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Abstract—The intensity-dependent response of nonlinear  The optical elements analyzed in this work were grown using
Bragg-periodic  epitaxially-grown  InGaAs—InAlGaAs-based molecular beam epitaxy. They have a low initial refractive index
optical elements is reported over a broad spectral range 1.3-1.6 ¢4nirast. This has been predicted to be a desirable condition for
pm. Large changes in the transmittance and reflectance are ob- I ical limiti d stabl itchina 131, 161 191, In additi
served as a function of incident power. Over most of this spectral a 'Opt'ga Imiting and sta eSW'tC ln_g[ 1, [6],[9]. Ina 't'on'_
region, the nonlinear response is dominated by the saturation of the optical elements were designed in such a way that there is a
absorption. In the vicinity of 1.5 um, the optical elements exhibit spectral overlap of the Bragg resonance with strongly nonlinear
fluence-dependent Bragg diffraction. For low incident powers, the - absorption edge of at least one constituent material [16], [17].
indices of refraction of structures are uniform and no coherent Recently, strong saturation of absorption and nonlinear index

scattering takes place. With increased incident power a Bragg _ -
grating appears, resulting in the emergence ofal‘luence-dependentChanges as large asn = —0.14 have been recorded in the

stopband in the transmittance and reflectance spectra. bandedge region of ik30Al0.141 Gay 320AS—INy 530Ga 470AS

Index Terms—All-optical elements, Kerr nonlinearity, nonlinear multi-quantum-wells (MQWS_) [18]. . .
optics, nonlinear-periodic structures, saturation of absorption, In the present work, nonlinear transmission and reflection

semiconductor multi-quantum-wells. measurements from these nonlinear Bragg periodic structures
are reported over a wide spectral range relevant to telecommu-
nication. Large changes in transmittance and reflectance are ob-
served. Comparison is made between the intensity dependence
PTICAL switching and pulse shaping would reducef the response of:

optical-electrical-optical conversion and increase trans- « optical periodic elements that upon excitation with intense

parency in OptiCﬁ' networks. A number of all-optical devices light exhibit Bragg contradirectional coupling;
and elements have been proposed and fabricated for thise MQWs of a similar thickness and composition.

purpose [1], [2]. o _ Nonlinear Bragg diffraction has opposite effects on the
Nonlinear Bragg-periodic structures offer a particularl{yange in transmittance and on the change in reflectance. Inten-

wide variety of optical signal processing functions. Thesg. _jenendent Bragg scattering is explained and distinguished
structures have been theoretically predicted and experimentg!lyi,, the effect of nonlinear absorption.

demonstrated to give rise to all-optical switching [3], [4], pulse
compression [5]-[7], limiting [3], [8], [9], and logic operations

[10]. In addition, nonlinear periodic structures support solitary
waves—pulses that propagate without changing their shapesDevices

[11], [12]. The devices considered here, labeled sample A, optical ele-
A variety of interesting and promising approaches for cominent B, and optical element C, are shown in Fig. 1(a)—(c). The
bining third-order nonlinearity and Bragg periodicity has beegctures were grown on S-doped (001) InP 2-in single-side
proposed. Colloidal crystals provide a three-dimensional pefjjished InP substrates; 10-nm protective InP layers were grown
odic framework into which materials exhibiting thermal [8] top of all of the samples. Following the growth, multilayer
[13], and ultrafast nonlinearities [14] may be embedded. Fibghgireflection coatings were deposited on the front surfaces of B
Bragg gratings [5], [7] and corrugated integrated optical wavegng C, and the back sides of A, B, and C were polished to allow
uides [15] yield one-dimensional nonlinear periodic structuregansmittance measurements without scattering . High sample
quality and periodicity of the superlattice layers were confirmed
Manuscript received November 21, 2002; revised March 5, 2003. This wdly double crystal X-ray diffraction measurements.
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Fig. 1. Cross sections of the nonlinear samples analyzed: (a) a MQW sample A; (b) a double-MQW sample B; and (c) a double-MQW sample C.

Ing.530Gay. 47AS wells. MQW type 2 is made out of three pairs As a result of the similar average composition and Bragg
of 5.5-nm Iny 530Alg.141G& 320AS and 2-nm g 530Gay.47As  periodicity, B and C contain hidden gratings whose reflectivity
grown on the top of 11 5-nm }ry30Alo.141Gay.320AS barriers emerges via intensity-dependent changes in the effective
interleaved with ten 2.5-nm §ns30Gay 47As quantum wells. refractive indices of the constituent MQW. This phenomenon,
The total thickness of B is 1.85om. combined with the strong saturation of absorption, accounts for
C has 85 MQW type-1/MQW type-3 Bragg periodschanges in reflectance and transmittance observed and reported
MQW type-3 consists of five 18-nm §r30Al 9,141 G& 329As  in Section 1ll.
barrier layers separated from each other by three 10-nm ] .
INo.530Ga 47As and one 11-nm Insz0Ga 47As well, giving B Linear Optical Properties
the total thickness of C of 2.083m. The photoluminescenc®L) and linear transmittance spectra
It was sought to meet two criteria in designing B and C. Thef A, B, and C, are shown in Figs. 2 and 3. Sample A h&3.a
periodicity of B and C were chosen so that constituent paipgak and a strong excitonic feature in transmittance at 1517 nm,
of MQW form a Bragg grating with spectral resonance in theorresponding to the first allowed optical transition in the con-
vicinity of 1.5 um in both optical elements. Moreover, in ordestituent MQW. ThePL peak of B at 1493 nm is attributed to the
to approximate matching of linear indices between the colowest transition of MQW type 1. Since the first allowed transi-
stituent MQW pairs in samples B and C, the average compien in MQW type 2 is very weakly confined, there is no second
sitions of MQW type 1, type 2, and type 3 were chosen to &l peak. ThePL spectrum of C shows twBL peaks and ex-
similar. citonic steps in transmittance: the lower wavelength feature at



926 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 39, NO. 7, JULY 2003

1.2 Reflected Power
Detector

« B =
~A /‘ 7\ / Y Lens Transmitted Power
N v \ Source sari}ie Detector

[ |
\

//// \\ \\
-/ \ ]
7 Incident Power
// \\ Detector
1200 1300 1400 1500 1600 1700 Fig. 4. Experimental setup used in the nonlinear transmittance and reflectance
Wavelength (nm) measurement.

Beamsplitter

o o

[} 0

aQw
\\\
—

Photoluminescence (a.u.)

=}
>
I

0.2

Fig. 2. Photoluminescence spectra of A, B, and C. .
measurements gave a pulsewidth (FWHM)mpf = 1.2 ps.

08 : [ ‘ The signal and idler beams from the OPA were wavelength

3 separated and the intensity of the signal beam used in the
experiments was controlled using crossed polarizers with a
half-waveplate inserted.
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04 I1l. RESULTS AND DISCUSSION

Transmittance

The nonlinear transmittanc@’) and reflectancek) of the
three structures A, B, and C were measured in the wavelength
range of 1300 to 1600 nm, at average incident powers ranging
from 0.3 to 10QuW. This correspond to pulse energies between
0 | | 300 pJ and 100 nJ and fluences ranging fropJicn? to 320
1200 1300 1400 1800 1600 1700 pdlcn®. The results are shown in Figs. 5-8.

Wavelength (nm)

0.3

0.2

0.1

Fig. 3. Linear transmittance spectra of A, B, and C. A. Nonlinear Response of A

Fig. 5(a) and (b) shows the change in the transmittance (de-
1517 nm due to MQW type 1 and the longer wavelength featufged asT — Tinitia1) @nd reflectance (defined @&— Riyiia1) Of
at 1600 nm, corresponding to the lowest transition of the secondThe insets show the intensity-dependent evolutioff’ @ind
set of MQW type 3. R at two representative wavelengths, 1420 and 1500 nm. At a
) ) ) ] given wavelength, as the incident fluence increases, the absorp-
C. Nonlinear Optical Properties: Experimental Apparatus  tjon, of the sample saturates due to bandfilling. With decreasing
The experimental apparatus used in nonlinear reflectaretesorption,I’ increases and the power reflected from the back
and transmittance measurements is shown in Fig. 4. Téide of the wafer rises, increasing total The time required
laser beam was focused using a 55-cm focal length lens ofdo the free carriers excited by the laser pulse to relax back to
samples placed perpendicular to the beam. The radius of the valence band is at least few hundreds of picoseconds, which
beam waist at the focus, measured atlt/€’ of the transverse is much longer than the round trip of the pulse in the sample
beam intensity profile, ranged from 94m at a wavelength of ~ps. As a result the contribution 8 from back reflection off
1300 nm to 112:m at 1600 nm. In order to monitor incidentthe wafer-air interface varies 72. The shapes of the transmit-
power, a portion of the incident beam was sampled usingtance and reflectance spectra of Fig. 5(a) and (b), respectively,
wedged beamsplitter. This beamsplitter was also used to deflfatbow the same trends, which suggests that the only contribu-
a portion of the beam reflected from the sample. The powton to the change i is that from the change in back reflection
transmitted through the sample, as well as a fraction of thagthe wafer-air interface. The change in takafrom the non-
reflected power, was recorded as the incident power was varitdear reflectivity changes of the sample-air and sample-wafer
From this, the power-dependent transmittance and reflectamterfaces are negligible.
of each structure were obtained. The largest changes i and R of sample A are observed
Nonlinear measurements were made using a picosecardund the excitonic peak of MQW type 1 in the vicinity of
laser amplification system which consists of four parts: light.5 um. Here, the threshold for the saturation of absorption
conversion topas optical parametric amplifier, quantronis lowest. With decreasing wavelength, the number of unoccu-
titan Ti:sapphire amplifier, quantronix frequency-doubledied carrier states needing to be saturated increases. As a conse-
Nd: YLF @-switched pump laser, and coherent diode-pumpegience, the change i andT is decreased for a fixed incident
ultrafast laser vitesse seed source. This wavelength-tunaptever. For wavelengths longer than that corresponding to the
system works at a repetition rate of 1 kHz. Autocorrelationandgap X > 1520 nm), there is small negative change n
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Fig. 5. Nonlinear response of MQW sample A. (a) Change in the absol
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. 7. Power-dependent change in the (a) transmittance and (b) reflectance
ponse of the sample C under the same conditions as in Fig. 5.
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=m and R due to the two-photon absorption (2PA) in the InRffect. Similar to B, theR and7’ change curves show opposite
substrate. 2PA is a much weaker nonlinear effect than saturatimmds in certain spectral regions.

of resonant absorption in A and requires a higfieence x The change T’ is peaked near the exciton at 1500 nm for
lengthproduct to be observed. Near 1525 nm, the effect of tlecident powers of 3 and 10W and then becomes increasingly
saturation of absorption in sample A and 2PA in the substrdtat in the range 1400-1500 nm. This is in contrast to the be-
cancel each other almost exactly. As a result, the chan@é irhavior in Fig. 7(b)—a change iR is peaked at 1500 nm for

and R of A is negligible. all incident powers. Such a response suggests a growing pho-
tonic stopband around 1500 nm. In C, both sets of MQW exhibit
B. Nonlinear Response of B saturation of absorption and refractive nonlinearity. However,

Th i flect dt it tra of B the expected nonlinear index change of MQW type 1 is much
€ nonfinear refiectance and transmittance spectra o Fger than that of MQW type 3, and hence a net index contrast
shownin Fig. 6(a) and (b). The nonlinear response of B in the

merges.

sorbing r(.eglpM < 1.54(.) nm) is similar to that of AT ade n- The insets in Fig. 7(a) and (b) confirm the different response
crease with increasing incident power. Thus, the maJornonllneoa}rR andT. Whereas the change i at 1500 nm is initially

effect in B is again saturation of absorption. However, at Soma?rger than or equal to the changeTinat 1420 nm, the change

spectral ranges, the correspondig- Rinivia AT — Thniial iy 12 at 1500 nm is always larger than the changéait 1420
curves do not resemble each other as closely as in A. In f

at some wavelength the responsesiRondl’ show opposite
trends.

At high incident powers, the change T around the exci-
tonic peak of 1.5um is diminished with respect to the chang

in 7" at other wavelengths above the bandgap. This behavipl | - ive changes in transmittan@e.( = T/ Tiuiia1) and re-
is opposite to that observed in A, where the changé' was . ..o .o o = R/ Riniii) O A B, and C arénérl{:)wn Thoee
most pronounced around the bandgap. The largest charige | sults correspond to the maximum recorded changes, measured

of B is near 1500 nm at low incident powers and around 14 1004W. The three samples shdiy., between 1.5 and 2 for

nm a} h'g&'?ﬁ'dem pO\l/)vers. t.l460 nmtls f,\‘;"g\r}\';'famlylloﬁv%e spectral region < 1500 nm. TheT,.; of A is largest near
waveleng an the absorption onset of MQW type 1 o e excitonic peak of 1500 nri.; of B is diminished around

which happens around 1520 nm. Also, in Fig. 6(a), for moderaigoo nm. whileZ".. of C is flat in the region 1350 n
. . ] re m: /\ <
powers (14W, 10 uW, 30 uW) there is a dip around 1480 nm'goo nm. TheR,e 1of B and C peaks a?ound 1450 nm, while

Since C absorbs beyond 1600 nm, 2PA from the wafer is not
observable—the saturation of absorption dominates.

The differences in the nonlinear response of the three sam-

les analyzed are further displayed in Fig. 8(a) and (b), where

which b.ec'omes.a 'plateau in the range 14.80 to 152.0 nm atd gl of A peaks again around 1500 nm. The large difference in
uW. This is again in contrast to the behavior seen in Fig. 6(b[ Maximumi,.;, of A (~1.25) andR..; of B and C (2.8 and
where there is no d|p_ ar(_)und 148.0 nm, and for powers of 30 an\ .3, respectively) is because only B and C have antireflection
100W, .the changg I s very distinctly peaked at 1460 nm. coatings and in effect have much lower initial reflectance.
The differences in the nonlined and7 response of B are
attributed to the combination of saturation of the absorption aBi
the power-dependent nonlinear coherent Bragg backscattering.
B is made out of two sets of MQW whose linear indices are ini- In this subsection, a simple numerical model is used to further
tially closely matched. As the intensity increases the absorptigiPlain the results reported above. The nonlinear steady-state
of MQW type 1 becomes saturated, at the same time changff@jsfer matrix model discussed in detail in [19] has been ex-
its effective refractive index. A Bragg grating appears in th€nded to account for the absorption, saturation of absorption,
vicinity of 1.5 um. This dynamic Bragg grating enhandeand and saturation of the nonlinear index change. The complex ef-
diminishesZ’ in the range 1480 to 1520 nm. fective index of refraction of amth layer was assumed to ex-
The insets of Fig. 6(a) and (b) show the chang&iandT as hibit power dependence according to
function of the incident power for 1460 and 1500 nm. As is also

Numerical Analysis

. . e 7n,P . m
evident from the spectral plot, the changdiat 1460 nm is ini- Ny = Nom + e 5 +i 0 B Q)
tially lower than the change iR at 1500 nm, but then becomes L+ 50 L+ 5

higher for incident powers larger than LAV. In contrast, the . . L . .

change i’ of B at 1460 nm is always higher than or equal te‘vheren(,m is the linear refractive indexys,, IS the nonlinear

the change i’ at 1500 nm coefficient, ko, is related to the linear absorption lay,, =
Similar to the response seen in A for wavelengths Ionggpm)‘/M’ Pis local average power, and,, is the saturation

than the lowest transition level of MQW type 1, 2PA of the |nPower. Then, usedin (1) is not an ultrafast Kerr coefficient (ex-

substrate is the only measurable nonlinear effect. Again n® ?ssed in units of inverse intensity), but a nonlinear coefficient
1520 nm, the effect on nonlinear changeirand’ of the sat’— that has units of inverse power. Resonant nonlinearities give rise

uration of absorption and 2PA cancel each other out. to mde_x changes proporuonal to power (or fluence) rather than
to the instantaneous peak intensity.

The results of the simulations are shown in Fig. 9. The change
in the transmittance and reflectance with increasing incident
In Fig. 7(a) and (b), the nonlinedr and R response of C is power was computed for two structures illuminated with light

shown. Saturation of absorption is again the dominant nonlinegtra wavelength of 1.am. Fig. 9(a) shows the response of the

C. Nonlinear Response of C
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uration of the absorption which results in the initially monoton-
ically increasingR and1'. However, for higher incident power,
the effect of the growing Bragg grating becomes evident: as the
reflectance continues to increase, the transmittance saturates.

IV. CONCLUSIONS

Measurements of nonlinear transmittance and reflectance of
three semiconductor one-dimensional structures were reported.
The first MQW sample showed strong saturation of absorption,
which was most visible around the excitonic peak. Two of the
analyzed structures have a built-in periodicity which gives rise
to a power-dependent Bragg grating with resonance near 1.5
pm. The nonlinear response of these two Bragg periodic sam-
ples is influenced by both nonlinear absorption and nonlinear
contradirectional coupling. The effect of the nonlinear pop-up
grating and the effect of the saturation of the absorption were
distinguished by comparison of the behavior of Bragg-periodic
superlattices with that of a pure MQW.

The strong nonlinear response of the analyzed structures ob-
served over a broad spectral range of 1.3+hBsuggests their
potential applicability as optical devices. We did not measure the
relaxation time of our samples, expected to correspond to a typ-
ical exciton recombination time in direct-bandgap semiconduc-
tors of a few nanoseconds. Rapid recovery would be enabled by
established techniques of low-temperature growth resulting in
reduction of the relaxation time down to the tens of picosecond

Fig. 9. Simulated results of a change in the absolute transmittance qda:hge [20], [21]_

reflectance of (a) a sample of uniform nonlinear absorbing material and (b) a
sample with a pop-up Bragg grating.

structure made out of eight and a half Bragg periods of a ho-[1
mogeneous material—a sample that will never exhibit Bragg
resonance. The nonlinear response of this sample is analogOLﬁ
to that observed in A. In agreement with previous measure-
ments with the same laser source [18], the coefficients of thel3]
constituent material were taken to bg = 6000 cm~! and

ny = 6 x 1072 WL, This gave the maximum induced non- [4]
linear index change oAn = 0.14 [18]. According to the el-
lipsometric measurements, the linear index of refraction of the
constituent MQW isy = 3.47. Saturation power was estimated
to be 100uW. A constant reflection at the back facet-air inter- [6]
face of Rpack—airr = 0.28 was assumed, while the front facet of
the simulated samples was taken to be anti-reflection coated.

As observed in Fig. 5 in the response A, the intensity-depen-
dent changes ik and T shown in Fig. 9(a) are of a similar
shape. With the increasing intensity, the absorption saturated8l
Since no nonlinear Bragg scattering is present, dotind R
increase monotonically. [0

Fig. 9(b) shows the nonlinear response of the structure analo-
gousto B and Cin the spectral ranges 1480-1520 nm (sample lﬁb]
and around 1500 nm (sample C). The structure analyzed is as-
sumed to be made out of eight and a half Bragg periods, where
one of the constituent materials has properties like the maté%ll
rial in Fig. 9(a), while the other material is nonabsorbing and12]
linear (00 = 0 andny, = 0). The materials are assumed to 3]
have matched linear indicesd; = ng2 = 3.47). Again, the
dominant feature in the simulated nonlinear response is the sat-

(5]

(7]
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