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1. Introduction

Generation and propagation of surface plasmons on nano-structured gold films was
studied using optical and electron-beam techniques. Optical excitation of surface
plasmons in “Au-black” films prepared by evaporation in moderate vacuum was
observed. Indication of frequency-dependent propagation of surface plasmons at

visible-light frequencies over submicron length scales was observed.

A tunable terahertz detector based on two-dimensional plasmons in a semiconductor
heterostructure was designed. These results have application to the characterization of
the complex permittivity of absorbing films for terahertz bolometers and to the
development of a terahertz spectrometer on a chip, both of which are relevant to

terahertz remote sensing of chem/bio agents.

2. Surface Plasmons

2.1 Gold-black

Gold-black is nano-structured interconnected gold particles deposited by evaporation on
a substrate in a standard thermal evaporator in an inert gas ambient at pressures of ~1
Torr. At these pressures, evaporated gold atoms undergo collisions and limited
condensation before they settle on the substrate, resulting in a low density nano-
structured film characterized by strong absorption from visible to far-infrared regions of
the spectrum. Such films have been used extensively as coatings for far-infrared
bolometers. The author is separately funded by Zyberwear, Inc. to prepare and
optimize such coatings for bolometer applications. Fig. 1 is a representative scanning

electron microscope image of one of the prepared gold-black samples.

The absorption properties of Au-black are fundamentally related to its complex

permittivity. A goal of this AFRL-funded study is to determine if resonant excitation of



surface plasmons by optical beams can be used to determine the complex permittivity

of gold black films.
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Figure 1: SEM-image of Au-black film

2.2 Optical measurements

Surface Plasmon Polaritons (SPP) are inhomogeneous electromagnetic plane waves
bound to the surface of a conductor. Knowledge of SPP characteristics is of timely and
critical interest to the rapidly expanding field of SPP-based “Plasmonics.” Practical
interest derives from the possibility of nano-scale optoelectronic devices, manipulation
of optical-pulse propagation, and concentration of electromagnetic energy for sensing
applications. These features are all made possible by the strong mode confinement
and short wavelengths of SPPs near their frequency limit as compared to guided or

free-space electromagnetic waves.



The properties of SPPs are determined by their frequency-dependent complex
wavevector. This may be calculated from the complex permittivity, which is empirically
known for fourteen metals [1]. Numerous reports, from the most recent study [2] to the
earliest [3], reveal significant unexplained discrepancies between theory and
experiment. These are generally attributed, without analysis or any systematic proof, to
surface morphologies, impurities, contamination, and lack of crystallinity for evaporated
films. We here report initial investigations of surface plasmons generated in low-density
nano-structured metal films, which opens a window to systematic study of SPPs on
such films as a function of their microstructure. The nano-structure of gold-black affects
the electron scattering frequency for currents excited by the SPP. This causes changes

to the complex permittivity, which is detectable in the behavior of the SPP.

The real part of the complex wavevector for SPPs on metal films can be studied
optically. SPPs are excited on the nano-structured metal films under conditions of total
internal reflection for the optical beam within a prism. In this so-called Kretschmann
method [4], the prism slows the optical beam so that, at the proper angle of incidence,
the in-plane component of the optical wavevector matches wavevector of the surface
plasmon at the photon frequency. At the surface Plasmon resonance angle, a sharp
drop in the reflected optical power is observed. A standard X-ray goniometer was used
to maintain the detector aligned with the reflected optical beam as the prism is rotated
with respect to the incident beam. The source of light was a variety of lasers or a
monochromated Xe arc lamp. The chopped reflected signal was detected by a

photomultiplier or by a Si diode and synchronously lock-in amplified.

Surface plasmons will be excited on metal films deposited on dielectric prisms using a
collimated monochromatic light source in the so-called Kretschmann configuration [4]
shown in Fig. 2. In this experiment, the beam is incident on one of the small faces of a
90 degree prism and reflects internally from the large face at an angle that exceeds the
critical angle. On the large face is deposited a film of metal of thickness such that some
of the evanescent electromagnetic wave from the internally reflected optical beam

penetrates to the outer surface. This thickness is of order 50 nm. When the component



of the wavevector of the optical beam parallel to the large prism surface equals the SPP
wavevector at the optical frequency, a SPP is generated. The intensity of the reflected
beam is monitored, and SPP generation is observed as a strong decrease in the

reflected optical intensity at the resonance angle.

SPP

laser

Detector

Fig. 2. Kretschmann configuration for generation of surface Plasmon polaritons and determination of

metal film permittivity.

Fig. 3 presents data collected at UCF for a nominally 50 nm thick smooth layer of pure
gold evaporated on a glass right-angle prism. The resonance positions are in
reasonable agreement with values calculated from published empirical permittivity data.

The resonance angle of incidence oy.s is defined by

Sin[awes] = ¢ k(e n), (1)

where c is the speed of light, k" is the real part of the SPP wavevector, and n is the

prism refractive index.
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Fig. 3. (left) Surface Plasmon Polariton absorption resonances from Kretschmann experiment on smooth
gold surface. (right) Surface Plasmon Polariton dispersion curve for smooth gold surface. The open
squares are calculated values from published empirical complex permittivity. The solid symbols represent
two sets of data collected by the Kreutchmann method at UCF using a Xe arc lamp and monochromator.
The free space light line and the calculated dispersion curve for SPPs on gold.

The k’ value is determined from the permittivity according to

k' = (w/c) Re{NelN(1+€)} )

where

e=¢ +ig' (3)
is the complex permittivity. At 632 nm wavelength, we use ¢ =-11.6 +1i 1.2 [5].

The effect of sample morphology is revealed by the change in the angular position of
the SPP excitation peak and its line shape. The effect of the nanostructure of the gold
is to broaden and shift the resonance peak. Fig. 4 presents a SPP resonance spectrum
for a gold-black sample, and the line shape is clearly wider and the peak occurs at a

larger angle than for corresponding optical frequency on smooth gold film (Fig. 3).
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Fig. 4. Surface Plasmon resonance spectrum for gold-black film. The excitation was done using a HeNe

laser at 632 nm wavelength.

The Fresnel equations for a three layer system allow one to extract the complex
permittivity and thickness of the film from a fit to the resonance spectrum. For a metal
film between two transparent dielectrics, the amplitude reflection coefficient is

r=(rp e + 1)/ (€% ¥+ 1213 (4)
where for a p-polarized incident beam

r2 = (€2 Koz - €1kaz) / (€2 Koz + €1 K22) (5)

and

ras = (€3 Koz - €2Ksz) / (€3 Koz + €2 K3z) (6)



The change of phase over thickness h of layer 2 is

¥ = (w/c)hV(eo-¢1 SIN%0g) (7)

where 6, is the angle of incidence. In (2) and (3)

koz = (@/c) Ve1 cosg (8)
koz = (0/c)V(ex-€1 SiN°Bg) = ¥ / h (9)
kaz = (@/c)V(es-€1 Sin0g) (10)

Because the metal permittivity e, = &' + 1 &,” is complex, kp; and W are complex, and
consequently so are rq, rz3, and r. The reflection coefficient is R = rr*, which can be
plotted as a function of 8y. In our Kretschmann experiment, medium 1 is glass, medium

2 is solid metal or gold black, and medium 3 is air.

In s-polarization, the only changes are to Egs. (5) and (6), which become

r2 = (Koz - K2z) / (Koz + Koz) (11)

and

I3 = (kzZ - kgz) / (kgz + kgz) . (12)

A Mathematica program, given next, was written to calculate the reflectance R vs angle

of incidence.

(*Peale018. Program to calculate 3-layer Fresnel reflection.
prism/gold/air®)

(*fundamental constants*)

c=2.997925 10”8 (*speed of light, m/s*);



p=Pi//N;

(*materials constants¥®)

el=1.48 "2 (*real permittivity of prism*);

e2=-11.6 + I 1.2 (*complex permittivity of gold at 632 nm, JC value
from Raether®);

e3=1 (*permittivity of air*);

d=50 10™-9 (*gold thickness, m*);

(*equations¥™)

kOz[qg_]:=2 p/(632 10™-9) Sqgrt[el] Cos[ql;

k2z[g_1:=2 p/(632 10"-9) Sqrt[e2-el Sin[q]"2];

k3z[g_]:=2 p/(632 10"-9)Sqrt[e3-el Sin[q]™2];

psi[g_]:=k2z[q] d;

r12[qg_]:= (e2 kOz[q] - el k2z[ql) / (e2 kOz[q] + el k2z[ql]):;
r23[g_]1:= (e3 k2z[q] - e2 k3z[ql) 7/ (e3 k2z[q] + e2 k3z[ql):
rggt]i;(r12[q] Exp[-21 psi[q]l]l + r23[ql) /7 (Exp[-21 psi[qll+ ri2[q]
rssjql);

Plot[Abs[r[q]]1"2,{q,0,p/2}, PlotRange->{0,1}]

tl = Table[{180 g/p, Abs[r[q]l1™2}, {q, 0, p/2, 0.001}]

Fig. 5 presents calculated reflectance spectra for nominal material characteristics. The

SPP resonance is seen in p-polarization only, and only when the incident medium has

index greater than unity. The resonance occurs only at angles of incidence greater than

that for total internal reflection within the prism material. Comparison of the calculation

to data for 632 nm excitation shows angular-position and depth discrepancies for the

resonance that can be attributed to the uncertainty in the prism index and film thickness.
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Fig. 5. (left) Calculated reflectivity spectra. (right) Comparison of calculation with collected data for

nominal film thickness, prism index, and published gold permittivity values.

Fig. 6 presents calculations for incidence from the air side. These results further

confirm that a resonance occurs only when the incident medium has a refractive index



that exceeds that of the medium on the far side of the film. Also the prism is found to

have only a small effect on the reflectance curve for p-polarization, in contrast to what is

found for incidence from the prism side.
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Fig. 6. Calculated reflectance curves for incidence from the air side.

The Mathematica program below gives a routine for fitting the Fresnel formula to the

reflectance data.

(*Peale020. Program to fit 3-layer Fresnel formula, p polarization,
prism/gold/air, to Kreutschman data*)

(*Get data from thumb drive*)

SetDirectory["E:"] ;

tl=Import["'SP27AG07rad.dat",""CSV"];

(*fundamental constants*)

c=2.997925 10"8 (*speed of light, m/s*);

p=Pi//N;

(*materials constants¥*)

e2=-11.6 + 1 1.2 (*complex permittivity of gold at 632 nm, JC value from
Raether®*);

e3=1"2 (*permittivity of air*);

(*equations¥®)

kOz[qg_]:=2 p/(632 10™-9) Sqrt[el] Cos[q]l:

k2z[qg_]:=2 p/(632 10™-9) Sqgrt[e2-el Sin[q]l™2];

k3z[g_]:=2 p/(632 10"-9)Sqgrt[e3-el Sin[g]™2];

psi[a_]:=k2z[q] d;

ri2[qg_1:= (e2 kOz[q] - el k2z[ql) /7 (e2 kOz[q] + el k2z[qD):
r23[q_J]:= (e3 k2z[q] - e2 k3z[q]) /7 (e3 k2z[q] + e2 k3z[gD):
r[g_1:=(ri2[q] Exp[-21 psi[ql] + r23[q]) / (Exp[-21 psi[qll+ ri2[q] r23[dD):
bigR[q_]:=Abs[r[q]]1"2;

FindrFit[tl,bigR[q],{{el,2.25},{d,50 10™-9}}.q]

Fig. 7 presents the result of the fit together with the data. In this fit, the solid gold

permittivity was considered to be known, and the film thickness and prism index were



considered as fitting parameters. The fitting parameters given in the plot are in
reasonable agreement with the nominal values. Only trivial modification of the fitting

routine is required to find &/, €,”, and the film thickness h for gold black.
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Fig. 7. Fit of Fresnel formula to reflectance data for gold.

2.3 Electron Beam Measurements

As the SPP frequency increases, their propagation lengths decrease rapidly to values of
a few hundred nanometers. SPP propagation over such distances may be detected by
cathodoluminescence as demonstrated recently by van Wijngaarden et al. [6]. This
technique was explored at UCF using a Philips XL30 SEM integrated with a Gatan
MonoCL3 system for high-resolution cathodoluminescence imaging and spectroscopy.
A photograph of the SEM-CL setup is presented in Fig. 8. The cathodoluminescence
system is equipped with a high efficiency collector consisting of a parabolic mirror and
light guide (2, Fig. 8), which is directly coupled to the integrated monochromator (3, Fig.
8). Photons out-coupled by the grating from the SPPs, which are generated by the
electron beam, are immediately directed onto the entrance slit of the chamber-mounted
monochromator, avoiding any losses associated with conventional optical fiber coupling.
Thus, spectral analysis or monochromatic imaging can be carried out with a spectral

resolution of up to 0.5 nm. As standard, MonoCLZ3 is fitted with a photo-multiplier (4, Fig.

10



8), sensitive in the 200-850 nm range, and a 1200 lines/mm grating. This configuration
allows a serially-scanned data collection over the specified range. Steps and dwell time

per point determine the length of the acquisition time.

Fig. 8. SEM-CL setup. 1 —SEM vacuum chamber; 2 — Light guide; 3 —Monocromator; 4 — PMT

A 471 nm thick Gold layer was e-beam evaporated on a 5 nm Cr sticking layer on a
polished silicon wafer substrate. Several 20 period gratings were cut in the gold layer
using a 30 keV focused gallium-ion beam (FIB). The nominal period was 600 nm and
the widths of the grooves were varied. Fig. 9 presents an FIB image of one of the
gratings prepared. This grating has 120 nm groove widths. Fig. 9 indicates
schematically the e-beam spot at a distance x from the grating. The e-beam spot is in
reality only a few nm across, i.e. at least 100 times smaller than its representation in
Fig. 9. Imaging the finished grating with a 100 pA gallium beam ablates the gold
surface in a large square region surrounding the cut gratings, and this affects the

background CL emission spectrum, as will be shown below.

11
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Fig. 9. FIB image of grating cut in gold on silicon substrate. The red star is a schematic representation of
the few nm diameter electron beam spot (exaggerated for clarity) at a distance x from the rulings. A
cathodoluminescence spectrum is collected a various values of x.

The measurement of SPP propagation lengths works as follows. The focused electron
beam is incident on the metal film and excites surface plasmons of all frequencies
below the SPP limit. The SPP excitation probability is sharply peaked at the surface
Plasmon resonance frequency o = mp/\/Z for Drude metals [7]. For gold, a non-Drude
metal in the visible, the distribution should still peak somewhere at high visible
frequencies. The surface plasmons propagate along the surface in all directions.

Those that encounter the grating are coupled into free electromagnetic waves which are

collected into the monochromator and detected by the photomultiplier tube. By varying

12



the distance between the electron beam and the grating, one can determine the
characteristic SPP propagation length L at each wavelength setting of the
monochromator from a plot of collected intensity vs. distance. Our experiments were

performed by holding the distance constant while collecting the entire CL spectrum.

The SPP propagation length L is the inverse of the frequency-dependent imaginary part

k" of the SPP wavevector given by
L™ = k” = (0/c) Im{Ve/(1+€)} . (13)

Fig. 10 presents the calculation SPP propagation length as a function of the optical
wavelength that corresponds to the SPP frequency. Empirical permittivity values for
gold used in Eq. (13) were taken from [5]. Note that the propagation is always less than
100 um in the visible spectral range. Also indicated in Fig. 10 is the range of optical
wavelength collected and the range of distances x of the e-beam from the grating in the
CL experiment.

100 ———

104

Range of CL spectrum

ol+—
400 500 600 700 800

Optical wavelength (nm)
Fig. 10. Calculated SPP propagation length on gold.

Propagation length (um)
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Fig. 11 presents ratios of cathodoluminescence (CL) spectra. In these spectra the
numerator is a spectrum taken near the grid and the denominator is a reference
spectrum taken at a distance much larger than the anticipated SPP propagation length
at any of the optical frequencies considered (Fig. 10). Thus the denominator spectrum

corresponds to pure background CL, while the numerator can contain contributions from

surface plasmons that are out-coupled by the grating.

That the ratios in Fig. 11 are nearly everywhere somewhat less than unity indicates that
the background CL is slightly stronger far from the grating. This can be explained by
the cleaning of the surface near the grating that occurred during FIB imaging of the cut
grating. The imaging spot extends out to of order 50 um from the grating (Fig. 9). Due
to imperfect focusing of the Ga beam, and the extra time spent by the gallium beam
close to the grating while it was being cut, one might expect that the background CL
would increase gradually as distance x of the e-beam from the grooves increased. This

can explain the rise in the ratio toward unity as the e-beam is moved farther from the

grating in Fig. 11 (right).

1.01 L L L L 1.00

Sample 3 1600 nm 800 nm
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Fig. 11. (left) Ratio of cathodoluminescence spectrum collected at 1 micron and 100 micron distance
from the 600 nm period 20 line grating, for two groove widths. (right) . Ratios of CL spectra collected at
the indicated distances from the grating to a CL spectrum collected 1 mm from the grating.
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In comparison to the paper by van Wijngaarden et al., our background signal is much
stronger than any signal due to SPPs outcoupled by the grating. To estimate whether
this background can be attributed to outcoupling by surface roughness, we performed
AFM measurements on similarly evaporated gold films. Fig. 12 presents an AFM image
of a particularly rough sample. One observes small islands of gold of approximately 50
nm lateral dimension and about 4 nm height. On all other samples studied, the size of

the islands was smaller than 50 nm.

Peak Surface Area Summi t Zero Crossing Stopband Execute

Image Statistics

Img. Z range 30.483 nm
Img. Mean -0.000000 nm
Img. Raw mean 240.47 nm
Img. Rms (Rq) 4.154 nm
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Mean
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peale_B8-25-06__4,002
peak off Summit off . off sor

Fig. 12. Atomic force Microscopic image of e-beam evaporated gold film.

To determine if such roughness would efficiently outcouple surface plasmons, we
suppose that the surface represents a grating with period a = 50 nm. Then the relation
between the surface Plasmon wavevector k' and the angle 6 for emission of light due to
coupling between the SPP and the “grating” is

K = (2 n/A) Sin + 21t m/a, (14)

where m is an integer including negative values and zero. Numerical values of k’ for

each value of A are calculated from
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k' = (o/c) Re{NeN(1+e)} . . (15)

Fig. 13 plots k’ as a function of the optical wavelength corresponding to surface
plasmons of frequency o. Except at the shortest wavelength, 6 has no solution for any
integer m. At the shortest wavelength, the value of 0 is close to 90 degrees, so that
such emission would not be collected by the CL setup. We conclude that none of the
large background emission arises from generation and outcoupling of SPPs into free
space EM waves. For comparison, the same analysis applied to the cut 600 nm grating
predicts a solution (for m=1) giving an outcoupling angle for SPP emission into free
space waves of ~11 deg in the range 490-750 nm. Such an emission is very likely
collected by the CL apparatus, and the collection efficiency would be a very weak

function of wavelength.

1.4x10’ ——
1.2x10" . -
1.0x10"- L -

8.0x10° "y |

SPP wavenumber k' (1/m)

500 600 700 800
Optical wavelength (nm)

Fig. 13. Calculated real part of the SPP wavevector for gold as a function of the optical wavelength that
corresponds to the SPP frequency.

The emission spectrum I(x,A) with position dependent background spectrum may be

taken to have the form

I(x,2) = B(%) f(x) + p() Exp[-x/L(M)], (16)

16



where the background spectrum B(1) is that measured far from the grating (x>>L) on
regions of the as-deposited film that were untouched by the gallium beam of the FIB.
Assuming that the gallium beam cleans the surface and reduces the background, the
factor f(x) must be everywhere < 1, becoming smaller as the e-beam approaches the
grating. The function p(A) represents the distribution of surface plasmons at the
frequency o excited by the electron beam, together with the probability of their being
outcoupled by the grating, the probability of being collected by the spectrometer, and
the spectrometer’s spectral response function. The latter probabilities are expected to
be weak functions of A in comparison to the probability of surface Plasmon generation.
From Ref. [7] we expect that the probability of generation is sharply peaked at cop/\/2 (for
an ideal metal), and for our case of gold and a spectrometer with short wave cutoff at

350 nm, we may simply assume that p(k) decays rapidly with increasing A.

The ratio of CL spectra, such as plotted in Fig. 11, is given by

R(x,1) = I(x,.)/1(x>>L,1) = f(x) + r(A) Exp[-X/L(A)], (17)

where r(A) = p(A)/B()L) is assumed to be dominated by the sharply decay in p(L) with
wavelength. Setting f(x) = 1 for all x, taking r(A) to be an exponential decreasing
function of A, and using calculated L(1) values (Fig. 10), we generate the family of
curves plotted in Fig. 14. These are qualitatively similar to the experimental curves in
Fig. 10, in that the 50 nm curve is peaked at the shortest wavelength while the curves
for longer wavelength have a hump in their middle. The comparison will be closer if f(x)
is taken <1 and allowed to decrease as x decreases. The spectral shape of the
calculated spectra can be made closer to the measured curves by adjusting the function
r(A). The main point to be made here is that the observed curves in Fig. 11 make

sense in terms of the physics and likely experimental factors.
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Fig. 14. Simulated CL intensity ratios.

3. TWO DIMENSIONAL PLASMONS IN InP-BASED HEMT

Plasmons can be generated with photons in the two dimensional electron gas (2-deg) of
high electron mobility transistors (HEMTs). Because the plasmon frequency at a given
wavevector depends on sheet charge density, a gate bias can tune the plasmon
resonance. This effect allows a properly designed HEMT to be used as a voltage-
tunable narrow-band detector or filter. This part of the report describes both the theory
and design of such a device in the InP materials system and discusses its potential
uses. By using a sub-micron grating to couple incident radiation to a high sheet charge
2-deg, a minimum detectible wavelength of roughly 26 um is obtained. Fabrication
issues, terahertz response, and tunability are discussed. Because of its small size, this

novel device could find use in spaceborne remote sensing application.

Plasmons are charge density oscillations whose generation in semiconductor
heterostructures provides a mechanism for tunable wavelength-selective detection at
terahertz frequencies. This class of frequency agile detector holds promise for the
development of a true spectrometer-on-a-chip for chemical and biological detection due
to the rich spectra found at these frequencies. Two-dimensional plasmon resonances
observed in Si MOSFETSs [8] and AlGaAs-based semiconductor heterostructures [9,10]
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tune with 2-deg sheet charge density, which is controlled by a gate bias. Surprisingly, a
change in device conductivity has also been found to accompany the plasmon
resonance of such devices. This has led to research concerning the use of high electron
mobility transistors (HEMT’s) as frequency agile, voltage tunable detectors. In effect,
incident THz radiation excites a bias-controlled plasmon resonance, which is observed
as a change in the device transconductance. This work explores a device design based
on the InP materials system, which is new. We report on maximum achievable
resonance frequency, tuning range, resonance linewidth, temperature effects, incident

radiation coupling considerations, and device fabrication.

The dispersion relationship for a plasmon in a 2-deg is [8]

n.q°k
w,(Ky) = |— P : (18)
m*eg, (&, +&,Coth(k,d))

where all quantities are expressed in S.1. units, wp is the plasmon frequency, k; is the
plasmon wave vector, q is the elementary charge, m* is the electron effective mass in
the 2-deg, d is the distance of the 2-deg below the semiconductor surface, ¢, and ¢; are
the relative dielectric constants of the material below and above the 2-deg respectively,

go is the permittivity of free space, and ns is the 2-deg sheet charge density. Eq. (18)
shows that for any incident photon with wave vector k; (:%) and any angle of
incidence, photon momentum is insufficient to excite a plasmon, i.e for

o, = w,,k, <k always. To conserve momentum and excite a plasmon, additional in-

plane photon momentum can be acquired from a grating on the semiconductor surface.

For normal incidence, the acquired parallel component of the wavevector is

Gm=2nmla, (19)

where a is the grating period, and m is an integer (m= +1,2,...). Thus, for radiation at
normal incidence to a properly designed grating, both energy and momentum can be

conserved in the generation of a plasmon with G, =k, . The grating (possibly enhanced

by an underlying semitransparent metallic layer) can also serve as the transistor gate to
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permit bias-control of the 2-deg sheet charge density (ns) and tuning of the resonance

frequency, thereby creating a spectrometer-on-a-chip.

The detection range of this type of detector is determined by the sheet charge density,
electron effective mass in the 2-deg, and the grating period. Because larger grating
periods are easier to fabricate, and because lower sheet charge densities are easier to
obtain, this type of device is best suited to long wavelengths. A goal of this work is to
seek shorter wavelength response than has been achieved previously. The epitaxial
layer structure presented schematically in Fig. 15 is chosen because similar

InGaAs/InAlAs/InP structures have demonstrated high sheet charge densities [11,12].

Egs. (18) and (19) determine the high frequency limit of the Fig. 15 structure. Required
material parameters are found as follows. The permittivity of semiconductor alloy A4xBx

is determined from the permittivities ¢, eg of the end members A,B according to
&g = (L—X)e, + X5 —X(L—X) , (20)

for both InGaAs and InAlAs [13]. Using eaas=10.2, gnas=14.6, and egaas=13.1, we obtain
e=12.2 for the Ing 52Alp 48As layer above the 2-deg and €,=13.9 for the Ing gsGag 32As
below the 2-deg. Using an effective mass of 0.043 for electrons in the InGaAs channel
[14], we obtain from Eq. (15) a plot (Fig. 16) of excitation frequency versus sheet charge
density and grating period. From Fig. 16, a grating period of 0.1 um and a sheet charge

density of 3 x 102 cm™ provide a minimum detectible wavelength of 26 um.

75A Ing ¢, G2y 4oAS 6x10%8 cm3 Cap

Gate/Coupling Grating

350A In 5, Al ,gAs Buffer Undoped

4x10'2 cm-2 Si § doping
30A Iny 5, Al 4sAs Set Back Undoped
200A In, ¢ Ga, 5,As Channel
30A Iny 5, Al 4sAs Set Back Undoped
4x10'2 cm-2 Si § doping
3000A In, 5, Al ,4As Buffer Undoped

Semi-insulating InP substrate

Fig. 25. Epi-layer structure and device schematic used for the voltage tunable plasmon based
detector of this work
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To determine the effects of gate bias, the 2-deg sheet charge density, ng, is given by

Vg-Vt)
ns:Cgate—(;Jl_W , (21)
where Vyis the gate bias, V. is the device threshold voltage, L is the gate source to drain
spacing, W is the gate width and Cgae is the gate capacitance. The latter can be
approximated (in S.I. units) by

(22)

500 . , . , . ,

' Gra{ing Period
0.10um

400 L 26um (11.6THz)

200 -

72pm (4.1THz) 0.50pm |
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L | ——— 0.75um |

100 ~ 1.00um
— 1.25um |

0 . 1 . 1 . . 1 .
0 1 2 3 4 5

Excitation Wavenumber (cm™)

Sheet charge (x10" cm™)

Fig. 16. Incident excitation wave number as a function of 2-deg sheet charge density for various
grating periods.

The threshold voltage, V,, is given by

d
Vi=gp—Ec 4% | (23)

et

where nq is the delta doping concentration of the heterostructure and E. is the
conduction band offset. For the InGaAs/InAlAs system, when the In mole fraction in
InyGaixAs exceeds 58%, E. is given by [15]

E.=0.344+0.487x . (24)
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For an MBE grown epi-layer structure of Fig. 15 design, Hall measurements indicate a
sheet charge density of 2.4 x 10" cm™ and a mobility of 10100 (26500) cm?/V-s at 300
(77) K. Using a typical barrier height for metal on a 1ll-V compound of ¢, = 0.7 eV and all

other values as previously defined, a linear decrease in sheet charge is expected with a

maximum value at V4=0 and zero at V¢g=-1.3 V.

Fig. 17 presents the physical layout of the device studied theoretically in this work and
to be explored experimentally in the near future. The overall chip size is 3.5 mm x 3.5
mm with the gate/grating measuring 250 um x 195 um. Care was taken to overlap all of
the various metallization layers so that light can only be transmitted through the central
gate/grating region of the device. The gate/grating section of this device is fabricated by
first depositing a semitransparent Ti layer (with a sheet resistance assumed for

calculation purposes to be p~350Q/sq.) On top of this will be deposited Au grating
stripes (with a sheet resistance assumed for calculations to be p;~0.140/sq.) Initial

measurements on this device will be made using a high-power THz p-Ge laser at liquid
helium temperatures. A multimode output spectrum presented in Fig. 18a demonstrates
its suitable bandwidth[16] and a range of features that can be recorded as the device
resonance tunes with gate bias. The device of Fig. 17 is mounted in the He dewar
between the p-Ge laser and a Ge:Ga photodetector as shown in Figure 18b. Electrical
leads connecting source, drain and the gate/grating are then used to vary the sheet
charge density while monitoring the device transconductance. Transmission through the
device can be simultaneously monitored with the 4 K Ge:Ga photoconductor. Based on
the spectrum for the p-Ge laser and the maximum measured sheet charge of the
epilayers, a grating period of 0.5 um has been chosen to allow tunable detection across

the entire output bandwidth of the laser with gate voltages from 0 V to -0.6 V.
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Fig. 17. Physical layout of device used in this work. Overlapping metal ensures light only passes through
central gating/gate for maximum dynamic range during transmission measurements.
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Fig. 18. (a) Typical output spectra of p-Ge laser used to excite plasmon resonance and (b)
Schematic of transmission and photoconductivity experiment.

To determine the features of the Plasmon resonance spectra in more detail, the theory
of plasmons in grating-coupled 2-deg devices is used here [17]. Referring to Fig. 19,
spatially uniform THz electric fields polarize the grating bars, which induces local
fringing fields with the grating periodicity. These x-y polarized local fringing fields excite

the plasmons in the 2-deg. The transmittance, T, of un-polarized light is

T=(Ty+T;)/2 , (25)

where Ty in zero magnetic field and in Gaussian units is

2
Ty 1 oy ey 42| (20)
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and T, is obtained by substituting z for the y subscript. The complex yy-component of

the conductivity tensor is
Zyy:O'(a))+0'§]y ) (27)
while the zz-component is given by
S, =0(0)+<cd> (28)

where < > indicates a spatial average, and o(w) is the conductivity associated with the
2-deg only. The second terms are components of the grating conductivity tensor. Only
oy’ interacts with the 2-deg. The <c,,%> is independent of the 2-deg because of the lack
of fringing field components polarized in the z-direction. All off-diagonal components of

X' vanish in the absence of a magnetic field.

Excitation E-Field

Fig. 19. lllustration of effects of incident excitation field on grating and in-turn on the 2-deg for this
device.

The frequency dependent conductivity of the 2-deg is

nsqzr

m*(1+a)21 2 )

(29)

o(w)=

where t (=mT*“) is the electron relaxation time and p is the temperature-dependant

electron mobility. The last term of Eq. (27) is treated in the perturbative approximation

according to

~ 2
1 p(m) ) F
g _ _ -m 30
PP %L/»J 2 0)
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where <p> is the spatially averaged 2D resistivity of the grating, p(m)is the m™ Fourier

coefficient in the Cosine expansion of the yy-component for the grating resistivity tensor

given by

Am)=—2(pp-pp)sin” ", (31)
and

2 2
£f (1-Coth® (G d)) (32)

%Gma(a))ﬂ;b +£¢Coth(Gppd)

Following Ref. 17, the sum Eq. (30) is truncated after m = 10.

For the Fig. 15-based as-grown MBE structure, electron relaxation times of 1= 0.25
(0.65) ps were measured at 300 (77) K. As will be shown below, these values are
insufficiently high to produce sharp plasmon resonances, but they can be increased by
cooling the device. Fig. 20 plots t vs T, where the measured data points appear as
symbols. Assuming that phonon scattering dominates the carrier relaxation, the
temperature dependence should obey a power law with a -3/2 exponent [18], which we
use to estimate the low temperature t values even though the actual data fall on a curve

with an exponent closer to -0.70 (light line).

-
o
Q

Relaxation time (ps)
-~ o

o
—

T T T T N

10 100
Temperature (K)

Fig. 20. Temperature dependence of the relaxation times for the 2-deg of this work. Symbols represent
values calculated from the measured mobility. The T2 curve (heavy line) is a least squares fit to the
data and was used for all simulations, although the T curve (light line) represents a better fit to the
limited data.
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Based on the theory and design presented above, transmission spectra are calculated,
assuming a grating period a = 0.5 um and a 2-deg depth d = 37 nm. Fig. 21 illustrates
the effects of sheet charge and effective mass uncertainty at 4 K, where the sheet
charge density of 2.4 x 10" cm™ is varied by a factor of two, while the effective mass of
0.043 is increased by 50% to 0.065 [19]. With these changes in material parameters no
change is seen in the plasmon FWHM of ~1.7 cm™. Changing the effective mass by
50% however causes a 19% decrease in the peak position wave number. Changing
only the sheet change by a factor of two causes a 29% decrease in the peak position
wave number. Uncertainty in peak position of this magnitude does not affect our
planned experiment with the p-Ge laser, whose full tuning range is 50-140 cm™. ltis
noted, that although the peak position accompanying these material changes could be
determined by the much simpler Eq. (1), the more detailed theory of Ref [10] is required

to determine the overall plasmon line shape.

Resonance line width and absorption strength depend on temperature as shown in Fig.
22 (a) and (b). Fig. 22 (a) shows typical 1* order transmittance spectra for ns = 2.4 x
10"? cm™ and t/a = 0.65. The temperature dependence of metallization resisitivity is
ignored because resistivity changes in the semi-transparent gate affect mainly the
baseline transmittance. Moreover, residual resistance for thin semitransparent Ti films
can be so high that the temperature is weak [20]. The thick Au grating bars are opaque
and the decrease in their resistivity with cooling has no effect on the spectrum at all.
Fig. 22 (a) shows that there is still a small but measurable signal even at a temperature
of 100 K. Fig. 22 (b) plots both the percentage change of the transmittance as well as
the simulated full width half maximum (FWHM) of the resonance peak for both 1% and
2" order resonances. It is clear from this plot that the 2" order peaks are not as deep

and are slightly narrower in line width at lower temperatures.

Fig. 23 presents the transmission plotted as a function of t/a ratio for both the 1% and 2
order resonances. Fig. 23 (a) shows similar peak heights for all t/a ratios with a slight
narrowing of the peak as the t/a ratio is increased. Fig. 23 (b) shows a rapid reduction in

peak height as the t/a approaches the symmetric case of t/a = 0.5. This is caused by
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the impossibility of even-order terms occurring in the Fourier expansion of the fringing

fields when the grating is symmetric (Fig. 19).
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Fig. 21. Simulated transmittance for the device of this work showing effects of changes to effective mass
and 2-deg sheet charge density.
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Fig. 22(a). Simulated transmittance showing effects of temperature on both percent change in
transmittance and linewidth. (b) Details of similar measurements for both first and second order plasmon
resonances.

The calculated spectra suggest that plasmon resonances can be generated from
incident radiation having a short wavelength limit of roughly 26 um. These resonances
will alter the transmission through the device producing a voltage variable band-blocking
filter of FWHM less than 1 cm™ at 4K and 5 cm™ at 50 K. Alternatively, because
plasmons influence the 2-deg channel conductance, the device can be operated as a

frequency-selective photo-conducting transducer. Fig. 24 illustrates the calculated
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voltage tunability where device transmittance is plotted at various gate biases. For this

and all subsequent figures a t/a ratio of 0.65 and a zero bias 2-deg sheet charge of 2.4

x 10" cm™ are used. As can be seen, a voltage swing of 0.55 volts allows for detection

of incident radiation from roughly 2.75 THz to 3.75 THz. In principle, increasing the

grating period can shift this 1 THz detection band for the given semiconductor layer

structure to any desired lower frequency.
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Fig. 23. Calculated effect of changing grating duty t/a on the (a) first order and (b) second order plasmon
induced transmission spectrum.
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Fig. 24. Resonance tuning with gate voltage.

Two modes of operation for spectroscopy with the considered device can be

envisioned. As a voltage tunable band-blocking filter before a broad band detector, it

can be useful for spectroscopy of narrow-band molecular emission. In this mode, the
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detector output I" is proportional to the product of the incident spectral density I(®) and

filter transmittance 7, integrated over the detector bandwidth
T(oV,) = j [(0)T(w,V, ) . (33)

Fig. 25 (a) is a simulated emission spectrum with two resonance peaks separated by 4
cm’’, with each peak having a FWHM of 0.4 cm™. Figure 25 (b) shows a simulation of
the detector response as a function of temperature and illustrates how the increased
FWHM of the device transmittance at elevated temperatures effects overall spectral
resolution. It is interesting to note, that even a 4 cm’’ peak separation can still be
resolved at a temperature as high as 50 K, which is in range of compact closed cycle
Stirling refrigerators. A drawback of this mode of spectroscopy is that radiation blocked
by the filter but within the detector bandwidth adds noise and reduces dynamic range.
This effect can be minimized through the use of a prefilter to limit the spectral response

to a narrow band.
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Fig 25 (a) Simulated incident radiation spectrum used to simulate (b) response of detector when
the device of this work is used as a tunable notch filter.

A potentially cleaner mode of operation is as a voltage tunable detector where absorbed
radiation within the plasmon resonance is sensed as a change in the source/drain
current of the device. Though this effect has been observed in the AlGaAs materials
system [9,10], this mode is still somewhat speculative because the mechanism of

Plasmon-conductance interaction is unknown, and the sign, linearity, temperature
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dependence, and magnitude of the response all remain uncertain. These questions will

be investigated experimentally.
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List of Acronyms

CL Cathodoluminescence

FWHM Full Width Half Maximum

HEMT High Electron Mobility Transistors
SPP Surface Plasmon Polaritons
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