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Reduction of reflection losses in ZnGeP  , using motheye antireflection
surface relief structures
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We report the reduction of surface reflection losses in zinc germanium phosghi@eR, or ZGP

crystals by fabricating an antireflectigAR) structure in the substrate itself using subwavelength
motheye surface patterns. The motheye AR patterning works by creating a region of gradually
varying effective refractive index between air and the ternary nonlinear crystal. Motheye structures
were created using interference lithography and reactive-ion etching in a [@&ma. The ZGP
crystal with motheye patterning on the output surface reached a transmittan@¥ @ at a cutoff
wavelength of 3.8um (close to the theoretical maximum of 73%with negligible surface
contamination from the motheye etching process. The motheye patterning technique could be
applied to other nonlinear crystals where surface reflection losses are a conce2002@merican
Institute of Physics.[DOI: 10.1063/1.1466519

Zinc germanium phosphid&GP) is a nonlinear optical incident on a motheye-patterned substrate should suffer no
material used in the generation of mid-IR radiattom a  Fresnel reflection losses. Previously, motheye patterning has
typical nonlinear process, a ZGP crystal is pumped by @een employed to reduce reflection losses in dianfoamat]
high-energy laser sourde.g.,\,=2.09 um) on one(input) diamond-coated G&Because the motheye AR structures are
crystal surface and emits longer-wavelength, broadband tumpatterned in the nonlinear crystal itself, they have the same
able radiation(A\ g t=3-6 wm) from the other(outpu)  thermal and physical properties as the bulk crystal, making
surface® To increase the transmittance of both surfaces, dithem interesting for high-power applications where reflection
electric antireflection/AR) coatings are usually applied to losses are an issue. The specific period, depth, and cross-
reduce Fresnel reflection losses. Thin-film dielectric coatsectional geometry of the pattern determine the AR proper-
ings, however, suffer from several fundamental problems,
including poor adhesion and thermal mismatde to the

ot
anisotropic thermal expansion coefficients of ZGP cry3\als =
surface contamination, and catastrophic damage, especially’:ﬁ:l L
under high-power operating conditioh8An increase in la- 2 Ao

ser damage thresholdnd nonlinear crystal performance
possible if the AR functionality could be directly “inte-
grated” into the substrate itself. Motheye surface structures
are one way to achieve this integration, and pose an alterna-
tive to dielectric AR coatings.

The motheye is a periodic subwavelength surface relief
structure that can produce nearly zero reflectance over a
large range of wavelengths and fields of viéWhe basic
motheye geometry is illustrated in Fig(al: a repeated pat-
tern of tapered features is etched into the surface, with the
pattern periodA designed to be smaller than the smallest
wavelength of interest. The result is a “transition” region
that continuously grades the effective refractive indgrom
that of the incident mediurfin our case, aimy=1.0) to that (b)
of the nonlinear crystaln;gp=3.17). Provided the motheye

pattern is etched deep enough with optimal prdfilght  FIG. 1. () Schematic diagram of an etched motheye surface relief structure
that acts as a region of graded index of refraction between air and the
nonlinear optical crystalin our case, ZGP (b) lllustration of interference
¥Electronic mail: Cagridydin@Brown.Edu lithography.
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ties of the motheye, as well as the lower and upper cutoff
wavelengths of operation. In this letter, we report on the
motheye patterning of ZGP crystals, where we realized an
increase in the transmission of the output signal at 4.48

with the best result of 67% transmission. This can be com-
pared with the theoretical maximum of 73% for the single
surface transmissiohThe etching process leaves negligible
surface contamination and the procedure should be appli-
cable to motheye patterning in other nonlinear crystals.

We fabricated our motheye patterns by combining inter-
ference lithographylL ), capable of producing periodic pat-
terns with submicron period over a large area, with chlorine
chemistry reactive-ion etchinRIE) using hardened photo-
resist as an etch mask. The pattern perlodan be obtained
from the following expressiof:

A<N{nzgptngsinOyax s 1)

wherenzcp andng label the ZGP and air indices of refrac-
tion, respectively, whiled,ax is the acceptance angle. This
expression shows that the periodicity of the surface relief
structure must be smaller than the shortest wavelength of
operation in order to avoid significant diffraction and surface
scatter effects. The sifijax term takes into account the pos-
sibility that the incident laser beam may have a finite con-
vergence angle. Because ZGP is a uniaxial birefringent crys-
tal having two refractive indicesy,~3.13 (ordinary and
ne~3.17 (extraordinary for mid-IR (0.74-12.5 um)
operationt® the larger value must be used in Ed). To take

into account the finite bandwidth of the pump and signal (b)

beams, we included an additional bandwidth margin in the

output wavelength specification, e.g., 483 um, with FIG. 2. SEM photographs of the motheye-patterned “output” surfaces of
Ouax =10°. The required height of the motheye structuresZGP crystals witha) convex-tapered anth) straight-tapered sidewall pro-
was taken to be 40% of the Iongest operating WavelengtHﬂles' Th_e sidewall profile is a fun(_:tlon the initial resist mask thickness, the

. 6 étch anisotropy, and system etching parameters.

i.e.,h=0.4\gyt.” As a result, for the output=4.18 um we

obtainA=1.17 um andh=1.8 um.

In order to achieve the necessary repeated features witlicroscope(SEM) photographs of Fig. 2. While the etch
submicron periodicity, we employed crossed two-beanparameters for both samples were identical, the differences
IL, 2 jllustrated in Fig. 1b). For a given motheye period- in the sidewall profiles are attributed to the different expo-
icity A, the IL parameters are easily obtained from the gesure parameters during 130 mJ in Fig. 2a) versus 32 mJ
ometry of Fig. 1b) using the following relation: in Fig. 2(b)]. We have obtained sidewalls ranging from “con-

- vex tapered,” as in Fig. @), to “straight tapered,” as in Fig.

O =sin""(Aexg2no A), @ 2(b). While the shape of Fig. (B) is closer to the ideal,
where o, is the laser exposure waveleng#7 nm and® “concave—tglpered” profile for a bqu_ substrate index of
is the exposure angle which is to be determined from(Bg.  Nzep=3.17," the samples did not achieve the targeted etch
The motheye pattern was subsequently transferred into ZG#ePth, etching to only-1 um (versus the intended 1/8m).
using a chlorine-chemistry RIE process, with Si@rovid-  This indicates that the initial resist layer had a suitable pro-
ing the etching radicals. We established a process that etch# but insufficient thickness, and hence, etched faster than
ZGP at a rate of 45 nm/min, and an etch selectivity versugxpected. Even so, these motheye-patterned output surfaces
photoresist of 1.3:1. The process parameters for our homéin crystals with uncoated input surfageshowed a signifi-
built parallel-plate electrode RIE system were: 10 mT presCant increase in transmission over uncoated crystals, as
sure, 25 sccm SiGlgas flow, 30 W rf power, ang-510 Vdc ~ shown in Fig. 3. In the case of motheye with a straight-
bias. tapered sidewallFig. 2(b)], the overall transmission reached

The final relevant issue for motheye patterning is thea maximum of 67% near the cutoff wavelength of
sidewall profile, which serves to grade the effective index of(Fig. 3), instead of the targeted 4.18m, which can be at-
refraction. The ideal index profile is a function of the bulk tributed to the etch depth. We note that the largest theoreti-
substrate index, with a fifth-order-polynomi&juintic) de-  cally achievable transmission for a ZGP crystal with only
pendence on depthThe actual etched sidewall profile de- one single patterned surface is 73%. Patterning both the in-
pends on the initial resist thickness and specific plasma etghbut and output faces with motheye could result in a further
parameters. Two etched sidewall profiles corresponding teeduction of Fresnel reflection losses even without taking
the A=1.17 um motheye are shown in the scanning electroninto account further process optimization that would ideally
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- Open Beam In conclusion, we demonstrated that motheye surface re-
100 ] lief structures of the proper period patterned on the output
901 — surface can be etched into ZGP crystals for mid-IR opera-
Z 80 tion. It was shown that these structures effectively achieve
% 704 AR functionality by increasing single surface transmittance.
@ o] AAAMMMAMMMM Our motheye etching study revealed thél) the required
= Bare Substrate £ 100000000600000000000 surface periodicity can be achieved with the resist geometry
‘2 50 formed by a crossed two-beam exposure, but improved etch
é 40 selectivity of ZGP versus photoresist is required to achieve
= 30- the desired motheye etch deptB) even though our motheye
X o0 patterns were shallower than ideal and had less than an op-
10.] timal etch depth, they still significantly reduced reflection
0 losses; and3) there is negligible surface contamination from
20 25 30 35 40 45 50 the fatchlng process. Future work will mclud_e mot_heye_ pat-
WAVELENGTH (1m) terning of both crygtal surfaces_, deeper etching using glther a
greater lithographic contrast in the photoregistg., with
—O— Convex tapered sidewalls three-beam Il or other masking materialée.g., oxide or
—A— Straight tapered sidewalls meta), and determination of the laser damage threshold in
—+— Estimated transmission with both faces patterned

motheye-patterned ZGP crystals as compared to those with

. . . ’5 .
FIG. 3. Comparison of Fourier transform infrared transmission spectra O\d'elec_tr'c AR coatlngé. CleaHY! the mOtheye'pattem”_]g
ZGP crystals with output faces motheye patterned with convex- and straightechnique could also be extended to other ternary nonlinear

tapered protuberances versus unpatterned ZGP crystal. Pointed line shogptical crystals where Fresnel losses are an issue.
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