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Bidirectional Semiconductor under application of a suitable electric field, 
G, is spatially localized close to the injection 

Laser barrier -(7). The emitted photon energy is 
controlled. for a given active region quantum 
well, by the thickness of the injector layers in 

Claire Gmachl," Alessandro Tredicucci, Deborah 1. Sivco, the immediate vicinitv of the iniection barrier 
Albert 1. Hutchinson, Federico Capasso, Alfred Y. Cho and by the applied electric field. A reversal of 

the bias polarity (Fig. 1B) will localize the 
A semiconductor laser capable of operating under both positive and negative 
bias voltage is reported. Its active region behaves functionally as two different 
laser materials, emitting different wavelengths, depending on the design, when 
biased with opposite polarities. This concept was used for the generation of two 
wavelengths (6.3 and 6.5 micrometers) in the midinfrared region of the spec- 
trum from a single quantum cascade laser structure. The two wavelengths are 
excited independently of each other and separated in time. This may have con- 
siderable impact on various semiconductor laser applications including trace gas 
analysis in remote sensing applications with differential absorption spectroscopy. 

injector ground state G_ at the opposite end 
of the injector miniband. With an injector 
entirely symmetric around its center. G+ and' 
G- would be equivalent. and the laser wave- 
length would be the same in both polarities. 
If. however, the injector regions are designed 
as asymmetric, the energy position of G will 
be different than that of G+. leading to dif- 
ferent laser wavelengths A,. 

The exact layer design, a portion of the 
Most optoelectronic semiconductor devices: voltage. In addition. the dperating wave- band structure. and the moduli squared of the 
such as conventional sen~iconductor lasers; length can be made different in the two po- relevant wave functions of sample D2520 are 
light-emitting diodes, and solar cells; are bi- larities. These features provide functionality shown in Fig. 2. We briefly discuss the de- 
polar; that is, they contain a conlbination of not available in conventional sen~iconductor sign parameters that are important for bidi- 
sen~iconductor layers doped with donor im- lasers: opening the door to many useful ap- rectional, dual-wavelength operation. An in- 
purities (n-type doped) and with acceptor im- plications ( 6 ) .  depth description of QC lasers based on pho- 
purities (p-type doped). The resulting built-in In QC lasers: the optical transition takes ton-assisted tunneling. including the implica- 
electrostatic potential provides an inherent place between quantized states in the conduc- tions of the reduced spatial overlap of the 
directionality to these devices and renders tion band of a multiple quantum well struc- electron wave functions involved in laser ac- 
them functional for a specific voltage polar- hlre (1, 2). The emission wavelength is de- tion, can be found in (7). The inlpoltant 
ity. On the contrary. unipolar optoelectronic termined by the energy level difference, quantity in the calculation of the threshold 
devices offer the possibility of bidirectional which is controlled by the well and barrier gain of QC lasers is k, = ~ + ' E + T , .  - - The 
use. The invention and developmeilt of unipolar thickness and the applied electric field. In product of the first two factors, that is. the 
lasers known as quantum cascade (QC) lasers general, reversing the applied bias in standard square of the optical matrix element z ,  and 
(1, 2) have attracted considerable attention QC lasers alters the energy level structure; the energy ofthe transitionE,. isproportion- 
because they can be designed to operate in an thus preventing laser action. The device pre- a1 to the oscillator strength f,. .i= is the 
extremely broad spectral range (the entire sented in this paper operates instead as a lifetime of level G,: determined mainly by 
midinfrared spectrum). This is done by con- different QC laser in each polarity. the relaxation time from G, to level 1; due to 
trolling the layer thicknesses rather than the In the diagram describing the basic prin- the emission of a longitudinal optical phonon. 
material composition, with band-stmcture en- ciple of operation of the bidirectional QC The indices imply that these values can be set 
gineering (3) and n~olecular beam epitaxy laser (Fig. I), a poition of the conduction independently for each bias direction. If one 
(4). In addition, the generation of many laser band stiucture. two active regions with the is interested in a device with hvo different 
photons per injected electron above thresh- connecting injector region, is shown. QC la- emission wavelengths, that is. E +  # E - ;  but 
old, due to the cascading of active regions, is sers typically contain a stack of A' - 30 comparable threshold current and voltage (8). 
responsible for the unprecedented power of periods of alternating active regions and in- then z, and .i= need adjustment to achieve 
QC lasers (2, 5). jectors (2, 5 ) .  In the present design, under an l r  = 12, at the same applied electric field. 

Here, a bidirectional, unipolar semicon- appropriate applied positive bias (Fig. 1A); regardless of the polarity. 
ductor laser is presented. Unlilce all other laser action talces place fiom level G+ to For sample D2520, shown in Fig. 2 under 
semiconductor lasers. including QC lasers level 1; through a photon-assisted tunneling an electric fieldof -C901iVcm1 correspond- 
fabricated to date (2), it operates as a light or diagonal transition (wavy arrow) because ing to the threshold, we calculated z +  = 

source under both positive and negative bias the two states have reduced spatial overlap 0.35 nm. z -  = 0.32 im: .i+ = 46 ps. . i  = 
(7). Level 1 is the ground state of the active 64 ps, and E +  = 198 meV. E -  = 173 meV: 

B ~ ~ L  ~ ~ b ~ ~ ~ t ~ ~ i ~ ~ ,  L~~~~~ ~ ~ ~ h ~ ~ l ~ ~ i ~ ~ ,  600 ~~~~~~i~ region quantum well, whereas G+ is the respectively. This results in 12, = 1.12 im2 
Avenue, Murray Hill, N] 07974, USA. ground state of the miniband-a dense man- ps eV and /<- = 1.14 nm2 ps eV, which are 

* T ~  whom correspon,jence should be E. ifold of electronic levels in the superlattice sufficiently close to each other to suggest 
mail: cg@Lucent.com injector. This miniband is designed so that very similar threshold currents. Population 
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inversion necessary for laser action is guar- 
anteed by the long lifetimes T, between the 
upper and lower laser levels, due to the rela- 
tively large spatial separation of the states 
(G, and 1) of the diagonal laser transition. In 
comparison, the time for electrons to tunnel 
resonantly from level 1 into a state of the 
injector region is calculated as 0.5 ps; the 
lifetime of G, due to the combined longitu- 
dinal optical phonon scattering rates into all 
states of the following, downstream injector 
region is -380 ps. 

The gain coefficient, defined as the quan- 
tity that multiplied by the current density J 
gives the peak material gain, is given by 
g, = (2e)l[~,ficL~n,~2y)]k, under the 
somewhat simplified assumption that the en- 
tire current passes through levels G, and 1 
(I). Lp = 35.4 nm is the length of one stage 
(one active region plus injector), e is the unit 
charge, E, is the vacuum dielectric constant, 
fi is the reduced Planck's constant, c is the 
vacuum speed of light, n,, = 3.26 is the 
effective refractive index of the waveguide, 
and 2y - 35 meV is the luminescence line- 
width. The latter was measured from sub- 
threshold emission spectra. Inserting the 
above values into the equation for the gain 
coefficient results in g+ - g- - 32 cm 
kA-'. This value is of the same order of 
magnitude as previously optimized unidirec- 
tional QC lasers (7, 9, lo), that is, QC lasers 
designed to operate solely under one bias 
polarity. 

Other factors have to be considered in the 
design of bidirectional lasers. First, in a di- 
agonal-transition QC laser, the transition ma- 
trix element and photon energy vary notice- 
ably with the applied electric field (7) until 
laser threshold is reached. This variation with 
applied bias has to be taken into account 
when z, and T+ are scaled to account for the 
desired-difference in photon energy E, be- 
tween opposite polarities. 

Second, although one would expect the 

Fig. 1. Schematic energy diagram for the oper- 
ation of the bidirectional QC laser. (A) A por- 
tion of the conduction band structure is shown 
under a positive applied bias. Electrons traverse 
the structure from left to right. (B) Schematic 
band structure of the same QC laser under 
opposite (negative) bias. Electrons traverse the 
structure from the opposite direction. 

losses to be independent of bias polarity, the 
respective design in either polarity has to be 
analyzed to avoid an accidental resonant in- 
tersubband optical absorption. 

Third, the injector regions are doped in 
their center wells and barriers, which for 
sample D2520 amounts to a sheet density of 
3.5 X 10" cm-'. In general, the extrinsic 
electrons and the electrical potential of their 
donor ions will modify the band structure 
(11). We verified that this effect is negligible 
through self-consistent calculations of the 
band structure including the extrinsic charges 
and through measurements on two symmet- 
ric, bidirectional QC laser samples (D2488 
and D2498) featuring doping profiles inten- 
tionally offset with respect to each other. 

Finally, the waveguide cladding layers, their 
interfaces, and electrical contacts need to be 
equally functional in both bias directions. We 
confirmed this using sample D2453 with iden- 
tical cladding, buffer, and contact layers but 
without active regions and injectors (5). The 
current-voltage (I-V) characteristics in both po- 
larities were equal within a few percent. 

All of the bidirectional laser samples con- 
tain a cascade of 36 active regions alternated 
with electron injectors. This stack is embed- 
ded in a dielectric waveguide very similar to 
those previously used with QC lasers (5, 12). 
We estimated a waveguide loss of a,,, - 20 
cm-'. The lasers are processed as conven- 
tional deep-etched ridge waveguide lasers (5) 
with stripe widths ranging from 10 to 20 pm. 
They are cleaved into bars with a length of 
-3 mm, and the facets are left uncoated, 
which results in an outcoupling (mirror) loss 
of a, - 4.2 cm-I. 

Individual lasers are wire-bonded, sol- 
dered to a copper heat sink, and mounted on 
the temperature-controlled cold finger of a 

Fig. 2. Conduction band 
structure of a portion of 
sample D2520, a bidirec- 
tional QC laser with an 
emission wavelength de- 
pendent on bias polarity: 
(A) under a positive ap- 
plied electric field of 90 
kV cm-', approximate- 
ly corresponding to laser 
threshold, and (B) under a 
negative applied electric 
field of the same magni- 
tude. The actual laver thick- 

helium flow cryostat. The lasers are operated 
in pulsed mode with 50-ns-long current puls- 
es in a low (5 to 100 kHz) repetition rate. The 
light is detected with a fast room temperature 
HgCdTe detector. Spectral measurements are 
performed with a Nicolet Fourier transform 
infrared spectrometer. 

The device characteristics of a represen- 
tative laser from wafer D2520 are displayed 
in Fig. 3. Figure 3A shows the emission 
wavelength as a function of the heat-sink 
temperature for both polarities. The two 
wavelengths at low temperature are A- - 6.5 
pm and A+ - 6.33 pm. These wavelengths, 
although clearly distinct from each other, are 
closer than the design wavelengths A- - 
7.17 pm and A+ - 6.25 p~. This discrep- 
ancy can easily be accounted for by noting 
that the transition energy is Stark-shifted in a 
linear fashion by a variation of the applied 
electric field and that the device has a higher 
laser threshold voltage under negative bias 
(Fig. 3B) (13). Here, the voltage (V) versus 
drive current (I) characteristics are shown at 
20 K and the light-output power (L) versus I 
characteristics at several heat-sink tempera- 
tures. The L-I-V curves for both polarities are 
very similar in shape and values, with low- 
temperature threshold current densities J,  - 
3.5 kA cm-'. This result should be compared 
with the calculated threshold of J, = (g,T)/ 
(a, + a,) - 1.7 kA ~ m - ~ ,  with the values 
of g,, or,, and a, given above and r, the 
mode confinement factor, being 0.45. We 
believe the difference between the measured 
and calculated values of J, to be due to a 
decreased injection efficiency into the levels 
of the laser transition. Electrons can tunnel 
from the injector region into the first excited 
state 2 of the active region quantum well (Fig. 
2). From there, electrons either tunnel into the 

nesses (in nanoketers) are from left to right for both (A) and (B), starting from the first injection 
barrier: 3.514.813.512.412.512.61 7.512.217.012.21 7.912.212.912.213.514.813.5. The Al,, ,In, ,,As 
layers (energy barriers) are in bold symbols alternated with the Gao,,,lno,,$.s wells. The underlined 
layers are doped to n = 4 X l o q 7  cmP3; italics indicate the injector reglon. The moduli squared 
of the wave functions in the active and injector re ions are shown. The blue w a y  arrow indicates 
the laser transition for the positive polarity case b), and the red w a y  arrow indicates the laser 
transition for negative polarity (B). Not shown in Fig. 2, but structurally similar, are samples D2488 
and D2498, two symmetric bidirectional QC lasers, designed to operate at the same wavelength 
under opposite bias polarity. The layer sequences are 3.5~4.8~3.5~2.4~2.5~2.6~7.5~2.2~7.0~2.2~7.5~ 
2.612.512.413.514.813.5 (n = 3 X 1 017 ~ m - ~ )  and 3.5~4.8~3.5~2.4~2.5~2.6~7.5~2.2~7.O~2.2~7.5~ 
2.612.512.413.514.813.5 (n = 4 X 1017 ~ m - ~ )  for D2488 and D2498, respectively, with the same 
notation as sample D2520. 
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continuum region of the conduction band or or atomic transition of a trace gas species and a sinusoidal current modulation), and the re- 
scatter into the active region ground state. the other off resonance, in differential absorp- turn signals at the two wavelengths would be 
Both paths are deleterious for laser action, as tion LIDAR (light detection and ranging), ratioed. Finally, we note that the design prin- 
they reduce the lifetime T, of state G, and in also known as DIAL (15, 16). For this appli- ciple of this laser is also applicable to inter- 
the latter case also temporarily add an elec- cation, the laser would be operated by alter- band cascade lasers with type I1 heterostruc- 
tron to the lower laser level. This, in tum, nating current pulses of opposite polarity (or tures (1 7, 18). 
leads to a reduced gain and a weaker inver- 
sion than previousl;estimated. We identified 
this process as the main source for the in- 
creased laser threshold using subthreshold 
luminescence spectra. A clear emission peak 
around 254 meV, in good agreement with the 
energy separation between the two states of 
the active region quantum well, indicates 
considerable electron population of its excit- 
ed state. Nevertheless, the lasers display an 
optical peak output power of > 100 mW and 
a slope efficiency (that is, an increase in 
optical power per unit current above thresh- 
old) of > 120 mW A-'. 

Before fabricating the asymmetric device, 
we tested the idea of bidirectionality on a 
symmetric structure. This allowed us to ver- 
ify that QC lasers can, in fact, be equally 
operated in both bias directions and with 
arbitrarily close emission wavelength. The 
latter is generally impossible for other multi- 
ple-wavelength semiconductor light sources 
because of mutual absorption or unsustain- 
able oscillator strength partitioning between 
the two transitions (14). 

The layer structure of the symmetric bidi- 
rectional laser samples (D2488 and D2498) is 
discussed in the caption of Fig. 2. At an 
applied electric field of 290 kV cm-', we 
calculated values of z, = 0.29 nrn, T, = 75 
vs. and E ,  = 174 meV (A, = 7.15 wm), 
A ,  . ,. 
which resits ink, = 1.12 Ilm' ps-l eV-' 
and in a gain coefficient g, - 32 cm kA- '. 

The device characteristics of laser sample 
D2488 (Fig. 4) shows that both bias polarities 
result in emission at the same wavelength, 
A, -- 6.75 p,m, at cryogenic temperatures. 
The blue shift of the emission with increasing 
heat-sink temperature is caused by the larger 
threshold bias that must be applied to inject 
the correspondingly higher current density 
J,. The laser shows a good threshold current 
density of -3.1 kA cmP2 (see Fig. 4B). Peak 
optical powers of 5300 mW are achieved at 
cryogenic temperatures, as well as a maxi- 
mum slope efficiency of 5480 mW A-'. The 
latter value is excellent, even in comparison 
with some of the best unidirectional QC la- 
sers published so far (7, 9, 10) with compa- 
rable wavelengths. The maximum pulsed op- 
erating temperature at present is -150 K. 
This comparatively rapid decrease in device 
performance with heat-sink temperature is 
attributed to a thermal excitation of carriers 
into the excited state of the active region 
quantum well. 

Besides other applications, this laser could 
provide an alternative to the use of two lasers, 
one in resonance with a particular molecular 

Fig. 3. Device characteristics of 
sample D2520, a bidirectional QC 
laser with two different emission 
wavelengths for opposite bias po- 
larities. (A) The peak emission 
wavelength is shown as a function 
of the heat-sink temperature for 
positive (blue) and negative (red) 
polarity. The insets show exam- 
ples of the corresponding emission 
spectra. The equally spaced peak. 
are the longitudinal modes of the 
optical cavity defined by the 
deaved facets of the laser stripe. 
(B) Light output (L)-current (I) and 
current-voltage (V) characteristics 
of a 3-mm-long and 17-pm-wide, 
deep-etched, ridge waveguide la- 
ser operated in pulsed mode. The 
I-V characteristic has been mea- 
sured at 20 K. L-l curves are shown 
at temperatures as indicated in 
the graph. Blue lines denote posi- 
tive polarity and red lines negative 
polarity. The optical power is mea- 
sured from a single facet with 
60% collection efficiency. 

Fig. 4. Device characteristics of 
sample D2488, a symmetric bi- 
directional QC laser. (A) The peak 
emission wavelength is shown as 
a function of the heat-sink tem- 
perature for positive (blue) and 
negative (red) polarity. The in- 
sets are the corresponding emis- 
sion spectra at low tempera- 
tures. The lack of a smooth en- 
velop for all the Fabry-Perot 
modes is due t o  the overlap of 
the emission spectrum with the 
main absorption bands of water 
vapor in the beam path. (B) L-I 
and I-V characteristics of a 
3-mm-long and 16-pn-wide, deep 
etched, ridge waveguide laser 
operated in pulsed mode. The I-V 
characteristic has been measured 
at 50 K. L-I curves are shown at 
temperatures as indicated in the 
graph. Blue lines refer t o  positive 
polarity and red lines t o  negat'ke 
polarity. The optical power is mea- 
sured from a single facet with 
60% collection efficiency. 
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Asymmetric Electrical Structure 
in the Mantle Beneath the East 

Pacific Rise at  17's 
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M. J. Unsworths 

The magnetotelluric component of the Mantle Electromagnetic and Tomog- 
raphy (MELT) Experiment measured the electrical resistivity structure of the 
mantle beneath the fast-spreading southern East Pacific Rise (EPR). The data 
reveal an asymmetric resistivity structure, with lower resistivity to  the west of 
the ridge. The uppermost 100 kilometers of mantle immediately to  the east of 
the ridge is consistent with a dry olivine resistivity structure indicating a mantle 
depleted of melt and volatiles. Mantle resistivities to  the west of the ridge are 
consistent with a low-melt fraction (about 1 to  2 percent interconnected melt) 
distributed over a broad region and extending to depths of about 150 kilo- 
meters. The asymmetry in resistivity structure may be the result of asymmetric 
spreading rates and a westward migration of the ridge axis and suggests distinct 
styles of melt formation and delivery in the mantle beneath the two plates. 

The generation of new oceanic crust at mid- 
ocean ridges involves the production and 
transport of melt from a source region deep 
within the mantle and its subsequent em- 
placement over a narrow zone centered be- 
neath the ridge axis. The lateral and depth 
extents of the melt source region and the 
mode of melt delivery are not well deter- 
mined. Geochemical data indicate that most 
melting occurs above 60 kin (I), although 
there have been suggestions of a contribution 

froin within the garnet stability field at great- 
er depth (2). In addition, inco~npatible trace 
elements found in midocean ridge basalt 
(MORB) suggest that deeper melting at 
around 200 km may occur in the presence of 
water (3). There are fewer data that constrain 
the mode of melt transport, and hence re- 
course must be made to models. Nuinerical 
models for melt generation and mantle flow 
have demonstrated a variety of flow patterns 
that ensue from the competing effects of pas- 
sive plate-driven upwelling, buoyancy forces 
from melt and the devleted residual mantle 
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with a depleted residual mantle produced just 
off-axis (5). Additionally, models that incor- 
porate deeper incipient melting have been 
proposed with upwelling beginning at arouad 
200-kin depth A d  deliire& of a small melt 
fraction to the ridge crest as part of a small- 
scale convective flow with a 200-kin-length 
scale (5). 

The MELT geophysical expeii~nent (8),  car- 
ried out at 17's on the EPR, used seismic and 
elechomagnetic observations to deteimille the 
geometiy of the region of partial melting and 
the patteln of upwelling beneath a ridge, eluci- 
date the melt concentrat~on w~tllm that region, 
and deteimine the d~sh~bution and connected- 
ness of melt in the rock matnx. The EPR near 
17"s was chosen as the slte for the MELT 
Expenment based on its fast (- 150 inmlyear) 
spreading rate and linear ridge morphology 
which, based on n~unerical models, was expect- 
ed to maxilnize the two-dimensionality of man- 
tle flow. However, the ridge has been sl~o\ml to 
exhibit asymmehic spreading, with faster abso- 
lute plate motion on the Pacific plate resulting 
in a slow wesh9-ard migration of the ridge axis 
w ~ t h  respect to the hot-spot reference frame 
T h ~ s  as\mletr\i is manifest as lower subsi- 
dence of the sea floor 1~1th distance from the 
ndge to the west than to the east. and a greatei 
abundance of seamounts on the Pacific plate 
than on the Nazca plate (9, 10) The seismic 
component of MELT nas  completed in 1996 
(11-15), and a key result f io~n those analyses 1s 
that melt generation and hansport occur ovei a 
bioad region of the mantle. \X ith no e~ idence 
found for a ~larrow coluinn of melt beneath the 
ndge that would ~ndicate highly focused melt 
dell\ e q  Asynllnetiy betx een the eastein and 
vestern sides of the ildge is seen (12). n ~ t h  a 
zone of 1 to 2% melt ~nferred in the top 100 lun 
of mantle extending some 300 to 400 knl to the 
west of the ndge but only 150 km to the east 
(11-13). Reduced shear-wave velocities extend 
to depths in excess of 100 km, with a steep 
gradient in velocity between 100 and 180 lull 
(14). 

Here, we present initial results from the 
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