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Adaptive feedback control of ultrafast semiconductor nonlinearities
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We experimentally demonstrate that adaptive feedback optical pulse shaping can be used to control
ultrafast semiconductor nonlinearities. The control scheme is based on an evolutionary algorithm,
which directs the modulation of the spectral phase of 20 fs laser pulses. The algorithm has optimized
the broadband semiconductor continuum nonlinearity measured in differential transmission
experiments. Our results show that insight into light—semiconductor interaction is obtained from the
optimum laser pulse shape even if the interaction is too complex to predict this ahaiperi.
Moreover, we demonstrate that adaptive feedback control can substantially enhance ultrafast
semiconductor nonlinearities by almost a factor 4. 2600 American Institute of Physics.
[S0003-695(100)00733-9

In recent years, ultrafast semiconductor optical nonlin{DT) data and DT spectra. The DT measurements provide
earities have been the subject of extensive reséafidie  the feedback signal for the algorithm, which optimizes the
complexity of the physics involvéd makes it still very dif- DT by changing the settings of the pulse shaper and the
ficult to reliably predicia priori the exact optical pulse shape delay between pump and probe pulses. The three main parts
that produces a desired nonlinear response. Therefore, ul-
trafast semiconductor nonlinearities are an ideal arena for
adaptive feedback optical pulse shaping. The usefulness ¢ > pulse S pump’
feedback schemes has been demonstrated for optical puls laser shaper i
compression;* for the synthesis of predefined pulses pulse A
shapes,and for the control of moleculés®and of the quan- i
tum wave function of atom$. (@)

In this letter, we experimentally demonstrate that adap- ;
tive feedback optical pulse shaping can be used to contro ?evmuﬁona,.y"i
ultrafast semiconductor nonlinearities. Our work focuses on | strategy |
the broadband semiconductor continuum nonlinearity, which
will play a key role in future ultrafast semiconductor devices,
rather than the narrowband excitonic nonlinearity. Our data
demonstrate that knowledge of the optimum pulse shape
givesa posterioriinsight into the interaction of semiconduc-
tors and ultrafast optical pulses. Specifically, we develop an  (b)
intuitive picture of the complex photon-energy dependence
of carrier relaxation in the thermalization regime. These re-
sults show the potential of adaptive feedback control as a
technique in ultrafast semiconductor spectroscopy. More-
over, the optimized pulse shape can substantially enhanc
ultrafast semiconductor nonlinearities by almost a factor 4. I 1 1 1 1
This large enhancement makes adaptive feedback control in 145 150 155 1.60 1.65
teresting for optical switching schemes that use ultrafast Photon Energy (eV)
semiconductor nonlineariti¢$:!

Figure Xa) shows the experimental setup, which consistsFIG. 1. (a) Experimental setup for adaptive feedback control of the spec-

; . _ - rally integrated(Sl) differential transmissiofDT) and the DT in narrow
of three main parts: a computer-based algorithm, a prOgr&m{spectral windows. Solid lines: optical beam path. The dashed lines illustrate

mable pulse shaper, and a pump—probe setup for the acqsw the feedback loop is closed between the experiment and the pulse
sition of spectrally integratedSI) differential transmission shaper. Not shown: the computer-controlled evolutionary strategy also di-
rects the pump—prob&P delay. In (b), the absorption spectrum of the
AlgoGaoAs sample (solid curve and the excitation pulse spectrum
3E|ectronic mail: kunde@iqe.phys.ethz.ch (shadedl are shown.
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of the setup are described in more detail in the following.
Standard noncollinear DT measurements have been per
formed at room temperature with linearly cross-polarized
pump and probe pulses from a Ti:sapphire laser. A program- -2
mable 4f pulse shapéf!®is positioned in front of the
pump—probe beamsplitter so that both pulses experience thi
same modulation. The spectral components are filtered by ¢
programmable pixelated liquid-crystal spatial light modula-
tor (SLM) placed at the Fourier plane of the shaper. We have -6

linear chirp"\
{constant GDD)

Phase (rad)
A

used the SLM to change only the spectral phase of the pulse: (pSl.max \
without modification of the spectral amplitude. Pump and | | . =
probe pulses have identical spectra, centered at 1.56 eV, witt 1.50 1.55 1.60 1.65

a spectral width sufficient to generate 20 fs pulses. The DT

experiments have been carried out on aur-thick Photon Energy (6V)

Al oGay g9As bulk semiconductor sample. As seen in Fig. 10
1(b), mainly continuum transitions are excited in this sample. 100 3 /] S
The excitation carrier density g, ~3x10" cm 3 in all f’ 09
experiments. g 50 Q 08 N
As a global optimization procedure, an evolutionary > (7

0 s ] L 11 1
strategy” is implemented for adaptive feedback control. This
algorithm works with individuals carrying as genes the g_ oF oTimzeoDe‘Itao (f6°
pump—probe time delay and either the parameters of a Tay-§ dQ / do y ()
lor expansion of the spectral phase or the phase difference:© Sl,max ~
between adjacent pixels of the SLM. As a merit function, -50 = linear chirp) ~
either the SI DT signal or the DT signal in a narrow spectral (constant GDD) ~
window is used. The evolutionary strategy maximizes the _100 =1 ] l LS
chosen merit function applying crossover, mutation, and 1.50 1.55 1.60 1.65
selectiot* to find optimized values of the genes. For use as Photon Energy (eV)

a spectroscopic tool, care has to be taken when choosing the
genes. For each optimization problem, we have thoroughlyiG. 2. (a) Average of several optimization ruridotted curvesyields the
checked the necessary number of genes for the phase btimum phaseps; max (solid curve, which maximizes the spectrally inte-
monitoring the merit function and the shape of the optimizec?rated differential transmissici$1 DT). Shown for comparison: phase cor-
. responding to a linear chirp, i.e., a constant group delay dispe(€bD;

phase. For each gene, the search space was adjusted as Wedhed cure Shaded: excitation pulse spectrum. Temperature 300 K.
as the parameters directing crossover and mutation. Nex=3%10 cm™3. (b) Group delay €de/dw) obtained fromeg) max

After optimization, the spectral phase was characterizedpolid curvé_ as cqmpared_to a linear chi(p_ashed curve The i_nset sho_ws
using two independent methods. First, we use Secon({gzsile(lji)zulrr\ll)earbltrary units fokps; max (solid curvg and for linear chirp
harmonic-generation frequency-resolved optical gating
(FROG).?® Alternatively, the spectral phase can also be ob-
tained from the settings of the pulse shaper. However, to gdtnear downchirp enhances the SI DT as compared to linear
the actual phase at the position of the sample, the shaperupchirp or “no chirp.” Downchirp means that the high-
phasegghaperhas to be corrected for the phagege,, of all energy components are in the leading edge of the pulse. A
other elements in the experimental setup, i.ep, linear chirp corresponds to a constant group delay dispersion
= @setugt Pshaper 10 determinepsey,, we use the SLM for  (GDD), i.e., d?p/dw?=const. The intuitive picture devel-
pulse compression. Following Refs. 3 and 4, we replace theped in Ref. 17 shows that, in essence, downchirp is adapted
semiconductor sample with a thin second-harmonicto the changes of the DT spectrum during carrier thermali-
generationSHG) crystal (10 um BBO) and let the adaptive zation: The center frequency of the optical pulses and the
feedback loop maximize the time-integrated SHG signal. Af-maximum of the DT spectrum both shift to lower energies
ter pulse compression, the shaper phagfs maxcCOMpen-  with time, resulting in an enhancement of the SI DT. How-
sates foregerypy @setug= — PsHe,max We note that this phase ever, intuition fails to predict whether nonlinear downchirp
characterization technique introduces a small error. Accordieads to an even higher enhancement of the SI DT. Figure
ing to Ref. 16, the maximization of the time-integrated SHG2(a) shows the optimized spectral phases for different experi-
signal produces a constant temporal phase. For asymmetnmgental runs. Although different in detail, all phases corre-
spectra, this does not exactly correspond to a constant spespond to downchirp that significantly differs from a purely
tral phase. We have numerically checked that, in our experiinear chirp. This is also visualized by the group delay
ments, this error is negligibly small. In fact, the results agred =d¢/dw) shown in Fig. 2b). The shape of the phase that
well with the FROG measurements. maximizes the SI DT gives an intuitive picture of the com-

In a first experiment, the adaptive feedback loop maxi-plex energy dependence of carrier relaxation in the thermal-
mizes the SI DT. To explain the sensitivity of the SI DT to ization regime. Therefore, the optimized spectral phase and
the spectral phase of the pump and probe pulses, we recdhie corresponding group delay in Fig. 2 reflect not ahigt
the results from Ref. 17. There, it has been demonstrated th#te maximum of the DT spectrum shifts towards lower en-



926 Appl. Phys. Lett., Vol. 77, No. 7, 14 August 2000 Kunde et al.

can also lead to negative DY This complex dynamics of-
fers additional possibilities for adaptive pulse shaping
schemes. As shown in Fig.(8@, the positive DT can be
enhanced by as much as a factor=e8.5 compared to the
DT for unchirped pulses. Around 1.625 eV, the optimized
phase shows a rapid change ofr and the corresponding
DT spectrum exhibits a strong enhancement, as shown in
Fig. 3(b). The phase change and the resonant-like enhance-
¥ ment reminds one of a driven-oscillator behavior. Alterna-
-0.01 I . tively, the feedback loop can maximize the negative DT. As
002 'nmeag;(?rtrll\ilseg-r shown in Fig. 8a), the negative DT can also be amplified by
| | I' | i a factor of more than 3. Hence, adaptive feedback control
allows one to flip the sign of ultrafast semiconductor nonlin-
~400 '200_ 0 200 400 earities. A positive DT signal can be changed to a negative
Time Delay (fs) one, adjusting the spectral phase. Moreover, one can substan-
tially enhance nonlinearities of either sign.

In summary, adaptive feedback optical pulse shaping al-
lows one to control ultrafast semiconductor nonlinearities.
Maximizing the spectrally integrated differential transmis-
sion, one obtains an intuitive picture of the complex energy
dependence of carrier relaxation in the thermalization re-
gime. Optimizing the differential transmission in a narrow
spectral window, the sign and magnitude of ultrafast semi-
0.00 [ e 0 conductor nonlinearities can be substantially manipulated.

_ _f,’ | | g These results show that adaptive feedback control of ultrafast
150 155 1.60 1.65 semiconductor nonlinearities offers.ex.citirlg possibilities for
Photon Energy (eV) spectroscopy as well as for the optimization of ultrafast op-
tical switching schemes.
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FIG. 3. (a) Differential transmissioiDT) at 1.625 eV for unchirped pulses . . .
(dotted curvg and after maximizing the positivesolid curve or the nega- This work has been supported by the Swiss National
tive DT (dashed curve DT=AT/T, with AT pump-induced transmission Science Foundation.
change andly transmission in absence of the pump. Temperature 300 K.
Nexc=3x10" cm™3. (b) Optimum phasesg max Which maximizes the DT
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