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fi is Planck's constant divided by 2~-COT- 
responding to a matrix element z2, = 3.6 
nm at the designed photon energy (160 
meV). This large value is an important 
factor in achieving the threshold gain at 
reasonable current densities. We have stud- 
ied interminiband transitions in detail by 
performing electroluminescence (EL) ex- 
periments below threshold in a structure 
(sample D2173) with identical superlattice 
active regions and in two other AlInAsl 
GaInAs samples (D2135 and D2145) with 
different values of the minigap (251 and 

w~ It )I 11 1, )I r; I /  , , ,, - ~,~ij->;- - 7 ~ ~ k ~ r  

-- - -  

region 
1 

' 

0 0.5 1 .o 
Wave vector (rdd) 

Fig. 1. (A) Calculated conduction band diagram of 
two stages of the 25-period (active regions and 
injector) superlattice laser. Electrons are injected 
by tunneling into the second miniband of n-type- 
doped superlattice active regions. These have 
1 -nm-thick Alo,481no,52As barriers and 4.3-nm- 
thick Ga,,471no,5,As wells. Laser action (wavy ar- 
row) occurs at the energy gap (minigap) between 
filled electronic states at the bottom of the second 
miniband and empty states at the top of the first 
miniband. The digitally graded AllnGaAs injectors 
consist of short-period n-type-doped AllnAs/ 
GalnAs superlattices with varying duty cycle. (B) 
Calculated dispersion of the first two minibands of 
the superlattice active regions in the reduced Bril- 
louin zone scheme. The wave vector k, along the 
direction perpendicular to the layers is in units of 
the value at the mini-zone boundary (k, = dd), 
where d is the superlattice period (5.3 nm). The 
calculated widths of minibands 1 and 2 are A, = 

146 meV and A, = 300 meV, respectively. The 
high-oscillator strength direct optical transition 
(wavy arrow) at the mini-zone boundary corre- 
sponds to a laser photon energy equal to the 
minigap (Em, = 159 meV). The shaded area rep- 
resents the range of occupied electronic states 
(Fermi energy) in the first miniband. 

162 meV, respectively), using the same in- 
jection scheme (7). The EL spectrum is 
dominated by optical transitions at the 
zone boundary even for injection well 
above the bottom of the upper miniband. 
This predominance is attributed to the 
ultrafast intraminiband relaxation ( 5 1  DS) . . ,  
by emission of optical phonons (8) and 
the hieh matrix element of the zone- " 
boundary optical transition. 

Po~ulation inversion is automaticallv 
ensured because the lifetime T, - 0.1 ps of 
an electron at the top of the first miniband 
(8) is negligible with respect to the electron 
scattering time T~~ - 10 ps by optical pho- 
non emission from the bottom of the sec- 
ond miniband to the first miniband (9). 
This large difference is explained by the 
much greater momentum transfer for inter- 
miniband optical emission processes com- 
pared to intraminiband ones. 

The Dresent cascade confieuration is - 
similar to that previously used in intersub- 
band quantum cascade (QC) lasers (10, 
1 I). Both lasers are unipolar, rather than 
relying on the bipolar injection and recom- 
bination of electrons and valence-band 
holes. However, the present laser differs in a 
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0----- - 

U 
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d .5.L'... 6. '.".." 
GaInAsp '- ' x25 
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GaInAs 6.0 x loL6 400.0 
AlGaInAs 
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Doped n+ InP substrate Waveguide 
cladding 

Fig. 2. Schematic cross section of the complete 
Alo,481no~52As/G~,471no,53As laser structure 
grown by MBE (wafer D2180). Indicated are the 
layers' thicknesses in nanometers and the n-type 
doping levels. Silicon was used as a dopant in all 
but the contact layer. The waveguide core com- 
prises the superlattice active regions and injectors 
described in the caption of Fig. 1. The composi- 
tion of the two 40-nm-thick AlGalnAs alloy regions 
is continuously varied from Alo~481no,5fis to 
Gao~471no~,As to smooth out heterojunction bar- 
riers under applied bias. The digitally graded Alln- 
GaAs region adjacent to the substrate has a sim- 
ilar function and consists of a AllnAs/GalnAs su- 
perlattice with a 5-nm period and a varying duty 
factor. The laser radiation propagates parallel to 
the layers in the direction normal to the cleaved 
laser facets. 

fundamental way in the design of the active 
region. In the subband QC lasers, the opti- 
cal transition is between discrete levels 
(subbands) of double (10) or single (I  I )  
auantum wells rather than between broad 
minibands of strongly coupled superlattices. 
This difference has im~ortant im~lications 
for the nature of the optical transition and 
for population inversion and injection. In 
intersubband QC lasers, population inver- 
sion is obtained by careful design of elec- 
tronic states and scattering rates; in partic- 
ular, resonant optical phonon emission be- 
tween two closely spaced energy levels is 
used to minimize the lifetime of the lower 
state of the laser transition (9). In the 
present superlattice lasers, this lifetime is 
controlled bv intraminiband ~ h o n o n  emis- 
sion and is inherently ultrafast. For emission 
wavelengths in the mid-IR range (4 to 13 
ym), it is always much shorter than the 
interminiband scatterine time. Thus. the - 
population-inversion condition is much less 
sensitive to the wavelength, simplifying the 
design of the laser. Finally, in QC lasers, 
injection is by resonant tunneling into an 
excited subband of a double well, whereas 
in the present device, injection is by inter- 
miniband tunneling (Fig. 1A). The high 
current carrying capability of wide mini- 
bands (>I00 meV) combined with hieh " 
injection efficiency are advantageous for 
achieving high peak power levels, a fact 
confirmed by our initial experiments. On 
the other hand, the peak of the intermini- 
band EL spectrum is considerably broader 
(-30 meV at A 8 pm) than the inter- 
subband EL spectrum of QC laser structures 
(-10 meV at A 8 ym), which results in 
higher threshold current densities, despite 
the larger transition matrix element. 

The laser structure (Fig. 2) was grown by 
MBE with the Alo,481no,,,As/G~~471n0.@ 
heteroiunction material svstem lattlce- 
matched to InP. Electrons are injected by 
tunneling into the second miniband of n- 
type-doped superlattice active regions al- 
ternated with doped injectors. This cascade 
configuration allows us to re-inject elec- 
trons into the adjacent active region after 
they have exited the preceding period. The 
many periods (N, = 25) enhance the over- 
 la^ factor between the fundamental mode 
of the optical waveguide and its core (su- 
perlattice active regions plus the injectors), 
increasing the modal gain of the laser. The 
slope efficiency (ratio of the laser output 
power to the difference between the laser 
and threshold currents) of the laser is also 
enhanced by the cascade configuration be- 
cause it is proportional to N, (10). 

The choice of carrier concentration in 
the uniformly doped superlattice active re- 
eions (n = 1 x 1017 ~ m - ~ )  is im~ortant and - .  
is determined by several trade-offs. The 
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electron density must be larqe enough to 
mlllilllire electric field penetr,?tlon (cleple- 
tion n id th )  mto  the aupcrlatticc and sp,?cc 
cllargc b ~ ~ ~ l c l u p  u~ lde r  h ~ g h  current illjcctioll 
that 11-oulJ break up the  min~hand.; by 
means of f~eld-induced 1ocali:ation ( 1  2) .  A t  
the aamc tlrne, the  carrier concentration 1s 
kept lon. enc1ug11 so th,?t the cluasi-Fermi 
level (E, = 2L1 mcV) is ~vel l  helow the top 
of the first minihand to minimize thermal 
occ~ipation of these states ailii thus main- 
tain ;? large popu1;ation illversioil at hiqher 
temperature. T h e  42.5-nm-thicli injectors 
consist of a uniformly ciopecl (n = I X 12'' 
c m ' )  A1, :,InL, ,lAs/Ga,, ,1111, ;;As graded 
band gap superlattice alloy \\.it11 constant 
period (5.3 n m )  and 1-ar!-ing X1111.4s: 
GaInAs thickness ratio. \Vhen a voltage of 
the appropriate pol,?rity is applied. the cc~n-  
duction hand in the i~liector acquires a flat 
profile, and electrons are tunnel-injecteJ 
into the superlattice. T h e  ollsct of stroqg 
i~ l j ec t io~ l  into the upper minihanLi occurs 
\vhcn the h o t t o ~ n  of the ~ni~lihancl is ap- 
prosimately lined up n.ith that of the con- 
duction l x n d  in the injector ( F I ~ .  I X ) .  This 
onset corresyonLls to ,111 appliecl \.oltage per 
period =(A. + E!,,,)/q = 2.3 \: a1lc1 to a 
total voltagc L' = 7.5 V, ~vhere  1, is the  
n id th  of minil~anii 1,  El,,< is thc  cnerqy of 
the minizap, and LI ia the  electron charge. 
T h e  l;?tter \ d u e  is III qoocl agreement a.ith 
the  rnc;?sureil turn-on \.oltagc of the cur- 
rent-17oltage characteristic of the  dc\-ice at 
cryogenic temperatures (%8G K). 

T h e  diffcre~lces in \v;?veguide refracti\-e 
inJcs  hctn-cen the core and claclclines pro- 
vide the  optical confinement necessary for 
p ropaga t io~~  of the railiation par;xllel to the 
layers. Calculation of the \\.a\-cguiile con- 
finement factor r as the  fraction of the 
optical mode in the superlattice active re- 
qions and of the effective refractive i ~ l d e s  
I I ~ , ,  of the  f~ui~damenral long i t~~d ina l  mode 
ot the  n.a~.eguide qi1.e r = 3.32 anel net, = 

3.21. T h e  mode is polariled ~ lo rmal  to the 
la\-crs ( T M  :lmoJc), as rccluired by the aclec- 
tioil rille for interminihailcl transitioils (6) .  
T h e  toy cladding comprises a 2.4-km-thick 
region of AlIn.4a. This large thickness is 
necessary hecause of the  lollg n-avelength 
(X/n = 2.4 11") in the material. T h e  heavi- 
ly Joyled 632-nm-thicli G a I n . 4 ~  layer helovv 
the contact region achie\-es a high r 2nd 
reduces I\-ayeguide lossea hy recii~cinq the 
coupl~ng to the plasmon moL1e propagating 
along the aerniconducto~.-~netal co~ l t ac t  in- 
terface ni thout  requiring a n  AlInAs clad- 
ding layer that is too thick (1 3). T h e  lo\\-er 
cladcling, the 11lP s~~hs t ra t e ,  strongl> reduces 
the thermal impeclance, compared to the 
use of XlIn.4s ( 1  2). 

T h e  samples were lithoqraphically pro- 
cessed into mesa-etched (12 to  2L1 k111 
~vliie) ridge \vavegu~Jes. T h e  length of the 

optical cavity (LC = 1.9 mm) was defined 
1.v cleavage of the samplea. T h e  cleaved, 
u~lcoatcil facets pro~.icle optical fecill~acli. 
T h e  samples, solJerei1 to a ceramlc holder, 
n-ere mountccl in a Helitran tlo\v dc~vwr. 
Current pulses of 7G 11s at a 1G2 kHr were 
~nicctcd into the device, and the enlisslon 
spectra (Fig. 3) \yere recorcied with a Kico- 
let Fourier-transfor IR spectrolncter using 
a HgCdTc cooled Lletector. T h e  intermini- 
band spectra l~clo\v the threshold currcilt 
ciensltyJrl, = 8.5 X 1Gi .4/cm2 are hroad, a< 
especteil. T h e  iira~natic narro~l-ing and or- 
ders of rnacnitu~le increase of the optical 
power above J,., clearly Jcmonstrates laser 
,?ction. T h e  measured longitudinal lnoclc 
separation 1s in g c d  agreement with 
the theoretical value [1,1, = l/(211LL)] (Fiq. 
3, 111sct). S i s  Je\-ices \Yere tested and eshib- 
itcd laser action n.ith si~llilar spectra. 

T h e  d c ~ ~ i c e  eshibits high optical pon.cr, 
~vh ich  ranges from a maximum 1.alue of 
1-85C m\T7 at 5 K to 1-75? m\T7 at 8L1 K 
(Fig. 4 ) .  T h e  maximum operating te~llpera- 
cure is 24L1 K, \\-it11 an  optical pon-cr a< high 
as 3L1 m\T7. A t  5 K, J,,, = 8.5 kA/cm2, 
n-hercas a t  21G K, Jrl, = 2P kA/cm2 (Fig. 4, 
inset). 111 the  8L1 to 213 K range, JI1, call lye 
fit nit11 an  csponenti;?l function that scales 
as esp(T/T,) n.ith T; = 162 K. 

T h e  threshold current densit\- is deter- 
mined hy the  colldition 

Wavelength (wm) 
8 7 6 

Energy (meV) 

Fig. 3. Measured spectra of a laser frorn sample 
D2180. The broad spectra of the devce at varous 
bas condtons (from bottorn to top. 1.48 A and 
7.5 V,  1.38 A and 7.6 V, 1.69 A and 7.67 V, and 
1.71 A and 7.7 V) represent the ernsson below 
threshold. The strong n e  narrowng and large n -  
crease of op tca power obsetved at 1 73 A and 
7.73 \I inarrovi cunle) demonstrates laser acton 
(the peak of t hs  cunle has been scaled down by a 
factor of 10"). The laser photon energy 161 me\/ IS 

n excellent agreement w th  the calculated value of 
the superattce mngap  The radiaton is poarzed 
normal to the layers. (Inset) H~gh-reso1u:ion 
(0.1 25 cm ) spectrum of the same device; the 
measured and calculated long~tud~nal mode sep- 
aratons A,,, and are 0.786 and 0.822 cm- ' .  
respect~vely The dev~ces are r~dge :niavegtl~des 
lneastlrng 1.9 mm long and 10 k m  wde. 

!\.here G, is the  peak material gain at 
threshold, a ,  1s the I\-aveguide loss, and 
R = 2.29 is the reflectivity of the laser 
f;?cets. Our  c;?lculat~ons she\\- that the  gain 
s p e c t n ~ n ~  yc,?ks a t  the m i n i ~ a p  energy and 
that G,  is given hy 

\\-here T ,  = 2.9 us is the l ifeti~ne a t  the  
lmttom of the secolld minihand (9 ) ,  LSI- = 

42.4 nlll is the superlattice thickness, E, is 
the vactlum permittivity, and is the 
\vavclength corres~~o~ldi l lg  to the m~nigap.  
T h e  full \\-1dt11 a t  half maximum (211 1L1 , , 
meV) of the  pe.?k of the lumi~lescence 
curve was measured at 12 K at  co~nnarahlc 
current dellsities in a lncsa device from 
sample Dl171  to avoid gain narro\\-ing ef- 
fects. Monolar.er fluctuations in the harri- 
ers' thicknesses and donor impurity disor- 
ders determine this rcl,?t~r-elv larac hroad- , - 
ening, ~vh ich  we have treated as Gaussian 
(7, 14). In dcrivi~lg Eq 2, we assumc~l that 
the electron iniectio~l cfficlellcv into the  
second minibanel is unity and that the  in- 
iccted c lect ro~l  clistrihution is t11ermali:ed 
a t  the  l ~ o t t o m  of the sccollil minil3a11Ll. T h e  
latter approxi~natioll is justified hv the  fact 
that the  clcctro~ls at threshold are iniected 
~vi thin  a f e~v  tells of luillielectron volts from 
the bottom of the  accond minihanil and hv 
the small intraminiliand:i~~t~r~llill iha~ld 
scattering time ratlo. From the  threshold 
current clensity a t  5 K and ;_, n e  estlmate a 
populatii~n inversion n, - 5 X 12" cmp'. 

A,,,, - 4 r ,  

0 4 8 12 
Current (A) 

Fig. 4. Pea4 collected optca power fro111 a s n g e  
facet of a laser from sample D2180 as a functon 
of bas  current for varous heat sn< temperatures. 
The collect~on eff~c~ency of the apparatus 1s 
=50% The dev~ce 1s 1.9 mm long and 18 k m  
w~de. The g h t  froln the laser was focused on an 
uncooed HgCdTe detector :nith f 11.5 optcs. The 
pulse length IS 50 ns, and the repetton rate, 4.7 
kHz. (Inset) Measured temperature dependence 
ofthe threshold current dens~ty J,,, Thesod  n e  IS 

an exponenta f~ t ,  proporiona to exp(T:'T,) w ~ t h  To 
= 160 K At the lowest temperature (5 K). JIl. = 

8.5 x 10%~cm2. 
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This Jensiry col.responda to a quasi-Fermi 
energy of -2 me\' from the hottoll1 o t  the 
,eco~lii miniban~l.  Thus, the ~vicith of the 
electron distrib~itlon is miich snlaller than 
?y  a t  cryogenic temperatures. 

\Yitll the aid ot Ecl 2 ,  ELI. 1 call be 
re\vrirten as 

a,,, -L a,, 1 .  = -------- 
I I g r  (3) 

rvliere a,,, = - ( ln  R)/L, = 6.5 cm-I is the 
lniri-or loss. \Xie ha\-e cstlmated that the 
\!-a\-eguide losse> a\\ = 3fi cm-'  from sub- 
threshold >tiectra in continuous-n-aw OC - 
lasers operating at a similar \~avelength 
(13) .  Ecluation ? then KIT-es J,,, = 3.5 kA/ 
cm2,  In reasonable agreement with the e s -  
rerimental ~ y a h ~ e ,  cnnsiileri~ng the uncer- 
tainty in the value of the u-ar-eguiile losses. 

Our superlattlce QC laser-along with in- 
rers~~blxnil  QC lasers ( l J ) ,  cascade type-I1 
heterostr~lctl~re lasers (15) ,  and InAsSb! 
InAlAs strained ijl~antum-\\~ell dlode lasers 
(1 6)--are promising mid-IR sources, alter- 
natil-es to lead-salt diode lasers (1 7). \X'e 
l~elier-e that the key feat~lrcs exp lo~ teJ  hy 
the present superlatticc scheme-incl~~di~li:  
~nterminiband trans~tions of high-oscillator 
strength, intrinsic popi~latlon i n ~ - e r s ~ o n ,  
and high current capahlllt\--are particular- 
ly tavorahle for high optical yon-er and 
I ~ ~ n g - ~ v a ~ - e l e n q t l  oycration (S tc  12 p.111 
and he\-and). 

Note itdded iil proof. f 'e ha1.e recentl\- 
ilemi~nstrated laser actLon at a n-avelength 
of 11 kill. 
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Spectroscopic Observation of the Forrnyl Cation 
in a Condensed Phase 

Peter J. F. de Rege, John A. Gladysz," Istvan T. Horvath* 

The formyl cation, HCOt, has long been believed to be an important intermediate in the 
chemistry of carbon monoxide (CO) in acidic environments, but its spectroscopic ob- 
servation in solution has been elusive. This species was generated by the reaction of CO 
with the liquid superacid hydrofluoric acid-antimony pentafluoride (HF-SbF,) under 
pressure and was observed by nuclear magnetic resonance and infrared spectroscopy. 
Equilibria between CO in the gas phase, CO dissolved in HF-SbF,, the SbF, adduct of 
formyl fluoride, and HCOt associated with several equilibrating anions of the type 
[SbxF,xp,] are proposed to describe the system. 

Experimental observation o t  cl~emical in- 
termecliates pla\-s a crucial role in uniler- 
stanclino reaction mechanisms. In  addition 
to ~~er i fying the esistence of species pro- 
posed to explain k n o ~ v n  reactil-it\-, the  ,{is- 
cover\- of rreviouslv unhno\\-n intermeiii- , L 

aces can lead to dramat~cally diff-.   lent 

mechanistic est~lanations for "~vell-knon.n" 
reactions. T h e   sola at ion and ~ilentification 
of positively chargeci organic species, ln- 
chldlng carbc>cations, has provldeii a solid 
fouildation for current uniierstanding ot or- 
ganic reactiolls in\-olr-lng electroyhdic spe- 
cles ( I ) .  

Protonation of weakly basic i ~ l ~ s t r a t e s  to 
yield an  acti1-aced species is central to or- 
ganic transformations (-?), enrvine catalysis 
(3 ) ,  and catal\-sis of industrial importance 
( 3 ) .  T h e  strongest kno~\-n  liquid acids, s ~ l c h  
as HF-SbF, and HSO-F-SbF:. calleil ~ L I -  

peracids lxcause thelr acidit\- 1s higher than 
that of li?i?Qo a i lh>-dro~~s H2S04 (5),  can 
protonate ertreme1~- weak hases ( b ) ,  even 
alkane.. (7-9). Protonat~on of carbon\-l 
compounds, aromatic systems, alkenes, and 
many other key classes of orga~nlc species 
has been obser\.ed in superacidic enr-iron- 
llleilts (6 .  lG). .Although the  cl~emlstry of 
CO in acidic llledia is well established (1 1 ), 
the i;lrmyl cation, HCO', has not  been 

observed in a co~ lde~ l sed  phase. T h e  exis- 
tence of HCO-' has been silrlllised o n  the 
hasls ot reactions that indlcate electrophilic 
acti\,ation of CO in superaciilic medla. 
Gatterman-Koch form\-lation (1 1 , 12) ,  111 
~vh ich  a n  aromatic compou~nd reacts [vith 
CO in an  acidic solution to yield an  aro- 
matic aliiehyde, occurs x r y  readily in the 
presence of superaclils (1 3-1 5 ) .  T h e  f(>rmpl- 
sting q e n t  is believed to he HCO- ( 6 ,  
13-15). T h e  esisteilce of HCO' 111 the  gas 
phaae has been well establ~sheil by nlicro- 
1ra1-e, infrared (IR) ( 1  6) ,  and mass (1 7)  
spectroscopy, anii it is 110n7 recogi1i:ed as 
one of the illost ahundant positlve ions in 
deep space ( 1  8).  

T h e  oliservation of H C O  in SLI- 

peracidic solutions has been the  goal of 
main>- experiments, inchliiing ( i )  iiirect pro- 
tonation of CO 111 a varlet)- of .;uperaciillc 
..elutions silch as HSO,F-SbF,-SO,ClF 
(1 9), HSO,CF,-SbF,-SOICIF (1 3 ) ,  anLl 
HSO,F-ALI(SO,F) (20) ;  ( ~ i )  abstract~on of 
F horn H(F)C=O \\.it11 SbF, (1 9 ) ;  and ( l i ~ )  
dehydration of formic xiL{ ( I  3.  19) .  I11 all 
of these cases, CO was ol3served in a non-  
protonated state, even \vhen the  reactions 
were perforlneil a t  low temperatilres under 
low CO pressure ( < l a  atill) to shift the 
yrotonation equllibrli~nl (Eq. 1) to the right 

F J. F de Pege ane I T. Ho-,!atti Col-zora:e qesearcr, 
(19) 

~abo~a:cr,es Exxon 9esearcP) an7 Enc:reerlna Coriza- CO + H~I % HCO' ( 1 )  
r;. Annardale NJ 0863 USA 
J A Glad,,sr, Ceza1:l~ent cf Cr:elrls:ry Lr!erslty of W e  expected that,  by increasillg the  par- 
Utah. Sat ~ a l i e  C ty  UT 841 12. I,Sk tial r lress~~re of CO iP,,,) above what hail 

~ LL,' 

--o i.!,-~crr ccrleszordence shoild be addvessed been used for 111 situ spectroscopic sti~dles, 




