NONLINEAR ABSORPTION AND ASSOCIATED REFRACTION IN SEMICONDUCTORS

Eric W. Van Stryland, H. Vanherzeele, Shekhar Guha, M.A. Woodall
and M.J. Soileau
Center for Applied Quantum Electronics, Physics Department
North Texas State Unlversity, Denton, Texas

Abstract
ADBLEOLC.

Simple parametric scaling rules for the two-photon absorption
coefficients P of semiconductors have been experimentally confirmed by
measuring B for ten different semiconductors using picosecond pulses. These
dependencies agree with recent theory and allow the prediction of B in other
materials at different wavelengths. The strong self-defocussing observed in
these materials is consistent with nonlinear refraction by the two-photon
generated free carriers.

De simples lois paramétriques d'é&chelle pour les coefficients
d'absorption B 3 deux photons, dans les semiconducteurs, ont.&té confirmées
expérimentalement en mesurant B pour dix semiconducteurs différents avec des
pulses-picosecondes. Ces dépendances sont en accord avec la théorie récente
et permettent de prédire B pour d'autres matériaux, 3 différentes longueurs
d'onde. La forte auto-focalisation observée dans ces matériaux est
compatible avec la réfraction nonlinéaire associe aux porteurs libres
générés par un mécanisme & deux photons.

Es wurden einfache Skalengesetze, die nur Materialparameter enthalten, fir
die Zwei-Photon-Absorptionskoeffizienten § von Halbleitern experimentell
bestdtigt, indem B fiir zehn verschiedene Halbleiter unter Verwendung von
Picosekunden—Pulsen gemessen wurde. Diese Abhdngigkeiten stimmen mit neueren
Theorient iberein und erlauben die Vorhersage von B In anderen Materialien
bel anderen Wellenldngen. Die Beobachtung von starker Selbstfokussierung ist
konsistent mit der nichtlinearen Brechung durch freie Ladungstrdger die durch
2-Photon-Absorption erzeugt wurden.
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smaller values in more recent years. Comparison of theory to these

experiments is meaningless unless we understand the reasons for these j
differences. This work shows that these large discrepancies are primarily 10
experimental and not simply due to extrinsic material properties [1]. We

find that our results agree with a simple two-band model where [2,3,4]
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B is 1in cm/GW, Ep is approximately 21 eV for the materials studied, n is

the refractive index and Eg is the energy gap in eV. The function F2 is
given by Fy(x) = (x-1)3/2/x5.
Table 1 shows the materials studied along with the material parameters,

the experimentally determined value of B, and the prediction of eqn. (1).
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effects of excitons are expected to be the greatest [4,5]. These efects are theoretical fit.

not included in the simple two-band model.

The constant of proportionality in edgn. (1) was determined by performing
a least squares fit of the data, excluding ZnTe to the functional dependence

of egn. (1). This constant is a factor of 1.7 lower than predicted by the

—=—-->

simple two-band model [4]. Inclusion of more realistic band structure only
changes the functional dependence of F, slightly but does give considerably
closer agreement in absolute value (on average within 26%) [1,2,3]. This
agreement is remarkable in light of previous results and when it is noted

that ten different semiconductors were studied and they had different

TRANSMITTED FLUENCE

structures.

This is extremely fortuitous since it means that refinements in band

structure don't lead to large changes in B nor to changes in scaling. It is
also interesting to note that the non-perturbative approach to multi-photon TRANSVERSE DISTANCE [mm)

absorption gives the same scaling law as eqn. (1) in the limit of small




Table 1 Materials Studied, Materials Parameters, and
Two Photon Absorption coefficients

A = 1.06pum 2hw = 2.34ev

Material Form{a) Eg(ev) i Ep(ev)(b) BEXP(cn/Gw) BTheOT (en/ay)

Gaas(c) 1.42(1) 3 43(1) 25.7 23
cdre(d) 1.44(8) 5 ggle) 20.7 22
cdre(d) 1.44(8) 5 g4le) ' 15
cdse(e) 1.74() 3 s6(e) 18
CdS. peSe. (@) 1.78(k) 2 51 (k) 15
cds. ;se. (&) g 1.93(K) 5 45(k) 10
znTe(®) 2.26(1) 2, 79(e) 4.5

A= 0.53pm 2hw = 4.68ev

cds(®) 2.42(8) 3 go(1) 5.5
Znse(f) 2.67¢1) 5, 70(1) 5.5
zno(8) W 3.2(m) 5 g5(1) 5.0
zng (1) zp(clear) 3.66¢1) 2,40(1) 2.0

zns(h) Zp(yellnw) 3.66(1) 2.40(1) 3.5

E:; 4 I zincbiende; W = wurtzitey p = polycrystalline,

values taken from Ref, 28, i i i

hic ol g el B | For values not listed in this reference, the
(c) Morgan Semiconductors, Garland, Texas,

(d) IT.VI Inc., Saxonburg, Pennsylvania,

(e) Cleveland Crystals, Fuclid, Ohio.

(f) Raytheon Co,, Bedford, Mass,

(g) Atomergic Chemetals, Plainview, N,Y,

(h) CVD Inc., Woburn, Mass,

(i) Ref, 12,

Ej) Ref, 13,

k) These values were obtained by extrap i i iti
Bl :e;weig the known values foryCdS angoéjg;?nsz: ;e;?nizfon i
m) Ref, i

two-photon absorption [6]. Actually, it has been shown that this must be
true for any theory of two-photon absorption by Wherrett using, among other
methods, a dimensional analysis approach [ZL

The reasons for the extreme spread in previous results as exemplified by
the data of Fig. 1 are primarily experimental. The downward trend shows the
improvement in experimental method and interpretation. Early work was
plagued by multimode lasers in both space and frequency which resulted in
large variations in irradiance which will always yield an underestimate of
the irradiance when not resolved. This in turn leads to an overestimate of
p. An additional problem is that most researchers have used pulses of
geveral nanoseconds duration where the two-photon generated carrier
absorption can actually dominate the overall absorption. This again will

result in an overestimate of B. The use of much shorter pulses which allows

higher irradiance with lower energy, reduces the relative contribution of

photogenerated carrier absorption with respect to two-photon absorption to a
negligible ratio.

Another possible experimental problem is the large self-defocussing
observed in these samples. Even when the absorption of the photogenerated
carries 1s kept small by using picosecond pulses the change in refractive
index caused by them can be large [1,7]. Additionally, even if the
defocussing within the sample 1s negligible, free-space propagation to the
detector can change the energy distribution on the detector and even result
in energy missing the detector. We show in Fig. 2 the transmitted spatial
fluence distribution as displayed on a vidicon used in a region of linear
response (equivalent to a pinhole scan) for two different input irradiance
levels. The theoretical fit shown assumes that the nonlinearity is
completely accounted for by an index change propertional to the carrier
density produced by the previously determined value of B [1]. This
represents a single parameter fit for the index change per carrier. The
result gives an index change of ~ 3.5 # 1 times the Drude contribution, which
may be explained by band blocking from interband transitions [8].

Given the above experimental considerations, we used well characterised
collimated TEM;,, nearly transform limited picosecond pulses, thin samples
(2-5 mm), and large area uniform response detectors. The transmission
detector was in turn placed directly behind thensample. We note that the
work of Bechtel and Smith in 1976 which used basically the same technique
(see Fig. 1) included four of the ten materials studied here. These values
agree closely with our results [9].

In conclusion we have experimentally verified the scaling rules

predicted by theory for two-photon absorption in semiconductors giving us a




predictive capability. For example, 1f we extend our result to two-photon
absorption in InSb at 10 pm at 300°K, we obtain a value of B = 6.8 cm/MH.
This value is in excellent agreement with the measured value of 8 cm/MW where
photogenerated carriers were carefully accounted for [10]. We have also
explained the mechanism responsible for the observed self-defocussing, namely
the photogenerated carriers. Combinations of two-photon absorption and
self-refraction have uses for nonlinear optical elements such as optical
power limiters [11].
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