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High-Frequeng Modulationof a Quantum-Cascade
LaserUsing a Monolithically Integrated

Intracavity

Modulator
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Abstract—We report a quantum-cascadelaser monolithically
integrated with an intracavity modulator which could be operated
up to 1 GHz. In contrast to earlier approaches,where the radio
frequency(RF) modulation signalwassuppliedto the entire cavity
length of the laser structure, we drive only a relatively small
375-um-long sectionof the cavity. At the sametime, a quasi-con-
tiunous-wave signal was supplied to the remaining 11254m-long
section. This modulation schemeresulted in smaller parasitic
capacitanceeffectsthan what we reported previously, and enabled
usto work with lower RF voltagesand currents.

Index Terms—Atmospheric window, free-space,intracavity
modulator, optical data transmission, quantum-cascade (QC)
laser.

FTER a period of tremendousprogress,which cul-

a near infrared diode laserin [7]. While the longer section
is operatedin quasi-continuous-ave operation,a radio fre-
gueny (RF)signalis suppliedto the shortsection.This hasthe
adwantageghatthe currentsto be switchedaresmallerandthat
thecapacitancef theshortsectionis only a fractionof theone
correspondingo thefull lengthlasercavity. In afirst testusing
suchanintracavity modulation,we succeededb modulatethe
laserat 1 GHz, andobsened an oN-OFFratio of 4 dB.

All experimentsdescribedin the following were carried
out on a gradedinterfacelaserstructureemitting mid-infrared
radiationat a wavelengthof 9 um. The active region of this
laserconsistef 35 repetitionsof a periodwhichwas basically
identicalto the one publishedin [1]. The only differencewas
thatthe four barriersandwells of the gain region haddigitally

minated in the demonstrationof room-temperature gradednterfacesHere,digitally gradedmeanghateachsharp
continuous-vave operation[1], mid-infraredquantum-cascade interfacebetweeraning 53Gay 47As well andaning 52Al g 43 As

(QC) lasersare now matureenoughto entervariousfields of
applications.Theseapplicationsrangefrom spectroscop via
processmonitoring to free-spaceoptical telecommunication
[2]-[5]. QC laserswill be especially suitable for optical
data transmissionon the last mile, where the transmission
bandwidthhasso far beenlimited by the useof copperwires.
Comparedwith this existing technology QC laserswith mod-
ulation frequenciesf 1-5 GHz would alreadycorrespondo
a bandwidthimprovementof nearlytwo ordersof magnitude.
For such telecommunicatiorsystems,it is, therefore,quite
crucial to reduce, wherever possible, parasitic capacitance
effects by shrinking active device size.In the past,QC lasers
have beenmodulateddirectly at frequenciesof up to 7 GHz
and at cryogenictemperature$6]. However, this modulation
techniquemight becomeimpractical when going to higher
temperaturesThe main reasonis that QC laserstendto have
substantiallylarger thresholdcurrentsat 300 K than at low
temperaturesTogetherwith the typical QC operatingvoltage
of 8 V, those high currentsmight be rather difficult to be
directly modulated;in addition, the relatively large area of
sucha device typically leadsto parasiticcapacitancesffects
which will ultimatelylimit the maximalmodulationspeed For
this reasonwe proposeandimplement,here,a prototypeof a
solutionbasedn a two-sectionQC laserwith a monolithically
integratedintracavity modulator similar to that describedfor
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barrier and its neighboring £3 A was replaced by a
1 A INg 52Al g 48 AS—2 A INg.53Gay 47AS—2 A INg 52Al g 48 AS—
1 A Ing53Gay 47As interface. Details on the overall perfor-
manceof this laserstructurewill be publishedelsavhere.The
InP substrateanda 3-um-thick metal-oganicvaporphasespi-
taxy regrown InP layer on the top sened aslow-losscladding
layers. Growth of the Ing 53Ga& 47As waveguide layers and
the active region was basedon molecularbeam epitaxy A
28-um-wide ridge waveguides were fabricatedby standard
processeBk e chemicalwetetching,Si; N4 passiation,sample
thinning,andcontactmetallization Laserfacetsveregenerated
by cleaving the sampleinto 1.5-mm-widebars. Theselaser
bars were left uncoatedand solderedjunction-up on copper
heatsinks.Using photolithograpls, the top metallizationwas
divided into two sectionswith respectie lengthsof 1125and
375 um; both of them could be contactedndividually. Given
the separationbetweenthe two metal contacts(30 pm), the
thickness(0.5 xm), and the doping level of the top contact
layer (5 x 10'® ecm™3), only negligible crosstalkoccurred.A
similar obsenationwas madeby Rochatetal. whenmeasuring
the waveguide loss of QC lasersusing a multisection cavity
technique[8]. The laser was mountedin a liquid N, flow
cryostatand cooledto 77 K. For high-frequeng modulation
experiments10-us-long burstsof RF pulsesveresuppliedonto
theshortsectionof thelaser We producedheseRF pulseswith
a gatedMARCONI 2022 pulserwhich deliveredup to 3-dBm
RF outputpoweratamaximumfrequeng of 1 GHz. Thepulses
were amplified using a 48-dB power amplifier andfed into a
low-loss50 2 coaxialcable(Huber—-SuhneRG213U).During
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Fig- 1. (top left) RFF modulation of a QC laser at 500 MHzu4-ong current hi ig. 2. "ON” and “OFF’ values andoN-OFFratio as a function of modulation

pulses with an amplitude of 495 mA were injected into the long section, wl - . . h h
a 10us-long stream of RF pulses reached the short section. (bottom left) r‘%quency for the same device as in the previous figure. The inset shows the

) . N io between the differential voltage drop on the laser and the input voltage as
same experiment but at 1-GHz RF frequency. (right) The solid lines represé Uinction of frequency.

a standard measurement of thd-V curves. For the dashed lines, 700-ns-long
current pulses of 495 mA (0.9i,,) were injected into the long cavity section.

At the same time, the short section received 100-ns long pulses. . . . .
section always received, as in the previous measurement, the

same current of 495 mA (0.9%,). In the upper half of Fig. 1

the RF bursts, we injected /Is-long constant current pulses(left), we present a measurement of the detected signal versus
of 100-Hz frequency into the long laser section. The curretime at a modulation frequency of 500 MHz. AmN-OFFratio
density in the long section was adjusted around threshotf.7 dB was observed. The lower half of Fig. 1 (left) shows the
As soon as the amplitude of the RF bursts was sufficientiguivalent measurement at a modulation frequency of 1 GHz.
large, the laser would turoN. The laser beam was collectedn this case, theN-OFFratio decreased to 4 dB. The somewhat
with /0.8 optics and focussed onto a small room temperatureunter-intuitive increase of the maximal signal at higher fre-
HgCdTe detector with a maximal bandwidth of 2.5 GHz (VIGQuency could be an artifact due to multiple reflections in the
Systems PEM-L-3). The signal of the latter was amplified bylang 5052 line between the power amplifier and the laser. How-
2.5-GHz preamplifier (Sonoma Instruments) and connecteddwer, based on the observation that ther-signal increased
a digital oscilloscope (LeCroy LC564DL). with increasing frequency, we believe rather in an ac-to-dc con-

In Fig. 1 (right), we present a pair of light output—curversion due to the nonline&fV characteristic of the laser. This
rent—voltage I(—1-V) curves measured at 77 K. The two solids illustrated in Fig. 2, where we present the laseris-OFF
lines correspond to the experiment with the two sections beirgtio, and its ON” and “OFF’ signals in function of the mod-
electrically connected,; i.e. the entire laser receiving the samlation frequency. As expected, the signads-oFFratio de-
current density. The dashed lines show the device behaviveases at higher frequency, indicating that the laser’s parasitic
with the long section pumped close to threshold, while treapacitance starts to come into play, and that some of the compo-
current was varied only in the short section. For the first coments in the present measurement setup are operating too close
figuration, we observed a threshold current of 680 mA, whido their bandwidth limit. One of these components is the oscil-
corresponds to a threshold current density of 1.62do&. The loscope which has its 3-dB bandwidth at 1 GHz. In addition,
second experiment shows that, together with the long cavitye 10-m-long transmission cable between the power amplifier
section being close to threshold, only an additional 185 m#nd the cryostat has only 0.43-dB attenuation at 50 MHz, but
(jsm = 1.76 kA/cm?) was required to bring the entire lasemlready 2.4 dB at 1 GHz. Given also the attenuation behavior of
above threshold. A modified formula for the threshold gaithe coaxial cable in the cryostat, we estimate available RF volt-
genLior = g1L1 + g2Lo, and the fact that the ratio of theages of about56 V (V,,, = 112 V) at 50 MHz, but only£28 V
threshold current densities was larger than unity, indicate that(ii,, = 56 V) at 1 GHz. Assuming perfectimpedance matching
the second experiment the long cavity section was even slighitiythe cryostat, the modulator section should have seen currents
below threshold(jion, = 0.97 jin). The slope efficiencies of roughly+1.12 A at 50 MHz and=560 mA at 1 GHz. A closer
obtained from the first and the second measurement were 0.1&3k at Fig. 1 shows that these currents on the short cavity sec-
and 0.145 WI/A, respectively. The almost identical results atien would be largely sufficient to bring the entire laser above
expected because, in the two-section laser, only 25% of teeshold.
cavity is used to produce optical output power. However, the Based on the responsivity of the detecfbe 0.6 V/W and
resulting smaller output power is also divided by a smallé¢he characteristics of the preamplifier, we determined the output
current. The differential resistance at threshold increased frggower of the device at different modulation frequencies. This
about 102 when pumping the whole cavity to a value of 425 procedure yielded values of 28 mW peak power at 50 MHz and
when pumping only the short section. 7 mW at 1 GHz. Since the above mentioned modulation currents

For the RF experiment, which was carried out at nominallgre, in principle, large enough to produce at least 80 mW output
constant RF power levels, we varied the modulation frequenpgwer for 50 MHz and still about 40 mW at 1 GHz, we can al-
on the short section between 50 MHz and 1 GHz while the lomgady anticipate that a quite serious capacitance problem must



have beenpresentin this experiment.This becomesvidentiif
we compareestimatedRC time constantof the presentdevice
andthe onefrom our recentpublication[5], wherewe reported
direct modulationof a 3-mm-longQC laserat a frequeng of
350 MHz. Its parasiticcapacitancevas as large as 150 pF, but
the RF voltagewas suppliedvia a 4 €2 low impedancdine re-
sultingin 7 = 600 ps. Here thecapacitancef the375um-long
modulatorsectiondecreasetly roughlyafactorof 8 (compared
with the 3-mm-longlaser),but at the sametime, the seriesre-
sistancancreasedy almosta factorof 12 to 47 2. Although
thiswill resultin acomparabler evenslightly lowerfrequeng
limit, theuseof 502 transmissioninesis, in generalgcertainly
anadvantagefor high-frequenyg applications.

As Fig. 2 shaws, theon-OFFratio, definedby 7., /o = 10 X
log(/max/Imin) Wasreasonablynighupto 290MHz (7, /o =
17 dB), droppedto 7 dB at 500 MHz, andfinally settledat a
valueof r,, /g = 4 dB at1 GHz. Basedon thefactthata par-
asitic capacitanceleterminedhe frequeng limit of the entire
experiment,we simulatedthe behavior of the QC laserusinga
simplified equivalentcircuit. The QC laseritself was modeled
by a nonlineardevice with a turn-oN voltage of 8 V, a max-
imal currentof 0.7 A, andseriesresistancesf 1 M) and5 (2
beforeandafterturn-on, respectiely. This elementwas putin
parallelwith a capacitorof yet unknovn capacitance(,s; and
finally, aresistorof 47 ) in serieswith thetwo formerelements
completedthe circuit. The latter was driven by an ac voltage
generatomwith variablefrequeng. In orderto correctlyexplain
the output power drop andthe increaseof the “oFF’ signal, it
was necessaryo assumea parasiticcapacitancef 50 pF A
simpleestimationtaking into accountthe geometryandthe di-
electricconstanbf theinvolved materialsresultedn avalueof
50-100pF, whichis in goodagreementvith thesimulation.The
insetof Fig. 2 shavs voltagedroponthe5 Q2 differentialresis-
tanceof thelaser(normalizedo theinputvoltage)asafunction
of frequeng. When pushingthe frequeng from 100 MHz to
1 GHz,theavailablevoltagedropsto aboutonehalf of its initial
value,therebyreducingthe modulatordrive currentfrom 0.7to
0.3 A, andcuttingthe peakpower from 50 to lessthan10 mW
(seeright half of Fig. 1). Given the above resultfor C.s, it is
clearthatthe maximummodulationfrequeng of this particular

laseris seriouslyaffectedby its too large parasiticcapacitance.

However, oncethis problemis solvedby changinghegeometry
of thecontactpads the modulationfrequeng canbe pushedo
highervaluesuntil othereffectswill be comeinto play.
Whengoingto frequenciedeyondacoupleof gigahertz the
most prominenteffect will be the fact that the optical inten-
sity in the cavity candecreas®nly dueto internalabsorption.
Sincethis is, aswell, an exponentialprocessrequiring a cer-
tain cavity lengthand,hence a certaintime (timesthe speedf
light within the material),a shortintracavity absorbemustab-
sorbquite stronglyin orderto guarantedigh-speedperation.
Requestingan oN-OFFratio of atleast20 dB requirespulsepe-
riods correspondingo roughly ten exponentialtime constants
(five for rise andfive for decay).A datarateof 1-Gb/sresults,
therefore,in a time constantof 100 ps. In a full cavity length
modulation this meanghat the necessanabsorptions on the

orderof Aa = n/(er) = 1 cm™! (n = 3.4 is the refrac-
tive index, ¢ the speedof light). In our laser we obsenre typi-
cally again—currentensitycoeficientof dG/dj = 20 cm/kA;
the ratio of the two quantitiesyields a minimal currentden-
sity sweepof +50 A /cm?. For 10 GHz, this sweepincreaseso
+500 A /cm?, whichstartso bequitesubstantiallf wecompare
thisresultwith theoneobtainedrom theintracavity modulator
geometry thenwe seethat the requiredabsorptionand, thus,
thenecessargurrentdensityincreaseoy afactorof 4; however,
sincethe modulatorlengthis only 0.25timesthe entire cavity
length,thetotal currentwould remainthesameasfor full cavity
lengthmodulation In the caseof theintracavity modulatorthe
frequeng limit is setby thefactthatgoingto negative drive cur-
rentsdoesnot increasethe absorptionary more[9]. But given
thefactthata smallmodulatorarearesultsin asmallerparasitic
capacitancewe are confidentthat QC lasersusingintracavity
modulatorshave the potentialto out-performfull-cavity modu-
latedQC lasers.

In conclusionwe have presented two-sectioncavity-mod-
ulation schemefor mid-infrared QC lasers. Although these
experimentswere done at low temperature,it is obvious
that the samemethodwill work also at room temperaturelt
will be necessaryhowever, to useshortercavity devicesand
junction-davn mounting.In addition, laterally smallercontact
padsarerequiredto reducethe parasiticcapacitance.
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