixner, B. Kiefer, V. Seyfried,
M. Strehle, and G. Gerber, “Control of chemical reactions by feedback-
optimized phase-shaped femtosecond laser pulses,” Science, vol. 282,
pp. 919–922, 1998.

[8] R. J. Levis, G. M. Menkir, and H. Rabitz, “Selective bond dissociation and
rearrangement with optimally tailored, strong-field laser pulses,” Science,
vol. 292, pp. 709–713, Apr. 2001.

[9] V. V. Lozovoy, I. Patirk, and M. Dantus, “Multiphoton intrapulse in-
terference IV. Ultrashort laser pulse spectral phase characterization and
compensation,” Opt. Lett., vol. 29, pp. 775–777, 2004.

[10] J. M. Dela Cruz, I. Pastirk, M. Comstock, V. V. Lozovoy, and M. Dantus,
“Use of coherent control methods through scattering biological tissue to
achieve functional imaging,” Proc. Nat. Acad. Sci., vol. 101, pp. 16996–
17001, 2004.

[11] J. Erland, V. G. Lyssenko, and J. M. Hvam, “Optical coherent control in
semiconductors: Fringe contrast and inhomogenous broadening,” Phys.
Rev. B, Condens. Matter, vol. 63, no. 155317, pp. 1–8, Apr. 2001.

[12] I. Brener, P. C. M. Planken, M. C. Nuss, M. S. C. Luo, S. L. Chuang,
L. Pfeiffer, D. E. Leaird, and A. M. Weiner, “Coherent control of terahertz
emission and carrier populations in semiconductor heterostructures,” J.
Opt. Soc. Amer. B, Opt. Phys., vol. 11, pp. 2457–2469, 1994.
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