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Finite-element numerical modeling and analysis of electromagnetic waveguides and resonators used
in terahertz quantum cascade lasers are presented. Both metal-metal and semi-ingslating
surface-plasmon ridge waveguide geometries were investigated. Simulations and analysis of two
types were performed: two-dimensional waveguideggenmode calculation and two- and
three-dimensional resonatoffacet reflectivity calculation for infinite width and finite width
waveguides, respectively Waveguide simulations extend previous transverse one-dimensional
analyses to two dimensioitfor the lateral and transverse dimensiprad quantify the breakdown

of the one-dimensional approximation as the ridge width is reduced. Resonator simulations in two
and three dimensions are presented and are used to obtain facet reflectivities and output radiation
patterns. For the metal-metal waveguide structures, these resonator simulations quantitatively show
strong deviations for terahertz facet reflectivities from those predicted by the effective index
method. However, the effective index method for calculating reflectivities is shown to still be valid
for Sl surface-plasmon waveguides.2005 American Institute of Physics

[DOI: 10.1063/1.1855394

I. INTRODUCTION ers directly above and below the active region. While this
waveguide is expected to display relatively low loss and a
The recent development of terahefftz) quantum cas-

. ' . high confinement factor, its fabrication requires a more com-
cade laser$QCLSs) demonstrates their considerable potential g . a
- S gllcated wafer bonding and substrate removal proéess.
as a compact source of coherent radiation for bridging th

so-called “terahertz gag™ The terahertz frequency range ' 'OPEr resonator design remains an important factor in
(1-10 THz, 30—30Qum) exists between the microwave and efforts to extend terahertz QCL operation beyond cryogenic
infrared regimes, and has long been identified to have widePeration and to even longer wavelengths. In this paper, we
ranging applications in spectroscopy, imaging, and remotéompare the absorptive losses, optical confinement factor,
sensing. However, largely due to a lack of compact, cheamnd facet reflectivity for these two waveguide structures us-
and convenient continuous-wayew) terahertz sources, this ing two- and three-dimensional electromagnetic finite-
frequency range has so far been underdeveloped. element calculation®.
The design of optical confinement structures was a key  For the design of the resonat@omposed of waveguide

development in the extension of QCLs from the midinfraredyp,q mirrorg we use as a figure-of-merit the threshold gain
regime to longer wavelengths. This was due, in part, to th%m as given by the condition

difficulty in scaling the dimensions of conventional dielectric
waveguides up with increasing wavelength as well as the
increase in free-carrier logs;, = \?) that occurs in the semi-
conductor cladding and active regions. To date, two types of
waveguides, both of which use the surface plasmon as the
confinement mechanism, have enabled terahertz laser opera-
tion: the semi-insulatingSl) surface-plasmon Waveguijdé

and the metal-metal wavegufhse(see Fig. L In the SI
surface-plasmon waveguide, the mode is composed of sur-
face plasmons attached to the upper metal contact and a thin
semiconductor layer grown just below the active region that
is highly doped to act as a so-called plasma lafRe{e}

<0). The plasma layer also serves as an electrical path be-
tween the side metal contacts and the active region. Although
the mode extends substantially into the Sl substrate, the over-
lap with doped regions is small so that the free-carrier loss is
small. The second type of waveguide, known as the metal-
metal waveguide, is similar in form to a microstrip transmis-gig. 1. schematics ofa) S| surface-plasmon anth) metal-metal wave-
sion line where confinement is obtained between metal layguide structures.
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a  aytan the higher frequency range of 5—7 THz for both the Sl sur-
9n=r=" 1 (1) face plasmon and the metal-metal waveguide structures.

Here e, the total loss, includes absorptive losses contributed- WAVEGUIDE ANALYSIS

by the waveguidey,, and coupling losses due to the mirrors Waveguide analysis gives numerical estimates of the
am; I' is the confinement factor. All the parameters on thepropagation constants and confinement factors for selected
right side of Eq(1) are determined by the passive WaVegUideeigenmodes of a specified waveguide. The power loss is
structure, while the material gain on the left side of Eg.is given by a,,=2 Im{}, where is the propagation constant
determined by the transport and radiative properties of thef the mode H(x,y)é#. Terahertz waveguide losses are
quantum-well gain medium. Minimizing the threshold gain mainly due to free-carrier loss in the metal and doped semi-
results in reduced threshold current densities and increase@nquctor and phonon absorption loss in the semiconductor.
operating temperatures. The latter is only significant for frequencies near the Rest-
Previous design simulations of terahertz QCLs, based 08trahlen band>5 THz for GaAg$ at elevated temperatures.
one-dimensional slab waveguide technigtiéscused solely o simplify matters, phonon loss is not included in these
on the confinement in the transverspitaxial growth direc-  simylations, but given the fact that the modes for these
tion, from whiche,, andI" were obtained. The use of such a ywayeguides are largely confined to the semiconductor, pho-
one-dimensional approximation is appropriate when the latpon |0sses can simply be added on to the calculaigd
eral waveguide dimension is much larger than the wavegree-carrier loss was taken into account by using an effective

length in the semiconductor. The simulations reported in thi%omplex permittivity following the Drude—Lorentz approxi-
paper extend previous one-dimensional analyses of both $hation:

surface-plasmon and metal-metal waveguides to two dimen- &
sions to quantitatively take into account effects of certain (@) = €prd @) + i *” T
two-dimensional design variables beyond the scope of one- core om (1-iw7)

dimensional analysis. For Sl surface-plasmon waveguide%here for these simulationg.«(«) was set at 12.96 for

the effects of the plasma layer’'s doping and thickness, th . . )
waveguide width, the substrate thickness, and the gap di%‘aAS and did not include phonon effects. The Drude relax

. . tion times used in this paper were 0.1 ps for the highl
tance between the side metal contacts and the waveguide %Sped GaAs layers, 0.5 ps fgr the lightly ch))ped GaAs Ia?/eré
analyzed. For metal-metal waveguides, the effects of Wave(— Lo

ide width and thickn re analvzed active region, and 0.06 ps for the Au contacts. In addition,
gu Ie dd't'a ¢ esz are analy Iet'. lculated mi the carrier densities were set atxa0®cm3, 5
N addition, previous design simufations calculated Mir-, 4 ys -3 ang 5.9¢< 1072 e for the active region, injec-

:ﬁ;ﬂl%sds (':Hee”sfzilrzzt r;e;!{ﬁgt('jv'leu;'?ng othgcaﬁﬁzrfgvgi:j?gsgre(g)r layer, and metal layers for all simulated devices. The
’ P ctive region doping level is at the lower end of the values

waveguide designs from which _terahertz_QCLs_evo_Ived. Th'sused in present terahertz QCL devices and represents a best-
method states that the reflection coefficient is simply the

Fresnel reflection coefficiedtwhich is determined solely b tase scenario for minimization of free-carrier loss. This be-
i ! o YO comes important at lower frequencies where free-carrier loss
the effective material refractive index. For a GaAs/air inter-

face. this aives facet reflectivities &~ 0.32. depending on in the active region itself will predominate over that from the
the E)ropagation constant of the lasing 'mé;ﬁeMFi)rror Iogs cladding. Although we use the bulk Drude model to describe
given by a,=—In R/L, whereL is the cavity length, there- free-carrier loss absorption in the multiple quantum-well ac-

. . . tive region, it is expected to be a reasonable approximation at
fore was solely a function of cavity length. Although this 9 b pp

. . - frequencies greater than those of the intersubband resonances
method is still successfully used for midinfrared QCL . 9 9

design’ in the microwave regime, waveguides are designe n the injector regior}.l More importantly, its use allows
sSign, L ) gime, guides 9 %uantitative comparison of competing waveguide designs
using transmission line theory, and reflectivities are deter-

. . . ) ... where free-carrier losses in the active region cannot be ne-
mined using the impedance mismatch method. Radiatio lected 9

{:r?mesgngge\l/qvﬁzgﬁg gz)?xegtuelgemljsrr:(ra?s:ﬁf? lﬁlséncgor?qn ljatgt_en 2 For simplicity, all waveguides simulated have vertical
i E i d  for thi P ¢ offer an mWri | Ipti nt side walls that can be fabricated using dry etching. In addi-
tr? s cable ouf g ¢ s pape to eh at uf N tca Eo ut c')t' Otion, for all calculations of the mirror lossy,,=-InR/L, L
Re prot em o | t'e ermflmng te:a e;zl ace rgdec Wi 'tes'was chosen to be set at 3 mm and reflectivity valuesRfor

esonator simu'ations for meta-metal waveguides In WWo,ie taken from calculated results given in the resonator sec-
and three dimensions and for Sl surface-plasmon wavegwd(?s .
) : . ion of this paper.
in two dimensions are presented and analyzed.

The frequency range investigated for this paper is .

1-7 THz, which is below thdReststrahlerband (wo/27 A. Sl surface-plasmon waveguides
~8 THz) in GaAs where phonon losses are not prohibitively ~ The Sl surface-plasmon waveguidg&g. 1(a)] simulated
high for the operation of terahertz QCLs. Above the Restfor this paper consists of a 14m thick (except 15um thick
strahlen band lies the midinfrared regimes, which use a comat 2.0 TH2 active region layer sandwiched between a
bination of surface-plasmon and conventional dielectricLl00 nm thick contact layer doped @£5x 10" cmi ™3 with a
waveguides. Results are only displayed for the frequency\u contact on top, and, on the bottom, ah GaAs layer
range of 1-5 THz, since the threshold gaifil’ is lower in  referred to as the plasma layer doped with a carrier concen-

(2)
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T T T T T TABLE |I. List of the S| surface-plasmon waveguide variables and their
f=5.0THz respective ranges for simulations carried out.
@ ] Sl surface-plasmon waveguide parameters
w = 60 pm MBE growth parameters
1 Plasma layer thickness 300-800 nm
e PR e BB e e . 2,100 UM e Plasma layer dopingy, (1.0-5.0 X 10*® cm™3
1S—t—— ‘ ‘ i ‘ ‘ ; ‘ Active region thickness 1@m (fixed)
53} o\jg f=35THz | Active region doping 2.6 10" cm2 (fixed)
- g&\ (b) o
£ 42} E ] Fabrication parameters
S AR RN Prongugppgn MEI0UM s Waveguide width 30-20@m
. Substrate thickness 10-2%0n
Side contact gap distance 5—pfn
priately to the active region thickness to wavelength ratio.
However, as will be discussed, the free-carrier effects play a
significant role at lower frequencies, when the lasing fre-
quency approaches the bulk plasma frequency of the free
8% "1 20 30 40 50 carriers in the active region. First, variations in the plasma
Side Contact Gap Distance (um) layer thickness and doping were considered, sgy¢cis most

. . . ) nsitive to th rameters. Then, on n optimum plasm
FIG. 2. (Color onling Sl surface-plasmon waveguide two-dimensiai24)) sensilive 1o these parameters €n, once an oplimum plasma

simulation results for the threshold gain vs side contact gap distéace: 1Y€l dqping _Value was d_eterm_ined for each frequ_enCY- the
=5 THz with a plasma layer thickness of Qudn doped at 3} 108 cm3, ~ waveguide width was varied. Different substrate thicknesses
(b) f=3.5 THz with a plasma layer thickness of Quin doped at 1.5 \ere considered last.

X 108 cm3, and (c) f=2.5 THz with a plasma layer thickness of Quén ; ; ;
doped at XX 10" cm3. Waveguide widths are noted in each case. Dotted Doping levels were found for different frequencies such

lines show convergence to the waveguide’s threshold gainwithout any sidat g was n_"inimized: both for cases of finite _and_ infinite
contacts. waveguide widths. An example of optimum doping is deter-

mined from a plot shown in Fig. 3, whegg, is plotted vsn,

) . for various plasma thicknesses at 4 THz. Similar exercises
tration of n,. These layers are grown on a 2 thick \\ere performed at other frequencies, with the results sum-
(except where notgdindoped GaAs substrate, with a bottom 4rizeq in Table II. The optimum doping level is seen to
metal layer contact. Metal layers were set to be 400 nm thickjecrease with a decreasing waveguide width from the opti-
gold. Although coupling between the mode and the 10SSy,,m value given by one-dimensional analysis. The trend in
surface plasmons associated _With .the lateral metal contacgptimm plasma layer parameters as the frequency decreases
can degrade performancsee Fig. 2, if the gap between the  54/0r waveguide width narrows is towards a lower doping
ridge and the contacts is kept large, any perturbative cougjye and a thicker layer. While both the lower doping value
pling effects are negligible in comparison with the caseang thicker layer add to the waveguide legs the increase
where the contacts are absent from the simulations. Thesg confinement they provide makes these parameters more
results show that the degree of coupling between the modgesirable as the waveguide width/height to wavelength ratio

and the surface plasmons under the lateral contacts is senglecreases. The confinement factor here, and for the cases that
tive to the gap distance. Therefore, by assuming a large

enough gap distance, these lateral contacts can safely be ne-

glected in the remainder of these simulations for simplifica- ! —— 1D f
tion. The mirror reflectivity was set at 0.3196om the ef- f=4THz | =~ x:;go *I:“ i
fective index method usingg;=3.6). This is shown to be a /m”

good approximate value for Sl surface-plasmon waveguides
as discussed in Sec. Ill.

The various parameters that determine the Sl surface-
plasmon waveguide performance are listed in Table I. Simu-
lations to investigate the effect that these parameters have on
the figure-of-merit(threshold gaiih were carried out at the
following set of frequencies: 2.0, 2.5, 3.0, and 3.5 THz. For
our chosen active region thickness of Afh, 2.5 THz was
approximately the lowest frequency for which a mode was

. ) . : / _ T 2 3 4 5
still appreciably confined to the gain medium. A thicker ac- Plasma Doping level (10'® cm™)

tive region is required at< 2.5 THz, which demands a pro-
portionally longer molecular beam epitaxiMBE) growth
time. If free-carrier contributions to the loss and{R@)}  ing for plasma thicknesses of 0.3 and @: overlaid are 2D results for
were neglected, the results presented here would scale appr@aveguide widths of 80 and 10@m.

FIG. 3. (Color online Sl surface-plasmon waveguide simulation results at
f=4.0 THz. Displayed are 1D and 2D threshold gain values vs plasma dop-
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TABLE II. Optimal plasma layer doping values for the Sl surface-plasmon 12 T

waveguide. Values from one-dimensional calculations are presented in col- n 2@9‘9\‘9&3-0 T(l)'lzm

umn two; values from two-dimensional calculations are presented in column

three for waveguide widths specified in parentheses. Optimal plasma layer 'TE @/
doping values are relatively independent of the choice of plasma layer thick- ‘9; o TR W’*“W"Mﬁm
ness, which may be thin for wide waveguides and thicker for narrow 3 e P e e R B R J
waveguides. ofsE'EL’-J )
o . ‘ . E
Optimal plasma doping levels 0.481
Finite width
Frequency Infinite width Ny (X108 cn®)
(THz) Ny (X108 cm3) (width in gm)
7.0 5.0 5.0(50)
6.0 45 3.5(60
5.0 35 2.0(70
4.0 2.5 1.5100
3.5 2.0 1.0125
3.0 1.0 1.0150
25 1.0 1.0200
2910 I 8I0 120 1é0 I 200
follow for the SI surface-plasmon waveguide, is seen to be Nl lice! Vi )

the determlnlng factor for these modes since it falls in theFIG. 5. (Color onling Sl surface-plasmon waveguide simulation results at

denominator of Eq(1) and any changes i’ below 0.5 =30 THz. Displayed are 2D loss and confinement factors vs waveguide

substantially affectgy, more than similar changes ia width for plasma thicknesses of 0.4, 0.6, and Qr8 at a plasma doping of
Waveguide width effects, using optimal plasma dOpingl'OX 108 cm3; 1D results are plotted to show convergence.

levels taken from Table Il, are displayed in Figs. 4—6 for

frequencies between 2.5 and 3.5 THz. Overlaid in these figdimensional calculations above 3 THz, usually no compro-

ures are three sets of values for different plasma layer thickmise between loss and confinement is necessary as the thin-

nesses that show the compromise that must be made in vargest plasma layer simulated, 300 nm, gives the lovggst

ing this parameter. The plasma layer thickness dramaticallelow 3 THz, however, the confinement of the mode begins

influences the confinement factor and overall loss. A thicketo suffer as the ratio of the active layer to the wavelength

plasma layer will prevent “leakage” of the mode into the decreases. Considering just the infinite waveguide width case

substrate and yield a higher confinement fadtap to I'  for the moment, the contribution from the plasma layer to the

~0.5), but this is accompanied by an increase in the loss aterm «,,/I' changes little as the frequency decreases. Here,

the mode overlaps a thicker lossy material. For onethe decrease in waveguide loss, due to the frequency decreas-

20 T T T T T T : 16 T T T r - T
f=3.5THz f=2.5THz
__ 15} __12f *
o : o e, 1
5 10 §
e s
5 .
0.24¢
L, 0.16f
0.08f g B

0.00

68

621

g,, (cm™)

36"

20 - y
40 80

120 160 200 40 80 120 160 200
Waveguide Width (1m) Waveguide Width @um)
FIG. 4. (Color onling SI surface-plasmon waveguide simulation results at FIG. 6. (Color onling Sl surface-plasmon waveguide simulation results at
f=3.5 THz. Displayed are 2D loss and confinement factors vs waveguidé=2.5 THz. Displayed are 2D loss and confinement factors vs waveguide
width for plasma thicknesses of 0.4, 0.6, and r@ at a plasma doping of  width for plasma thicknesses of 0.6, 0.8, and 4 at a plasma doping of

1.0X 108 cm3. 1D results are plotted to show convergence. 1.0x 108 cm3; 1D results are plotted to show convergence.
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roune—rv_, f=207THz ~ 45} — =
_ 45) O e T n w=75umpn % — 1B
e Tt ot LTI dB . veapeyp, o= vt L L ;
E gl 8 35 : o w=100um (@) 1
5; " 05-525- DB£‘+4+ +‘~+/ﬂ—_g f=5THz |
15} wgéﬁ-e-e—e-e—e_e_é;;ﬁ
15 + t —t t +
o __ 45¢ L/W=125ll|;“ f=4THz
i w =100 um ¢ \ (b)
0.15} £ 35
’ = 55 i AN 5
= -5 ¥ o <
= 0.10 1 m‘“25'.gg§,§j£ LN s 2
: \
15 : , : . w =150 um
0.05} w =100 ym
~ 42} I
0.00 'e
s 33 T e R e etsr ]
~ 8ot 05‘524'%%&6“1*“*“*** © |
I N / f=35THz
8 el ‘ | 15— Y= 135um w=150¢m ¢,
50/ T ool e ameeme e
5 g 35¢ =
3%-)00 150 200 250 300 \:‘5 o5} (d)
Waveguide Width (um) o .
s, , f=30THe
FIG. 7. (Color onling SI surface-plasmon waveguide simulation results at 62l
£=2.0 THz for a 15um thick active region on top of a 10@m thick sub- - w180 um ©)
strate. Displayed are 2D loss and confinement factors vs waveguide width £ 48 a 7‘”7= 200 pm
for plasma thicknesses of 0.6, 0.8, and &M at a plasma doping of 1.0 %: ~ e g geily _E_,__i__‘_f'_ __________
X 108 cm 3. 1D results are plotted to show convergence. o 34 Q//g/é’“
f=25THz
20 . : : . . : . - :
] ) 0 50 100 150 200 250
ing and moving further away from the bulk plasma fre- Substrate Thickness (um)

quency of the plasma layer, is nulled by the decrease in the _ o _

fi t due to the geometric effect where the WaveEIG' 8. (Color online SI s_urface-plasmon waveguide S|r_nu|at|on results o_f
con mefmen ! . 9 ) ’ - 1D and 2D loss and confinement factors vs substrate thickness. Waveguides
length increases relative to the active region thickness. HoWgith finite widths of various values are labeled. Plasma thickness git3
ever, as the facet loss,, is nearly independent of the fre- were used in(@ and(b), 0.4 um in (c) and(d), and 0.8um in (e); plasma

; P doping levels were set afa) 3x10®¥cm? for f=5THz, (b 2
guency, while the plasma layer contribution to thg/I" term X108 em® for =4 THz, () 1.5x10%cm® for f=3.5 THz, (@) 1

changes little vs frequency, the,/I" term begins to blow Up ;138 ¢nv3 for £=3 THZ, and(e) 1x 101 e for £=2.5 THz.
as the confinement degrades at lower frequencies. Therefore,
while the plasma layer contribution tg, decreases with the

) region and couples more to the surface plasmon associated
frequency,a,, does not, and for frequencies below 3 THz 9 P P

X ’ with the bottom metal contact. This effect where the bottom
thicker pla_sma layers are needeq to prevent the W . contact “pulls” the mode out of the active region increases
from blo.wmg'up. If we now conS|d.er the effects that f|n|t§ with decreasing frequency. This is counter to an intuitive
waveguide widths have on the confinement factor, we pred'cﬁotion that thin substrates will simply push the “leaked”
that thicker plasma layers will yield an even better figure'Of'mode back into the active region and increase confinement.
merit than that predicted by one-dimensional analysis belo"‘i'his latter effect does occur, but only for extremely thin

Certainfwavegui_de ;Vi?ths atal freqhuencées._ _ substrates, when the wavelength in the semiconductor ap-
. At requencies below 2.5 THz, t_ ere u<.:t|0_n'|n{aeo)} roaches the thickness of the substrate; and therefore the
in the active region by the free carriers is significant enough) »\equide behaves more like a metal-metal waveguide. This
such that the mode, in effect, becomes mainly confined to thgituation is seen for some cases of low frequencies, where it

S substrate. Therefore, in order to optimize the waveguide,, 1o advantageous to thin the waveguide in order to mini-
design, the substrate should be thinned as much as possibj&; o ha leak, as seen in Fig(d. Increasing the confine-

The con.finem.ent can also be incr.eased by incregsing_the Affient by using a thicker plasma layer will minimize the effect
tive region thickness. Figure 7 displays waveguide S|mula—of coupling with the bottom metal contact for narrow
tions carried out at 2.0 THz for a 1&m thick active region waveguides

on top of a 100um thick substrate.

The effect of substrate thickness is discussed next. Asid
from the waveguide perspective, thin substrates offer therma
advantages during device operation. However, it is shown The metal-metal waveguides simulated for this paper
that in certain cases of narrow waveguide widths and thirconsisted of an active region of varying thickness sand-
plasma layers, thinning the substrate degrades the figure-ofviched between a 400 nm thick top metal contact and a
merit. Figure 8 shows the effect of substrate thickness fometal substrate. The waveguide, like the SI surface-plasmon
different frequencies and waveguide widths. As the wavewaveguide, is based on a double-sided surface-plasmon be-
guide width decreases, the mode is pushed out of the activeveen the top and bottom metallic contacts. The dependence

. Metal-metal waveguides

Downloaded 14 Feb 2005 to 18.62.4.5. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



053106-6 Kohen, Williams, and Hu J. Appl. Phys. 97, 053106 (2005)

Ok

—_— 76

] . 62
(@) f = 3 THz] 0

0
0.97 £ | | | | 5 48! o
T; 2lprnes g 2200 Sum g > 34f S| @\M;;g\“;:;\;
K3 14;9990 ey - ) Surface Plasmon 3
£ 7f o =0.891/m 10pum 20 | : : : :
(=] 171 3 1
0 2
.T" 1
£ 141 X&
= NS Metal-metal
o 11
vTE B 8O | 5.0 I 160 150
bo-eco—o S o
=) 16 o =057 1/em 10 um Waveguide width (um)
£ 8 1
= 0 FIG. 10. (Color onling Threshold gain values for higher-order lateral modes

______ 5 vs waveguide width fofa) Sl surface-plasmon waveguides aiil metal-

0.94} metal waveguides at 5 THz. The plasma layer@his 0.5um thick and
- | doped at 3¢ 10' cm™3. Both structures are 1m thick.
0.82% (c)f=1THz,
_ ; et ; Simulations were als_,o car_ried out above 3 T_Hz, where
. OOBEAEx - Ty Ty _ _ _ Sum _ g the metal-metal waveguide slightly improves on its already
g 40t o =028 T/cm 10 um ] near unity confinement while exhibiting lower waveguide
"’5 20 losses as the lasing frequency moves further away from the
o ) . . ) . bulk plasma frequency of the active region. As such, wave-
%0 50 70 90 110 130 150 guide loss above 3 THz is dominated more by losses associ-
Waveguide Width (um) ated with the surface plasmons at the metal contacts making

the threshold gain more sensitive to the thickness of the ac-
FIG. 9. (Qolor onlineg Metal-metal W_avegL_Jide simulation_results: 2D loss tjye region. Nevertheless, the valuesggfshown in Fig. 9a)
i‘g%"’f‘;‘{‘fg)‘fg‘yg";ﬂ;{; "f"j‘fg‘#gez’Vggi'cgﬂrchg*mg‘”esses of 3 a”iep;e_ls_ant the upper bounds in the frequency range of
- z.

of gy on the metal-metal waveguide parameters of wave- In comparison with the Sl surface-plasmon waveguide,
guide width and waveguidéactive region thickness are gy, depends only weakly on the width of the waveguide and
shown in Fig. 9 for frequencies of 1, 2, and 3 THz. Unlike the metal-metal waveguide is capable of maintaining low
the Sl surface-plasmon waveguide, the mirror reflectivity dethreshold gain conditions for waveguide widths much less
pends on the frequency and waveguide geometry and ther&ian the lasing wavelength in free space. One-dimensional
fore the values oty are taken from the calculations in Sec. simulations therefore provide adequate analysis for all but
Il B. In the terahertz regime, mirror reflectivities for metal- the narrowest of metal-metal waveguides. The higher con-
metal waveguides are seen to be greater than those for 8hement is partly due to the fact that the mode only is al-
surface-plasmon waveguides; therefore, the mirror couplingpwed to leak into the air on the sides rather than both the
losses contribute less to the overall loss. In addition, sinceides and the substrate, as in the case for the Sl surface-
the confinement factors for all metal-metal waveguides ar@lasmon waveguide. This allows the fabrication of very nar-
close to unity, the final figure-of-merit can be well approxi- row waveguide ridges, which can be advantageous for reduc-
mated as simply the waveguide losg, (=gy,). ing power dissipation and optimizing heat removal from the

The effect of varying the waveguide width at different active region. In fact, we have achieved a record perfor-
frequencies is shown in Fig. 9, with each plot showing twomance of cw operation up to 97 K from a 28n wide laser
different cases of active region thickness. The calculatedt 2.8 THz(\ o=~ 107 ,um).12 This laser device has the small-
waveguide loss increases as the active region thickness dest width/wavelength ratio of any laser. However, as a result
creases, due to an increase in the relative modal overlap withf its strong confinement, the metal-metal waveguide is ca-
the metal and lossy contact layers. For low frequencies, agable of guiding far more lateral modes than the Sl surface-
the lasing frequency approaches the bulk plasma frequengjasmon waveguide at a given width. This is shown in Fig.
of the active region(0.43 TH2, the total waveguide loss 10, wheregy, is plotted vs waveguide width for several
becomes dominated by free-carrier loss associated with caiigher-order lateral modes. In our experiments, we have ob-
riers in the active region itself. This is manifested by theserved only multilongitudinal modes from the SI surface-
decreasing sensitivity dd, to the active region thickness at plasmon laser devices, but frequently observe multilateral
low frequencies, where losses associated with the metal comrodes(as well as longitudinal ongdrom the metal-metal
tacts become less important. waveguide lasers. In this respect, the S| surface-plasmon
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waveguide exhibits higher mode selectivity for achievingmerical processing, no simulations could be performed in
single-lateral-mode laser operation, and is more conducive tthree dimensions for the Sl surface-plasmon waveguide.

the fabrication of wide laser ridges for high output power. The simplest method to determine the facet reflectivity is
to divide the reflected powd?, by the input poweP;,. How-
C. Waveguide discussion ever, in two-dimensional simulations, for waveguides with

) ) __more than one propagating mode, the reflected power is usu-

In summary, tyvo-dlmen5|_onal results were used to f'ndally carried by more than one mode of the waveguide due to

the optimum doping and thickness for plasma layers acge gycitation of higher-order modes at the facet. Higher-
counting for the finite widths of S surface-plasmon ridge o 4er modes with an imaginary propagation constant are eva-
waveguides. It was found that the waveguide behavior devi;oscent and do not carry power: however, in three dimen-
ates substantially from that predicted by a one-dimensionaéions, evanescent modes, due to the finite width of the

model for ridge widths narrower than five to six times thewaveguide, are leaky and do carry power away laterally. For
radiation vyavelength in the semicon_ductor._Thi_s occurs ag - threshold gain condition in Eq), the relevant param-

the mode is squeezed out of the active region into the Sulser js the reflection coefficient into the mode of interest and
strate and reducds, which, whenl” is below 0.5gy, I quite oy 01 des any reflections into higher order modes; therefore,

sensmv_e to. While some improvements may be possible "Mhis method of calculating the power reflection is not always
the design of Sl surface-plasmon waveguides, such as grad gl

) &3 , > SQequate. Instead, the standing-wave ré8i&/R) method is
doping of the plasma layer, the waveguide displays larger e to obtain a more accurate value for the reflectivity into

threshold gains in comparison to the metal-metal waveguidg ghecific mode. We assume that the total field in the wave-
for all the frequencies investigated 7 TH2. The main 4 ije is composed of a forward propagating fundamental
obstacle in obtaining low threshold gains for the Sl surface—mode he(x,y)€8%, the mode of interest, and backward

plasmon waveguide is its poor ability to confine the mode,, 2 qating modes of all orders due to excitation at the facet,
which results in confinement factor valueslof0.1-0.5. In

particular, the confinement drops at lower frequencies, both  H(x,y,2) = hy(x,y)e#o? + E rhi(x,y)e "z, (3)
due to a geometric effect where the wavelength increases i

relative to the active region thickness, and due to the 1y here ther s are the amplitude reflection coefficients into

-wpl reduction of the dielectric constant in the lightly gach respective mode. The SWR is defined by the ratio of the
doped active region. As a result of this reduction i{ &e)} maximum to minimum value of the standing wave

by the free carriers, the mode extends further into the sub-

strate where the dielectric constant is higher, unless confined _Khox,y)[H (XY, 2))|max _ 1 +[rol )

by excessive thinning of the substrate. The metal-metal Ko WIHXY, 2 min 1= rol’

waveguide, on the other hand, has a confinement factor close . .
to unity, and yields lower threshold gains across the fre—Wh,ere the inner prOduc(hQ|H>Effh0'HdX dy. The calcu- )
quency range investigatéti—7 TH2), with little dependence lation of the _fa_cet reflectivity therefore only needs the_ maxi-
on the waveguide width. However, while the metal-metalM4M and minimum values of the standing wave defined in
waveguide outperforms the Sl surface-plasmon waveguide iffd- 4 to obtain a value of
terms of waveguiding, it underperforms in terms of its ability > [SWR-1 2
to couple power out. This issue is discussed in the following ~ R= Irol*= SWR +
section.

(5)

IIl. RESONATOR ANALYSIS

. . . S| surface-plasmon resonators
The resonator of a laser includes both the waveguide ané P

mirrors. This section focuses on mirror reflectivities and the  As discussed in Sec. I, previous analyses of Sl surface-
radiation pattern of the laser. We consider ridge waveguideplasmon waveguides used the effective index method in cal-
where the mirrors for both waveguides are simply con-culating the mirror coupling loss. For a GaAs/Air interface,
structed by cleaving the waveguides; the resulting facets, dughere ng,as~3.6, this gives a mirror reflectivity oRR
to the orientation of the crystalline lattice, are approximately=0.32. Selected frequencies were simulated for the SI
perfect planes. surface-plasmon waveguide and the results are shown in
Because of memory limitations, in the metal-metal reso-Table lll. The thickness of the active region is ifn for all
nator simulations, all materials were made lossless and thime frequencies simulated. Waveguide parameters were kept
metals were replaced with perfect electrical condu@®®C  constant except for the plasma doping level, which was
boundary conditions, that is, the tangential componerf of changed to correspond to the optim@minimizedgy,) level
=0. The inherent nature of the S| surface-plasmon moddor each frequency. As seen, numerical results for all fre-
prevents the use of such a lossless approximation. Thereforguencies tested are sufficiently close to values given by the
an appropriate gain was included in the active region to baleffective index method to reaffirm its validity in calculating
ance losses in the plasma layer and prevent decay of thairror reflectivities for the Sl surface-plasmon waveguide.
input eigenmode. Unfortunately, due to the severe aspect ré&-ar-field radiation patterns were also calculated at frequen-
tio in the Sl surface-plasmon waveguide geometry and theies of 2, 3, and 5 THz for the Sl surface-plasmon wave-
memory requirements in full-wave three-dimensional nu-guide. No severe diffraction effects are seen and the far-field
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TABLE lII. SI surface-plasmon facet reflectivities for 2—6 THz. All of the 0 (degrees)
structures simulated have the following geometry: @M top metal con- 0 90 180

tact, 10um active region(doped at 2 10* cm®), 0.5 um plasma layer
(doping listed, on a 100um substrate with a bottom metal coating. Calcu-
lations using the effective index methéal;=3/k,) are listed for compari-
son. These simulations neglect any contributions to the refractive index due
to phonons.

790

s (a)
Sl surface-plasmon waveguide facet reflectivities %
Reflectivity (%) g
Frequency Plasma layer doping n?
(TH2) Simulated Neit Method (X108 cm™d) ‘(5)‘_
2.0 28.95 31.99 1.0 3.
25 32.71 32.03 1.0 3
3.0 33.26 32.08 1.0 N
4.0 32.08 32.17 2.0 g (b)
5.0 31.24 32.26 3.0 S .
6.0 30.21 32.35 45 = Wjaveguide -
Substrate
o L L |
pattern is similar to that predicted by Fraunhofer diffraction -90 0 90 180
0 (degrees)

from a uniformly excited aperture in an infinite PEC ground

plane. FIG. 12. (Color onling Normalized two-dimensionalinfinite waveguide

width) power radiation patterns for metal-metal waveguides. Sets of
power radiation patterns at different frequencies for a waveguide thickness
of 10 um. (b) Sets of power radiation patterns at different waveguide thick-
gesses fof=3 THz.

B. Metal-metal resonators

Waveguide apertures for metal-metal structures ar
much smaller than the lasing wavelength in free space and
thus previous approximations used in optical and midinfrarey subwavelength aperture is approximately proportional to
waveguides for reflection and transmission calculations aréne area of the aperture. The oscillatory behavior as the re-
no longer valid. These failures mainly come about becausgectivity converges to the optical reflection value suggests an
previous theories assume that incident and transmitted waveshanced transmission of light at frequencies whBre
are plane waves with infinite extent. In addition, they assume<0.32 in comparison with plane-wave transmission. The
fields free of coupling effects with the_ aperture’s boundary,most pronounced minima iR in fact occur when the wave-
where for subwavelength apertures this effect becomes nomuide thicknesses are approximately half of the free-space
negligible. _ _ _ wavelengths. An analogy can be made in this case with the

Figure 11 displays two-dimensional results of metal-ideal finite-length dipole antenna, in which analytical results
metal facet reflectivities vs frequency for different values ofshow local maxima and minima in radiation resistance for
the active region thicknegsvaveguide height The effective  dipole lengths at approximately integer multiples of half
index method fails to describe the higher facet reflectivitieswave|ength§_° In fact, if we consider the Sl surface-plasmon
that occur in the terahertz reginig—10 TH2. The increase resonator approximated as a metal-metal waveguide with a
in reflectivity, or decrease in transmission, can be understoothickness of 11Qum (10 um active region plus 10@m
in the context of antenna theory, where power radiated frongubstratg then from Fig. 11 we see that indeed the reflection

values should be close to the optical reflection. In addition,

I — T AL the changes in the simulated reflection values in Table IlI
T i i i, Wi N | follow the same oscillatory behavior as metal-metal
S Y - waveguides simulated with other thicknesses right before
081 \ RN 7 their reflection values diverge from the optical reflection
2 o\ \toum
Sor \ \ i value.
3 \ \20 um Diffraction of the fields at the aperture also clearly di-
e O 40 7 verge from results predicte raunhofer diffraction from a
2 06 \ mo o\ gef Its predicted by F hofer diffraction f
go.s— \80 am o\ ] uniformly gxcited aperture in_ an infinite PE(_: grognd plane,
w \ \ \ shown in Fig. 12 where considerable power is delivered both
o4 ) \ RN ] down the side of the substraté<-45°) and back above the
oaf---OPtcalB e e top metal contactd>90°). Figure 12a) displays power di-
‘ ‘ rectivity “beam” patterns at varying frequencies for a fixed
0 o7 T1o® 1o thickness 1Qum thick metal-metal waveguide and Fig.(bP
Frequency (Hz) displays power directivity beam patterns for varying thick-

nesses of the metal-metal waveguide at a frequency of

FIG. 11. (Color online Two-dimensional(waveguide width is infinitg . .
metal-metal waveguide facet reflectivities vs frequency for five different3 THZ. Except for the effect of the conductive substrate, this

waveguide thicknesses 5, 10, 20, 40, anduB0. scenario is similar to that of the radiation from a parallel
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100 ' ' ' subwavelength metal-metal waveguide fails to. Radiation

95 . patterns for Sl surface-plasmon waveguides are similar to

90" T ] that predicted by Fraunhofer diffraction from a uniformly
< 85t . ] excited aperture in an infinite PEC ground plane. Metal-
> ool \f«, W reesdsBOR o | metal resonators, on the other hand, are more appropriately
3 \\\\ ,,,,,,,,,,,,,,,,,,,,,,, described by microwave models as the facet reflectivity in-
§ = \ f L ] creases dramatically and the directivity of the output power
B Dhememde XA o s e e o e e I decreases since the waveguide aperture is much smaller than
£ 65 = =5THz = ] the free-space wavelength.

o ] With the tight mode confinement, the metal-metal wave-

o5l guide has a clear advantage over the Sl surface-plasmon

waveguide to obtain a reduced lasing threshold. However,

% 50 100 150 200 the trade off is a poor out coupling of power from the cavity
Waveguide Width (um)

and a highly divergent beam pattern. The high facet reflec-
FIG. 13. (Color onling Three-dimensional metal-metal waveguide facet tivity results in a small value of the mirror losg, (typically
reflectivities vs waveguide width for=3, 4, and 5 THz with a waveguide ~1 Cm_l) compared to the waveguide losgypically
thickness set at 1fm; dashed lines give the two-dimensional values to 15_oq le) This results in a small value of the out-
h : ) ; . .
show convergence coupling factora,,/(a,*+ ), Which appears in the expres-
sion for the optical slope efficiency of a laser. In order to
AN . , fncrease the out-coupling efficiency and improve the radia-
b_oundary effect_s, the rad|at|on IS hlghly_dlvergent with tion pattern of the metal-metal waveguide lasers, mode
S|gn|f|cg3t frgc:on radiated rl]Jp fand behlrrlﬁe>90f)”the Imatching structures including horn antennas and horn-to-
waveguide with respect to the facet. Without a full metal,, o\ qjide mode converters can be used, just like the case in
plane at the aperture to block radiation| @t>90°, reradia- all the millimeter-wave sources and detecttrs
tion of the field in the reverse direction is possible from
Huygens’ principle. Only a fraction of the output power is ACKNOWLEDGMENTS
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