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Abstract

Objectives. The study aims to improve the efficiency of a large-area photoconductive terahertz (THz) emitter based
on an optical-to-terahertz converter (OTC) having a radiating area of 0.3 x 0.3 mm? for generating high-power THz
radiation by using an array of close-packed profiled sapphire fibers having a diameter in the range of 100-300 um
as focusing optics.

Methods. As a photoconductive substrate, we used a semi-infinite LT-GaAs layer (low-temperature grown GaAs;
GaAs layer grown by molecular beam epitaxy at a low growth temperature). Additional SigN, and Al,O, layers
are intended for reducing leakage currents in the OTC and reducing the reflection of the laser pump pulse from
the air/semiconductor interface (Fresnel losses), respectively, at a gap width of 10 um. For forming the antenna
electrodes and feed strips, the Ti/Au metal system was used. The simulation was carried out by the finite element
method in the COMSOL Multiphysics environment.

Results. The use of a profiled sapphire fiber whose diameter has been optimized with respect to the gap parameters
to significantly increase the concentration of charge carriers in the immediate vicinity of the electrodes of an OTC
is demonstrated. The integrated efficiency of a large-area photoconductive THz emitter was determined taking into
account the microstrip topology of the array with a characteristic size of feed strips proportional to the gap width in
the OTC and with the upper (masking) metal layer. The maximum localization of the electromagnetic field in close
proximity to the edges of electrodes at the “fiber—-semiconductor” interface is achieved with a profiled sapphire fiber
diameter of 220 um.

Conclusions. By optimizing the diameter of the sapphire fiber, the possibility of improving the localization of
incident electromagnetic waves in close proximity to the edges of the OTC electrodes by ~40 times compared to
the case without fiber, as well as increasing the overall efficiency of a large-area emitter by up to ~7-10 times, was
demonstrated.
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Peslome

Lenu. Llens paboTbl — noBbileHne adpdekTUBHOCTM doTonposoasaLero Try-mnanyyarens 60abLWON NAOWaanN Ha
OCHOBE OMTUKO-TeparepLoBoro npeobpasosatens (OTM) (u3nyyaowas obnacts coctaenseT 0.3 x 0.3 mm2) ans
reHepaumm MoLHOro TIu-n3ny4eHns C NOMOLLBIO NMPUMEHEHUS B Ka4yeCTBe (POKYCUPYIOLLEN ONTUKM Maccusa
MIOTHOYMAKOBAHHbLIX MPOPUINPOBAHHBIX CandupPoBbIX BOTOKOH AnameTpoM B ananadoHe 100-300 mkm.

MeTopbl. B kauyectBe HOTONPOBOASALLEN NOOJIOXKM NCMONb30BaNCs nonybeckoHeuHbli cno LT-GaAs (LT, low-
temperature grown GaAs — cnoi GaAs, BblpallBaeMblii METOAOM MOJIEKYISPHO-TYYEBOM SNUTAKCUX NPU NMOHU-
XEHHOW Temrepatype pocra). Janee cneaytot cnoun SigN, v Al,O5 Ans CHXeHWs TokoB yTedkn B OTI u yMeHb-
LUEHNS OTPaXeHUs NMMynbca Nna3epHOn Hakaykm OT rpaHuLLbl «BO3AyX/MONyNpoOBOAHUK» (ppeHeneBckme notepn)
COOTBETCTBEHHO. LLnpunHa 3a3opa coctaenget 10 mkm, cuctema metamnos Ti/Au ncnonbdyercsa ons GopMrpoBa-
HUS 3N1IEKTPOA0B aHTEHHbI U NOABOAALLMX NOSIOCKOB. MoaenupoBaHme NpoBoANI0CL METOLOM KOHEYHbIX 31IEMEH-
ToB B cpeane COMSOL Multiphysics.

PesynbTaTbl. [1poaeMOHCTPUPOBaHA CNOCOOHOCTb NPOPUIMPOBAHHOIO canduUpPoBOro BOJIOKHA Nocfie onTUMn-
3aumn auameTpa OTHOCUTESNIbHO NapamMeTpoB 3a30pa 3HAYUTESIbHO YBENNYUTL KOHLUEHTPaUUIO HOCUTENen 3apsaa
B HenocpeacTBeHHoM 6nm3ocTur Kk anekTpogam OTI. OnpeneneHa nHterpanbHaa apdekTMBHOCTb GOTONPOBOASA-
wero Tru-nsnyyarens 60bLION NAOWAAN C YHETOM MUKPOMOJIOCKOBOM TOMOIOMMM MacCcmBa C XapakTepHbIM pas-
MepPOM NMOABOASLLMX MOJSIOCKOB, MPOMOPLUMOHANbHbLIM WMpUHe 3a3opa B OTI, 1 ¢ BEPXHUM (MACKUPYOLWNM) MeTan-
nmnyecknum cnoem. MakcnmanbHas nokann3aums 31eKTPOMarHUTHOrO NOJst B HEMOCPEACTBEHHON O/IN30CTH K Kpasim
3NEKTPOLA0B Ha MHTepdeNce «BOIOKHO/NONYNPOBOAHMK» AOCTUraeTCs nNpu amamMmeTpe NnpoduiampoBaHHOro candum-
POBOro BOMOKHA, paBHOM 220 MKM.
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BbiBogbl. [lyTem onTumMmsaumm guamerpa candrpoBoro BOJIOKHA NMPOLEMOHCTPMPOBaHa BO3MOXHOCTb yBen4e-
HuA B ~40 pas nokanMsauumn nagaroLlmx 3JIeKTPOMArHUTHbLIX BOJSIH B HENOCPEACTBEHHOM 6IM30CTU K KpasiM 9N1eKT-
poaos OTI no cpaBHeHMIO CO crydaeM 6e3 BONOKHA, a Takxe nosbileHne ao ~7—10 pas obuein apdekTnBHOCTU

nanyyatens 60nbLIONM NaoLaaun.

KnioueBble cnoBa: TeparepLoBas MMNyabCHas CNeKTPOCKONUS, MCTOYHUKM U AeTEKTOPLI TIL-n3nyyeHuns, Cy6BOJ'I-
HOBasi GOKYCUPOBKA N3NYYeHUst, TeparepLoBble ONTUYECKME SNEMEHTbI M CUCTEMbI, ONTMKO-TeparepL,oBas KOHBEPCUS,

MeTannmH3a

* Moctynuna: 20.05.2022 e fopa6oTtaHa: 07.10.2022 ¢ MpuHaTa k ony6aukoBaHuio: 27.01.2023

Ana uutupoBaHua: 3eHyeHko H.B., JlaBpyxun O.B., MuHckuin W.A., MoHomapeB [.C. lMoBbiwieHne apPHeKTUBHO-
CTM ONTUKO-TEparepLoBOro npeodpasoBartens 3a cyeT NPoPUANPOBaHHbIX candupoBbiX BONOKOH. Russ. Technol. J.
2023;11(2):50-57. https://doi.org/10.32362/2500-316X-2023-11-2-50-57

MpospayHOoCTb GUHAHCOBOI AEeATesIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B MPEACTaB/IeH-

HbIX MaTepuanax nin Metoagax.

ABTOpPbI 3a1BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Today, optical-to-terahertz converters (OTCs) are
widely used in terahertz (THz) spectroscopy systems for
generating and detecting broadband THz radiation [1].
Due to the flexibility of their manufacturing
technology (the possibility of variations in the topology
and geometry of antenna electrodes, as well as the choice
of photoconductive semiconductor material) OTCs are
of considerable interest for creating single-channel and
multi-channel detection systems for imaging objects in
the THz range [2, 3].

However, the efficiency of OTC emitters is limited
by the fact that only a small fraction of the laser pump
pulse energy is converted into THz electromagnetic
oscillations [4, 5]. One approach for increasing
efficiency is to structuring electrode edges by forming
periodic metallic (plasmonic) nanostructures in
the antenna gap [4-7]. An alternative approach to
plasmonic is based on dielectric structures, which
are not subject to ohmic losses and overheating with
Joule heat generation, allowing the laser pulse to be
focused to form local caustics [8—10]. By localizing
optical radiation, the efficiency of pump energy transfer
to the photoconductive layer can be significantly
increased (about 7-fold), leading to improved
THz radiation generation efficiency by increasing
photocurrent density [6]. The paper describes a means
by which this effect can be achieved using lenses based
on profiled sapphire fibers (PSF) with diameters of
100-300 um. Such fibers allow a significant amount of
energy to be focused along the entire electrode surfaces
of the photoconductive THz emitter [7].

Previously, the formation of subwavelength local
caustics (regions of maximum concentration of charge
carriers) at the interface with semiconductor have
been described [10]. Due to high refractive index

of sapphire in a wide range of the electromagnetic
spectrum [11], a significant optical contrast at the “fiber—
semiconductor” interface can be created, thus allowing
localizing photo-excited charge carriers fundamentally
near OTC electrodes (at optimum fiber diameter).
Localization (focusing) results in increased efficiency
of the pump energy transfer into photoconductor and
improved THz generation power due to the increase in
the photocurrent density [12].

SIMULATION

In the present paper, a large-area photoconductive
THz OTC-based radiator concept (with an emitting
region is 0.3 x 0.3 mm?) for generating powerful THz
radiation is proposed, in which an array of densely packed
PSFs having diameters in the range of 100-300 pm,
manufactured by the Bauman Moscow State Technical
University, Russia, is used as the focusing optics. The
OTC model and the cross section of the structure is
shown in Fig. 1; here, d is the PSF diameter, g is the gap
size between electrodes, and a is diameter of the pulsed
laser pump beam.

The OTC was created at the V.G. Mokerov Institute
of Ultra High Frequency Semiconductor Electronics
of the Russian Academy of Sciences (IUHFSE RAS,
Russia). The OTC structure comprised a sequence of
semiconductor and dielectric layers. The LT-GaAs (LT,
low-temperature grown GaAs is the GaAs layer
grown by molecular beam epitaxy at reduced growth
temperature) was used as photoconductive substrate.
The next Si;N, and Al,O; layers were intended to
reduce leakage currents in OTC and reduce the Fresnel
reflection of laser pumping from the air/semiconductor
interface, respectively. The gap width was 10 um.
Gold was used to form antenna electrodes and feeder
strips. All technological procedures (in particular,
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Fig. 1. OTC model (a); enlarged image of the OTC element
with focusing optics based on PSF (b); cross-section (c)

deposition of Si;N,, Al,O5, and gold) were performed
at [IUHFSE RAS. Further, the resulting substrate was
used to create OTC.

The electromagnetic calculation was carried
out using the finite element method in the COMSOL
Multiphysics' software environment. The sizes of
the finite-element mesh were varied from A/8 for
the gap region to A/4 for other regions (A is the
wavelength of the laser pumping pulse; in calculations,
A = 780 and 1560 nm). It should be noted that the
obtained electromagnetic field distributions for both
wavelengths are almost identical due to the optical
properties (in particular, the refractive index) of PSF
samples differing only to the second decimal place.
The electric field propagation vector of the laser pump
pulse is oriented along the normal to the OTC surface.
The parameter (x/g), where x is the lateral coordinate,
was used to make the solution dimensionless and scale
simulation results for different PSF diameters (d) and
gap sizes (g). The results of simulating the spatial
distribution of the electromagnetic wave (EMW)
electric field square for three different values of
d/g =14, 18, and 22 are shown in Fig. 2.

! https://www.comsol.ru/. Accessed February 01, 2022
(in Russ.).

Fig. 2. EMW distribution for different values
of parameter d/g

The EMW distribution patterns clearly show
subwavelength caustics (characteristic regions of
maximum localization of the laser pumping field in the
semiconductor) formed near OTC electrodes. The size
of the caustics is observed to increase with increasing
ratio (d/g) to reach its maximum (in other words, the
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maximum localization of the laser pump pulse energy)
at d/g =22.

The intensity of the electromagnetic field in the
OTC gap region is integrated in the following way
to qualitatively estimate the number of photoexcited
charge carriers that can reach OTC electrodes before
their recombination in the semiconductor:

g/2
1= [ |E*)|exp(~(1x~g/2)/ rg) e
-g/2

where 7, characterizes the drift length for charge carriers.

Typical values r; = 100, 300, and 500 nm are
selected based on the characteristic values of saturated
velocities and carrier lifetime in LT-GaAs [13, 14].
Then, the coefficient of the EMW intensity increase (K)
is introduced to quantify the degree of localization of
the laser pump pulse in the OTC gap; this is determined
by the ratio between integrals / and I,, where / and
1, are calculated both for the case of OTC with PSF
and without it, respectively. The simulation results are
shown in Fig. 3.

50

40

30
X

20

10

a/g

Fig. 3. Coefficient of the EMW intensity increase
in the gap

It can be seen that all three curves (corresponding
to different 7, values) retain their shape, thus confirming
the calculation correctness, while the coefficient K value
monotonically increases with increasing parameter d/g
reaching its maximum of ~40 at d/g = 22. It should be
noted that this value characterizes the case when the
subwavelength caustics are located strictly at the edges
of OTC electrodes, thus allowing a larger number of
photoexcited charge carriers to contribute to THz radiation
generation. The latter, in turn, results in the increasing
photocurrent generated by OTC and potentially increases
the efficiency of the optical-THz conversion.

Based on the calculation results obtained, the integral
efficiency K of the large-area photoconductive THz

emitter with allowance for the microstrip array topology
with the characteristic size of feed strips proportional
to the gap width in OTC and with an upper (masking)
metal layer can be estimated as:

K ~ I(ald)/I(a/4g) = 4K(dIg)/(dlg),

where parameter a characterizes the typical spot
diameter of laser pump pulse (1.0-1.5 mm), while digit 4
corresponds to the period of microstrip array structure
consisting of two photoconductive gaps and two widths
of feed strips.

Possible approaches for the optimization of the
design of the large-area THz emitter using PSF should
also be noted. As shown in Fig. la, the laser beam
covers n = al/d of fibers. It would be logical to reduce
both the PSF diameter and the gap size for increasing
the power of THz radiation generation. However, the
decrease of the gap is equivalent to a sharp increase
in the electric field strength due to decreasing distance
between two adjacent metal strips. This significantly
increases the probability of electrical breakdown in
LT-GaAs (especially, in photoconductors for IR laser
radiation pumping—with relatively small band gap
width, for example, InGaAs). In other words, “lower”
boundary values for d and g in practice would be:
g~ 3-5 um, d ~ 100 pm. In addition, any reduction in
the gap width imposes additional requirements on the
accuracy of PSF alignment with the surface of the OTC
sample. According to our estimates, the number of
adjoining radiating elements with microstrip topology
for the large-area THz emitter should not exceed 10. In
this case, the combination of OTC + PSF is arranged so
as to achieve maximum efficiency.

CONCLUSIONS

The paper proposes using an array of lenses made
of sapphire fiber to increase the efficiency of the large-
area photoconductive THz emitter. Using numerical
simulation, each lens is shown to provide spatial
redistribution of the density of photoexcited charge
carriers in the gap between electrodes of single antenna.
By optimizing the diameter of the sapphire fiber, the
possibility of increasing the localization of incident
EMWs in close proximity to the edges of OTC electrodes
by ~40 times compared to the case without fiber, as well
as increasing to ~7—10 times the overall efficiency of the
large-area radiator is demonstrated.

Since the incident laser beam has the diameter of
1.0-1.5 mm in practice, the number of pairs of strip
lines on the large-area THz emitter crystal is about 5
at d = 220 um and g = 10 pm. Therefore, 10 pairs of
strip lines with 5 um gap (d = 110 um) may be used for
increasing the performance of a large-area THz emitter.
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006 aBTOpax
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