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Two-photon absorption induced transmission changes in
ZnSe interference filters
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We observe two-photon absorption (2PA) of picosecond, 0.6-jum, 0.3-nJ pulses in a 0.4-,um film of ZnSe. We use
high-frequency-modulation phase-sensitive detection to be near the shot-noise limit combined with a low-frequency
pulse-delay modulation to discriminate against large thermal nonlinearities. This dual-modulation technique,
combined with the field enhancement produced by placing the film in a resonant cavity, permits observation of 2PA
and other fast nonlinearities by using pulses having peak powers of the order of 1 W.

The use of thin films as nonlinear elements in optical devices
is gaining considerable attention as interest in optical com-
puting grows. The operation of such thin-film devices is
critically dependent on the nonlinear material used for the
film. We present here a sensitive method for monitoring a
nonlinearly induced transmission change that is particularly
useful for observation of fast nonlinearities in thin-film
structures. This technique permits assessment of the non-
linearity by using a beam oriented perpendicular to the film
surface rather than in the guided-wave geometry.

Using this technique, we observed transmission changes in
a probe beam induced by two-photon absorption (2PA) of
picosecond 0.6-ini dye laser pulses in a 0.4-,vm-thick ZnSe
film sandwiched between reflective coatings. These Fabry-
Perot structures have been used with cw lasers to demon-
strate bistability induced by the slow thermal refractive-
index change.' In order to observe 2PA in thin films, we use
two separate methods to enhance the signal-to-noise ratio.
A dual-modulation scheme enhances the sensitivity for ob-
serving small transmission changes while discriminating
against the large thermal nonlinearities. The Fabry-Perot
cavity enhances the irradiance and thus directly increases
the transmission change. The results of calculations of the
2PA enhancement in a Fabry-Perot cavity are consistent
with experimental results and indicate that a 3-order-of-
magnitude enhancement of 2PA is readily obtainable.
Combining these two methods, we are able to detect signals
so small that they correspond to a calculated single-pass
change in transmission of 10-1.

The experimental apparatus is shown schematically in
Fig. 1. Pulses from a synchronously mode-locked dye laser
operating at -80 MHz, using a three-plate birefringent-
filter tuning element, are split into two paths. The excita-
tion beam e reflects off a corner cube mounted on an audio
speaker, passes through an electro-optic modulator placed
between polarizers to yield a 10-MHz amplitude modula-
tion, and then goes through the sample to a beam block.

The probe beam p travels along a variable-delay line
through the sample to the detector. The two beams are
focused and are overlapped spatially and temporally in the
sample. The detector output is sent to a lock-in amplifier
referenced to the 10-MHz modulation. The lock-in output
is thus proportional to the transmission change induced on
beam p by beam e. A similar high-frequency-modulation
technique was used previously to yield near-shot-noise-lim-
ited detection of other nonlinearities.2 The method relies
on the laser's being noise free near the 10-MHz modulation
frequency.

Thermal nonlinearities, often observed when this high-
frequency-amplitude-modulation method is used, were
eliminated in the past by introducing an additional slow
frequency modulation on the excitation beam.3 The success
of that method relies on strong dispersion in the nonlinear
response. Since strong dispersion of 2PA in semiconductors
occurs only near the band edge, we devised a novel and
alternative method for discriminating against thermal non-
linearities. The corner cube mounted on an audio speaker,
shown in Fig. 1, induces a slow modulation in the optical
path of the excitation beam. This modulation varies the
temporal pulse overlap of the beams and thus the total
irradiance at the sample. This is accomplished while main-
taining constant fluence and average power. y synchro-
nously detecting with a second lock-in at this low frequency,
the apparatus is sensitive only to irradiance-dependent pro-
cesses such as 2PA. The time constant of the first lock-in is
set to pass the low-frequency temporal-delay modulation
signal. We found this method to be useful for monitoring
beam depletion caused by second-harmonic generation, 2PA
in bulk samples, saturation phenomena, beam coupling, and
Kerr rotation by using appropriate polarizers in the experi-
mental setup. However, the observation of these nonlinear-
ities in thin films requires a higher irradiance to increase the
signal above the sensitivity limit of our detection system.

The irradiance is enhanced by placing the ZnSe film be-
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where Tp;e = (1 + Fa sin2 kpeL)-l is the linear-transmission
line shape of beam p or e. We verified the predicted linear
dependence of the signal on Ie and Ip, although at high
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Fig. 1. Dual-modulation experimental setup. A corner cube (CC)
is mounted on an audio speaker used for obtaining pulse-delay
modulation (PDM); s denotes the sample. The 10-MHz amplitude
modulation is provided by an electro-optic modulator placed be-
tween polarizers.
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Fig. 3. Transmitted signal for the interference filter as a function
of external angle of incidence (a in Fig. 4), for the nonlinear line
shape (solid line) and for the cube of the linear line shape (dotted
line).
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Fig. 2. The pulse-delay modulation signal (in arbitrary units) as a
function of the power in the excitation beam.

tween two reflective dielectric stacks, as in a narrow-band
interference filter. If linear absorption is ignored, the inter-
nal irradiance in the ZnSe spacer layer is increased on reso-
nance by a factor (1 + R)/(1 - R). Since 2PA is proportional
to the square of the internal irradiance, the Fabry-Perot
effect can greatly increase the signal (in practice by -103).
The resulting loss is still small enough to permit an analytic
solution of the 2PA equations in the small-depletion limit.
The result for the induced probe transmission change is
derived in Appendix A [Eq. (A9)] to be

X
Fig. 4. Geometrical arrangement for measuring the angular depen-
dence of the signal as in Fig. 3. The angle for Fig. 3 was fixed at
,60, and a was varied. The detectors labeled L and NL indicate
that the linear and nonlinear transmitted signals can be monitored
simultaneously.
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Fig. 5. Pulse-delay modulation signal as a function of time delay
between pulses for the bulk ZnSe sample (solid line) and the ZnSe
interference filter (dotted line).

inputs a small deviation from linearity was observed, as
shown in Fig. 2. This may be due to a slight departure from
the small-depletion limit. Given reflectivities R R2 
0.97 and losses L 0.01 that are consistent with the ob-
served linear transmission, we find that AT -2000I3IeL.
Equation (1) can be verified by monitoring the signal as a
function of the angular dependence implicit in kp,eL. We
determined experimentally that for our beams T = rp, thus
Eq. (1) predicts a cubic dependence of AT on linear-trans-
mission line shape. Figure 3 shows plots of AT (solid line)
and the cube of the linear-transmission curve (dotted line)
as functions of angle. The geometrical arrangement of the
sample for this experiment is shown in Fig. 4. Overlap of the
curves in Fig. 3 verifies Eq. (1) and, in addition, shows no
shift in resonance peak from nonlinear refraction. At these
low irradiance levels the 'density of photogenerated carriers
is expected to be low, keeping this type of nonlinear refrac-
tion negligible. Thermally induced nonlinear refraction is
present, and, on tight focusing, these filters display bistabili-
ty.1 However, we monitored the linear-transmission line
shape (angular dependence) for irradiance levels up to a
factor of 2 above the level used for Fig. 3 and saw no
differences in shape. In addition, this dual-modulation
technique is insensitive to such slow cumulative changes in
the sample properties.

Irradiance enhancement was verified by comparing the
time-delay dependence of the transmission change obtained
for the interference filter with that obtained for bulk ZnSe.
The interaction length of the beams in the bulk samples was

100 Atm. When a small delay modulation ( 100 fsec) is
used, this signal from a bulk 2PA material is simply propor-
tional to the derivative of the pulse-intensity autocorrela-
tion function. The results of these measurements are shown
in Fig. 5 for both the bulk sample (solid line) and the inter-
ference filter (dotted line). The bulk signal is magnified by
a factor of 10. If the 2PA coefficient for the thermally
deposited ZnSe film is assumed to be the same as for bulk
ZnSe, Eq. (1) gives, for the ratio of the transmission change

for the interference filter ATIF to the transmission change
for bulk material ATB,

ATIF IIFLIF

/\TB IBLB
(2)

Given that the ratio LB/LIF 200, Eq. (2) gives an estimate
of 2000 for the ratio of irradiances IIF/IB, which is consistent
with the irradiance enhancement within the Fabry-Perot
cavity as calculated earlier. The exact agreement can only
be fortuitous, since the enhancement factor is critically de-
pendent on the reflectances of the dielectric stacks within
the interference filter and on the linear-absorption losses in
the ZnSe spacer layer, none of which is accurately known.
Additionally, the conclusion that the 2PA coefficients for
the film and for bulk ZnSe are equal is, at best, true only to
within a factor of 2.

The three-plate birefringent filter was misaligned deliber-
ately to give non-bandwidth-limited pulses, and the Fabry-
Perot signal in Fig. 5 extends only over the coherence width
of the pulses as determined by separate fringe-resolved au-
tocorrelation function measurements.5 This is expected,
since signal enhancement requires mutual coherence of the
pulses in both beams. In order for the probe pulse to "see"
the field enhancement of the excitation pulse, it must be
present in the cavity during the time in which the excitation
field is enhanced (i.e., within the coherence time of the probe
pulse). This is also necessary for the excitation pulse to
"see" the field enhancement of the probe pulse. Thus the
2PA signal is enhanced only when both beams e and p are in
the Fabry-Perot cavity within their coherence times, as we
observe. The cavity lifetime for the interference filters is
c100 fsec, which corresponds to 10 round trips. For the
full irradiance enhancement to be realized, the pulses should
have a coherence length of several times the cavity lifetime.
Our pulses had a coherence time greater than a picosecond.

Although we used these methods to monitor 2PA, they
should be applicable for the observation of other nonlineari-
ties. Additionally, these techniques offer interesting new
ways to characterize laser pulses.

APPENDIX A

The third-order polarization (Pn1) affecting the propagation
of the probe beam p (see Fig. 6) in the presence of its reflec-
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Fig. 6. (a) Fabry-Perot spacer layer, showing the probe and excita-
tion beams along with their reflections. (b) Fields and propagation
directions used for calculating Eqs. (A5).
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tion (beam pr) and a second excitation beam and its r(
tion (beams e and er) is given by:

Pn = Kep(ep2 + 22 + 2pr 2 + 2Eer2),

where K is a constant of proportionality. In Eq. (Al)
assumed that the beams p and e and their reflections a:
distinct or that beams p and e have different frequer
This nonlinear polarization leads to Maxwell's equat
including linear absorption a, given by

- K[e , 2 + 2Ee
2

+ 26pr2 + 2Eer2 ], (

1 pr =0X+ K[Ep 2 +2 E 2 +e 2 + 21]

epr ak 2 +K p r p 2eI (

along with similar equations for beams e and er. Her(
equations are written for normal incidence such that b
p and pr are counterpropagating. Under the assum]
that the nonlinear losses are small, appropriate for ou
perimental conditions, Equations (A2) can be solved tc
the total fields Ep,pr:

E,,(z) =,Ep()exp[(ik a - # I P [( ~~P 2 2) 

.Epr(z) = Epr(0)exP[(ikP + 2 +2

where kP is the propagation constant of beam p and Pl a
are the spatial averages (taking into account linear loss
the bracketed portions of Eqs. (A2); that is,

= K(1 -eaL) {a 2(0) + 2ee2 (0) + 2[Epr2 (0) + Eer 2(O)]

132 = K(- eL) [EP2(0) + 2Eer2 (0)]eaL + 2Ep2 (o) + 2e,

(A4b)

From the boundary conditions imposed on the Fabry-Perot
cavity, we can solve for the field ratios in the presence of
2PA. Using the notation of Fig. 6(b), where E2 = XE,' and
El' = XrE 2"', with X and Xr given by the respective expon-
entials in Eqs. (A3) evaluated at z = L, we find

E1' 1 1 -R 1/2 E1 " XXr R 2 (l -RI) 1/2

E1 D n E1 D n

E2 X 1-R 1\l/2
E1 D n

E2"' x [R2 (1 - R1) 1/2

E1 D n ,

E1 = 1 [XXr(R 2)1
2 - (RI)1/2], (A5)

El D

where D = 1 - XXr(RIR 2 )1 /2. This yields, for the transmit-
ted irradiance IT in terms of the incident irradiance Ip,

= I n2 E2 = Ip(1 - Rl)(1 - R2) X (A6)

,flec- Expanding the exponentials in fHi to first order gives

(1(-[Rl)(l-R2 )e-aL
L (1- Ra)2 ( + Fa sin2 kpL)

it is
re all [[1 - a- 2 sin2 kLI1
icies. X 1 - OIL - ( 21 + 32)LRa (1 - Ra) 2 (l F sin 2 kpL) J
tions, (A7)

where Fa = 4Ra/(1 - Ra)2 and Ra = (RlR2)l/2e-aL. Equa-
A2a) tions (A5) also give the values for fli in terms of the input

irradiance:

AUb) (1 - R1 ) 1-e -L

,the (1-Ra) 2 aL
eams X [Ip(1 + 2R 2eaL)rp + 2Ie(l + R 2e-aL)re], (A8a)
)tion
r ex- 3(1 -R) 1- eaL
give /32 = )2 oL

(1 -Ra)2 aL

X [I(2 + R2 e-aL)T p + 2Ie(1 + R 2e-aL)re, (A8b)

where rp,e = (1 + Fa sin2kp,,eL)-l and f3 is the 2PA coefficient.

(A3) Higher-order effects of 2PA are neglected in Eqs. (A8). In-
serting Eqs. (A8) into Eq. (A7) and keeping only the terms

nd 02 proportional to the product of Ip and e gives the change in
m) o3f the probe irradiance Alp induced by the excitation beam.
es) of Experimentally, this is proportional to the signal passed by

the lock-in amplifier. The signal is thus proportional to

ael, Alp =-Ip2IL 1 - eaL

A4a)

2(0)1 (1 - R1 )2(1 - R2)(1 + R2eaL)(1 + Ra) T 2T (A9)

(1 -R R) 5
TP ~.(9
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