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Strained-layer multiple quantum wells InAsP/InP and InAsP/InGaP optical modulators based on the
quantum-confined Stark effect have been fabricated from layers grown by metalorganic vapor phase
epitaxy on InPO0Y). The device layers have been characterized by complementary high resolution
x-ray diffraction, transmission electron microscopy, optical absorption and photoluminescence
analyses. The structural properties of the layers were deduced from the above data and an accurate
determination of the band alignment of the heterostructures was made by performing multiple
transition fits to the optical absorption spectra using the Marzin—Bastard envelope function model
for strained-layer superlattices. The electric field-dependent redshift of the fundamental
electron-heavy hole transition was measured by a photocurrent method and found to be enhanced for
structures with lower valence band barrier heights. This observation leads directly to the conclusion
that the overall performance of high speed, low drive voltage optical modulators may be improved
by engineering the band alignment of the multiple quantum well stack towards structures with
disproportionately large conduction band offsets. An optimization of the band alignment will permit
more efficient optical modulation by reducing the drive field required to operate the device, which,

in turn, can have direct effects upon the drive voltage, device capacitance, attenuation coefficient,
and optical coupling and propagation losses. 1898 American Vacuum Society.
[S0734-210(98)04102-3

|. INTRODUCTION drive field!? This is a consequence of the large difference
. ) ) ) ) ) between the CB and VB effective masses in IllI-V semicon-
Extensive engineering of band line-ups is becoming &jyctors. It should be possible to optimize the performance of

practical method for boosting device performance because Qf)CSE devices by using an asymmetric band line-up to com-
the expanding range of heterojunctions made available Bensate the effective mass asymmetry.

device and system designers by advances in the growth and
characterization of IV-1V, IlI-V and II-VI semiconductor al-
loys. The most visible application of this is the engineering!!- EXPERIMENT

of heterojunction band line-ups for electronic transport Strained-layer MQWSs were prepared by low-pressure
devices! In this article, we show that the design of the mul- metalorganic vapor phase epitaxy using trimethyl-indium,
tiple quantum well stackMQWS) for the quantum-confined trimethyl-gallium, tertiarybutyl-arsine and phosphine precur-
Stark effect (QCSB devices®is also a model problem in sors, Growth on S-doped~(2x 1018 cm~2) InP (001) sub-
band line-up engineering. strates was performed using Pd-purified & a carrier gas
Experimental data obtained for QCSE optical modulatorsand substrate temperatures of 600 °C for InAsP/InP and 620
fabricated from strained InAsP/InP and strain-compen-<c for InAsP/InGaP. A nominal 100 nm buffer layer of un-
sated InAsP/InGaP MQWSs grown on [0B) indicate  doped InP was grown, followed by the MQWS and then a
that the drive field required to operate the devices camB00-500 nm Zn-doped cap layer for tipe contact. The
decrease significantly for decreasing valence b&#B)  structural characteristics of the samples determined from
discontinuities:® Therefore, since premature delocal- high resolution x-ray diffractio’XRD) and transmission
izatior?~** of the conduction ban(CB) eigenstate is usually electron microscopy(TEM) analyses are summarized in
the main reason for loss of oscillator strength with increasingrable I. Optical absorption spectra&K and at room tem-
field, device performance may be improved by usingperature were measured for the as-grown epitaxial layers us-
MQWSs with asymmetrically large CB offsets to simulta- ing a free-flow, He-circulating cryostat, BOMEM DA3 Fou-
neously balance the wave function leakage and reduce theer transform interferometric spectrometer with a quartz
halogen source and Ge photodetector. The band offsets, bar-
?Electronic mail: ryip@email.phys.polymtl.ca rier heights and &1 quantized levels at the CB and VB have
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TaBLE |. Sample listing. The layer thicknesses and compositions are determined from a combination of high-resolution x-ray diffraction, transmission electron
microscopy and optical absorption measurements. The barrier heights,aesels are obtained by fitting quantum well transitions calculated using the
Marzin—Bastard model for strained-layer superlattices to transitions measured by optical absorption at 8 and 300 K. The terms el, hhl, and Ihl refer,
respectively, to the@=1 levels in the conduction, heavy hole and light hole bands. The effective masses in the direction of the quantum confinement potential
are linear interpolations between InAs and InP, given in units of the free electron mass,

Barrier heights E, levels Effective masses
Sample Structure el hh1 Ihl el hh1 Ihl el hh1 Ih1
(meV) (meV) (meV) (meV) (meV) (meV)  (mp) (mg) ()
mod05 25¢(9.8 nm INA$ 100.00d9.8 M InP) 73 25 5 20 35 3.8 0.0734 0.626 0.111
mod06 25¢(10.3 nm InAg 15d%84410.3 nm Inp 113 39 10 24 37 6.1 0.0703 0.613 0.095
gp24 20< (8.4 nm InA$6P0.749.6 nm Iny gGay 1P) 210 120 5 38 6.5 3.8 0.065 0.59 0.095

of strain in the multilayers measured by XRD and TEM asunit field. Therefore, band structure designs must target an
inputs in an envelope function model for strained-layer su-optimal compromise according to the specific requirements
perlattices. Room temperature measurements of the electraf the application. The performance of three MQWSs is
field-induced Stark shift of the quantum well optical transi- compared using two figures of me(itable 1l). The modu-
tions were performed by detecting the photocurrent respondation depth per unit drive field\ a/F, is commonly used to

of the diodes as a function of reverse bias voltage using aompare the performance of optical modulataksy/F? is
tungsten lamp source, 0.3 m scanning monochromator anidversely proportional to the average power per unit band-
lock-in amplifier. Details on growth and characterization of width required to operate the modulator and is important for
these MQWSs and the fabrication and characterization of theigh frequency applications. In compiling the data for

photodiodes are presented in Refs. 7, 8 and 16. Table Il, we restricted our attention to the region of low
on-state loss below the band edge for whieh<~500
Il RESULTS AND DISCUSSION cm 1. The termt is the total thickness of quantum well

o _ material. Despite large variations in the CB and VB discon-
The f|elq-|nduced redsh|f'rA_E1,_ of the fundgmental en- tinuities (V. and V,), modulation depth £«), and drive
ergy level in a quantum well is given approximately’by  field (F), Aa/F is remarkably similar across the set of
AE,~F2LY/E,, (1) samples. This is consistent with the principle of balance be-

tween modulation depth and drive field. The values for
whereF is the magnitude of the electric fielll, is the well A o/F2 show that balanced low VB barrier designs can
width andE; is the energy of the level measured with re-

spect to the bottom of the quantum well at flatband. The
effective mass of the VB is much larger than that of the CB.

Therefore,E; is correspondingly smaller in the VB and the OE"i;ijj‘ ) T
VB component makes the dominant contribution to the red- '5( ‘; S

shift of the optical transition. Through its influence Bg in -0 *® =+ Co

the VB, the VB barrier height can significantly affect the -15¢ '_+ o

overall redshift per unit applied field. The redshift of the -20 .h r

n=1 electron-heavy hole transition for each sample is plot- -25. @ |

O @
35 T s/

ted as a function of electric field in Fig. 1. The redshift re-
sponse for a strain-balanced InAS 471Ng sl 18P
MQWS!” and for an 1R 54Ga, 47AS/INg 5,Al g 4gAS MQWS'8
lattice matched to InP, both operating near 1,6%, have
been included for comparison. The curves (b), (c), (d),
and (e) correspond to MQWSs with ~10 nm, similar CB
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and VB effective masses and respective VB barrier heights 60 e
of 25, 39, 52, 200(estimated, and 250 meV(estimated 0 50 100 150 200
This shows that non-trivial drive field reductions may be Electric Field (kV/cm)

achieved by using small VB discontinuities.

In response to an electric field, the electron and hold G- 1. Energy redshift of the=1 electron-heavy hole transition as a func-
eigenstates follow the contours of the linear energy gradie ffon of electric field. The curves f) 25x(9.8 nM INAS 106 90d9.8 NM
) ) . . ) q P) (mod05, (b) 25X (10.3 nm INAg 158 84410.3 nm InR (mod08, (c)
in opposing directions so that a large redshift necessarilysx (9.8 nm InAg .., 75¢9.8 nm INB (mod04 are obtained from photo-
induces a strong polarization of the eigenstates with the cofeurrent spectra. Curvé) is data for a 4& (10.5 nm I 545G, 47/AS/6.8 nm
responding reduction in the oscillator strength of the absorpllosAlo.gAs—lattice matched to INAVQWS from Ref. 18 and curvee) is

tion resonance. This also means that heterostructures exhiffa2 for a 2 (10.0 nm INAg 5% 7/14.0 Nm 13,553 1) strain-balanced
" . . . QWS from Ref. 17, operating at 1.56m. The inset figure shows the
iting enhanced resistance to field quenching of the resonan¢gotocurrent curveselectric field response of the optical absorplidar

tend to display correspondingly less prominent redshifts pesample(b) modos.
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TaBLE Il. Comparison of the multi-quantum well stacks studied in this article using two common figures of merit for optical
modulators. The samples are listed from top down in order of increasing total barrier Beigistthe change in absorption coefficient
available at an applied electric field, The A« values are measured in the region of low on-state (lnsg energy tail of the exciton
resonancefor which ay<500 cmi 1. The termt is the total thickness of quantum well material available for electroabsorption. This
demonstrates the trade-off between modulation depth and drive field as a function of barrier height.

AEc AEynn AalF AalF?
Sample (meV) (meV) Aa (cm™1) F (kV/cm) t(um) (kv (cm/kV?)
mod5d 73 25 1500 25at15V 0.245 60 2.40
mod6b 113 39 2900 40 at 25V 0.258 73 1.81
gp24b 210 120 6200 88 at4.0V 0.168 70 0.80

significantly outperform high VB barrier designs in high havior. The calculations of Refs. 8 and 12 showed that a CB
frequency applications. It is evident that the performancébarrier 3—9 times higher than the VB barrier would be re-
of high barrier MQWSs such as lattice-matchedquired for an optimal structure with balanced wave function
INg 5858 4AS/INg 52Al g 4gAS or strain-compensated leakage when the electron and hole effective masses are,
INAsy 58P0 471N 545G & 182 on InP for high data rate telecom- respectively, 0.055 gpand 0.5 ng (my is the free electron
munications is hampered by the high VB barriers which re-mas$.?*

quire large drive fields to induce significant redshifts. EI- Fig. 2 illustrates two promising candidates for the target
evated drive fields require that the device active regiaes band structure with large conduction band offset and quan-
junction widths be significantly thinner than the character- tum well band gap suitable for operation at 1.3 and J55.

istic dimension of the optical modéypically A\/n~0.45  First, consider the strained InAsP/InGaAsP system on
um, wheren is the refractive index of the materjalfhis has  InP(001) shown on the left. The strained line-up of
four notable disadvantages: InAs,P; ,/InP for {0<x<1} corresponds to/./V~3-4.

(1) A thin active modulator core is a poorly proportioned The lattice-matched |&a_.,As,P;_/InP line-up corresponds
waveguide cavity for the optical mode, leading to greaterto V./V,~0.5—1.0. Therefore, the band line-up of InAsP/
propagation losses in the modulator section. It increases tHeGaAsP grown on InP for strained wells and lattice-
mismatch between the dimensions of the modulator wavematched barriers should yieM,./V,,=~3-4. A well made
guide and both the core of the optical fiber waveguide androm InAsP in the 0.8—0.95 eV range and a barrier made
active width of the laser so that in- and out-coupling lossesrom InGaAsP nearly lattice matched to InP in the 0.90-1.15
are greatet®2° eV range should give a VB barrier in the target 25—60 meV

(2) High barriers make the removal of photocharge fromrange with the desired band offset asymmetry. However, op-
the quantum wells less efficient. Charge pileup in the wellseration at 0.8 and 0.95 eV would require 10 nm wide
can saturate the QCSE modulation and limit the incidenivells with, respectively,~1.8% and~1.4% compressive
optical intensities that may be tolerat&d?? strains. So for a thick MQWS, the use of tensile strained

(3 A thin junction increases the device capacitance,
which increases the power required to drive the load and also
decreases the frequency response bandwidth of the load. transitivity

(4) A thin junction restricts the volume of active material | (~0.22eV) 4

available for electroabsorption. Therefore, in direct compari- Y .
sons ofA a between high and low barrier MQWSs, the larger AT AT (~05¢eV)
values available in high barrier structures are somewhat mis- (~0.75 V) f o —"'Wif A
leading. * Ly T— In,GasAs.P1 INGaAl.As

For high frequency applications, our ddfEable 1) indi- _.T nearly matched  nearly matched
cate that low VB barrier samples are a better choice despite INASP: o tenz':ﬁ:gamed to P
the penalty in modulation deptiAg) because they allow the . + R W A
designer to use the advantages of a low drive field MQWS to 11V S —— .*° MosGaowAs Tt ——
address any combination of the issii&s-(4) plus the drive s"a::gd L 076 V) '”;“A'MAS
voltage. This allows for greater flexibility in the design of the (0416 ev) (1_é'fev) (146 V)

optical modulator, the drive electronics and the coupling of
modulator to the laser and optical fiber. . - — . .

fs. 7 d 12. calculations showed that useful I’edUCFIG' 2. Two strategies for obtaining heterojunctions with large conduction
. In Re S. ar'] - ) ‘ “-“~“band offsets, small valence band discontinuities in the 25—-60 meV range
tions in the drive field may be achieved with VB barrier and a fundamental optical transition energy near 0.8 or 0.95 eV. The band
heights lower than- 60—100 meV. Next, to extract the full alignments shown for the §g{Ga 4AS/INP and 1y 58524748/ 1Mo 57l o 4gAS

: ; P heterojunctions correspond to widely accepted valige® Ref. 25 The
potential of the low VB barrier, it is important that the CB band alignment shown for the strained InRs,/INP(001) heterojunction

barrier be SUfﬁCient'Y_high so that premature delocalizationgrresponds to the experimentally determined values in Ref. 15, and agrees
of the CB wave function does not dominate the overall be-well with the model predictions of Ref. 26.
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