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Status of effort:

We have made great progress in several areas. First of all, we have observed quasi-phase-
matched second-harmonic generation in the reflection geometry from GaAs/AlAs multilayers.
By using GaAs/AlGaAs multilayers as a cavity, we have also achieved cavity-enhanced
nonphase-matched second-harmonic generation from GaAs/AlAs multilayers. The linewidth for
the first-order reflection-second-harmonic generation is limited only by wave-vector mismatch.
In addition, we have demonstrated two-order-of-magnitude enhancement on the conversion
* efficiency by using the cavity. Second, we have investigated effects of two-photon absorption on
optical parametric oscillation. Third, we have measured spectra of two-photon absorption
coefficient for CdSe and GaSe based on z-scan technique. Fourth, we have explored possibility
of efficiently generating narrow-linewidth incoherent THz waves in multilayers based on
transition radiation. Fifth, we have also proposed ultimate mechanism for Raman scattering of
laser beam by single cyclotron electron in vacuum or cyclotron electrons in semiconductors.
Sixth, we have grown and studied InP/InAs/InP quantum wires and GaAs/AlAs type-I and type-
II superlattices. These structures can be eventually used for efficient infrared detection, d-
switched emitters, and optical communications. Finally, we have also achieved coherent blue .
light using cascaded quasi-phase-matched SHG and phase-matched SFG in paftly-periodically—
poled KTP crystals with highest conversion efficiency of 3% (output power of 14 mW).

Accomplishments/New Findings:

Belo™ we concentrate on one of these projects, i.e. investigation of parametric processes by
. using transverse-pumping geometry.

GaAs and AlGaAs have very large second-order susceptibilities. To achieve efficient
frequency conversion, multilayers have been used to achieve quasi-phase matching (QPM) [1].
There are two configurations for QPM: surface-emitting [1,2] and reflection [3-5]. In the surface-
emitting geometry, a pump beam or second-harmonic beam propagates transversely or parallel to
the surface normal while parametric or fundamental beams propagate in the layer plane. One of the
advantages is the possibility of achieving oscillation without any cavity [2]. On the other hand, the
reflection geometry can easily be used to measure nonlinearity of multilayers. In these two
configurations, the dependence of the second-harmonic power on the propagation length is quite

different. Although reflected-second-harmonic generation (SHG) in GaAs/Al,Ga,.xAs multilayers




was initially studied in Refs. [3-5], sharp QPM peak had not been achieved before due to (i) poor
quality of the multilayers or (ii) lack of a tunable laser. In Ref. [3] 17 pairs of alternating layers
of GaAs and Aly;Gag-As on a (110)-orientated GaAs substrate were used for forward and
backward SHG (i.e. zero incident angle). An enhancement by a factor of only 2.7 over the
background was obtained because of the broad SH spectrum (> 1000 A). Moreover, part of the
enhancement may be the result of Bragg condition, rather than QPM, since Bragg condition is
too close to the broad SH peak. Ref. [4] illustrates how DBRs can enhance SHG for a single thin
layer of Aly3Gag,As in a cavity grown on (100) direction. In this case, SHG was not quasi-
phase-matched. »

Recently, AlysGao,As/GaAs multilayers grown on a GaAs ('100) substrate were used to
demonstrate QPM at 1.064 um [5]. However, the QPM peak (i.e. SH intensity vs. pump
wavelength) was not directly measured. The alternative measurement of enhancement vs.
incident angle did not reveal a peak in the measurement range. The large enhancements were
measured for the SH intensity relative to that for bulk GaAs. However, SH photon energy at
0.532 pum is above the band-gaps of both GaAs and AlysGagAs. In addition, since tﬂe
multilayers can act as distributed Bragg reflection (DBR) due to a large difference of refractive .
indices, some of the enhancements may be attributed to the DBR rather than QPM.

We report our results on detailed investigation of reflection-SHG from GaAs/AlAs and
GaAs/Aly sGag,As multilayers that have much higher quality. For the first time, we have directly
observed a sharp QPM peak of the first-order reflection-SHG. An enhancement factor of about
124 over the background have been zchieved. We have also observed QPM peaks at the second-
and third-orders with and/or without a cavity. We have also measured the dependence of the SH
power on the pump power. Furthermore, we have determined the relation among the SH
polarization, SH power and pump polarization. Our investigation of the reflection-SHG from
multilayers serves as a first step towards eventual applications of GaAs/AlGéAs multilayers for
generating and amplifying mid-IR waves based on a novel configuration [6].

Our samples were grown using a Riber 32 molecular-beam epitaxy system at University of '
Arkansas. Fig. 1 shows their structure. 3-ps OPO pulses with a tunable output wavelength were
used as a pump source. We first measured the spectra of the reflection-SHG for the samples. Fig.
2 represents a typical spectrum for an incident angle of 58°. To identify the origins for all these

three peaks, we have also measured the reflection spectrum shown in Fig. 2. As one can see, two




peaks located at 1556 nm and 1699 nm, respectively, have the minimum reflectivities of the
multilaye} structure. Our calculations show that the two reflection dips at 1556 nm and 1699 nm
are due to the Fabry-Perot cavity consisting of the sample surface (Fresnel reflection) and four-
period GaAs/Aly sGag2As multilayers. Therefore, the two SH peaks at 1556 nm and 1699 nm are
due to cavity-enhanced nonphase-matched SHG in GaAs/AlAs multilayers. On the other hand,
there is no dip for the reflectivity of the multilayers at 1776 nm. Therefore, the peak in the
reflection-SH spectrum located at 1776 nm (SH waveiength of about 888 nm) is due to QPM at
the first-order in the GaAs/AlAs multilayers. At this wavelength an enhancement factor of about
124 over the background was demonstrated. This is the largest enhancement factor ever achieved
solely using QPM multilayers. In addition, this is the first time ever to achieve such a large
enhancement factor for the SH wavelength below the GaAs bandgap.

The linewidth of such a peak is only about 80 A, which is much narrower than that
obtained in Ref. [3] (over 1000 A). In Ref. [3] the peak due to' DBR is convoluted with the
backward-SH peak. Therefore, it is difficult for us to estimate the linewidth of the backward-SH
peak. In fact as shown in Ref. [3] the ratio of the backward and forward SH intensities exhibit ;1
linewidth of over 1000 A. This is due to the fact that owing to large fluctuations of thicknesses of
the multilayers in the previous samples the linewidth is always limited by period fluctuations and
other mechanisms as shown in Ref. [3]. Our measured linewidth is completely due to wave-
vector mismatch (i.e. completely QPM reflection-SHG). The much narrower linewidth in our
experiment shows that the quality of our multilayers is apparently much higher than that of our
previous samples since our growth temperature is much more s*able.

To confirm whether the second-order susceptibility used for QPM is originated from the
GaAs layers, we have first measured the SH output powers for different polarizations of the
pump beam. We have changed the polarization of the pump beam with respect to the x axis of
the crystal by rotating the crystal around the surface normal. As one can see ﬁom Fig. 3, the SH
power reaches a maximum value for a polarization angle of 45°. On the other hand, at the
polarizations of 0° and 90°, the SH power reaches zero. We have observed that when the pump
polarization is vertical, i.e. parallel to the crystal surface, the SH beam is always horizontal.
These results obtained by us for the first time can be explained very easily. In fact, the element of
the second-order susceptibility tensor used for QPM is d,y. Only when the pump polarization is
right between x and y axes of the crystal (45° with respect to both x and y axes), the SH power




can be maximized. In this case, the polarization of the SH beam must be a component of the SH
polarization parallel to the z-axis of the crystal (surface normal). Thus, the SH beam is always
horizontally-polarized. On the other hand, when the pump beam is polarized along the x axis or y
axis of the crystal, the second-order nonlinear polarization can never be excited. Therefore, the
SH power is zero. When the pump polarization is neither exactly between x and y axes nor
parallel to the x axis or y axis, the polarization of the QPM SH beam is determined by a
component of the SH polarization parallel to the z axis. As a result, the QPM SH polarization is
always horizontal. In Fig. 3 we have shifted the measured polarization angles to use the x axis of
the crystal as a reference. Such a result is different from Ref. [7] since only one pump beam is
used. ‘

We have measured the dependence of the SH output power on the average pump power at
the first order (Fig. 4) using a power meter. We have confirmed the quadratic dependence for
reflection-SHG. Such dependence has not been measured for the’QPM mutlilayers. In a single
AlGaAs layer with a cavity [5], however, power dependence was measured with a severe
deviation from a quadratic dependence, attributed to two-photon absorption. In 01;:
measurements, however, we did not see any obvious deviation from the scjuare law. At the pump _ .
wavelength of 1776 nm the highest average output power that we have achieved is about 13 nW
(peak power of 57 uW) for an average pump power of about 2909 mW (peak intensity of about 25
MW/cm?). This corresponds to the conversion efficiency of 4.3x10® %. Since the propagation
length for our structure is only about 2.5 pm, one should compare the normalized convcrsion
efficiency with those based on commonly-used materials such as BBO or KTP. The nornalized
highest conversion efficiency is about 69% cm™. On the other hand, the highest output power is
about 26 nW at the pump wavelength of 1699 nm, which corresponds to a normalized conversion
efficiency of 2.9x 107 % /W.

Our next step in our research is to achieve difference-frequency genération and optical
parametric amplification for generating and amplifying mid-IR beams (e.g. 980 nm + 1.55 pm =
2.66 pm while amplifying 1.55 wm). We can then design, grow, and test an optimized structure |
for generating tunable and coherent waves in 3-5 pm. Such a device can be used towards
counter-measure and remote sensing. Such a device is compact, robust, and monolithic.
Moreover, since the oscillation can occur without any feedback (mirror) output powers and

wavelengths are ultrastable. On the other hand, if one uses a conventional and tabletop oscillator




for generating tunable 3-5 um beam, a cavity is required. Therefore, output powers and

frequencies are not stable. It is worth noting that it is not possible for semiconductor lasers to

achieve such a large tuning range for the counter-measure and remote-sensing applications.

Therefore, this project is crucial to one of the Air Force’s missions: counter-measure. Reflection-

SHG may be eventually developed to a technique for measuring indices of refraction. It can also

be used to probe layer thickness and element concentration during the MBE growth of

multilayers and to determine crystal orientation.
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