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Two-photon absorption spectra of direct and indirect materials: ZnO and AgCl
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The transition mechanisms actually involved in direct and indirect two-photon absorption (TPA)
processes have been investigated in two different materials: ZnO and AgCl. It has been proven that the
TPA dominant mechanism changes when the excitation energy is varied. In particular, in both materials
and for both direct and indirect processes, transitions are of the allowed-allowed type near the energy gap
and become of the allowed-forbidden type far from the gap.

In recent years much work has been done to critically
compare the theoretical and experimental values of the
direct (a$?) and indirect (a/?) two-photon absorption
coefficients in order to obtain a better agreement between
them.! In spite of this, the a$? and af? theoretical values
generally underestimate experimental data. This was initial-
ly ascribed to large errors (~ 50%) affecting the measure-
ments. Later, improvements in experimental techniques
greatly reduced errors, showing that the disagreement is
probably due to approximations made in calculations. In
fact, in the different theoretical evaluations of af? and
a®, the factors, which in all probability cause the lack of
agreement, are (a) the squared values of dipole matrix ele-
ments, |Py|? (where i and j indicate the initial and final
states, respectively), (b) the transition mechanism actually
involved (allowed-allowed, allowed-forbidden), and (c) the
state density uncertainty.

As regards IPUIZ, recent studies, carried out on different
semiconductors by means of the ratio method,? have en-
abled a better understanding of the role of |Py|2. In particu-
lar, they have shown that Kane’s approximation is the most
valid among the different ones available for the dipole ma-
trix element, at least when its validity condition [excitation
energy nearly resonant with the energy gap (E,)] is respect-
ed. When this condition is neglected, that is the excitation
energy is much larger than E,;, nothing can be said about
[Py|2. In fact, in this case, not only does |P;|*> become
dependent on the energy, but also the transition mechanism
actually involved must be reconsidered. It has already been
shown, for a small direct gap semiconductor (GaAs), that
there is a change in the dominant transition mechanism
when the excitation energy becomes larger than E,.3

This paper reconsiders the problem in two different
large-gap semiconductors (ZnO and AgCl) in order to
analyze the transition mechanism actually involved, both in
direct and in indirect two-photon processes.

For this purpose, the spectral dependence of the TPA
coefficient near and far from the energy gap in both materi-
als has been studied (for ZnO: 2 meV <2fw—E, <710
meV; for AgCl: 174 meV < 2kw— E; <1220 meV, where
2k w is the excitation energy).

Measurements have been carried out on ZnO and AgCl
crystals. The former is a direct-gap semiconductor* (E,
=343 CV, mc==0.l9mo, m‘,1=0.21mo, m,,2=-0.2m0, my3
=0.71my, n=2) with a hexagonal structure. It has an s
like conduction band having a I'; symmetry. The valence
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band is p-like, splitting into three degenerate bands due to
spin-orbit and crystalline-field interactions. The top valence
band has a I'g symmetry while the two lower ones have a I';
symmetry. AgCl is an indirect-gap ionic crystal® (Ey=32
eV, £Q1=0.024 eV, m.=0.3my, m,=my, n=2.071) for
which band-structure calculations indicate the presence of
two valence-band maxima having nearly the same energy,
located at the L point (L;) and on the X line (34) in the
Brillouin zone. A conduction-band minimum of standard
form is at the I' point ().

High-quality crystals were selected to prevent damage
from high power-density excitation and to avoid dependence
on the degree of sample purity. In particular, the AgCl
samples were polished and annealed before measuring, as
described by Stulen and Ascarelli.

The a‘? spectral dependence at 77 K for both ZnO and
AgCl was obtained by means of the nonlinear luminescence
experimental technique.” This consists of the detection of a
luminescence signal L (at fw;=2.34 eV for ZnO and at
Fw;=2.6 eV for AgCl) excited by simultaneous absorption
of two identical photons. The detected luminescence inten-
sity L is given by?

L=A1TpAqf(wL/2w) , (1)
where

Alpa=1aP13z/(1+a®Bz) (1 -aVz) ,

q is the quantum efficiency for excitation at 2%w, which is
assumed to be constant over the energy range considered,
f is the fraction of the collected luminescence which is a
function of the geometry, and the other symbols have their
usual meanings as reported in Ref. 3. The experimental
setup was similar to that reported in Ref. 7.

The TPA spectra were obtained by means of a Quantel
Datachrome dye laser (pulse duration: 9 nsec, maximum
peak power for Rhodamine 6 G nearly equal to 30 MW/
cm?) pumped by the second harmonic of a pulsed YAIG-Nd
laser. Three highly efficient dyes were used: Rhodamine 6
G for the high-energy side of the spectra, DCM for the in-
termediate region, and LD700 for the low energies. The
quadratic behavior of the detected luminescence signal
versus the excitation intensity was checked at each experi-
mental point, and for each of them, different measurement
runs were carried out. The experimental accuracy was
within about 25% for each run.
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The TPA spectrum for ZnO as a function of (2%, — E,) is
shown in Fig. 1. In the same figure the continuous curves a
and b (calculated by the first two equations in Table I) are
related to a three-band model® (allowed-allowed transitions)
and a two-band model’ (allowed-forbidden transitions),
respectively. It is worthwhile to note that the first one is
calculated in the parabolic band approximation, while the
second uses the nonparabolic one.

In Fig. 1, for the three-band model [characterized by a
(2kw — E,)"? spectral dependencel, accurate proportionality
is found for (2#w— E;) ranging between 10 and 120 meV
above the band gap. However, in the initial region up to
~ 10 meV, the a}” values are greater than the calculated
ones. This difference is due to exciton contribution in the
continuum. To illustrate this more clearly, the experimental
points in this range have been plotted on a linear scale in
the Fig. 1 inset. The plot shows that the experimental
points fit theoretical curve ¢ well (calculated by the third
equation of Table I), which gives the characteristic depen-
dence on the exciton state density for . This behavior
confirms the importance of the exciton effect in TPA
processes for 2%w = E,.!!

On the other side, in the range beyond 120 meV above
the band gap, a good agreement is*found with curve b,
given by the two-band model, which has an approximately
(25w — E;)¥? spectral dependence. This agrees with results
previously obtained for other semiconductors with the exci-
tation conditions 2w >> E,.1!

Finally, the increase in ¥ at (25w — E,) =500 meV can
be attributed to transitions from a lower valence band I'. It
is worth noting that these transitions are forbidden to one-
photon processes, as reported by other authors.!2

These experimental results, in agreement with those re-
ported in Ref. 3, yield definitive evidence that for direct-gap
semiconductors the dominant transition mechanism is of the
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FIG. 1. Two-photon absorption coefficient vs (25w~ E) for a
ZnO single crystal. Full lines a and b are calculated by means of the
three- and two-band models, respectively. The inset shows the ex-
citonic contribution (curve c) in the energy range between 10~3 and
10~2 eV. The symbols indicate experimental results. For the ener-
gy value indicated by the arrow (2fw— E, =0.13 eV), a}” is equal
to 0.021 cm MW ™! (Ref. 16).

allowed-allowed type near the energy gap, while far from
this, the allowed-forbidden contribution becomes prepon-
derant. Moreover, these results reconfirm the importance
of both nonparabolicity and degeneracy-band effects for
2kw >> E; and of the exciton state density for 24w = Eg, in
TPA processes.

TABLE I. Theoretical model calculations for two-photon direct transitions. Symbols have been defined in Refs. 8, 9, and 10.

Author Model Band structure Transitions type Result of calculation
/247 | Poyl?| P,y 12
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Lee and Fan
(Ref. 10)
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Figure 2 gives the TPA spectrum of AgCl. In this figure
curves a and b (calculated by the first and second equations
of Table II) are due to a four-band!! and a three-band
model,'? respectively. In particular, the four-band model
assumes that the main contributions are given by allowed
virtual transitions, while the three-band model uses forbid-
den virtual ones. It is evident that, in the region nearer the
indirect gap (174 meV < 24w — E, < 800 meV), the experi-
mental points well fit the curve related to the four-band
model, characterized by a spectral dependence roughly equal
to Qfw—E,; —kQ)2 Beyond 800 meV above the indirect
gap, the a(? values, in agreement with Casalboni, Crisanti,
Francini, and Grassano,!® fall along the three-band model
curve. The latter is characterized by a spectral dependence
approximately equal to (2w — E,—# Q)3

These results show that, for indirect-gap materials also,
the allowed-forbidden transitions dominate the two-photon
processes for energies well above the indirect band gap,
whereas it is the allowed-allowed transitions which dominate
just above this gap.

In conclusion, we have demonstrated that, both in direct
and indirect TPA processes, the dominant transition mech-
anism changes when the excitation energy is varied. This
suggests that not only the role of state density, but also that
of the different TPA transition mechanisms, related to
direct and indirect gap, must be carefully reconsidered in or-
der to improve the agreement between experimental and
theoretical TPA coefficients.

TABLE II. Same as Table I for two-photon indirect transitions.
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FIG. 2. Indirect two-photon absorption coefficient vs (2w — E,,)
for an AgCl sample. Full lines a and b are calculated by means of
the four- and three-band model, respectively. The symbols indicate
experimental results. For the energy value indicated by the arrow
(2%w— Ey=0.9 eV), a(? is equal to 1.25x10% cm MW ™! (Ref.
15).

Symbols have been defined in Refs. 13 and 14.

Authors Model Band structure  Transition type Result of the calculations
4 P_12lP |2 2
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