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Direct measurements of large near-band edge nonlinear index change
from 1.48 to 1.55 pm in InGaAs /InAlGaAs multiquantum wells
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Direct picosecond measurements of nonlinear refractive index change and nonlinear absorption in
INg 53l 0.141G & 30dAS/INg 53058 476AS Multiquantum wells in the range 1480-1550 nm are
reported. Large low-threshold nonlinear index changes are falindf up to 0.14 with figure of

merit of 1.38 at a fluence of 11@J/cnt. The index-change-over-absorption figure of méfit,is

greater than unity over much of the spectrum, pointing to the prospective applicability of the
materials studied to nonlinear switching devices. 2@03 American Institute of Physics.
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Low-intensity-threshold, high-index-change nonlineardex change up tpAn/n|~3% in the vicinity of the excitonic
materials are desired for all-optical switchihg. peak. The magnitude of the nonlinear index change per given
Transmission-based nonlinear devices rely on materialfuence, as well as the maximum possible index change, were
which effect am phase shift due to a change in refractive found to increase with decreasing quantum well width.
index An, before the signal to be processed is attenuated to  In this letter we present direct measurements of the band
1/e of its incident value as a result of absorptiag:.* This ~ edge picosecond nonlinear response of MQWs across a wide
requirement is expressed in terms of the figure of migrit spectral range pertinent to fiber-optic communications
=An/ags\>1, whereX is the wavelength of light. systems. Using the well-established-scan technique

Bulk and multiquantum-well(MQW) semiconductors We have measured both the strength and sign of the non-
have been demonstrated to exhibit strong saturation of adinear index changes and saturation of absorption in
sorption near the electronic band edge when illuminated withNo.s3d 0.141G8 32AS/INg 5358 47AS MQWSs in the range
intense light. Bandfilling effects have been identified as thel480—1550 nm at a variety of fluences. In contrast to the
dominant responsible physical effect. Experiments hav@redictions based on the Kramers—Kronig transformation,
shown strong saturation of absorption in various materiaPur direct measurement provides information about a nonlin-
systems such as bulk Inéulk GaAs and GaAs/AlGaAs ©ar response mduced and egperlenced by an ultrafast signal.
MQWSs3* and InGaAs/InAlGaAs MQWS. The strong nonllqear refractlye and absorptlve ef_fec.ts mea-

Band edge saturation of absorption has been predicte%“red’ and assouated.goo_q figures of merlt_ permit direct as-
and shown to cause large refractive index changes in the€Ssment of the applicability of the materials analyzed to
same spectral regions. Starting from the measured fluenc@!l-oPtical switching.

dependent absorption spectrum, the Kramers—Kronig trans- ITheI crobss section of thlezslaTgle IS shovlvn |ng|g. 1. Using
formation was used to predict large refractive nonlinearities0'cular beam epitaxy, NMo B3I 014G 3 32/

Absorption spectra were based on a single-beam continumﬁ)sarm:“rs and 120 5 nm ‘5-%_3@69-470% wells were grown on
wave measurements in GalnAs/inP MGWand pump- an S-doped (001 InP 2 in. substrate, resulting in a total
broadband probe experiments on bulk GaAs and GaAs/
AlGaAs MQWS ~° and InGaAs/GaAs MQWS&.Degenerate 3™
four wave mixing(DFWM) has been used to measure di-
rectly the nonlinear index change in bulk InGaAS”om-
parison of DFWM results with predictions from the

10 nm InP

Photoluminescence (a.

. . . . 0
Kramers—Kroning transformation have shown discrepancie!” 1o 130 150 1700 :
on the order of unity in the nonlinear refractive respotfse. Havelenath om) 121 barriers and 120 wells i total
Direct measurements of nonlinear index changes haw :

also been made by analyzing the shift of the FabryePe  wells: snm Ing s3,Gars ——— =
fringe spectral positions in InGaAs/InP MQWs and  bariers 10nm Ings5,AL 4, Gag 9As — R A
GaAs/AlGaAs MQWS’ This technique slso resulted in sig- 50 nm InP buffer
nificant inaccuracie$. S-doped InP wafer (001)
These measurements of band edge refractive nonlinea

ity have predicted and demonstrated negative nonlinear in-

FIG. 1. Cross section of the sample. 121 10 nishAl g.14:G& 32AS bar-
riers and 120 5 nm Wy3dGa& 47AS samples were grown didoped 001 InP
¥Electronic mail: lukasz.brzozowski@utoronto.ca 2 in. substrate. The inset shows the photoluminescence of the sample.
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FIG. 2. Saturation of absorption in dBseAlg.14:G8 30dAS/INg 53058 47AS
MQWSs at a room temperature in the spectral range 14801550 nm at fiFIG. 3. Nonlinear index change in MQWs at the same experimental condi-
ences of 46, 69, 92, and 1}1&)/cnf. tions as in Fig. 2.

thickness of the nonlinear sample of 1.gin. Following  absorption saturation in the vicinity of the excitonic peak and
growth, the backside of the wafer was polished to allowaround the band edge. Similarily to what has been observed
transmittance measurements without scattering. In the ins# other material systems as reported in Refs. 2—11, with
of Fig. 1 we show the photoluminescence spectrum of oumncreasing fluence the excitonic step around 1490 nm is
sample with a peak at 1516 nm. High sample quality andvashed out and the absorption decreases more than threefold
periodicity of the nanolayers were confirmed by the doublethroughout most of the spectral range studied.
crystal x-ray diffraction measurements. Nonlinear measure- Figure 3 shows the nonlinear index change at the same
ments were made using our tuneable picosecond laser ampfluences and wavelengths as in Fig. 2. To determine the
fication system, which produced pulses with the full width atstrength and sign of the nonlinear refraction, normalized
half maximum width of a temporal intensity profile of,  (with respect to the value far from focuslosed aperture
=1.2 ps. at a repetition rate of 1 kHz. traces were divided by the normalized open aperture traces.

The real and imaginary changes in the refractive indexrhe nonlinear index change was obtained by using the for-
were measured using tiescan method? The laser beam mulaAn=0.400\AT,,_,/27L ¢, "> whereT,_, is the differ-
was focused with a 12 cm focal length lens and the transmitence between points of highest and lowest transmittance in
tance through the sample was recorded as the position of thtee dividedz-scan curve, and is the wavelength of light.
sample was varied relative to the focal length of the lens. AThe negative sign of the nonlinearity was deduced from the
reference beam detector was used to monitor fluctuations isharacteristic peak-valley shape of the cut¥e.
the input laser beam. Two detectors were used to monitor the Nonlinear index changes with magnitude larger than
transmitted beam. Measurement with no aperture allowe@iAn|>0.03 were directly measured over the entire range
determination of the sign and magnitude of nonlinear absorpstudied. The largest value recorded wAs=—0.14 ob-
tion; while measurement with an aperture in place allowedained at 1510 nm at a fluence of 146/cn?. As the signal
determination of the sign and magnitude of the nonlineafvavelength was increased beyond the band edge, the refrac-
index change? tive index and absorption changes decreased.

Figure 2 shows the saturation of absorption in our  Figure 4 shows figures of merit calculated from the re-
sample in the spectral range of 1480—1550 nm at room temsyits shown in Figs. 2 and 3. Bandfilling shifts the onset of

perature. Linear absorption and nonlinear absorption eXpositive-valuegl absorption to higher energies. This shifts
tracted from scans carried out at fluences of 46, 69, 92, and

116 uJ/cnt are shown. The fluencd®, was calculated ac-
cording toP= E/'n'W(Z), whereE is the energy per pulse and
Wy is the radius of beam waist at the focus, measured at th
1/e? of the transverse beam intensity profile. Open apertur
z-scan traces were normalized to the value measured fez
from the focus. The change in the effective absorption of thes
sample,Aa, was obtained from fitting the open aperture ©
transmission traces into the formuldl ,pe{z)=In[1
+00(2)V/090(2),*2 wherez is the distance from the focus, and .
q0=AaLeﬁ/(l+22/z§), with zy being the Rayleigh range of A
the beam. The effective length of the samplg is defined
asL¢s=(1—€e %"/ ay, whereay is the linear absorption and
L is the thickness of the sample. After calculating the changt
in absorption, the effective absorption was obtained from Waelength (nm)

ae=aptAa. Ao was negative in all our measurements. FIG. 4. Nonlinear figures of merit at the same experimental conditions as in

Due to the bandfilling effect, MQWs exhibit a very large Figs. 2 and 3.
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the real-valued dielectric constant dispersion curve to higher In conclusion, we have directly measured with pico-
energies. In the region 1480—-1500 nm, moderate saturaticsecond pulses the saturation of absorption and negative
of absorption and\n results in comparatively pod¥. Both  nonlinear index changes in the glyAlg 141G 30AS/
the linear refractive index and the absorption peak locallying s3d5& 47AS MQWS. We have calculated associated loss-
near the excitonic featur@vavelengths 1500-1530 nmA  related nonlinear figures of merit. At wavelengths in the vi-
strong saturation of absorption in this spectral region resultsinity of 1.5 um we have observed nonlinear index changes
in a large nonlinear index change, giving lar§e In the  greater thanAn|>0.1 with acceptable figures of merit. The
1510-1520 nm region we report index changes well in exfluences required to effect the nonlinear index changes mea-
cess of 0.1, withF in excess of 1. In the spectral region sured are similar to those inside a semiconductor laser.
1530-1550 nm, absorption is effectively washed out at in- i
creasing fluences. This combined with moderateto pro- The research reported herein was supported by Nortel
duce largeF. At 1550 nm we report an index change of 0.04 Networks and' the Natural Sciences and Engineering Re-
with a very goodF: in our material, the signal would expe- S€&rch Council of Canada.
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