APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 11 15 SEPTEMBER 2003

Terahertz quantum-cascade laser at A=100 gum using metal waveguide
for mode confinement
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We report lasing at-3.0 THz (\~98—-102xm) in a quantum-cascade structure in which mode
confinement is provided by a double-sided metal waveguide. The depopulation mechanism is based
on resonant phonon scattering, as in our previous work. Lasing takes place in pulsed mode up to a
heat-sink temperature of 77 K. The waveguide consists of metallic films placed above and below the
10-um-thick multiple-quantum-well gain region, which gives low losses and a modal confinement
factor of nearly unity. Fabrication takes place via low-temperature metallic wafer bonding and
subsequent substrate removal using selective etching. This type of waveguide is expected to be
increasingly advantageous at even longer wavelength0@3 American Institute of Physics.
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The development of the quantum-cascade 14€&8L)!  «(w) in the active region compared to that of the S| substrate
has resulted in a class of semiconductor lasers in which theill further reduce the confinement factor.
wavelength can be customized by engineering the multiple- In this letter, we report a terahertz QCL that uses a
guantum-well active region. These lasers have successfulljouble-sided metal waveguide for mode confinement. This
spanned the mid-infrared frequency range, and recently fametal—semiconductor—metal structure is essentially the same
infrared, or terahertz, QCLs have been demonstraté@he ~ as microstrip transmission lines that are widely used for
underused terahertz frequency regifle-10 THz, 30—300 waveguiding at microwave and millimeter-wave frequencies,
um) is the subject of increasing scientific and technologicaland the geometry is compatible with the TM polarization of
interest, and the development of compact coherent sourcégtersubband transitions. Due to the shallow skin depth in the
would be useful for applications such as spectroscopy anthetal, the waveguide can be made with very low losses and
imaging. a confinement factor close to unity. Enhanced terahertz

Free carrier absorption grows increasingly strong aglectroluminescencebut not lasing, was observed in such a
longer wavelengths, so that the development of a low-los¥vaveguide fabricated via Au-Au thermocompression bond-
waveguide was critical for the realization of terahertz QCLs.INg in Ref. 8. Mid-infrared QCLs have also been demon-
An early design involved confinement between the uppegtrated using a metal waveguide fabricated via a solder-
metallic contact and a thick semiconductor layer heavilyponding me_thoa. _ o _
doped to act as a “metal"®{e}<0).°> However, even at the The active region (.jes[gn is based around a'vert|cal tran-
largest attainable doping leveh 5% 10" cm 2 in GaAg,  Sitionin which a cqmbmatlon of resonant tunneling and LO-
the field penetrates significantly into the cladding, and henc@1onon scattering is used to selectively depopulate the lower
free carrier losses are lar§€urrently, all reported terahertz 'adiative staté.As shown in Fig. 1, the radiative transition
QCLs use a waveguide in which the mode is composed of2kes place between leveis=6 andn=5 (highlighted with
surface plasmons bound to the upper metallic contact and &ICKer lines, where the transition energy is calculated to be
thin n* contact layer grown between the active region and-es~ +1-4 MeV. At the design bias~{61 meV/module),

the semi-insulating(Sl) GaAs substraté:* Although the e\{[(:lls,ln=l5 andn='4k?redantlcr?sg°,edd|:;%4=S.ﬁ met}/), and g
mode extends substantially into the substrate, the overl OO- hevnefl are (tthr(i:ny 'iporilgl f rci)#tg t‘:’]u ?:.:OSF c;on
with heavily doped regions is small, so that the free carrier.~ P 10NN scattering 76~7,~0.4 ps) into the injecto
LT . states 1=3,2,1). The small overlap betweenrn-6 and the
loss is minimized. However, the mode confinement fattor . o o . .
. . injector states limits the calculated parasitic scattering time
is far below unity "~0.2-0.5 for reported lasersAt N he middle ini Ilis Si doped
longer wavelengths N\>100 um), I' will become even 0 76 (1,2,3=6.0 ps. The middle injector well is Si doped to
ler b £ two factors. First. th ic effect Prowdeasheet electron density of 3.00'° cm™2.
sn|1a er ecaulse Othwod ac ortsﬁ IFSL I N gseomedn(ihe ZC Io The cladding and contact layers were chosen so that the
a longer wavelteng Le ?Crﬁ de ov?jr ap. second, the diflefe,ice could be processed using either a Sl-surface-plasmon
tric constante(w) in t 2e 'g tly doped active region Is re- waveguide, or double-sided metal waveguide. The device
duced by a factor ¥ wi/w® as th‘i frelguency) approaches afer FL152F, was grown using molecular beam epitaxy
the plasma frequency)p:(nezlm €)~'“. The reduction of (MBE) on a S| GaAs substrate: first a Q8n undoped
Al sGa, sAs etch-stop layer was grown, then a Quéy GaAs
aElectronic mail: ghu@mit.edu contact layer doped at=2x10"cm 3. Next, 152 cas-
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FIG. 1. Conduction band profile at a field of 9.5 kV/¢60.5 mV/module = . 1
. X o . Au | active Au
calculated using a self-consistent Salirger and Poisson solver. The de- region . . . . N
vice is grown in the A ;:Ga gsAs/GaAs material system and the five-well 0 10 20 30 40 50 60
module is outlined by the dotted box. Beginning with the left injection Distance (um)

barrier, the layer thicknesses in A are 44/77/28/69/36/157/17/102/25/83. The

102-A well is doped ah=2.9x 10! cm~23, which yields a sheet density of FIG. 3. Mode intensitiegsolid lineg and the real part of the dielectric
n=23.0x 10" cm~2 per module. constante(w) (dashed lingsfor the (a) SI-surface-plasmon waveguide and

(b) double-sided metal waveguide. The dotted line represents the square of
the modal effective index.

caded modules were grown to form the df+thick active
i 8 3
region. A 60-nm GaAs contact layen€5x 10° cm ) By careful choice of layer thicknesses, all the indium is con-

;/vas grO\:vn above thg:Actlve relglon, thHOI\INedfbyt?] thin, IO\:c"'sumed, and the bonding layer remains robust up to the melt-
emperature-grown GaAs cap layer to allow for the use of 4, i ot the In-Au alloys 450 °C).

nonalloyed ohmic contact. Fabrication of the Sl-surface- = 114 5| GaAs substrate was first lapped and then chemi-
plasmon waveguide structure took place via wet etching, aéally removed in NHOH:H,0O, (1:19. This selective etch

described in Ref. 4. stopped at the AQlGa sAs layer, which was subsequently

The double-sided metal vyavegwde was fabricated USIN%amoved in HF acid. To reduce free carrier absorption, the
low-temperature In-Au metallic wafer bonding followed by 0.6-um n* contact layer was etched to a thickness of ap-

substra_te r_emoval. The sche_matic of the bonding process Eroximately 0.2 um. TilAu (20/400 nm contacts were
shown in Fig. 2. Befor_e bor?d'”g' the MBE-grown Wafei"v"]‘sevaporated using a lift-off process and then used as self-
prepared by evaporating Ti/Au Iaye(t’SO/_lOOO nm. An n aligned etch masks to define ridge structures of various
GaAs receptor substrate was coated with the metal sequenggyg Electron cyclotron resonance reactive ion etching in
Pd/Ge/Pd/In/AU25/10/25/1200/120 ninThe purpose of the a BCh:N, gas mixture was used to etch down to the under-
Pd/Ge/Pd multilayer was to improve the electrical contact tciying metal. Finally, Ti/Au was deposited on the wafer back-
the receptor substrat8.The topmost gold layer minimizes side the devices V\,/ere cleaved, and@J/Ti/Au layers (ap-
indium oxidation. Wafer pieces of about 1 ¢mere cleaved, . rox’imately 300/15/150 nimwer'e evaporated on the back

alihglned, and bonded o? 3thotthpla:[[e Et ESOJ.C f:)rklo r|n| acets to form a high reflectivityHR) coating. The resulting
while pressure was applied 1o the stack. bonding takes placgq waveguide structure was sufficiently mechanically

above the melti_ng_ point of In_(156.6°C) as th_e indiu_m Wetsstrong to allow multiple wire bonds to be made directly to
the surface to fill in any crevices, and then diffuses into the[he top of the ridge

H H 12
gold layer to reactively form a variety of In-Au alloys: The one-dimensional mode patterns for the two
waveguides were calculated using a Drude model solver and

ff) L0 SnTperallin are shown in Fig. 3. Drude scattering timesref0.1 ps and
GaAs onding X A
Al Ga, As (500 nm) 0.5 ps were used for the heawly doped and lightly doped
semiconductor regions, respectively, ame-0.05 ps was
l, ME T (20 nm) used for gold:® The Sl-surface-plasmon waveguide was cal-
| “—Au' (1000 nm) . _ —1
Au {120 nm) culated to have a waveguide loss @f,=2.7 cm ~ and a
T R (25 o) confinement factor of=0.127. The A}Ga,sAs layer,
= GaAs receptor substrate S| \32 (15 M) which is not normally present in Sl-surface-plasmon
waveguides, causes a slight reduction in confinement and
(5] Remove substrate (o} Fabrioate ridge structres loss. The metal waveguide was calculated to haxg
and AlGaAs etch stop TR 207e00iin) =17.8 cm ! andI'=0.98. Only about 6 cm' of that loss is
— Siows due to the metal and contact layers, and the remainder is due

to free carrier absorption in the active region. The expression
for the threshold material gaig is given by

n+ GaAs receptor substrate n+ GaAs receptor substrate

g=ay/I'+a,/T, (D)

FIG. 2. Schematic for the wafer bonding processing for double-sided metal ) ] )
waveguide. where «, is the mirror loss. Sincex,, ranges from roughly
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T Dens:tgo(g/cmz) 1500 Ie_ngth operation. Devices of similar dimensiof_ﬁo-,um
y T T wide and 2.7-mm long, HR coatpthat were fabricated us-
2r / ing the Sl-surface-plasmon waveguide failed to lase. Metal
waveguides become increasingly advantageous for longer
oK wavelengths, whereas the confinement fadtdor the SI-
surface-plasmon waveguide decreases even further. The re-
duction inT" is due both to a geometric effect as the wave-
length grows relative to the active region thickness, and to
the 1— w;/w2 reduction of the dielectric constant in the ac-
tive region. As a result of this reduction iR{e(w)} by the
oK free carriers, the mode extends further into the substrate
E;E where the dielectric constant is highfig. 3@)], or even
77K, o becomes unbound below some cutoff freque(p THz at

0 ! 2 Surrent (2\1) s ® ! our doping level in the active regipnit should be pointed

FIG. 4. Apolied bi a1 5 K and emitted liaht out that this calculated reduction efw) may even be an

. 4. Applied bias versus current af and emitted light versus curren . A Iy . L

at various temperatures, measured using 100-ns pulses repeated at 1 klif!.]d_eresn_mate' The_ intersubband trar_wsmons n the_ Injector
Note that thel -V characteristic was measured using a similar, but smaller’€gion shift the oscillator strength to higher frequencies than
device, so only the current density scale is applicable. Spectra taken at 5 apgfedicted by the Drude model, potentially yielding an greater
77 K (with liquid nitrogen cooling using 100-ns pulses repeated at 10 kHz raduction ine(w).15 The reduction i’ may be mitigated by

Iso shown. Emitted light d usi Ge:Ga photodetect . .
are &:so Shown. EMmItec 19 was measured Using a e-sa pnoiodeies %creasmg the thickness of the" contact layer, or by de-

and the spectra were collected using a Nicolet 850 Fourier transform infra- . ) > X .
red spectrometer operated in linear-scan mode with a resolution ofréasing the active region doping, but this comes at the cost
0.125cm™. of increased loss or reduced design flexibility. On the other
hand, I" for the double-sided metal waveguide is always
_q , . L close to unity regardless of the doping concentration in the
2-10 cm = for typical cavity lengths, it is clear that the ;e region. This important advantage will be valuable or

large confinement factor is a major advantage, because whilg ., rucial in the effort to extend quantum-cascade laser
the terme,, /T is of similar magnitude for both waveguides, operation to even longer wavelengths.

the terme,,,/T" can become quite large for the Sl-surface-

plasmon waveguide. This work is supported by AFOSR, NASA, and NSF.
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