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Abstract: We report a semiconductor contact grating terahertz source design based on a rectangular
profile for phase-matched terahertz generation in the long infrared pump wavelength range. The
calculations show that the best diffraction efficiency can be achieved by a filling factor significantly
smaller than 50%. Furthermore, the possibility of diffraction efficiency enhancement was investigated
by applying three different antireflective coating structures. Numerical simulations have indicated
that at 2.06 µm and 3.0 µm pump wavelength, diffraction efficiencies greater than 91% and 89% can
be achieved by adding an appropriate antireflective coating to the GaP and GaAs contact grating
structure, respectively. In addition, numerical simulations were performed to investigate the influence
of wall angles on diffraction efficiency. The results reveal that the wall angle does not significantly
affect the diffraction efficiency: while keeping the wall angle deviation from the vertical below
25 degrees, the efficiency drop remains below 5% for otherwise optimal grating parameters.

Keywords: contact grating; diffraction efficiency; antireflective coating; gallium phosphide; gallium
arsenide; terahertz pulses

1. Introduction

High-energy terahertz pulses with a frequency range of 0.1–10 THz have wide ap-
plications in various research fields such as spectroscopy, sensing biological components,
medical imaging, and material science [1–5]. Optical rectification occurs in nonlinear
crystals such as lithium niobate (LN), semiconductors, and organic crystals, which are
possible high-energy THz sources. Moreover, an effective optical rectification technique
needs (as in every nonlinear optical frequency conversion process) phase matching or
velocity matching. In the case of organic crystals and at the beginning of semiconductors,
velocity matching was achieved by choosing an appropriate pump wavelength [6–8]. The
tilting-pulse-front-pumping (TPFP) technique was proposed as a general method to achieve
velocity matching in optical rectification in the THz range below the phonon–polariton
frequency and demonstrated for GaP and LN [9].

TPFP was very effective in LN, resulting in single-cycle THz pulses with µJ level
energy [10]. Since THz pulses with this energy are suitable as the pump in THz pump–
probe measurements, TPFP pumped LN THz sources have become very popular. Recently,
the generation of terahertz pulses with as high as 1.4 mJ energy was demonstrated by this
method [11]. However, in the conventional TPFP LN THz source, a prism-shaped LN crystal
has to be used, limiting the beam quality of the generated THz radiation [12]. Therefore,
the so-called contact grating (CG) setup was proposed to solve the problem in 2008 [13].
The first LN CG THz pulse source was designed in detail [14,15] and demonstrated [16].
However, because of technical reasons relating to the requirement of a large pulse front tilt
in the case of the LN THz source, the achieved THz generation efficiency was an order of
magnitude smaller than in the case of the convectional TPFP LN source.
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It was recognized early that the efficiency of semiconductor THz sources could be in-
creased by using long-wavelength pumping to eliminate low-order multiphoton absorption,
which creates free carriers, causing THz absorption [17–20]. Detailed ZnTe semiconductor
CG THz source design for long-wavelength pumping has been reported for rectangular
and sinusoidal grating profiles [21,22]. Recently, such a source was produced successfully
using a combination of electron lithography and reactive ion etching [23]. Good-quality
CG with a close to rectangular profile (vertical walls), as large as 0.3% conversion efficiency,
scalability of the THz energy, and perfect focusability of the THz beam was demonstrated.
However, the small bubbles inside the ZnTe mean serious technical difficulties during the
lithography process. GaP as an alternative for long-wavelength pumped CG semiconductor
THz sources has been considered [24]. Recently, a broadband high-sensitivity time-resolved
THz system consisting of a 1.03 µm pumped GaP CG source and a GaP CG detector was
reported [25]. The technical details of the GaP CG production are described in Ref. [26].
According to our recent investigations, GaP pumped at 2.06 µm and GaAs pumped at
3.0 µm are promising, highly efficient THz sources [27].

In this article, we use numerical simulations to design optimal CG GaP and GaAs THz
sources pumped at 2.06 µm and 3.0 µm, respectively. At these wavelengths, five-photon
and four-photon absorption are the lowest-order multiphoton absorption processes in GaP
and GaAs, respectively. Furthermore, we investigate three methods for increasing the
expected diffraction efficiency of the useful ±1 diffraction orders from 60–70% to more
than 88–90%.

2. Grating Design

Figure 1a illustrates the scheme of the contact grating with the laser pump beam
incident normally to the grating surface. In the design, the pulse-front tilt angle γ was
calculated from the velocity matching equation given by

cos(γ) =
ng

nTHz
(1)

where ng is the group index at the pump wavelength, and nTHz is the THz index [9]. The
grating profile parameters were set according to the basic grating equation [21], which at
normal incidence reduces to

np sin(βm) = ±mλp/d (2)

where d is the grating period, np is the refractive index of GaP or GaAs at the λp pump
wavelength, βm is the diffraction angle and m is the diffraction order. During the design,
pump wavelengths of 2.06 µm and 3.0 µm were considered for GaP and GaAs, respectively.
At 2.06 µm pump wavelength, the indices of GaP were np

(
λp

)
= 3.036 and ng

(
λp

)
= 3.086,

calculated from an equation obtained from Ref. [28], and the THz index nTHz(λTHz) = 3.36
was calculated (3 THz frequency was supposed) from an equation obtained from Ref. [29].
At 3.0 µm pump wavelength, the indices of GaAs were np

(
λp

)
= 3.335 and ng

(
λp

)
= 3.383,

calculated from an equation obtained from Ref. [30], and the THz index nTHz(λTHz) = 3.65
was calculated (3 THz frequency was supposed) from an equation obtained from Ref. [31].
The grating period d was chosen so that the β1 diffraction angle for the±1st order would be
equal to the γ angle needed for velocity matching according to Equation (1). Both for GaP
and GaAs, there are ±2nd orders beside the ±1st and 0th orders. However, we considered
only the sum of the ±1st diffraction orders as the diffraction efficiency since only those
diffracted beams fulfilled the velocity matching condition, thus yielding THz generation.
We investigated the effect of the possible distortion of the rectangular grating profile into a
trapezoidal one as a result of imperfect manufacturing.
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Figure 1. (a) Scheme of contact grating THz source. (b) Cross-section of a distorted grating profile in-
dicating the φ-wall angle. (c–e) Rectangular profiles with antireflective (AR) coatings of nAR1 = nSiO2 ,
nAR2 =

√nGaP/GaAs, and a Norland optical adhesive 170 (NOA), respectively. d—grating pe-
riod, d1—ridge width, h—groove depth, h1—AR1 thickness, h2—AR2 thickness, h3—AR3 thickness,
nGaP/GaAs—refractive index of GaP/GaAs, and L—crystal length.

To find methods to minimize Fresnel losses on the CG surface and to enhance the
diffraction efficiency, the effect of three different types of “antireflection coating” (ARC) (see
Figure 1c–e) were numerically investigated. The first one (see Figure 1c) can be achieved by
just using appropriate SiO2 coating thickness in the first step and finishing the processes
after the 7th step in the 8-step fabrication process based on contact photolithography
illustrated in Figure 1 of Ref. [26]. The usual evaporation technique can create the second
type of ARC (Figure 1d), while the third one (Figure 1e) occurs by overfilling the grooves
with NOA and, after UV curing the NOA, polishing it to the needed h3 thickness. For the
case of the first type of ARC (Figure 1c), SiO2 was supposed to be the ARC material (AR1).
For the second and third types of ARC (Figure 1d,e), materials with a refractive index equal
to the square root of the refractive index of the CG (GaP or GaAs) and NOA, respectively,
were supposed to be the ARC materials. For starting, the antireflective coatings’ layer
thicknesses h1, h2, and h3 were supposed to be

h1 = h2 = h3 =
λp

4n
(3)

where n is the refractive index of the antireflective coating material. However, the thick-
nesses were scanned around these starting values.

3. Results

The diffraction efficiency for any given wavelength and polarization depends on
the grating profile, the ridge width (d1 = f × d, where f is the filling factor), and groove
depth h [32]. The d grating period was chosen so that the velocity matching condition
(Equation (1)) would be fulfilled for both GaP and GaAs at the supposed 2.06 µm and
3.0 µm pump wavelength, respectively, and 3 THz generating frequency: dGaP = 1.7 µm,
dGaAs = 2.4µm; the corresponding pulse front tilt γ angles and diffraction β angles are:
γ = β = 23.46

◦
for GaP and γ = β = 22.03

◦
for GaAs. Running the h and f parameters
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on a broad range, numerical simulations of the efficiencies of all possible transmitted
and reflected diffraction orders were performed on gratings with and without layers of
antireflective coating in the transverse electric field (TE) polarization state (the electric field
is parallel with the grooves). The choice of TE polarization over transverse magnetic field
(TM) polarization is due to the fact that in TE, the effective nonlinear coefficient is about
30% larger; hence, 60% higher THz generation efficiency is predicted [33]. The numerical
simulations were carried out using COMSOL Multiphysics software, and were based
on the finite element methods’ numerical solutions of partial differential equations [34].
The simulations were conducted to determine the set of parameters that yield maximum
efficiency in the ±1 diffraction order to provide a guideline for the fabrication.

3.1. Effect of Wall Angle on Diffraction Efficiency

Numerical simulations were carried out to investigate the influence of wall angle φ (see
Figure 1b) on the diffraction efficiency in the trapezoidal profiles. The highest diffraction
efficiencies were determined by optimizing the groove depth h and filling factor f for each
φ wall angle. Figure 2a shows a contour plot of calculated diffraction efficiencies for GaP as
a function of f and h at 3 THz phase-matching frequency, at a wall angle φ = 0

◦
and at a

pump wavelength of 2.06 µm. A maximum diffraction efficiency of 74% was realized with
a corresponding optimum groove depth and filling factor of h ≈ 0.45 µm and f ≈ 42.5%,
respectively. Considering the wall angle dependence, it can be observed in Figure 2b that at
higher filling factors (greater than 27%), the diffraction efficiency decreases monotonically
from the perpendicular wall (wall angle of φ = 0

◦
, perfect rectangular grating profile).

However, the decrease in the efficiency with the wall angle is very modest; the decrease is
less than 5%, even for φ = 25

◦
wall angle. On the other hand, at low filling factors (less

than 25%), the diffraction efficiency increases monotonically with the wall angle up to a
maximum value close to 74% at φ = 20

◦
, followed by a monotonical decrease with the wall

angle. The manufacturing of CG with a higher filling factor is recommended.
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3.2. Increasing Diffraction Efficiency by AR Coatings

The effect of adding an antireflective coating to the CG groove profiles on diffraction
efficiency was investigated using numerical calculations for three cases. In the first case,
we considered adding a layer of SiO2 on the ridges of the rectangular grating profile,
as shown in Figure 1c. A diffraction efficiency close to 76% can be attained by adding
SiO2 as an antireflective coating with the h1 = 360 nm coating thickness calculated from
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Equation (3), using the refractive index value nSiO2 = 1.437. The corresponding groove
depth and filling factor were h ≈ 0.40 µm, and f ≈ 42.5%, respectively, for a wavelength
of 2.06 µm. This is shown in Figure 3a by the contour plot of the calculated diffraction
efficiencies for the GaP CG with a groove spacing, d = 1.7 µm as a function of filling factor
f , and groove depth h, at a phase-matching frequency of 3 THz. To optimize the diffraction
efficiency further, the antireflective coating layer thickness h1 was optimized numerically by
varying coating thickness while keeping the optimum filling factor and groove depth fixed.
Figure 3b shows a plot of diffraction efficiency versus the optimized antireflective coating
thickness h1. This optimization resulted in an additional 0.8% increase in the diffraction
efficiency at h1 = 280 nm. We also performed numerical calculations using Al2O3 as an
antireflective coating. Since the index of refraction of Al2O3 is very close to the square root
of the refractive index of GaP, we expected a higher efficiency for this case. However, the
diffraction efficiency obtained was only slightly higher (about 1%) than those obtained
with SiO2.
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In the second case, we considered adding an ARC layer having nAR2 =
√

nGaP on the
rectangular grating profile, as shown in Figure 1d. Diffraction efficiencies close to 90% were
attained, with corresponding groove depth and filling factor ranges of h ≈ 0.47 to 0.51 µm,
and f ≈ 25 to 35%, respectively, for a wavelength of 2.06 µm, as illustrated in Figure 4a.
The antireflective coating layer thickness h2 was optimized numerically by varying coating
thickness while keeping the optimum filling factor and groove depth fixed. Figure 4b shows
a plot of diffraction efficiency versus the ARC layer thickness h2. The maximum diffraction
efficiency of 90% was achieved with optimal filling factor, f = 30%, and optimum groove
depth, h = 0.49 µm. In this case, we found that h2= 320 nm optimal AR thickness was
almost equal with the 300 nm obtained from Equation (3).

In the third case, we considered adding a layer of NOA as an ARC on a rectangular
grating profile, as shown in Figure 1e. Figure 5a shows a contour plot of the calculated
diffraction efficiencies as a function of groove depth h and filling factor f . Diffraction
efficiencies larger than 90% can be achieved over the optimal ranges of h ≈ 0.70 to 0.80 µm
and f ≈ 27 to 37%. The antireflective coating layer thickness h3 was optimized numerically
by varying coating thickness while keeping the optimum filling factor and optimum groove
depth fixed at f = 32.5% and h = 0.75 µm, respectively, as illustrated in Figure 5b. This
resulted in a maximum diffraction efficiency of as high as 92%, with f = 32.5% and
h = 0.75 µm as the optimal parameters.
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Numerical calculations were performed to investigate the effect of adding an antire-
flective coating on the diffraction efficiencies of GaAs CG, too. Three cases similar to
those performed on GaP were considered. The results indicate similar behavior as for GaP,
but adding ARC resulted in a larger diffraction efficiency increase. This larger increase
in GaAs is associated with a higher refractive index and a higher corresponding Fresnel
loss in GaAs than GaP. For example, by adding a layer of nAR2 antireflective coating to
GaAs CG grating, the diffraction efficiency increased from 69% to 88%. This is a relative
increase of 27%. Figure 6a,b display the plots of diffraction efficiency as a function of filling
factor and groove depth without and with ARC with d = 2.4 µm, at a 3.0 µm and 3 THz
phase-matching frequency. The corresponding optimal parameters are as follows: without
ARC, h ≈ 0.54 µm and f ≈ 39%, while with ARC, h ≈ 0.62 µm and f ≈ 31%, respectively.
The effects of adding SiO2 and NOA antireflective coatings on the diffraction efficiency of
GaAs CG are illustrated in Appendix A.
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4. Discussion

The main results of our calculations are summarized in Table 1. In columns 1–7 are
indicated: the material of the CG, the ARC type and material, the index of refraction of
the ARC material, the filling factor, the depth of the grooves, the sum of the calculated
diffraction efficiencies of the ±1st-order beams when the thickness of the ARC is chosen
according to Equation (3), and the sum of the calculated diffraction efficiencies of the ±1st
diffraction order beams when the thickness of the ARC is optimized for achieving the
largest diffraction efficiency of the first-order beams.

Table 1. Summary of calculated diffraction efficiencies and their corresponding parameters.

Material ARC n f (%) h (nm) DE(%) Optimized DE(%)

GaP

− − 42 430 74.2 −
AR1(SiO2) 1.44 42.5 400 75.7 (h1 = 360 nm) 76.5 (h1 = 280 nm)

AR1(Al2O3) 1.73 37.5 350 77.0 (h1 = 350 nm) 77.4 (h1 = 260 nm)
AR2

(
nAR2 =

√
nGaP ) 1.74 30 490 89.8 (h2 = 300 nm) 90.2 (h2 = 320 nm)

AR3(NOA) 1.64 32.5 750 91.6 (h3 = 315 nm) 91.9 (h3 = 300 nm)

GaAs

− − 39 540 69.0 −
AR1(SiO2) 1.42 37.5 500 72.2 (h1 = 530 nm) 72.5 (h1 = 460 nm)

AR2
(
nAR2 =

√
nGaAs ) 1.83 31 620 88.0 (h2 = 410 nm) 88.6 (h2 = 440 nm)

AR3(NOA) 1.62 27.5 1000 89.6 (h3 = 460 nm) 89.8 (h3 = 460 nm)

GaP parameters are calculated at 2.06 µm, and GaAs parameters are calculated at 3.0 µm.

Before discussing the effects of the ARCs, it is important to notice that both in the
case of bare CG and in the case of CG with any type of ARC, the highest diffraction effi-
ciency of the first-order beams is achieved at a filling factor of less than 50%. Although
the simple linear system formulation of nonparaxial scalar diffraction theory of rectan-
gular phase gratings predicts maximum diffraction efficiency of the first order for a 50%
filling factor [35], it is well known that the transmission gratings used in the Littrow ar-
rangement have a maximum diffraction efficiency at a filling factor of less than 50% [36].
Furthermore, in the case of non-normal incidence, numerical simulations of LN and ZnTe
rectangular CGs also predict a maximum diffraction efficiency for a filling factor of less
than 50% [15,21]. However, this was not mentioned for normal incidence in the simulation
work [21], and in all realizations of semiconductor CG contact gratings, a 50% filling factor
was applied [23,25,26]. Therefore, we find it important to emphasize that a filling factor
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of less than 50% resulted in the highest diffraction efficiency for normal incidence, too, as
Figure 2a demonstrates.

In Ref. [37], the authors explained the working of rectangular phase transmission
gratings by considering the two propagating modes inside the grating structure and taking
into account their relative accumulated phase difference inside the grating and their overlap
integral with the pumping. Although a quantitative explanation of the results based on a
theory is beyond the scope of this paper, we note that an explanation should be possible in
our case, too. Furthermore, evidence for the importance of the effect of the phase difference
of the two modes (in the first, the “semiconductor mode” propagates predominantly inside
the semiconductor, and in the second, the “air mode” propagates predominantly inside the
air) is demonstrated in Figures 2a–4a and 6a, and in a less pronounced way in Figure 5a,
too. The optimum groove depth increases with a decreasing filling factor in all these figures.
This method can keep the phase difference between the two modes about fixed. With a
smaller filling factor, a larger part of the electric field belonging to the “semiconductor
mode” propagates inside air, and because of this, propagates faster. Thus, a longer path is
needed to accumulate the same phase difference.

Considering the three investigated methods to increase the diffraction efficiency by
decreasing the reflection loss, according to Table 1, the first method results in only about a
3% relative increase. This very modest improvement is reasonable since, in this case, ARC
is present only on top of the narrow grooves. Yet, it is worth considering the application
of this method since (as was mentioned above) it means not more but fewer process steps
during the preparation of the CG.

The second (classical) ARC method results in much higher relative increases of 22%
and 28% in the first-order diffraction efficiency for GaP and GaAs CG, respectively. Thus,
we strongly suggest applying this method. Moreover, contrary to the first method, the
optimized ARC thickness, in this case, is equal to the value predicted by Equation (3).

The application of the third ARC method results in even higher relative increases of
24% and 30% in the first-order diffraction efficiency for GaP and GaAs CG, respectively.
These values are close to the 35% and 41% Fresnel losses of bare GaP and GaAs surfaces,
respectively. Consequently, if technically possible, the adaptation of this method is very
much recommended. A further advantage is that such a CG would also be more durable
because of its flat surface.

The diffraction efficiency calculations were performed for monochromatic radiation;
however, the CG THz sources were pumped with laser pulses having sub-hundred—
few hundred fs duration and correspondingly large spectral bandwidth. In order to see
the possible negative effect of the large bandwidth, for GaP CG optimized for 2.06 µm,
diffraction efficiency calculations were performed at 2.01 and 2.11 µm as well. We obtained
less than a 1% drop for these wavelengths compared to the 2.06 µm case. Since the
investigated 0.1 µm spectral width can support 55 fs long pulses, we can conclude that our
diffraction efficiency results are applicable for longer than 50 fs pump pulses.

Finally, we note that the application of any investigated ARC method needs a redesign
of the (basic) CG structure (see Table 1). However, the parameters of the CG (groove depth
and ridge width) with ARC do not differ drastically from the CG without ARC. The 85%
increase in groove depth in the GaAs CG with the NOA ARC case is probably the most
significant technical challenge. However, considering the 2.4 times larger grating period
than the groove depth, the preparation of the CG with NOA also seems feasible.

5. Conclusions

We investigated, via numerical calculations, ways of increasing diffraction efficiency
in semiconductor CG THz sources for the further upscaling of THz pulse energy and
field strength in the long infrared pump wavelength range. Three different types of ARC
structures were considered for decreasing the pump’s Fresnel reflection and increasing
the diffraction efficiency of the ±1st-order beams, which are responsible for THz pulse
generation. The parameters of the CG belonging to the highest diffraction efficiency differ
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in the cases of having and not having ARC. Based on rectangular CG profiles, diffraction
efficiencies greater than 91% and 89% can be realized in gallium phosphide and gallium
arsenide, respectively, by adding an appropriate ARC on the gratings. The investigated
methods can also be applied to other semiconductor contact gratings such as ZnSe and
CdTe. The numerical calculations have also revealed that if the CG manufacturing results in
a trapezoidal profile with less than a 25

◦
wall angle, the diffraction efficiency drop remains

below 5% for reoptimized grating parameters.

Author Contributions: Conceptualization, J.H. and J.A.F.; methodology, Z.T. and G.A.; validation,
Z.T., J.H. and J.A.F.; investigation, Z.T. and N.M.M.; writing—original draft preparation, N.M.M.
and J.H.; writing—review and editing, N.M.M., Z.T., G.A. and J.H.; visualization, N.M.M. and Z.T.;
supervision, J.H.; funding acquisition, G.A., Z.T. and J.H. All authors have read and agreed to the
published version of the manuscript.

Funding: National Research, Development, and Innovation Office (2018-1.2.1-NKP-2018-00010,
TKP2021-EGA-17), and the Hungarian Scientific Research Fund (OTKA) (129134).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available within
this article.

Acknowledgments: Zoltán Tibai would like to thank the support of the János Bolyai Research
Scholarship of the Hungarian Academy of Science.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1a shows a plot of the calculated diffraction efficiencies as a function of
groove depth h and filling factor f that result from adding a layer of SiO2ARC on a GaAs
CG for 3.0 µm pump wavelength and d= 2.4 µm grating period at 3 THz phase-matching
frequency. The maximum diffraction efficiency of 72.5% was achieved with optimal filling
factor f = 37.5% and optimum groove depth h = 0.5 µm. Comparing Figure 6a (without
ARC) with Figure A1a, a 5% relative increase in diffraction efficiency can be achieved.
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Figure A2a shows a plot of calculated diffraction efficiencies as a function of groove
depth h and filling factor f that results from adding a layer of NOA as an ARC in GaAs
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CG at 3.0 µm pump wavelength, d= 2.4 µm grating period, and at 3 THz phase-matching
frequency. The maximum diffraction efficiency of 89.6% was achieved with optimal filling
factor f = 27.5% and optimum groove depth h = 1 µm. Comparing Figure 6a (without
ARC) with Figure A2a, a 30% relative increase in diffraction efficiency can be achieved.
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Figure A2. (a) Calculated GaAs diffraction efficiency (DE) as a function of groove depth h and filling
factor f , with NOA ARC and (b) diffraction efficiency versus NOA ARC thickness h3, at λp = 3.0 µm,
d = 2.4 µm, and 3 THz phase-matching frequency.
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