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Measurement of Nonlinear Refractive Index and Nonlinear Absorption Coefficient

Using Transmission Spectrum
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We present a simple, but highly sensitive, method for obtaining both the sign and magnitude of the nonlinear
refractive index and the nonlinear absorption coefficient as a function of wavelength. It is shown theoretically
that these parameters can be easily obtained from the linear and nonlinear transmission spectra of the medium as
well as the laser intensity distribution on the frequency. This technique is demonstrated for ZnSe-ZnS multiple

quantum wells on transparent CaF, substrate at 77 K.
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1. Introduction

Being of large refractive nonlinearities associated
with excitonic effects at room temperature, semi-
conducting superlattices and quantum-well struc-
tures have attracted much interest recently. ¥ They
have been promising candidates for producing opti-
cal bistable switches, semiconductor diode lasers,
optical information processing and.other nonlinear
optical devices with low-power, high speed and
small size. The nonlinear refractive index is a very
important parameter in designing such devices.?
However, there is not yet a satisfactory method to
measure the nonlinear refractive index for thin film
materials.

Previous measurements of the nonlinear refrac-
tion used a variety of techniques including nonlinear
interferometry,® degenerate four-wave mixing,?
nearly degenerate three-wave mixing,” pump-
probe,® ellipse rotation,” beam distortion measure-
ments,® and Z-scan.® The first four methods are
potentially sensitive techniques, but they require
relatively complex experimental apparatus. Beam
distortion measurements, on the other hand, are
relatively insensitive and needs detailed wave prop-
agation analysis. The Z-scan technique require that
the laser be a Gaussian TEMy, beam. All these
methods are difficult to be used for measuring the
nonlinear refractive index in a large wavelength
range, especially for thin film samples.

In this paper we propose a new method to deter-
mine the nonlinear refraction and nonlinear absorp-
tion from transmission spectra. This method is
suited especially to semiconductor quantum wells
structures, and offers simplicity as well as very
high sensitivity. Our method is based on the idea
that the nonlinear absorption being a function of
wavelength can be obtained from linear and nonlin-

ear transmission spectra, and the nonlinear refrac-
tion can then be calculated from the nonlinear ab-
sorption using the Kramers-Kronig relations.

2. Theory

For the intensity dependent third order non-
linear absorption process in the small signal
regime, the absorption coefficient can be expressed
as

a(D)=a,(D+Aa(D)=a,(D+LMNIQRA) (1)

where o, (A)and B(A) are the linear and nonlinear
absorption. coefficients, respectively, I'(A) is the in-
tensity of the laser beam within the sample, and A
is the wavelength of the laser.

The linear transmissive intensity is given by

L)=2TWezpl—a(DL] )
The nonlinear transmissive intensity is
InQ) =TI exp[—ap (A L-BAIDL] (3)

where L is the sample thickness, C is the ratio of
the nonlinear excitation intensity to the linear exci-
tation intensity.

From Egs. (2) and (3), the ratio of the nonlin-
ear transmissivity T () to the linear transmissivi-
ty T (A) can be written as

Ty Iy
(A= ORI AR =exp[-BAIDL] (4)

Therefore we have, for the nonlinear absorption
coefficient,

Inn(A)

“TOL 5

BA)=

For the intensity dependent third order non-

linear refractive process in the small signal regime,
the refractive index can be written as
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n(AQ)=n, (A +An(D=n,(D+YQIQA) (6

where n,() is the linear refractive index and Y (&)
is the nonlinear refractive index.

The change in the refractive index, An(3), can
be obtained from the change in the absorption coef-
ficient, Aa(d), by the Kramers-Kronig transfor-
mation

f AAa(d)

Az A,z dA’ (7)

An(/\)—
where P stands for the principal value of the inte-
gral.

Substituting Eqs. (1) and (6) into Eq. (7) and
noting Eq. (5), we obtain for the nonlinear refrac-
tive index that

= Xlap(X)
FOS

Y(AD)=- dx’ (8
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By Eq. (8) one can obtain the nonlinear refrac-
tive index from the linear and nonlinear transmis-
sion spectra and the laser intensity distribution on
the frequency. Even though this is an indirect
method of measuring the nonlinear refractive index,
it has the advantage of providing correct values of ¥
(A) using a simple experimental setup. Especially,
this method can give the nonlinear refractive index
in a large wavelength range.

3. Experimental Results and Discussion

We measured the nonlinear refractive index for
ZnSe-ZnS MQWs with the transmission spectrum
method described above. The experimental setup is
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Fig.1 Experimental setup for measuring the optical nonlin-
earities. Dye-tunable dye laser, NF-neutral filtters, S-
sample, PM-photomutiplier, B-boxcar 4400, MC-micro-
computer, P-printer.

shown in Figure 1. The light source was from a
tunable dye laser using coumarin 440 pumped by
the nitrogen laser with a pulse duration of 10 ns and
a repetition rate of 10 Hz. The calibrated neutral
filters was used to limit the power of the beam
passing through the sample. .In measuring the lin-

X. Q. ZHANG et al. 171

ear transmission spectrum we used a very low-in-
tensity excitation. However, in measuring nonlin-
ear transmission a strong excitation was used. The
intensity of excitation was varied by changing the
neutral filters. In order to obtain nonlinear refrac-
tive index and nonlinear absorption coefficient, a
nonlinear transmission spectrum must be measured
in the small signal regime, otherwise, the two pa-
rameters obtained is not correct. The sample stud-
ied here was a ZnSe-ZnS MQWs with a total thick-
ness of 1 um grown by metal-organic chemical va-
por deposition (MOCVD) on a transparent CaF,
substrate and consisting of 100 periods.

Fig. 2 shows the transmission intensities of
ZnSe-ZnS/CaF, MQWs as a function of wavelength
for various incident intensities at 77 K. The curve
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Fig. 2 Transmission spectra of ZnSe-ZnS/CaF, MQWs for
various incident intensities at 77 K. (1)Corresponding to
very low excitation intensity, (2), (3) corresponding to
6.0 and 17 kw/cm? excitation intentisies at A=441. 3 nm,
respectively. '

labeled 1 is the linear transmission spectrum under
a very low-power density excitation, the two ob-
served absorption peaks around 441. 3 nm and 435.
5 nm correspond to the n=1 heavy-hole and n=1
light-hole excitons.!” The compressive uniaxial
component of the lattice mismatch strain in the
ZnSe layers results in a splitting of the valence band
degeneracy, shifting the heavy hole towards the
conduction band with respect to the light hole. In
the nonlinear transmission spectrum, curve labeled
2 in figure 2, both the exciton peaks are bleached
and blue shifted slightly., When stronger excitation
was used, the two exciton peaks gradually disap-
peared as the excitation intensity increased. The re-
sults indicate that the dominant nonlinear absorp-
tion saturation mechanism may be due to the phase
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space filling of excitonic state.

Using Eqs. (5) and (8), we ralculated the non-
linear absorption coefficient and nonlinear refractive
index from the transmission data. The results are
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Fig. 3  Nonlinear absorption coefficient as a function of
wavelength for ZnSe-ZnS/CaF, MQWs at 77 K.
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Fig. 4 Nonlinear refractive index as a function of wave-
length for ZnSe-ZnS/CaF, MQWs at 77 K.

shown in Fig. 3 and Fig. 4. We see that the nonlin-
ear absorption exhibited two peaks about A=1435.5
nm and A=441. 3 nm. The nonlinear refraction ex-
hibited four peaks about A=434. 6 nm, A=436. 4
nm, A=440. 4 nm and A=442. 2 nm, where the
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first two peaks originate from A=435. 5 nm nonlin-
ear absorption peak, and the latest two peaks origi-
nate from A=441. 3 nm nonlinear absorption speak.
Namely, there are two nonlinear refraction peaks
with contrary sign on two sides of each nonlinear
absorption peak. A similar result has been obtained
by peyghambarian. ©

4. Conclusion

We have derived the relation between the nonlin-
ear refractive index and the ratio of nonlinear trans-
mission to linear transmission, and shown how the
magnitude and sign of the nonlinear absorption co-
efficient and nonlinear refractive index are deter-
mined from the transmission spectra data. Our
method is simple and sensitive. It is expected that
this method be a valuable tool in searching for high-
ly nonlinear materials. We have applied this tech-
nique to study optical nonlinearities for ZnSe-ZnS/
CaF; MQWs, and obtain the nonlinear refractive in-
dex as a function of wavelength.
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